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INTRODUCTION

In the last two decades non-equilibrium atmospheric plasma, also known as cold atmospheric
plasma (CAP), has undeniably risen an increasingly amount of interest both in the scientific and
industrial worlds. While its potential is still to be fully discovered, its role as one of the leading
scientific innovations of the 21 century is less and less questioned.

Through their wide variety of operating conditions, CAP sources offer a tremendous number of
degrees of freedom for the tailoring of plasma characteristics to specific applications requirements.
As a result, the field of applications of CAP is expanding steadily and, being true to its pervasive
nature, nowadays include many processes like the decontamination of surfaces and liquids, thin
film deposition, wound healing and dental applications.

Driven by encouraging results and the desire to exploit the full potential of this emerging
technology, the past years have witnessed strong interdisciplinary research efforts in the study of
the still not completely understood plasma phenomena. The increasing number of scientific
publications and new applications presented every year lead to believe that the future of plasma
technology is still mostly unseen and up to now we have only barely scratched the surface.

During my Ph.D. studies at Alma Mater Studiorum - Universita di Bologna, I have been thoroughly
involved in the activities of the Research Group for Industrial Application of Plasmas (IAP group)
and I focused my studies mainly on the design, the diagnostic and the optimization of CAP sources
for biomedical applications, such as cell treatment and bacterial decontamination. To achieve this
purpose, during my research activities, I studied and adopted several diagnostic techniques and had
the opportunity to cooperate with other researchers, especially for the analysis of plasma biological
effects. I also took part in various research activities dealing with other applications and CAP
sources outside the core activity of my study. I devoted a fair share of time also in the investigation
of possible use of an inductively coupled plasma for biomedical purposes, that, as a matter of facts,
falls under thermal plasma applications. During these three years I had the opportunity to
contribute to the widening of the IAP group multidisciplinary network of collaborations within
and without the Universita di Bologna, also in the framework of international projects such as the
European COST action MP1101 “Biomedical applications of atmospheric pressure plasma
technology* and COST action TD1208: “Electrical discharges with liquids for future applications”.

In this dissertation, I will discuss results from my activities on the design and diagnostic of CAP
sources for biomedical applications. First, I will briefly introduce the CAP technology, providing
an overview of the state of the art and a selection of chosen references. Second, I will focus on the
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characterization of a single electrode jet plasma source with the aim to highlight the fundamental
processes involved in the plasma propagation both in the case of the effluent freely extending into
open air environment and impinging on a water substrate; in this section, the expertise and
methodology developed for the proper use of ICCD cameras in plasma diagnostic will be also
presented. In the second half of the dissertation, the investigation of potential applications of
plasmas in the biomedical field will be presented. More in detail, the reported results will focus on:
the plasma treatment effect on early bacterial adhesion and decontamination of soft reline palatal
obturators; the plasma treatment of a lymphoma cell line for the promotion of cell death and cell-
cycle arrest; the plasma treatment of tooth dentin to improve later adhesion of composite and
implants mechanical properties in order to reduce failures.

These results have been reported in the following papers on international journals:

1. Stancampiano A. et al., Practical and theoretical considerations on the use of ICCD imaging for the
characterization of non-equilibrium plasmas, Plasma Sources Science and Technology 2015,
24:064004. doi: 10.1088/0963-0252/24/6/064004

2. Stancampiano A. et al., Atmospheric Non-Equilibrium Plasma Promotes Cell Deatl and Cell-Cycle
Arrest in a Lymphoma Cell Line, Plasma Processes and Polymers 2015, 12:1354-63.
doi: 10.1002/ppap.201500033

3. Stancampiano A. et al., Characterization of a cold atmospheric pressure plasma jet device driven by
nanosecond  voltage pulses, IEEE Transactions on Plasma Science 2015, 43:713-25.
doi: 10.1109/TPS.2014.2381854

4. Stancampiano A. et al., Schlieren high-speed imaging of a nanosecond pulsed atmospheric pressure non-
equilibrinm  plasma  jet, Plasma Chemistry and Plasma Processes 2014, 34:853-69.
doi: 10.1007/s11090-014-9537-1

5. Stancampiano A. ez al., ICCD Imaging of the Transition From Uncoupled to Coupled Mode in a
Plasma Source for Biomedical and Materials Treatment Applications, IEEE Transactions on Plasma
Science 2014, 42:2746-7. doi: 10.1109/TPS.2014.2321012

6. Stancampiano A. ef al., High-speed multi-imaging of repetitive unipolar nanosecond-pulsed DBD:s.
IEEE Transactions on Plasma Science 2014, 42:2744-5. doi: 10.1109/TPS.2014.2330954

7. Stancampiano A. et al., Cold atmospheric plasma treatment affects early bacterial adbesion and
decontamination of soft reline palatal obturators, submitted to Journal of Biomedical Materials
Research: Part B - Applied Biomaterials 2016

In addition, some results were presented at international conferences:

1. Stancampiano A. et al., Advanced investigation of the interaction between a plasma jet and a lignid
surface: influence of electrical and fluid dynamic parameters, oral presentation at the 11th biennial
Frontiers in Low Temperature Plasma Diagnostic (FLTPD), Porquerolles Island (France),
May 2015

2. Stancampiano A. et al., Effective decontamination of soft reline-based oral cancer shutters by means of
non-thermal atmospheric plasma, poster presentation at Joint meeting of COST Actions CMST
TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015

3. Stancampiano A. et al., Characterization of a cold nanopulsed plasma jet in free-flow configuration and
imping on different substrates, poster presentation at Joint meeting of COST Actions CMST
TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015.

4. Stancampiano A. et al., Advanced investigation of electrical and fluid-dynamic parameters on a
nanopulsed plasma jet impinging on a liguid substrate, poster presentation at Joint meeting of
COST Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September
2015.
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1.

Stancampiano A. et al., Multi-diagnostic investigation of a non-equilibrinm atmospheric pressure plasma
et driven by nanosecond voltage pulses in free-flow configuration and while imping on different substrate,
oral presentation at Sixth Central European Symposium on Plasma Chemistry (CESPC-
6),Bressanone (Italy), September 2015.

Stancampiano A. ez al., Characterization of a cold nanopulsed plasma jet in free-flow configuration and
mping on different substrates poster presentation at 22th ISPC, Antwerp, Belgium, July 2015.
Stancampiano A. et al., Advanced investigation of electrical and fluid-dynamic parameters on a
nanopulsed plasma jet impinging on a liguid substrate, poster presentation at 22th ISPC, Antwerp,
Belgium, July 2015.

Stancampiano A. ez al., Effective decontamination of soft reline-based oral cancer shutters by means of
non-thermal atmospheric plasma, poster presentation at 22th ISPC, Antwerp, Belgium, July
2015

Stancampiano A. ez al., Effective decontamination of soft reline-based oral cancer shutters by means of
non-thermal atmospheric plasma ” poster presentation at Congresso Nazionale Biomateriali SIB,
Portonovo, Ancona(ltaly), June 2015, [Best Poster Award|

Stancampiano A. ¢ al., Characterization of a cold atmospheric pressure plasma jet driven by nanosecond
high-voltage pulses, oral presentation at the 42nd IEEE International Conference on Plasma
Science (ICOPS) Belek, Antalya (Turkey), May 2015.

Stancampiano A. et al., Advanced investigation of the interaction between a plasma jet and a liguid
surface: influence of atmosphere and substrate composition, poster presentation at the 11th biennial
Frontiers in Low Temperature Plasma Diagnostic (FLTPD), Porquerolles Island (France),
May 2015.

Stancampiano A. ez al., Characterization of a non-equilibrium atmospheric pressure plasma jet driven
by nanosecond voltage pulses, oral presentation at 20th Symposium on Application of Plasma
Processes - SAPP XX, Tatranska Lomnica, Vysoké Tatry, Slovakia, 17-22 September 2014
Stancampiano A. et al., Non-thermal plasma promotes apoptosis and cell-cycle arrest in a lymphoma cell
line, oral presentation at 5" International Conference on Plasma Medicine (ICPM5), Nara,
Japan, 18 - 23 May 2014

Stancampiano A. et al., Characterization of a plasma jet for biomedical applications: composition,
temperature, fluid dynamics and plasma structure, poster presentation at ISPC21, Cairns, Australia,
4-9 August 2013

Stancampiano A. ez al., Study of the role of dielectric material in a dielectric barrier discharge (DBD)
plasma source for dermatological application, poster presentation at ISPC21, Cairns, Australia, 4-
9 August 2013

Stancampiano A. et al., Characterization of a plasma jet for biomedical applications: composition,
temperature, fluid dynamics and plasma structure, poster presentation at FLTPD-X, Kerkrade, the
Netherlands, 28 April - 2 May 2013

research field, I have been co-supervisor for the following MA and BA thesis:

L. Fontanili, “Studio dell'interazione tra un plasma jet nanopulsato con substrati metallici,
dielettrici e liquidi”, laurea triennale in Ingegneria Clinica, Alma Mater Studiorum -
Universita di Cesena 2015

S. Antoci, “Diagnostica in spettroscopia ottica di emissione (OES) di una sorgente plasma jet in
condizioni di free flow e incidente su substrato lignido”, Alma Mater Studiorum - Universita di
Bologna 2015

E. Simoncelli, “Progettazione, realizzazione e caratterizzazione di una sorgente Plasma Gun”, Alma
Mater Studiorum - Universita di Bologna 2014
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As a member of the IAP group, during my Ph.D., I also took part into other researches related to
plasma biomedical and industrial processes. Through design and optimization oriented diagnostics
I contributed to the investigation and development of a large variety of plasma sources for many
different applications such as water treatment, thin film polymeric deposition, decontamination for
endodontic procedure, multijet plasma sources, dermatological treatment, tooth bleaching,
microplasma sources, mesenchymal cells treatment.

Since these researches are outside the core activity of my Ph.D., as they have been unexpected
pleasant digressions, their results are not presented in this thesis. Nonetheless, these studies have
been reported in the following papers on international journals were a complete description of the
motivations, experimental set-ups and results can be found:

1.

Stancampiano A. ez al., Atmospheric plasma assisted P1.A/ microfibrillated cellulose (MEC) multilayer
biocomposite for sustainable barrier application, Industrial Crops and Products 2016, doi:
10.1016/j.indcrop.2016.03.020

Stancampiano A. ez al., Deposition of plasma-polymerized polyacrylic acid coatings by a nonequilibrium
atmospheric pressure nanopulsed plasma jet, Plasma Processes and Polymers 2015, 13:375-86
doi: 10.1002/ppap.201500080

Stancampiano A. et al., Investigation of the antimicrobial activity at safe levels for enkaryotic cells of a
low power atmospheric pressure inductively coupled plasma source, Biointerphases 2015, 10, 029519.
doi:10.1116/1.4919018

Stancampiano A. ez al., Solid-State Crosslinking of Polysaccharide Electrospun Fibers by Atmospheric
Pressure Non-Equilibrinm Plasma: A Novel Straightforward Approach, Plasma Processes and
Polymers 2015, 12:1195-9. doi: 10.1002/ppap.201500054

Stancampiano A. ez al., Preliminary investigation of the antibacterial efficacy of a handbeld plasma gun
source  for  endodontic  procedures,  Clinical ~Plasma  Medicine = 2015;  3:77-86.
doi:10.1016/j.cpme.2015.11.001

Stancampiano A. et al., High-speed and Schlieren imaging of a low power inductively coupled plasma
source for potential biomedical applications, IEEE Transactions on Plasma Science, Images in
Plasma Science 2014, 42, 10. doi:10.1109/TPS.2014.2319856.

Also, many results were presented at international conferences:

1.

Stancampiano A. et al., Atmospheric non-equilibrinm plasma sources and processes with a focus on
plasma medicine and antibacterial applications, oral presentation at GEC-68/ICRP-9/SPP-33,
Honolulu, USA, 12-16 October 2015.

Stancampiano A. et al, PlasnmMi-Plasma Mobile Inactivator: cold plasma smartphone sanitizer to reduce
hospital and community-acquired bacterial diseases, poster presentation at Joint meeting of COST
Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015.
Stancampiano A. e al, In vivo investigation on the effects of plasma activated water against plant
pathogenic bacteria, poster presentation at Joint meeting of COST Actions CMST TD1208
and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015.

Stancampiano A. et al., Investigation of the antimicrobial activity at safe levels for enkaryotic cells of a
low power atmospheric pressure inductively coupled plasma source, poster presentation at Joint
meeting of COST Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16
September 2015

Stancampiano A. et al., Solid-state crosslinking of polysaccharide electrospun fibers by atmospheric
pressure non-equilibrium plasma: a novel straightforward approach, poster presentation at Joint
meeting of COST Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16
September 2015
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Stancampiano A. et al, Non-equilibrium atmospheric pressure plasma jet driven by a nanosecond pulse
generator for acrylic acidi plasma-polymerigation, poster presentation at Joint meeting of COST
Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015.
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Stancampiano A. ez al, Investigation of the antimicrobial activity at safe levels for eukaryotic cells of a
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Stancampiano A. et al, Investigation of antibacterial efficacy of a plasma gun source for endodontic
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applications, oral presentation at the 42nd IEEE International Conference on Plasma Science
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Stancampiano A. et al., Atmospheric pressure non-thermal plasma for the production of composite
materials, oral presentation at the 42nd IEEE International Conference on Plasma Science
(ICOPS) Belek, Antalya (Turkey), May 2015.

Stancampiano A. et al., Solid-state crosslinking of polysaccharide electrospun fibers by atmospheric
pressure non-equilibrinm plasma: a novel straightforward approach, oral presentation at the 42nd
IEEE International Conference on Plasma Science (ICOPS) Belek, Antalya (Turkey), May
2015.

Stancampiano A. e# al., Direct and indirect treatment of prokaryotic and enkaryotic cells in liguid
medinm by means of a low power inductively coupled plasma (icp) torch: evaluation of antibacterial effects
and cytocompatibility, oral presentation at the 2nd Annual meeting of COST Action TD1208,
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Stancampiano A. et al., Plasma gun decontamination of bacteria in liguid suspensions, poster
presentation at the 2nd Annual meeting of COST Action TD1208, Barcelona, Spain, 2015.
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ABBREVIATIONS

APPJ
AC
CAP
DBD
DC
HS
HIS
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PV
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RNS
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SLPM

Atmospheric Pressure Plasma Jet
Alternating Current

Cold Atmospheric Plasma

Dielectric Barrier Discharge

Direct Current

High Speed

High Speed Imaging

Intensified Charge Coupled Device
Local Thermal Equilibrium

Pulsed Atmospheric-pressure Plasma Streamer
Peak Voltage

Pulse Repetition Frequency

Radio Frequency

Reactive Nitrogen Species

Reactive Oxygen and Nitrogen Species
Reactive Oxygen Species

Standard Liters Per Minute
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CHAPTER 1
NON-EQUILIBRIUM ATMOSPHERIC PRESSURE PLASMA
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1.1 Literature overview

Nowadays, it is still quite uncommon for an ordinary person to come directly and knowingly into contact
with plasma, the fourth state of matter. Our daily lives are dominated by the presence of the other three
states (solid, liquid and gas), which we therefore perceive as more familiar. Despite the general belief,
plasma is not rare, quite the opposite. More than 99% of the visible matter in the universe is in the plasma
state [1]. It can be seen in its natural form on earth as lightning or as polar light in proximity of the North
and South Poles. During a solar eclipse, plasma can be observed as a bright corona around the Sun.
Plasma, in various forms and aspects, already plays an important role in many technologies of everyday
life. A common example are neon lamps, widely diffuse all over the world as light sources.

The plasma is an ionized gas and consists of neutral, reactive and charged species. As can be easily found
in nearly all textbooks and thesis on plasma technology, the term plasma was first introduced in 1928 by
the Noble prize winner Irving LLangmuir during his research on the extension of the lifetime of tungsten
filament light bulbs [2]. In analogy with the blood plasma, the way ions and electrons are carried in gases
with high applied voltages reminded Langmuir the way blood carries red and white corpuscles. Neatly 90
years have passed since that moment and plasma physics has become a large object of research worldwide
aiming at exploring the intrinsic properties of matter [3,4], but also, especially in recent years, directed
towards a multitude of applications [5-7].

Not all ionized gas can be called plasma. In fact, there is always a small degree of ionization in any gas.
An ionized gas is defined as plasma when it is electrically neutral and contains a significant number of
electrically charged particles, sufficient to affect its electrical properties and behaviour [5]. Plasmas can
be divided either in thermal or non-thermal plasmas according to the neutrals, ions and electron
temperatures. Thermal plasmas are also called Jof plasmas or eguilibrium plasmas and are nearly completely
ionized. In those plasmas, the temperatures of neutral species, ions and electrons are nearly the same, so
in thermodynamic equilibrium. Thermal plasmas applications are typically conducted at atmospheric
pressure and include, for example, cutting of metal pieces and nanoparticle synthesis.

In non-thermal plasma, or co/d plasmas, the temperatures of the neutrals and ions are much lower than
the temperature of electrons and the plasma results far from thermodynamic equilibrium [3,8]. For these
reason this kind of plasma is usually referred to as non-equilibrium plasma. Historically, these plasmas are
produced in low pressure and used for applications such as lighting, microelectronics manufacturing and
surface functionalization. It’s worth reminding that most computer and smart phones hardware have
undergone production processes relying on plasma technology [8].
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To generate plasma, energy is needed in order to strip electrons from atoms. This energy can be of various
origins including thermal and electrical. In the case on non-equilibrium plasma usually a high voltage is
applied across two electrodes. If the applied voltage exceeds the breakdown voltage of the gas occupying
the volume between the two electrodes, some molecules and atoms in the gas will be ionized and an
electron avalanche is formed, possibly leading to the formation of a plasma discharge. The breakdown
voltage may depend on different factors as described by the Paschen law [9] that basically expresses this
threshold value depends as a function of the product of pressure and distance. In order to allow electrons
to reach a high enough energy and be able to collide and ionize enough atoms, a minimum distance
between the electrodes as to be granted. Similarly, if the distance between the electrode or the pressure
is increased the applied voltage required to ignite the plasma has to increase as well. As the voltage to
sustain a plasma is typically smaller than the breakdown voltage, if a large applied voltage, necessary to
initially ignite the plasma, is sustained after breakdown, it will lead to rapid ionization and heating. In
practice, while at low pressure relatively low voltages may be sufficient to achieve a stable plasma
generation over gaps of several centimeters, at atmospheric pressure the voltage required to generate
plasma over a few millimetres gap is usually in the order of some kilovolts [8,10].

Recent developments in physical electronics and pulsed power engineering have promoted significant
developments in non-equilibrium atmospheric pressure plasma science and engineering [8,10]. Cold,
uniform and well-controlled atmospheric pressure plasma sources have become a reality, creating the
opportunity to apply plasma to heat sensitive materials and even living tissue, including the human body.
The extensive work conducted by several research groups and companies around the world in the last
decade demonstrated that CAP can provide breakthrough solutions to challenging problems and
potentially revolutionize many technological fields, including the medical one.

Plasmas are able to produce a high concentration of energetic and chemically active species such as:
electrons, positive and negative ions, atoms and radicals, excited atoms and molecules, photons with a
wide spectral range. A high concentration of active species is crucial for plasma applications like plasma
assisted combustion, surface sterilization and tissue engineering [6] . Moreover, as mentioned earlier,
CAPs can be very far from thermodynamic equilibrium, thus providing an extremely high concentration
of chemically active species and energetic electrons while maintaining macroscopic temperatures as low
as room temperature. Thus, they can sustain complex chemistries, usually characteristic of high
temperature systems, while remaining cold.

This feature determines the main advantage of CAPs and their wide application in many fields.
Nowadays, CAPs are taking part in a variety of applications, including decontamination of heat-sensitive
materials [11], food [12—14] and packaging [15-17], surface functionalization in implantology [18,19] and
the treatment and deposition of polymers [5,20,21] [PAPER IV]. Recently, the use of non-thermal
plasmas in the large field of biomedicine [22-31][PAPER VII], including promise of novel cancer
therapies [26,32—-36][PAPER VI], has gained significant interest. Another promising area of application
is the treatment of wounds to improve an accelerate the healing process [37-39].

Without detailed understanding of the physical and chemical mechanisms, new plasma devices have little
chance of successful application in any field and especially in medicine where the safety and controllability
of devices is a major issue. Diagnostic investigation is crucial to achieve a complete control over plasma
generation and plasma assisted processes. In the last years many works have helped in increasing
knowledge on the principles of plasma generation and propagation through the use of several diagnostic
techniques [40—-45][PAPER 1, 11, III, IV, V] and modelling [46—48]. This aspect of non-thermal plasma
diagnostic will be discussed in detail in Chapter 2 and 3.

Concluding, non-thermal plasma is a very exciting and new multidisciplinary branch of modern science
and technology. In this dissertation, some of the results achieved during my Ph.D. research will be
presented. More specifically, I will focus on the diagnostic investigation of a promising group of plasma
devices usually named APPJs (Atmospheric Pressure Plasma Jets) and on three different promising
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medical applications such as decontamination of soft reline implants, promotion of lymphoma cell death
and adhesion enhancement for dental applications.
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CHAPTER 2
DIAGNOSTIC OF A PLASMA JET SOURCE
EXPANDING IN OPEN AIR
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2.1 Literature overview

The term “APPJ” (Atmospheric Pressure Plasma Jets) usually refers to a group of plasma sources
comprehensive of a large number of different configurations (number of electrodes, gas channel
geometry/length, etc...), driving voltage profiles (sinusoidal, square wave, DC, micro/nano pulsed) and
working gas (He, Ar, air etc...) united by their characteristic ability to generate a plasma plume in the
surrounding atmosphere [1]. The common characteristic that unite these sources is the distinguish ability
to use a gas flow to generate a plasma plume in the surrounding atmosphere. The plasma plume can be
generated over distance up to several tens of centimetres from the powered electrodes (contrarily to
dielectric barrier discharges for example) allowing both radical and charged species to be delivered far
away from the region where the discharge is originally ignited. This feature of APPJs results particular
appealing for applications, like biological one, where an irregular or bulky substrates have to be treated.
The great variety and versatility of APPJs has strongly boosted their study and adoption in biomedical
applications and material processing in the last decade [2—17]. Many of these aspects of the APPJs will
be analyzed through this dissertation. The aim of this part of the thesis is to present a general introduction
on APPJs with an eye on the parameters and terminology that will be later used and analyzed more in
detail in the following sections.

Nowadays the term APP]J is usually used to referee to cold plasmas, nevertheless in its more ample
meaning it also includes thermal plasmas. From this point of view, the development of APP] devices can
be track down to more than 50 years ago. Already in the late ‘50s, arc based atmospheric pressure plasma
jets were studied and proposed for propulsion purposes [18,19] and cutting applications [20]. In the
following decades, fundamental studies were performed on these thermal jets and their possible
applications. By the end of the ‘80s, huge efforts were made to transfer low-pressure plasma processes
to atmospheric pressure conditions and thus get rid of expensive vacuum facilities. In the 1991, Lu e/ a/.
reported on successful diamond synthesis at atmospheric pressure by coalescing three DC jets with
respective power input of 12 kW and a feed gas mixture of argon and hydrogen [21]. Up to that moment,
apart from sporadic applications, thermal arc based plasmas were mostly used as heat sources instead of
fully exploiting their plasma characteristic [22].

By the end of the ‘90s, new concepts emerged on how to generate plasma jets at atmospheric pressure
without using transferred arcs. This was achieved by the use of pointed electrodes similar to those
employed in corona discharges, the use of a dielectric material to cover at least one electrode, the
miniaturization of the discharge region, discharge pulsing and the applications of alternating voltage
signals [23,24]. Along with these alternative generation concepts, plasma properties changed as well.
Thermal plasma jets operate in local thermal equilibrium (LTE), meaning that the electron temperature
is equal to the temperature of heavy particles. Thus, high electron densities in the order of 10* - 10** m™
are produced [25]. On the contrary, non-LTE plasma jets also named in literature as cold or non-equilibrinm
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plasma jets have a heavy particle temperature in the range of 300-500 K, which is at least one order of
magnitude lower than the electron temperature. Electron densities are typically below 10" m™ in non-
LTE plasma jets [25]. The presence of atmospheric pressure plasma jets operated in open air at moderate
gas temperatures, but nevertheless with high plasma-chemical activity, triggered a multiplicity of
interesting applications. Nowadays, non-equilibrium APPJs are regarded as promising tools for a wide
and constantly expanding range of applications. In the following an overview on APPJs applications that
can be found in the literature is given. Although knowing that completeness in this list is by far not
achievable, the selection aims to give the reader an overview of the APPJs possibilities and versatility.
For every APPJs application, one or more references will be provided where more details and further
information on the specific application could be found.

e Wound healing [26,27]

® Bacteria inactivation [6,11] [PAPER 1V and VII]
e Thin film deposition [15,28]
e Dentistry [14,29]

® Anticancer therapy [30] [PAPER VI]

e Removal of environmental pollutants [31]
e Combustion assistances [32—34]

e Surface modification [35,30]

e Inactivation of biofilm [37] [PAPER VII]
e Yeast inactivation [38]

Driven by encouraging results and the desire to understand and optimize the aforementioned processes,
the past decade has witnessed strong research efforts on various atmospheric pressure plasma jets. As
reported in a review from Weltmann ef /. [39] between the years 2003 and 2014 the annual publication
number increased more than tenfold, from 15 to 211 publications per year. During this period, many
studies have also been devoted to the understanding of the physical mechanisms involved in plasma jet
sources. A particular attention in APP]Js characterization has been dedicated to the ignition mechanism
of the discharge. As it will be later discussed more in details, plasma jet does not generate continuous
plasma, but the discharge is actually driven by the propagation of an ionization wave which then forms a
partially ionized gas channel called streamer [40,41]. The phenomenological description of the ionization
wave propagation in APPJs, firstly named plasma bullet [42,43] and more recently PAPS (Pulsed
Atmospheric-pressure Plasma Streamer) [44,45], has been the subject of extensive research in the last
decade. A brief overview of the formation of PAPS will be presented prior to discuss APP]Js possible
architectures.

Tonization waves can have various spatial structures. The most common type of ionization wave in
atmospheric pressure plasma is the streamer, a growing plasma channel with a head typically of spherical
form. The concept of streamers was formulated in the ‘60-“70s by Loeb, Raether and Meek [46—48] and
a detailed description of streamers in atmospheric air can be found in the work by Raizer [49]. The
streamer channel radius is usually of several hundreds of micrometers in atmospheric pressure gases and
may assume an annular front in the case of cold plasma jets [50]. In propagating ionization waves, charged
species (electrons and ions) are produced in localized regions of enhanced electric field, like the wave
front, due to ionization of atoms and molecules of the medium by electron impact [50]. The value of the
enhanced electric field in the front region is governed by the density of volumetric electric charge formed
by the wave itself and can greatly exceed the local applied electric field. The property of ionization waves
to produce strong electric fields in their fronts, capable to ionize medium, allows their penetration into
low-electric field region. Being formed in the region of strong applied electric field, streamers propagate
to the opposite electrode, forming conductive channels.

Depending on the direction of propagation, streamers are called positive (ot cathode directed) and negative (ot
anode directed) streamers. These two streamer mechanisms, extracted from the original work of Raizer [49]
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are illustrated in Figure 2.1 and 2.2. In his work, Raizer affirms that the formation of a streamer requires
an electron avalanche at the head of the streamer itself as shown in Figure 2.2. The electron avalanche is
produced by the repulsion of electrons from the negative voltage applied to the cathode (true for both
type of streamers). In the case of positive streamer, seed electrons ahead of the streamer front are
produced due to ionization of medium species by energetic photons emitted from the excited atoms in
the primary avalanche, a region of strong electric field. These electrons moving to the head of the
streamer generate secondary avalanches that are pulled into the trail due to the direction of the local
electric field. Secondary avalanches ions enhance the positive space charge at the cathode end of the
evolving plasma channel enhancing the electric field ahead of its front. In this way the streamers grow
toward the cathode. Figure 2.1. For negative streamers if the field and gap between the electrodes is large
enough the avalanche will transition to anode directed streamer (Figure 2.2). The mechanisms of
propagation towards the anode are different than those in the positive streamers because in this case the
drift of electrons has the same direction as the streamer front. The electrons at the streamer front join
the ionic trails of secondary avalanches initiated by photoionization and together form the plasma.
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Figure 2.1 Cathode-directed streamer. (a) Streamer at two consecutive moments of time, with secondary

avalanches moving towards the positive head of the streamer; wavy arrows are photons that generate

seed electrons for avalanches. (b) Lines of force of the field near the streamer head [49].
© 1991 Spriger “Gas Discharge Physics”
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Figure 2.2 Shape and charge distribution of an electron avalanche at two consecutive moments of time.

Arrows indicate direction of external electric field Eq and avalanche head velocity z [49].
© 1991 Spriger “Gas Discharge Physics”
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In nature, and in most laboratory experiments, the propagation of ionization waves has no preferential
direction. However, it is possible to arrange conditions such as that ionization waves move along a
predetermined path. A specific form of ionization waves, named guided ionization wave or guided streamer,
has been discovered recently in experiments with atmospheric-pressure plasma jets (APPJs) formed by
DBD discharges in noble gas flows (usually He or Ar) in thin dielectric tubes and injected into ambient
air [42,43,50].

In plasma technology the term plasma jet is used to refer to many different configurations and types of
plasmas, having in common that the gas discharge is operated in an open volume electrodes arrangement
and plasma is projected outside the electrode arrangement into the environment. The expansion of the
plasma is often due to a high flow of a working gas, usually a noble gas, flown through a capillary before
expansion into ambient air, where it forms a channel, also named plume, surrounded by air. In APPJs,
the grided aspect results from local differences in the required E/N (electric field/gas number density)
for avalanche being lower in the noble gas dominated plume than in the surrounding air. The ionization
front is then prevented from spreading laterally into air and remains in the rare-gas channel. From this
guiding of the ionization wave along the noble gas channel, the term guided ionization wave or guided streamer
was coined. The speed of the front has been measured in several studies at about 10°—10* cm/s [1,51,52]
[PAPER II and III]. In contrast to streamers in a free space that propagate in a stochastic manner and
often branch, guided ionization waves are repetitive and highly reproducible and propagate along the
same path (usually the jet axis). This property of guided streamers, in comparison with streamers in a free
space, enables many advanced time resolved experimental studies of ionization waves with nanosecond
precision. This has prompt the study of this typology of sources in last years as testified by the large
number of publication on the subject found in literature [1,50] [PAPER II and III].

The dynamics of the plasma bullets involves two stages. At the first stage, ionization waves formed in
strong field regions inside dielectric tubes move along the tube walls similarly to streamers observed in
surface barrier discharges [50]. After leaving the tube, plasma bullets propagate inside the plume in a
mixture of a noble gas with ambient air. At both stages, the plasma volume moves along a predetermined
path, the jet axis, as a guided ionization wave [50]. As the plasma produced ions, electrons and excited
species interact with ambient air, other RONS are generated. The RONS produced in this manner are
believed to be the main agents in biomedical applications including atomic oxygen (O), hydroxyl radicals
(OH), ozone (Os), hydrogen peroxide (H.O») and nitric oxide (NO) [53].

Many different APP] architectures have been designed and presented, ranging from single electrode
sources [PAPER I, II, III] to DBD jet [44,45] through more exotic configurations like multijet arrays
[PAPER 1V] and multielectrode DBD jets [54]. The control of plasma parameters and properties is still
a key challenge for the emerging applications of these plasma sources. While the general mechanisms of
plasma jet generation are understood, there still is a lack of knowledge on the basic plasma parameters
for most of the APPJs. This is due to the discharge having a small size and a transient behaviour, which
makes them very challenging objects for plasma diagnostics.

Diagnostic investigation is crucial to achieve a complete control over plasma generation of reactive
species and their delivery. Because of the complexity of plasma interaction with biological and thermo-
sensitive materials, diagnostic analysis is strongly required to evaluate process feasibility and to develop
plasma sources optimized for specific applications. Integrated approaches relying not only on the
effectiveness of the plasma treatment, but also the characterization of plasma sources, are required in
otder to promote a multi-step optimization of the process.

Particular attention in APP]Js characterization has been dedicated to discharge structure since the first
works reporting on the observation of “plasma bullets” [42,43], whose fundamental aspects have been
strongly debated within the international scientific community and now mostly discarded in favour of a
new theory recently introduced along with a new nomenclature, “pulsed atmospheric-pressure plasma
streams” (PAPS) [44,45]. Another important aspect that is being more and more addressed is the study
of the fluid-dynamic behaviour of the jet effluent, as it strongly affects the structure and propagation of
the plasma discharge. For this purpose, among the principal tools that have been adopted are numerical
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simulations [45] and Schlieren photography [55,56] [PAPER I and II], occasionally in combination with
each other [45].

In the next paragraphs of this chapter the results concerning the characterization of a single electrode
plasma jet will be presented. The presented results were achieved with both standard diagnostic
techniques (such as low speed imaging) and more complex diagnostic setups like high speed Schlieren
imaging and ICCD camera with sub-nanosecond synchronisation. These results, presented at
international conferences and published in two papers on international journals, have received good

response from the plasma scientific community and contributed in their way to expand our knowledge
on APPJ.

2.2 Atmospheric pressure plasma jet source architectures

Many different plasma jet arrangements exist and many different classifications can be done according to
various parameters like discharge geometry, electrode arrangement, field configuration, excitation
frequency, type of gas and other. A comprehensive collection of neatrly all possible APPJ arrangements
was given by Lu, Laroussi and Puech in 2012 [1] and recently recalled and updated by Weltmann e a/. in
another review in 2015 [39]. The original classification is still up to date and many of the recently
developed APPJ devices can be tracked down to the main group there defined. In light of the work that
will be presented in this dissertation these classification will be shortly presented with an eye on the
architecture that include the plasma jet sources investigated during my Ph.D.

A very wide and common category of plasma jets is falls under the name of DBD jefs. As shown in Figure
2.3 various different configurations are possible. The common feature of this category is the DBD
architecture [57,58] which requires the presence of a dielectric barrier interposed between the high voltage
electrode and the grounded electrode or the target. The geometry of the electrodes can greatly vary but
usually ring or pin electrode geometries are adopted.

All these configuration can be operated either by kHz AC excitation or by pulsed DC excitation and the
length of the plasma jet can easily reach several centimeters [52]. This characteristic makes the operation
of these plasma jets easy and practical. Moreover, due to the low power delivered to the plasma, the gas
temperature of the plasma remains close to room temperature. Another important advantage is the use
of a dielectric that prevents the risk of arcing whether the object to be treated is placed far away or close
to the nozzle. Both these two characteristic are very important for medical application, where safety is a
strict requirement.

A second group of APPJs, presented in Figure 2.4, is those of the DBD-/ike plasma jets. When the plasma
is not in contact with any object, the discharge works more or less like in a DBD jet. However, when the
plasma plume is impinging on a target, the discharge may run directly between the high voltage electrode
and the target to treat. For this reason, the risk of arcing should be carefully avoided. On the other hand,
this architecture demonstrated the ability to produce plasma plumes of several tens of centimeters (up to
meters) in length inside dielectric capillaries. Therefore, as long as arcing is carefully avoided, the DBD-
like jets have some advantages. In fact, the number of papers on medical application of DBD-like plasma
sources is steadily increasing [27,59]. The Plasma Gun jet source that will be described in detail in the
following paragraph (Paragraph 2.2.1) and that has been designed for endodontic medical treatments
(Chapter 4) falls into this group.
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Figure 2.3 Schematic of DBD plasma jets [1]
© IOP Publishing. Reproduced with permission. All rights reserved

The last group of APPJs that will be here reported is the single electrode jets, represented schematically
in Figure 2.5. In this configuration, the dielectric tube only plays the role of guiding the gas flow. These
sources usually can be driven by DC, kHz AC, RF or pulsed DC power. To avoid the risk of arcing and
make it suitable also for the treatment of thermosensitive materials and medical applications, several
solutions may be implemented in this configuration. One example is represented in Figure 2.5¢, where a
capacitance and a resistance have been used to control and limit the discharge current and voltage on the
high voltage electrode. Another solution is the adoption of extremely short excitation pulses (few tens of
nanosecond) as in the case of the Plasma Jet that will be presented in detail in Paragraph 2.2.1 and that
has been extensively characterized by means of several diagnostics during my Ph.D. [PAPER 1, 11, I11].

A new group of APPJs that is raising interest in the scientific community and that was not originally
included in the classification are the so called multijets ot jets-array [60—63] [PAPER IV]. These sources are
based on an array of multiple plasma jets sources. Ideally developed for the treatment of large planar
surfaces [64-66] and 3-D objects even with complex geometry [67—71], they have shown characteristics
far more complex and interesting than being simply the sum of the single jets. While partially overcoming
the limitation of classical single plasma jets, the scaling of plasma jet arrays has presented a unique
challenge due to the tendency of individual plasma jets to interact with each other, which can lead to the
merging of some jets when posed in close proximity and in the right conditions. This phenomenon,
usually referred to as jer-to-jet coupling, has also been shown to be able to generate plasma plumes with
unique characteristics [72—74] that may open new field of applications.
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Figure 2.5 Schematic of single electrode plasma jets [1]
© IOP Publishing. Reproduced with permission. All rights reserved

Nevertheless, to take full advantage of this jet-to-jet coupling behavior in the development of new plasma
sources, increasing our understanding of the phenomenon is of the most importance. While extensive
studies and considerable advances have been made with individual plasma jets [52,75-80] [PAPER I, IT
and I11], multijet arrays are far less studied although the number of work on the subject is rapidly increasing
[63,65,67,73,74,81-84][PAPER IV]. During my Ph.D., I have spent a fair amount of time investigating a
multzjet plasma source named Gatling Gun for its reminding in shape of a Gatling machine gun. An initial
characterization of the plasma source and the occurrence of the jet-to-jet coupling phenomenon and its
potential application can be found in PAPER IV.

This brief description of the most common APP]J architectures is inevitably not exhaustive and many
configurations have been left outside (multi electrodes jets [54], dielectric free electrode DFE jets [85,80],
etc...). The APPJ field is in rapid expansion and many new architectures are created even in this moment
in different labs around the world. As reported APPJs have a broad range of possible configurations and
this lead to a difficulty in comparing different devices and their performances. A proper characterization
of the plasma should be done whenever a new plasma device is developed. This was exactly one of the
aims my Ph.D. as I focused on the characterization of a new design single electrode APP] called Plasma
Jet. In the following sections of this chapter this plasma source will be described in detail along with some
results of its intensive characterization by means of several diagnostic techniques.
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2.2.1 Plasma Jet

The plasma source here described is a single electrode plasma jet developed in the laboratory of the IAP
group at Alma Mater Studiorum - Universita di Bologna by Colombo e a/. and described in several
published works [87] [PAPER I, II, III]. The characterization of this particular source was one of the
main topics of my research and it was investigated in depth with several diagnostic techniques in many
different operating conditions. A general schematic of the source is presented in Figure 2.6. The plasma
source consists of a high-voltage electrode (a stainless steel sharpened metallic needle with a diameter of
0.3 mm) centered inside a dielectric channel. In this source, a primary working gas (usually He or Ar) is
injected through a 12-hole (0.3 mm diameter) diffuser aimed at ensuring a uniform and laminar flow
along the electrode and at sustaining the plasma discharge, while the secondary gas is introduced in the
discharge region downstream the electrode tip through twelve 0.3 mm holes, tilted with respect to the
plasma source axis. The plasma is ejected from the source into the surrounding atmosphere through a 1
mm orifice. The plasma source has been mostly investigated when driven by a commercial pulse generator
(FPG 20-1NMK, FID GmbH) producing high-voltage pulses with nanosecond rise time but other
driving power supply like sinusoidal or DC may be adopted. Is worth mentioning that ionization waves
generated by nanosecond pulses have recently attracted interest due to their emerging applications in
plasma-assisted combustion, high-speed flow control and plasma assisted film deposition [16,88-90]. As
mentioned in the previous paragraph, this source falls in the group of the single electrode APPJs. A
peculiarity of this source is the possibility to use two distinct gas flows in the primary and secondary
channel according with specific applications. In fact, the versatility of this source is confirmed by the
variety of applications it has been used for, including thin film deposition [16], treatment of polymeric
solutions [87], co-deposition of acrylic acid and nanoparticles [15].
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Figure 2.6 Schematics (a,c) and picture (b) of the Plasma Jet device developed at the Alma Mater
Studiorum - Universita di Bologna
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2.2.2 Plasma Gun

This plasma source, here referred to as Plasma Gun, is a DBD-like plasma jet developed in the laboratory
of the IAP group at Universita di Bologna and specifically designed for dental applications [14]. During
my Ph.D. research, I was involved in the development of this particular plasma source and, as it will be
later reported in Chapter 4, I had the opportunity to test this APP] source to investigate the feasibility of
its use in dental applications.

A schematic of the source is shown in Figure 2.7. As high-voltage (HV) electrode, a 50mm long tungsten
wire having a 1 mm diameter is used; the wire is positioned on the axis of a borosilicate glass capillary (4
and 6 mm of inner and outer diameter, respectively) having a relative dielectric constant e, = 7. A PTFE
support is used to guarantee the coaxial geometry of the HV wire and the borosilicate glass capillary,
while it is also machined to provide the inlet for the gas injection. As grounded electrode, a 40mm width
aluminum foil was wrapped outside the dielectric capillary. In order to make the PG suitable for
endodontic applications, the borosilicate glass capillary terminates with a 25mm long section
characterized by an inclination of 75° and a tapered orifice (inner diameter of 2 mm), resembling in shape
typical endodontic instruments. As working gas, 99.999% pure He is introduced for sustaining and
propagating the plasma; a plasma plume is produced downstream the source orifice, where the mixing of
He plasma with the surrounding ambient air occurs. The plasma source is usually driven by a micropulsed
generator producing high-voltage sinusoidal pulses having a peak voltage (PV) of 7-18 kV, frequency
(f)of 20-50 kHz, variable pulse duration (around 700 ms at the lowest duty cycle (DC) of 7%) and fixed
pulsed repetition frequency (PRF) of 100 Hz.
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Figure 2.7 Schematic and picture of the Plasma Gun plasma source developed at the
Alma Mater Studiorum - Universita di Bologna [14]
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2.3 Conventional diagnostic techniques

The characteristics of APPJs expanding freely in the surrounding atmosphere have been extensively
investigated and many relevant parameters such as electron density, electric field, gas temperature, fluid
dynamics as well as the reactive species produced by APPJs plasmas, whether metastables, radicals or
molecules, have been measured for several different APP] configurations [1,50].

During my Ph.D. research I had the opportunity to learn and adopt several diagnostic techniques
including ICCD imaging, Schlieren, High Speed Imaging, Optical Emission Spectroscopy, FTIR, mass
spectroscopy analysis and many other. Due to time and space limitation, only the results concerning the
characterization of the single electrode source Plasma Jet (described in Paragraph 2.2.1) will be here
presented.

To the human eye plasma plumes of most common APPJs are perceived as a continuous stationary glow
discharge. In reality, the plasma plumes are made of small and fast moving PAPS that cannot be discerned
as individual object by the eye. Because the PAPSs propagate with a speed of ~10°~10° em s™' [1,50], to
characterize such rapid propagation behavior, diagnostics methods with high temporal and spatial
resolution are needed. Nevertheless, these diagnostics usually are quite sophisticated and the
configuration of the proper set-up may result particularly time-demanding. Consequently, especially in
the earlier stages of the characterization of new plasma devices, more common and ready to use
diagnostics are usually adopted, which, while being limited in time and space resolution and sensitivity,
they may become a powerful tool if properly implemented. The first example here presented is the
adoption of standard photographic cameras for the visualization of APPJs plumes. This imaging
technique, usually referred to as /Jow speed imaging, has been adopted in several papers for the
characterization of different plasma devices [91-95]. The optical emission intensity of the plasma is
usually very low. This makes it necessary to adopt considerably long exposure times when using
conventional cameras and collect the emission of multiple plasma discharges. The limit of this technique
is that the acquisition of long exposure time images of the plasma plume does not allow discerning the
propagation of a single ionization front.

Nevertheless, standard cameras allow visualizing the average behavior of the plasma plume and are
commonly adopted to compare different operating conditions. As an example, in Figure 2.8 is reported
a picture from a work of Yamamoto and coworkers [95]. In the paper a standard imaging technique is
efficiently used to compare the lengths of plasma plumes generated using the same APP] driven by
different power supplies. Another good example may be found in the work of Kushner ¢ a/. [93] where
very interesting pictures of a plasma plume impinging and transferring into a dielectric channel are directly
compared to simulation results.

In line with the literature, a first characterization of the Plasma Jet was performed by means of a standard
photographic camera. Different working gases where investigated, as shown in Figure 2.9 where Ar and
He plumes produced in the same operating conditions are directly compared. It is easy to observe the
substantial differences both in terms of length and radial diffusion between the two gases. As it will be
discussed more in detail in the following paragraph, these differences may be, at least in part, attributed
to the different fluid dynamic behavior characterizing the two gas flows. As reported in PAPER I and 11
the Reynolds number at the outlet of the jet for the He case may be estimated to be about 500, while for
the Ar case it results to be approximately 5000. According to Ungate ez 2/ [96] the Reynolds number for
the He case falls inside a transition range (between 500 and 1000) in which the jet becomes unstable at a
certain distance from the nozzle while in the Ar case a neatly completely turbulent flow should be
established already at the nozzle outlet, in agreement with what observed in the picture.
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Figure 2.8 Evaluation of plasma emission length for different nozzle configurations [95]
© [2015] IEEE. Reprinted, with permission, from [A. Yamamoto, Y. Kawano, M. Nakai, T. Nakagawa, Investigation of gas flow dependence
of plasma jet produced by pulsed power, IEEE Trans. Plasma Sci. 2015]

— —
= -
- -
- -
- —
= -
- -
= -
- -
—_— —
= =

4 cm

Figure 2.9 Low speed imaging of the Plasma Jet operating in Ar and He. PV =17 kV, PRF=1 kHz and
mass flow rate = 3 slpm [PAPER ]
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A parametrical investigation on the flow rate influence on the plasma plume length and morphology was
effectuated for the case with He and is briefly resumed in PAPER 1. It was reported how an increase
from 1 to 3 He slpm (Re 170 and 500 respectively) causes a length increase in the plasma plume, whereas
a further increase up to 5 slpm (Re 1000) results in a turbulent behavior of the plume, due to the increased
shear force between the high velocity jet and the surrounding stagnant air, that leads to a shortening of
the visible plasma plume. This evident strong correlation between the fluid dynamic regime at the outlet
of the jet source and the discharge propagation length triggered the investigation of the phenomenon by
means of a combination of ICCD and Schlieren imaging [PAPER I and II]. These results will be later
presented in this same chapter. Another relatively common technique adopted for the characterization
of APPJs is the use of temperature probes to measure the effluent gas global temperature. Nevertheless,
due to the conductive nature of the plasma and the fact that most common thermocouples are made of
metallic material, also for this relatively easy measurement special precautions have to be taken. The
adoption of a metallic thermocouple would in fact introduce another conductive electrode in the plasma
source electrical system, therefore interfering with the plasma discharge. To avoid this possibility, during
my research I have adopted a fiber optic temperature sensor completely made of dielectric material. Fiber
optic sensors were chosen for measurements also because they are immune from electromagnetic
interferences possibly generated by the discharge [97] and they only slightly affect the discharge because
of the small diameter and the dielectric properties of the sensor head. An example of the axial temperature
profiles acquired with this method is presented in Figure 10, while a complete description of the
experimental setup can be found in PAPER II. The study demonstrated the relevant influence of flow
rate and peak repetition frequency on the gas macroscopic maximum temperature and profile. Higher
flow rate in fact induced a flattening of the axial temperature profile that instead resulted much higher in
proximity of the nozzle for smaller gas flow rates. The main purpose of this part of the study [ARTICE
I1] was a preliminary investigation of the feasibility to operate the source for biomedical applications. For
these applications a temperature lower of 40 °C is preferable in order to avoid any possible thermal
damage to the cells. As demonstrated in PAPER 1II the choice of the right operating conditions plays an
important role in the fulfillment of this requirement as an increase of the PRI or a reduction of the flow
rate may induce a critical increase in the effluent temperature.
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Figure 2.10 Axial temperature profile of the Plasma Jet at constant PRF (1 kHz) for different values of
PV (17 and 25 kV) and He flow rate (1 and 3 SLPM). Room temperature during measurements: around
29 °C. Axial position = 0 mm corresponds to the source outlet. [PAPER II]
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2.4 ICCD imaging for time resolved analysis of plasma structure

Over the past decade, the use of ICCD cameras as a means for characterizing CAP has been steadily
increasing. Due to their high sensitivity and high speed gateability, ICCD cameras enable time-resolved
studies of the anatomy and time-resolved investigation of physical and chemical properties of non-
equilibrium plasma discharges. During my Ph.D, I had the opportunity to use an ICCD camera
(Princeton Instruments PIMAXS3, spectral response 180-900 nm, Filmless Gen III intensifiers). 1
adopted this powerful tool to investigate several plasma sources, ranging from large area DBDs to APPJs,
including micro plasma sources and in water discharges. Anyway, in this dissertation I will present mainly
the results concerning the ICCD characterization of the Plasma Jet source, as this was one of the first
sources I worked on and that I continued investigating during all my Ph.D. The results presented in
PAPER 1II and III and those still unpublished reported in Chapter 3 very well show the temporal
evolution of my research and experience for what concern the use of ICCD imaging for plasma
diagnostic. In this paragraph, the content of PAPER I, I and III will be summarised in order to better
introduce the inedited results presented in Chapter 3.

As mentioned above, plasma bullets propagate at very high speed. The total propagating distance is
typically about several centimeters. Thus the propagating time could be as short as of the order of
hundreds ns. In the meantime, the optical emission intensity of the plasma is low. Thus, in order to
capture the temporal dynamics of the plasma bullets, high speed intensified charge coupled device
(ICCD) cameras are normally used.

A charge coupled device (CCD) is a semiconductor architecture whose operation is based on the
movement of electrical charge through storage areas until the area where manipulation with the collected
charge can be performed. The three basic functions of the device are: charge collection, charge transfer
and conversion of collected charge into a measurable parameter (usually voltage). The initial concept of
operation of CCD devices was given by Boyle and Smith [98]. When an image intensifier is mounted in
front of the CCD this makes an intensified charge coupled device (ICCD). An ICCD consists of
photocathode, microchannel plate (MCP) and phosphor screen. The image intensifier can be connected
to the CCD either by a fiberoptic bundle or a relay lens. The sensitivity of the ICCD camera is mainly
determined by the photocathode responsivity. Nowadays, photocathodes of Genll (multialkali
photocathode) and GenllIl (GaAs photocathode) are used in most of the ICCD cameras. The main
advantage of ICCD cameras, beside high sensitivity, is high speed gateability. Due to their construction,
ICCD cameras can enable shutter times of the order of picoseconds.

ICCD cameras have been relied on extensively for the investigation of plasma jets and several
characteristics of plasma jets have been discovered using this technology; as an example, plasma jets seen
as a continuous plasma flow by the human eye were recently revealed, by means of fast imaging systems,
to be often composed of the sequences of fast moving discrete luminous clusters also known either as
pulsed atmospheric pressure streamers (PAPS) or plasma ‘bullets’. Photographs captured by high speed
cameras can give us two-dimensional (2D) distributions of the optical emission intensity at any given
time. As a consequence of these features and their versatility, over the past decade ICCD cameras have
become a standard tool in diagnostics of non-equilibrium discharges, especially at atmospheric pressure
where small dimensions and fast developing phenomena can impede other diagnostic techniques. Our
ability to do so critically depends on the characteristics of the adopted ICCD cameras, among which the
time resolution, that is required to match the speed of the observed phenomenon (e.g. propagation speed
of PAPS), and the dynamic range, that has to be large enough to record the entire plasma discharge at
once; this is especially relevant for the case of plasma jets, typically characterized by a brighter region
(PAPS head) as well as a weaker continuous region behind the ionization front [44,45].

ICCD cameras with down to nanosecond expositions were adopted to record PAPS speeds by using
freeze frame detection and careful triggering at numerous points during the phase between subsequent
plasma formations (repeating voltage pulses or high frequency sinusoidal field). An example of this kind
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of analysis is presented in Figure 2.11 from PAPER II were a sequence of representative ICCD frame
showing the PAPS evolution is presented. This sequence allowed to estimate the average ionization front
velocity in the order of 10* cm/s. This velocity may be considered quite high for PAPS generated by
APP]Js and is usually a characteristic of plasma jets sources driven by voltage pulses with nanosecond rise
time [44,92,99].

The appearance of the ionization front 5 ns after the start of the voltage rise, which corresponds to a
voltage in the range 5-10 kV, is visible in Figure 2.11. After this instant, the PAPS can be observed in all
the subsequent frames. Nevertheless, its intensity and extension seem to fluctuate during the high-voltage
pulse. For example, from the frame starting at 5 ns to the one at 9.75 ns, both the intensity and the length
of the plasma plume increase up to a maximum reached at 6.75 ns and then they start to decrease. A
similar behavior can be observed every 5 ns: from 10 to 15 ns, from 15 to 20 ns, and from 20 to 25 ns.
To the best of my knowledge, this fluctuating behavior had never been reported in other study in the
literature. Considering only the brightest frame in each fluctuation (6.75, 11.75, 16.75, and 21.75 ns), a
progressive elongation of the plasma plume is clearly visible. As it can be observed in the frames reported
in Fig. 11 with a chromatic scale modified to enhance the light emissions with lower intensity, the
propagating plasma front remains connected to the plasma source by a visible channel even in the frames
in which the plasma plume is characterized by weaker intensity. This structure characterized by a moving
front connected to the source, similar to that reported in literature for other plasma jet sources and is
usually referred to as PAPS [44,100,101].

In PAPER II two different operating conditions were investigated through ICCD imaging. The second
set of operating condition presented a higher peak voltage and flow rate. The second case presented a
fluctuation of both the intensity and the length of the plasma plume with a period (5 ns) similar to that
observed in the first case. Nevertheless, the structure of the plasma evolves in a sensibly different way.
While in the first case (Figure 2.11), only one front can be observed in the plasma jet, in the second case,
the final part of the plasma jet resulted at first distorted and then branched in several fronts connected
to the plasma source by converging tails characterized by weaker emission. A similar behavior of the
plasma front has been observed in [102] and described as snake-like mode. This aspect, as well as the
subsequent branching of the plasma jet front, is probably related to hydrodynamic instabilities of the He
gas flow, which result in turbulent mixing of He species with the surrounding ambient air; as the plasma
discharge is propagating preferentially in regions with high He concentration [103], the turbulent mixing
of He and surrounding air can induce several pathways for the plasma discharge, resulting in branching
of the plasma jet front. To investigate the correlation between the gas flow instabilities and discharge
structure, further investigations exploiting Schlieren imaging have been conducted and the results are
presented in the following Paragraph 2.5.
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Figure 2.11 ICCD frames (3ns exposure time, 50 accumulations, 0.25 ns of delay increase from one
frame to the following) of a plasma jet driven by nanosecond pulses (17 kV, 1000 Hz, 2 slpm of He).
Two different chromatic scales were adopted to make all the frames clearly visible (top: higher intensity
scale, bottom: low intensity scale). Time values reported on top of each frame are indicative of the time
lapse between the start of the voltage pulse and the corresponding opening of the ICCD gate. [PAPER

11].
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2.4.1 Signal delay compensation method for sub-microsecond synchronization

The ICCD acquisition presented in Figure 2.11 can only be achieved by means of a precisely designed
and controlled setup that include far more components than just the ICCD camera. Indeed, to achieve a
properly time-resolved visualization of the discharge phenomenon it is extremely important that the
gating of the camera sensor is correctly synchronized with the discharge event and, as a consequence,
with the voltage pulse driving the plasma discharge.

The development and realization of a diagnostic setup (Figure 2.12) able to guarantee a synchronization
level that would allow to achieve ICCD acquisitions with nanosecond resolution and sub-nanosecond
synchronization was one of the main topic of my Ph.D. research. While the acquisitions achieved with
this setup have been published in PAPER II and in Chapter 3, the methodology and consideration to
achieve this kind of synchronization have been presented separately in PAPER III.

An important part for the correct gate setting of the ICCD acquisition is the evaluation of signal
transmission delays, which include the delay related to cable transmission and the internal response time
of instrumentations; these delays may greatly affect the accuracy of ICCD acquisitions, especially in the
case of plasma jet sources excited by sub-microsecond pulses. As presented in PAPER 111, it is possible
to estimate these delays and compensate for them following a series of best practices to realize a correct
synchronization between the ICCD camera and the plasma discharge.

While ICCD cameras are widely adopted for the study of atmospheric pressure plasma discharges, in
literature any reference or guideline for the correct synchronization of these instruments could hardly be
found before the publication of PAPER III. This is probably due to the magnitude of the signal delays
that is usually in the order of nanoseconds; as it will be discussed in the following, this error results
relevant in the case of sub-microsecond excitation but less in the case of microsecond pulses, which are
generally more diffuse.

In brief, for a general ICCD setup like the one represented in Figure 2.12, to achieve an accurate
acquisition is important to synchronize the recorded waveform of the excitation voltage pulse and the
gate signal generated by the ICCD camera. This can be achieved only if the delays between the
aforementioned signals and their measurement and visualization on the oscilloscope are properly taken
into account. In particular, for the excitation signal we should consider the cable delay from the high
voltage electrode to the high voltage probe, the high voltage probe characteristic delay and the cable delay
from the high voltage probe to the oscilloscope; on the other hand, for the case of the ICCD gate signal
we should take into account the delay related to light transmission from the plasma discharge to the
ICCD sensor, the ICCD camera internal delay for gate signal generation and the cable delay from the
ICCD camera output to the oscilloscope. To estimate these delays is useful, as a first step, to define a
starting point (zero value, #) from which to calculate the delay of the two signals. Any instant can be
chosen in principle but, as suggested in PAPER 111, a good option is to taken as # the instant when the
high voltage excitation signal reaches the high voltage electrode where the ionization phenomenon takes
place. Once all the delays have been estimated or measured they should be introduced as an adjustment
in the corresponding channel of the oscilloscope dedicated to the measurement.

Following the procedure described in PAPER III and summarized above, for setting the proper
adjustments on the oscilloscope in order to compensate for the delays, the voltage waveform and camera
gate signal should be properly synchronized allowing the correct acquisition of time-resolved pictured
and the proper interpretation of results; on the other hand, either failing to properly estimate the delays
or neglecting the issue can lead to the misinterpretation of results due to incorrect synchronization. The
higher the difference between the total delay on the side of the excitation pulse reading and the total
delay on the side of the ICCD gate signal (14.6 ns in our setup), the greater can be the negative effect of
neglecting or miscalculating the delays.
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Figure 2.12 Experimental setup adopted for the ICCD imaging experiments reported in Chapter 2. The
delay generator (or synchronizer, circled in orange), which is used to synchronize the generator and the
oscilloscope, was required only by the experiments with the nanopulse generator; for the tests with the
micropulse generator this element was removed. [PAPER III]

In order to clarify the issue, ICCD images obtained with the setup presented in Figure 2.12 and adopting
the “best practice”, thus taking delays into account and applying the appropriate adjustments to achieve
good synchronization, or the “bad practice”, thus failing to take into account the aforementioned delays,
are reported and compared in Figure 2.13.

As it is possible to observe and as already mentioned before, for the micropulsed generator no significant
difference can be observed between “best practice” and “bad practice” acquisitions, since the signal delay
difference (in this case 14.6 ns) is at least three orders of magnitude smaller than the gate width necessary
to record the PAPS propagation. On the contrary, when the plasma source is powered by a nanopulsed
generator, the shorter pulses require the use of shorter camera gates, of the same order of magnitude of
signal delay difference, and therefore a proper synchronization is required. In the third row of Fig. 13,
“best practice” and “bad practice” acquisitions are reported for the camera gate set to extend over an
entire voltage pulse (35 ns). Even if the two plasma discharges are very similar, in the case of the “bad
practice” the plasma discharge is shorter and its emission intensity is slightly lower. The reported images
are the result of 30 accumulations and the experiment was repeated several times, therefore the reduction
in the discharge length is unlikely to be due to random fluctuation in the electrical or fluid dynamic
parameters, but has to be appointed to the incorrect synchronization between the gate timing and the
excitation pulse. Indeed, in the “bad practice” case, the real camera gate (blue rectangle in Figure 2.13) is
shifted 14.6 ns earlier than the supposed camera gate (red rectangle in Figure 2.13) and as a consequence
the light emission related to the second half of the HV pulse was not recorded in this acquisition and is
the reason of the observed differences.
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Figure 2.13 ICCD acquisitions and voltage waveforms for the Plasma Jet operated with micropulsed and
nanopulsed generators. Results obtained compensating (“Best practice”) and not compensating (“Bad
practice”) signal delays are compared. Recorded ICCD gate are superimposed on the voltage waveform
with green (“Best practice”) and red (“Bad practice”) rectangles. For the bad practice case, the real

position (artificially compensating the delays) of the gates is shown in blue rectangles.[PAPER 111]
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This issue is even more pronounced when the gate width is further reduced to investigate the temporal
evolution of the plasma jet during the HV pulse. In the last row of Figure 2.13 a sequence of ICCD
acquisitions (camera gate 10 ns and 30 accumulations) is shown, together with the recorded voltage
waveforms with the camera gates super imposed; the ICCD gate opening for the first frame of each scan
was set at to and subsequent frames were recorded at fixed time steps (delays) of 10 ns. In the best practice
case, the ICCD acquisitions show the formation of the plasma plume in the first 10 ns of the HV pulse,
its increase in length along the entire voltage pulse duration and a maximum emission intensity in
correspondence of the voltage peak; these results are in good agreement with other previously obtained
for the same plasma source in similar operating conditions, but analyzed with a different setup [PAPER
I1]. Instead, in the “bad practice” case no light emission is observed in the first frame (first 10 ns of the
HYV pulse) and only a faint plasma discharge is discernable in the second one; considering the supposed
camera gates (red rectangles in Figure 2.13), these misleading results would suggest that the plasma is not
generated during the entire HV rising front and that the highest emission intensity is not reached in
correspondence of the HV peak. Indeed, if the real camera gates (blue rectangles in Figure 2.13) are
considered, it can be observed that the gate corresponding to the first frame is entirely located before the
HYV pulse and that the gate corresponding to the second frame overlaps only partially with the HV pulse,
and this is in agreement with the corresponding ICCD images of the plasma discharge. In conclusion,
failing to account for signal delays may lead to an unrealistic interpretation of the investigated
phenomenon for the case of nanosecond pulsed excitation; this because the time scale of the signal delays
and the camera gates usually adopted for these experiments are of the same order of magnitude (tens of
nanoseconds).

2.5. Schlieren imaging for flow regime visualization

Schlieren photography is used for the imaging of the flow of fluids of varying density [104]. The basic
optical Schlieren system uses light from a single collimated source to investigate a target object or
medium. Variations in refractive index caused by density gradients in the fluid bend the collimated light
beam. This distortion creates a spatial variation in the intensity of the light, which can be visualized
directly with a shadowgraph system. In Schlieren photography, the collimated light is focused with a lens,
and a knife-edge is placed at the focal point. By moving the knife edge more closely to the axis of the
light beam, the overall photograph brightness can be progressively reduced. However, in a flow with
density variations the distorted beam focuses imperfectly, and parts which have been focused in an area
covered by the knife-edge are blocked. The result is a set of lighter and darker patches corresponding to
positive and negative fluid density gradients in the direction normal to the knife-edge. When a knife-edge
is used, the system is generally referred to as a Schlieren system, which measures the first derivative of
the density in the direction of the knife-edge. If a knife-edge is not used, the system is generally referred
to as a shadowgraph system, which measures the second derivative of density.

Schlieren imaging is a very powerful tool for APPJs diagnostic. By using Schlieren photography, the
distribution of the working gas (mainly He or Ar) flow in the surrounding air can be achieved and the
flow mode (turbulent or laminar flow) of the working gas can be determined, which is very important
for understanding the propagation behaviour of the plasma bullet.

The gas flow rate is one of the important parameters used to control not only the discharge characteristics
but also the effluent temperature and the transportation of reactive species. In the context of biomedical
applications, gas mixing is an important factor influencing the delivery of reactive species via the plasma
jet effluent to a treatment surface. Since the first work of Bradley ef 4/ [55] in 2011 the number of
published studies investigating of the influence of the gas flow rate on APPJs by means of Schlieren
photography has steadily increased. As part of my Ph.D. research I contributed to deepen the
understanding of the gas dynamics in APPJs through the PAPER I and II, which was, together with the
work of Robert e /. [105] published in the same year, one of the first to visualize the evolution of the
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turbulent phenomena induced in APP]J effluent. The result was achieved coupling the Schlieren setup
with a high speed camera recording at 4000 fps. An example of the acquisition achieved is presented in
Figure 2.14 from PAPER I. From these selected frames, at 1.5 ms from the voltage pulse it is possible to
observe a turbulent front propagating in the downstream region of the plasma jet. The observed turbulent
front propagation is similar for each voltage pulse; comparing the frame at 2.5 ms and 14.5 ms the fluid
dynamic structure of the APPJ source effluent results very similar, with the formation of a turbulent front
1.5 cm downstream the nozzle. The propagation velocity of the turbulent front along the laminar region
was estimated, by analysing the high-speed Schlieren acquisitions, to be about 60 m/s, which is close to
the mean gas velocity and far below the estimated PAPS velocity (10° cm/s). In PAPER 1 different
possible mechanisms to explain the phenomenon are advanced, such as gas heating, local pressure
increase, the change of transport properties of the fluid and the momentum transfer between ions and
neutrals. As it will be discussed in Chapter 3 most of this hypothesis have been later abandoned in favour
of a new one featuring the indirect heating of the gas as a consequence of the sharp increase of the high
voltage electrode as a consequence of the current flow generated by the plasma discharge.

Another very powerful use of the Schlieren technique for the diagnostic of APPJs is in combination with
ICCD imaging. An example of this multidiagnostic approach is presented in Figure 2.15 from PAPER
IL. In the picture ICCD acquisitions paired with the corresponding Schlieren frames of the Plasma Jet
operating at different operating conditions are presented. From Schlieren images, it can be noted that the
flow at the source outlet is almost laminar (Reynolds number is approximately 500 for the plasma source
operated with 3 slpm of He) while fluid-dynamic instabilities can be observed in a more downstream
position. With increasing PRF (from 125 to 1000 Hz), the length of the laminar region becomes shorter
and fluid-dynamic instabilities of higher intensity can be observed. With PV increasing from 17 to 30 kV,
the same trend is observed, but the effect is weaker in comparison with the change in PRF. From ICCD
images, it can be noted that the length of the plasma plume is increased as the PV is increased, whereas
with increasing PRF, the plasma plume length is generally reduced.

From the comparison of Schlieren frames and ICCD images, a clear correspondence between fluid-
dynamic instabilities and branching of the plasma plume can be observed. The ending part of the plasma
plume becomes branched in the cases in which the operating conditions induce the plasma plume to
propagate into the spatial region where the flow is turbulent. This phenomenon is mostly evident for the
cases with highest PV (30 kV), which are characterized by a longer plasma plume that can penetrate the
regions with higher intensity of fluid-dynamics instabilities. It can be observed that the branching of the
plasma plume appears in correspondence of the region where the transition from laminar to turbulent
flow is observed. On the contrary, in the cases with lowest PV (17 kV), the plasma plume is propagating
in the laminar region only and no branching of the front is observed. These results support the idea that
fluid-dynamic instabilities of the jet induce a turbulent mixing of He and the surrounding air and,
consequently, the formation of more than one preferential pathways through which the plasma plume
can propagate, resulting in branching of the plasma front.
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Figure 2.14 Schlieren imaging of the plasma jet evolution between two voltage pulses, at t=0 ms and
t=12 ms. (PV=20kV, PRF=83 Hz and He mass flow rate = 3slm) [PAPER I]
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Figure 2.15 Comparison of synchronized (left) ICCD and (right) Schlieren acquisitions of the plasma jet
for different values of PV (17, 20, and 30 kV) and PRF (125 and 1000 Hz). Flow rate set at 3 slpm of He

for all cases. [PAPER 1I]
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3.1 Literature overview

Diagnostic investigation is crucial to achieve a complete control over plasma generation of reactive
species and their delivery to the target substrate for applications purposes. In the last years, the
characteristics of APP]Js plumes expanding freely in the surrounding atmosphere have been extensively
investigated and many relevant parameters such as electron density, electric field, gas temperature, fluid
dynamics as well as the reactive species (metastables, radicals and molecules) produced in the plasma
plume, have been measured for several different APP] configurations.

Although the great majority of APPJs applications involve the interaction between the plasma and a
surface, nevertheless, up to now the number of published papers focusing on the characteristics of this
interaction is extremely limited. Unfortunately, the link between the characteristics of a plasma expanding
freely in surrounding gas and the effect on a treated surface of the plasma produced by the same APPJ
in identical operating conditions is not trivial, as the presence of a target will in many cases change the
properties of the plasma. The reason of this sensitivity of APPJs to the electrical characteristics of the
treated surface results from the fact that the surface itself is an element in the electrical circuit of the
APP]J. This, together with the alteration of the gas fluid dynamic and composition, results in the
properties of the surface not being negligible variables as they effect the dynamics of the incident plasma.

The need for fundamental understanding of the physics of plasma jets interaction with various materials,
required for the optimisation of processes of practical use, has prompted the scientific community to
address this phenomenon. In a recent paper Robert ¢f a/. [1] studied the influence of the presence of a
metallic target on the gas fluid dynamic in a He plasma jet. Their hypothesis is that the plasma action on
the He flow is mainly driven by the drift of ionic species generated in the helium PAPS; in the same paper
they underline how the non-negligible modification of the He flow induced by the presence of the target
may have large impacts in applications. In another very interesting paper, Guaitella and Sobota [2]
reported on the propagation of a plasma jet over different dielectric surfaces and the relative influence,
on the propagation dynamics, of gas flow characteristics, voltage amplitude, source dimensions and the
capacitance of the target. They attribute the influence of the target on the plasma characteristics to two
main mechanism: the local enhancement of the electric field and the supply of pre-deposited charge.
They conclude asserting that the development of the jet on a glass surface depends mainly on the gas
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flow dynamics over the surface and the capacitance of the target, while voltage amplitude and source
geometry play a minor role.

Recently, also computational investigations have been conducted to examine the behaviour of APP]
plasmas interacting with surfaces. In an interesting paper Kushner e# /. [3] studied the influence of the
relative permittivity of a solid target on the characteristics of a He plasma jet impinging on it. Five
different values of the relative permittivity were selected to simulate different possible materials ranging
from fluorocarbon polymers to metal. The authors found that increasing the permittivity increases the
speed of the ionization wave and the electron and ion density in the plasma column increased as well. A
lower permittivity instead favoured a larger spread of the plasma across the surface due to the
establishment of a surface ionization wave (SIW). Also very recently, Breden and Raja [4] presented their
study on the role of the target proximity and the target thickness and dielectric properties on APPJ-
surface interaction. They observed that the distance between the APPJ and the surface strongly influence
the composition of the species reaching the target surface. For example, short-lived species, such as O
and N and charged particles, are relevant only in the case of short gap distance as they are produced on
site by the ionization wave while propagating across the target surface.

In APP]Js applications, the composition of the surface being treated can greatly differ from case to case,
ranging from plastics to biological tissues, from metals to liquids. Especially the treatment of liquids by
means of atmospheric plasma is raising increasing interest for its potential use in many application fields.
Many recent papers have been focused on the subject of plasma activated water (PAW), produced by
means of plasma discharges generated in water or above its surface, for a wide variety of applications [5—
8]. Furthermore, common to plasma system interacting with living matter is the presence of a gas-liquid
environment (due to blood serum-like liquids), in which the plasma not only is generated in a humid
atmosphere but also impinges on a thin layer of liquid covering the tissue [9]. In fact the plasma-produced
reactive species and photons mainly react with the liquid film that covers the tissue instead of interacting
directly with the tissue itself. Varying the plasma jet characteristics and mediating the plasma-tissue
interaction even a thin layer of liquid can greatly influence the treatment response.

If the amount of literature on plasma interaction with substrate is not abundant even less is the amount
of papers tackling the subject of plasma in contact with liquid substrate. The subject is computationally
addressed in a recent work of Kushner e# /. [10]. In the paper the interaction of a single electrode APP]
with a 200 um water layer covering a tissue-like dielectric is investigated. The work is focused on the
comparison of cases where the plasma plume is in contact with the liquid surface and other where it is
not. Two major modes for delivery of active species to the water layer are identified according to the
authors of the paper: one, based on the spreading of the plasma over the liquid surface and enabling
photolysis, direct charge exchange reactions and solvation of electrons, dominates in the cases where the
plasma touches the water; the other, based on convection and diffusion into the liquid of neutral species
formed remotely from the surface, is relevant both in touching and non-touching conditions and is mostly
influenced by the residence time of the species at the surface of the water that increase the likelihood of
their solvation.

The present study aims to provide further understanding of APPJ-liquid interaction presenting
experimental evidences acquired investigating a nanopulsed He APPJ interacting with a water surface.
The choice of a water substrate was driven, as already mentioned, by the increasing interest concerning
plasma and water applications and the fact that most of the biological tissues usually present a high level
of water content. Also motivated by application interests we investigated the APPJ-liquid distance, the
applied peak voltage and the pulse repetition frequency as variable parameters because often used to tune
plasma surface processes. As mentioned above, the characteristics of the substrate significantly affect
plasma characteristics and, in case of liquids, plasma can in turn significantly alter the liquid
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characteristics; to minimize the variation of liquid characteristics during plasma treatment we used a
buffered saline solution of known conductivity as a substrate; the conductivity of the solutions was
monitored during the test and resulted very stable.

Similarly to our previous study on the same plasma source freely expanding in ambient air [PAPER 1, II,
III], in this chapter we use a combination of two different optical diagnostic techniques (ICCD and
Schlieren) to provide insights on APPJ-liquid surface interaction. The achieved results, both confirm the
computational work of Kushner and co-workers [10] and present many interesting novel observations.
ICCD and Schlieren acquisitions suggest a key effect of gap distance and peak voltage on discharge
morphology, propagation velocity and effluent fluid dynamic behaviour. As already observed in previous
works [PAPER I and II], a transient turbulent structure propagating along the gas flow after the plasma
ignition was also observed in this conditions. The nature of the turbulence, and consequently the induced
turbulent structures at the liquid surface, is also strongly affected by the gap distance.

The presented results further confirm that the gas dynamics and the discharge behaviour are strongly
influenced by the presence of the liquid substrate and its relative position with respect to the plasma
source. It is important to take into account these features, since they in turn play an important role in
determining the distribution of gas phase reactive species over the liquid surface and therefore on the
effect of the eventual liquid treatment. This study, providing inedited experimental results, may be
regarded as a further step in increasing our knowledge of the APPJ-liquid interaction and in the gathering
of useful information for the optimisation of plasma jet assisted processes involving liquid substrates.

3.2 Experimental setup

3.2.1 Plasma source and liquid substrate

The schematic of the experimental setup is shown in Figure 1. The plasma source adopted in this work
is the Plasma Jet developed by Colombo e7 al. and already described in Chapter 2 and in published works
[PAPER I and II] along with several results on the characterisation of the source in free flow conditions
and its use for different applications [11-13]. For this study the plasma source is driven by a commercial
pulse generator (FPG 20—1NMK, FID GmbH) producing high-voltage pulses with nanosecond rise time.
The setup adopted for this study is schematically represented in Figure 3.2. The plasma source is in
vertical position above the surface of a liquid substrate. The electrical conductivity of the target affects
plasma characteristics [1,14] and in turn plasma treatment may alter alters the electrical conductivity of
liquid solution [6,15]. For these reasons, the liquid target was realised with a phosphate buffer solution
made dissolving sodium phosphate dibasic (Na2HPO4) and monobasic potassium phosphate (KH2PO4)
in distilled water, whose conductivity (119 uS/cm) and pH (7.2) ate unaffected by plasma treatment. For
the tests, a vessel with quartz sidewalls, to allow visualization, and a grounded bottom realized in
aluminium plate, was filled with 120 ml of the solution. During experiments, the plasma plume was
investigated while impinging on the liquid surface located 5, 10, 15 and 20 mm away from the nozzle and
in free flow condition. Furthermore, the influence of the electrical operating conditions was analysed
varying the PV from 10 kV to 15 kV and the PRF from 50 Hz to 125 Hz.
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3.2.2 Diagnostic techniques

The morphology and the temporal evolution of the plasma discharge interacting with the liquid substrate
were investigated by means of an ICCD camera (Princeton Instruments PIMAX3, spectral response 180—
900 nm). As shown in Figure 3.1, voltage waveforms were collected on the high voltage cable connecting
the plasma source to the pulse generator by means of a high voltage probe (Tektronix P6015A) and a
current probe (Pearson 6585) connected to an oscilloscope (Tektronix DPO 40034). To achieve a
properly time-resolved visualization of the discharge phenomenon the synchronisation of the camera
sensor with the voltage pulse was performed taking into account all possible signal transmission delays
with a delay generator (BNC 575 digital pulse/delay generator) in accordance with the guidelines reported
in ARTICLE III and already summarized in Chapter 2. The ICCD acquisitions were performed to study
the spatial and temporal evolution of the plasma discharge luminous emission during the whole voltage
pulse (sequential 10 ns camera gate exposures, 30 accumulations, subsequent frames recorded at fixed
time steps of 5 ns).

The Schlieren setup adopted is presented in Figure 3.2 and similar to that described in detail in PAPER
I and II. In order to visualize refractive-index gradients generated in the region above and inside the
vessel filled with buffer solution, the plasma source was positioned in the middle of the optical path
between two parabolic mirrors, as shown in Figure 3.2. Also in this case the camera and the voltage pulse
were synchronised by means of the setup already described in Figure 3.1.
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Figure 3.1 Experimental setup
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3.3 Time resolved plasma emission analysis with ICCD camera

Figure 3.3 presents results for the ICCD imaging of the plasma jet plume, generated at 125 HZ (PRF)
and 15 kV (PV), impinging on the liquid substrate for different gap distances. For each condition, a
sequence of ICCD images (10 ns exposure) is shown. For the sake of clarity the ICCD camera gates of
the presented frames are super imposed on the excitation voltage waveforms in Figure 3.4; the ICCD
gate opening for the first frame of each scan was set at % and subsequent frames were recorded at fixed
time steps (delays) of 5 ns. The time values reported on each frame are indicative of the time lapse
between # and the corresponding camera gate opening. The acquisitions in Figure 3.3 clearly show how
the visible plasma emission is strongly influenced by the gap width. The ionization wave generated in the
plasma source propagates through the helium channel flowing out of the APPJ and, after a certain time
lapse and length, impinges onto the liquid substrate (except for the free flow case). Due to different gap
distances and ionization wave velocities, the time required for the plasma to reach the substrate varies
depending on the gap width: the closer the distance, the faster the plasma front reaches the substrates.
Furthermore, the intensity of the plasma emission for the 5 mm case is higher than in the other cases at
the beginning of the voltage rising front. Also only for this case is possible to observe a spreading of the
plasma across the liquid surface, sideways respect to the point of impingement. Comparing the 20 mm
gap and the free flow cases, the visible plasma emission reaches a greater maximum extension in the case
were the substrate is present. Figure 3.5 shows time resolved plasma emission structures for different
PV and PRF values with a fixed 10 mm gap. The plasma emission structure and evolution results nearly
unaffected by a variation of the peak repetition frequency between from 125 Hz to 50 Hz. On the other
hand, a significant modification of the intensity and the structure of the plasma emission is noted when
the applied peak voltage is varied. Reducing the peak voltage from 15 kV to 10 kV the appearance of the
plasma emission outside the jet nozzle is delayed and its propagation toward the liquid substrate is
considerably slower (see second row of frame Figure 3.5). Moreover, in every acquisition the intensity of
the plasma emission related to the cases at 10 kV is lower than that of the cases at 15 kV.
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Figure 3.3 Time resolved ICCD imaging of the Plasma Jet plume, generated at 125 HZ (PRF) and 15 kV
(PV), impinging on the liquid substrate for different gap distances. The time values reported aside are
indicative of the time lapse between the trigger at # and the corresponding opening of the ICCD gate.
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Figure 3.4 Voltage waveform for the case at 15 kV (PV) 125 Hz (PRF) and 10 mm distance. Recorded
ICCD gates are superimposed on the voltage waveform with green rectangles. The time values reported

on top of each exposure are indicative of the time lapse between the trigger at # and the opening of the
ICCD gate.
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Figure 3.5 Time resolved ICCD imaging of the Plasma Jet plume, generated at different PRF and PV,
impinging on the liquid substrate at 10 mm gap distances. The reported time values are indicative of the
time lapse between the trigger at # and the corresponding opening of the ICCD gate.

80



3.4 Ionization front velocity and dissipated power

The time resolved ICCD images allowed to estimate the mean velocity of the ionization front during its
propagation from the nozzle to the substrate (for the free flow case the mean has been evaluated
averaging over the same time lapse as for the 20 mm case); results are reported in Figure 3.6. Both the
presence of a liquid substrate and its distance from the plasma source affect the ionization front
propagation velocity: the smaller the distance from the liquid substrate, the higher the ionization front
velocity. It should be noted that the time resolution of the acquisitions did not allow to observe any
difference in velocity between the 5 mm and the 10 mm cases, in fact, both the corresponding plasma
plumes reached the substrate in the first acquisition. A reduction of the PV from 15 kV to 10 kV was
also found to induce a similar effect, leading to a reduction of the ionization front velocity from 2 x 10°
cm/s to 2.5 x 10" cm/s. The values of the average dissipated power calculated from voltage and current
waveforms recorded during the tests are also reported in Figure 3.6; the dissipated power increases as the
distance between the source and the liquid target is reduced or as the PV is increased (e.g. for the 15 kV,
10 cm case the dissipated power results nearly four times higher than for the 10 kV, 10 cm condition)..
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Figure 3.6 Average dissipated power (a) and ionization front velocity (b) of the jet source operating at
125 HZ (PRF) for different gap distances and PV.
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3.5 Time resolved investigation of flow regime through Schlieren
technique

Figure 3.7 presents results for the Schlieren high speed imaging of the plasma jet plume, generated at 125
HZ (PRF) and 15 kV (PV), impinging on the liquid substrate for different gap distances. Schlieren
diagnostic is a qualitative technique, the black and white zones observed in the gas flow correspond to
variations of the refractive index gradient due to density gradients between air rich and helium rich
regions. In Figure 3.7 a sequence of selected frame is presented for each case. The first frame (0 ms) of
each sequence captures the whole plasma discharge as the exposure of the high speed camera is 5 us
while the entire plasma emission lasts less than 1 us. The time values reported on each frame are indicative
of the time lapse between the acquisition of the first frame and the following one.

Interestingly, in the first frame the He gas flow results completely laminar in all cases; the He effluent
expands from the source nozzle into open air forming a confined helium column along to the jet axis .
The He then flows above the water surface radially outward from the stagnation point directly under the
jet nozzle. Thus, from the first frame of each sequence it could be inferred that the plasma discharge
doesn’t affect directly the helium gas flow in a discernible way. Nonetheless, a significant modification of
the He flow is evidenced in the following frames, therefore several tens of microsecond after the plasma
was terminated.

The alteration of the He flow appears after 0.25 ms in the form of a transient turbulent structure across
the effluent. The turbulent front coming outside the nozzle is visible only for the cases at 5, 10 and 15
mm and propagates downstream with a velocity similar for these cases and close to the one of the gas
flow (~60 m/s). After this transient turbulent structure reaches the liquid surface several eddies are
generated around the point of impact. This turbulent structure then move above the liquid surface away
from the source axis.

Turbulent fronts appear also in the cases with 20 mm gap and free flow condition, initiating at a distance
of 10 mm from the nozzle (1.13 ms after the discharge) and propagating with a velocity similar to the gas
flow velocity. In all cases a laminar flow is finally re-established before the next discharge is generated (8
ms period for PRF 125 Hz).

Another detail visible in all the cases with the liquid substrate is the presence of a dimple, caused by the
pressure applied by the He flow, on the water surface. As highlighted in Figure 3.8 for the case at 5 mm
gap, the depth of the dimple is maximum when the He flow is laminar (e.g. during the plasma discharge);
shortly after the turbulent front impact on the liquid surface (approximately 0.50-0.75 ms after the
discharge) the dimple start reducing till it reaches its minimum (approximately 2.125 ms after the
discharge). Then the dimple depth increases again under the pressure of the re-established laminar flow.
Time resolved plasma emission structures for different PV and PRF for the case at 10 mm gap are shown
in Figure 3.9. Similarly to what observed in the ICCD acquisitions, also Schlieren frames present results
neatly unaffected by a variation of the peak repetition frequency between 125 Hz and 50 Hz. On the
other hand, the dynamic and intensity of the turbulent front generated after the plasma discharge is
strongly affected by the peak voltage: reducing the peak voltage to 10 kV no turbulent front is visible
until several milliseconds after the discharge, when some eddies are generated over the liquid surface.
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Figure 3.7 Time resolved Schlieren images of the plasma jet plume, generated at 125 HZ (PRF) and 15
kV (PV), impinging on the liquid substrate for different gap distances. The reported time values are
indicative of the time lapse between the plasma discharge and the corresponding acquisition of the high
speed camera.
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Figure 3.8 Time resolved Schlieren images of the plasma jet plume, generated at 125 HZ (PRF) and 15
kV (PV), impinging on the liquid substrate for different gap distances. The time values reported aside are
indicative of the time lapse between the plasma discharge and the corresponding acquisition of the high

speed camera.
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Figure 3.9 Time resolved Schlieren images of the plasma jet plume, generated at different PRF and PV,
impinging on the liquid substrate at 10 mm gap distances. The reported time values are indicative of the

time lapse between the plasma discharge and the corresponding acquisition of the high speed camera.
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3.6 Discussion on plasma-substrate complex interaction

The results presented in the previous section highlight a strong influence of the liquid substrate on
different parameters including discharge behaviour (velocity of propagation, emission intensity,
morphology, etc...) and gas flow turbulences. These parameters in turns influence each other potentially
increasing the effect of the presence of the substrate. For clarity reasons, the discussion of previous
results has been divided by argument here in the following:

3.6.1 Discharge morphology, emission and velocity in the presence of a liquid
substrate

Focusing on ICCD we observed that the presence of a substrate significantly affects the ionizing wave
velocity. For example comparing the case in free flow with the one at 15 mm gap we have an increase in
velocity from 7x10" cm/s to 1,5x10° cm/s. This trend is in agreement with the computational results
reported by Kushner ¢ a/. in two recent papers [3,10] where they investigated a plasma source-substrate
configuration very similar to our (single electrode APPJ, 1.6 mm nozzle diameter, 4 slm He, 7,5 mm
distance to substrate). They investigated the APP] incident on several surfaces, including one with high
values of permittivity representative of liquid water (the case with ¢ = 80), and reported on how the
presence of a substrate can promote a faster, more intense, ionization wave that leads to the formation
of a more conductive channel between the high voltage electrode and the target surface. This is confirmed
in our ICCD results where the free flow case present an ionization wave much slower and with a lower
emission intensity than all the cases with the liquid substrate. Moreover, the velocity and emission
intensity of the ionization wave increase as the gap is decreased.

Referring to the literature we can assume that for our plasma source configuration the electric field
presents an axial component that enables the plasma to intersect with the liquid surface [16]. It is
reasonable to assume that in our case the presence of the liquid substrate results in a higher electric field
in the gap. This effect increases as the distance between the high voltage electrode and the substrate is
reduced. Therefore, as observed in the ICCD acquisitions, the smaller the electrode-to-dielectric gap the
earlier the ionization wave will strikes the surface in virtue of both the reduced distance and the higher
propagation velocity.

The hypothesis that the effect of the substrate is mainly conveyed by the electric field in the gap between
the source and the substrate is confirmed also by the comparison between the case at 15 kV and 10 kV
PV (Figure 3.5). The emission intensity of the discharge and the ionization wave velocity are strongly
reduced with the decrease of the applied peak voltage in a similar way as observed when the substrate
distance is increased. Concerning the discharge emission and ionization wave velocity the effect of
reducing the gap distance results in some way similar to the effect of increasing the peak voltage applied
to the high voltage electrode, which is reasonable if we assume that both parameters contribute to
increase the electric field in the gap. We can summarise that in general, the speed of the ionization wave,
plasma luminous emission and the electric field in the gap all increase when the substrate distance is
reduced.

In the case of the smaller gap (5 mm) the ionization wave reaches, the liquid surface earlier than the other
cases both in virtue of is greater propagation velocity and the shorter distance. Once the ionization wave
impact on the surface the capacitance of the surface is charged and the propagation of a surface ionizing
wave is favoured. The charging of the surface layer of the liquid is due to the long relaxation time of the
low-conductivity water [10]. The solvation of electrons into water and charge exchange from positive
ions with water molecules, occurs on a ps to ns timescale. The low mobility of these charged species in
the water confines the transferred charge to the surface of the water for the relatively short duration of
the discharge. Other substrate, with different electrical characteristics, would induce probably very
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different propagation of the plasma across the surface. Due to the low E/N value the plasma does not
self-sustain inside the liquid and instead spreads on the surface of the liquid as the surface charges. Is
worth noticing that the He flow from the surface after impinging on the water surface propagates radially
over the liquid producing a thin helium layer where the discharge propagation is more favoured than in
the surrounding air. This phenomenon is clearly visible in the ICCD acquisition in Fig 3.3 where light
emission form the surface ionization wave are visible for the 5 mm case from 15 to 45 ns. The ionization
wave apparently spreads across the surface. The formation of a visible surface ionization wave is not
detected for other cases than the one at 5 mm gap. For all the cases, when the ionization wave impacts
the water surface, only a small fluence of electrons has reached the surface and there is a little charging
of the surface. The charging of the surface continues to occur in the following instant and strongly
depends on the duration of the discharge. A possible explanation of the different behaviour of the 5 mm
case is that in the other cases the ionization wave requires more time to reach the liquid surface, therefore,
the time lapse between the moment of the strike and the end of the high voltage pulse is reduced. This
reduced time lapse is probably not sufficient to grant enough charging of the capacitance of the surface.
In turn, the limited surface charging of the dielectric can not produce a sufficiently high horizontal
components of the electric field to sustain the formation of a SIW. Being the capacitance of the substrate
identical in all cases the RC time constant for charging the surface is the same. What changes is the time
available for the charging, that depends on the time required by the ionization front to reach the surface,
that in turn depends on the gap distance. This difference can lead to significant effect for applications
purposes. For example for the 5 mm case where the plasma spread over the liquid surface we can guess
that a larger density of hydroxyl radical (OH) is produced adjacent to the water by the plasma interacting
with the evaporating water vapour. The absence of the spreading of the plasma on the liquid in most of
the cases significantly reduces the inventory of OH available. Photolysis of the water molecules in the
liquid substrate also result much more significant when the plasma spreads over the surface [10].

It is worth mentioning that for the case at 20 mm the discharge remains in contact with the substrate for
a very short time lapse (less than 20 ns) and that its emission in proximity of the surface is generally of
lower intensity than near the nozzle. Consequently, the plasma plume generated by the source appears as
not touching the liquid when observed by the naked eye or standard cameras (results not presented). This
highlights the importance of ICCD observation of the phenomenon because, as observed by Kushner
and colleagues [10], significantly different results for the reactive species composition in the liquid are
observed whether the plasma is touching or not-touching the liquid. The same is expected for the electric
field sensed by the substrate that is of particular relevance in the case of living tissues.

3.6.2 Substrate effect on gas flow and transient turbulent structure generation

In a gas jet with a circular cross-section such as studied in this work, the initial conditions at the nozzle
exit determine the flow dynamics in the downstream region [17—-19]. The Reynolds number (Equation 1)
is considered as one of determining factors of these conditions. As reported in PAPER 1, in our
configuration the Reynolds number of the jet without plasma ignition is estimated to be 570 Re.
According to Ungate ez al. [20] if the Reynolds number falls inside a transition range (between 500 and
1000) the jet would become unstable at certain distance from the nozzle. For a configuration similar to
our, the onset of the turbulence is expected to occur at about 50ry from the outlet, where ry is the jet
radius [10,21]. This is in agreement with the Schlieren acquisitions for the free flow case where it is
observable a laminar flow up to about 25 mm away from the nozzle where a turbulent transition takes
place.
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According to Schlieren acquisitions, for the examined cases, it may be assumed that the presence of the
liquid substrate does not affect the characteristic of the flow at the nozzle when the plasma is not ignited.
Being the maximum investigated gap distance (20 mm) shorter than the distance for the onset of a
turbulent transition, in our study the He flow between the source outlet and the substrate results
completely laminar. When the liquid substrate is present, the He flow that impacts on its surface,
generating a dimple, is deflected and start to propagate across the liquid surface away from the source
axis. Is worth mentioning that the propagation of the He flow over the liquid surface is not visible in the
acquisitions because of the presence of the water meniscus at the quartz wall that shadow the region few
millimeters above the surface.

According to Kotsovinos [22] the Richardson number (Ri) expresses the ratio of potential to kinetic
energy and as such reflects the influence of buoyancy on the flow.

Ri = gD(Pair—PHe)

Equation 1
q9 VZpair

From the definition of the Ri (Equation 1) where v is the gas velocity; D is the characteristic length; g is
the gravitational acceleration; g« and g, are the gas density of the surrounding and the core zone,
respectively [23,24], we can esteem for our configuration a Richardson number of approximatively 1x10°
°. As reported by Kotsovinos, being our Ri<<1 we can assume that buoyancy has a negligible effect on
the flow for the region from the exit of the quartz tube to the onset of the turbulent transition. This
result is in agreement with that found by Bruggeman ez a/. [25] even if for a slightly different APP]
configuration.

Very interestingly, after the plasma is ignited, a transient turbulent structure coming from the source
outlet is observed to propagate downstream the He flow. Anyway, differently from what one may expect
no modification of the gas flow is visible when the plasma discharge takes place (0 ms in Schlieren
acquisitions, Figure 3.7). Apparently, the ionization wave and the formation of a conductive channel on
a nanosecond time scale do not affect the gas property in such a way that it results visible by Schlieren
technique. What is detected is a transient turbulent structure that propagates outside the nozzle 0.25 ms
after the plasma discharge. The turbulent structure propagates downstream the He flow with a velocity
compatible with that of the He flow and therefor much lower than that of the ionization front. The
observed transient turbulent structure correlate well with those observed by Bruggeman ez a/. [25], even
if of smaller dimension. We may assume, as for their case, that this turbulent structure is linked to an
increase in the gas temperature that increases the gas velocity. The turbulence is obviously a consequence
of the discharge but the mechanism is someway more complex than the direct heating of the ionized gas
by the ionization process. The intensity of the turbulent structure results affected by the gap distance and
the PV and therefore we may assume that it is driven by the plasma generation and therefore affected by
the characteristics of the discharge generating the instability.

The results lead us to believe that the turbulence is due to a heating effect of the high voltage electrode
on the surrounding He gas inside the plasma source. The high voltage electrode is sharply heated by Joule
effect during the short plasma discharge. The electrode surface in turns then heats the surrounding gas,
that, increasing in temperature varies its density. The less dense and faster moving flow from the nozzle
interacts with the slower moving flow downstream, forming turbulent structures that propagate
downstream the effluent. According to this explanation, the magnitude of the alteration should be
proportional to the amount of heat released by the electrode. This in turn is related to the characteristics
of the plasma discharge that are, as observed before, influenced by the presence and the distance of the
liquid substrate. Increasing gas heating would lead to greater density variations and earlier perturbation
development in the jet. This statement is supported by the observation that increasing the gap the average
dissipated power reduce and the intensity of the flow instability reduces as well. In fact, in Schlieren
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acquisitions the turbulent front is clearly visible outside the nozzle only for the cases with 5 and 10. For
the case with 15 mm gap the turbulent flow is more difficult to discern near the nozzle while for the case
with 20 mm gap and the free flow one the turbulent front is detected only 15 mm away from the nozzle.
Probably in this region, the difference between the He flow and the surrounding air velocity is such that
small variations like those induced by the discharge in these two configurations are sufficient to induce a
turbulent regime transition. Near the nozzle the He flow velocity is supposedly higher and a greater
variation is necessary to induce a visible effect in the flow regime.

The hypothesis is further supported also by the comparison between the cases at 10 and 15 kV PV which
have a dissipated power of 0,08 W and 0,02 W respectively. No sensible variation in the He flow during
the discharge is observed in both cases. Anyway, while in the 15 kV case after 0.25 ms a distinct turbulent
front is visible at the outlet of the source in the 10 kV case no visible alteration of the flow is observed.
The only sign of alteration of the gas flow for the 10 kV case is observed after the heated volume of He
has hit the substrate. At 3.63 ms (Figure 3.9) the formation of turbulent structures is clearly visible on
the surface of the liquid. The position and timing of the turbulent structures on the liquid surface is
similar for both 10 kV and 15 kV. The fact that the instability result visible only later in the case at lower
PV is probably to attribute to a minor alteration of the gas flow velocity that becomes relevant only after
the flow velocity is reduced after the impact on the substrate.

The identification of gas heating as a possible key mechanism leading to the velocity increase of the gas
and the reduction of the laminar length in APPJ] has been previously advanced in some works [26,27]
[PAPER I and II] as also the correlation between the average dissipated power and the effects on the
flow dynamics [25]. Anyway, this probably the first work where a complete temporal decoupling between
the plasma discharge phenomenon and the induced modification of the gas flow is observed. The effect
of ion momentum transfer that is still debated as a possible cause of acceleration of the velocity of the
gas flow in APPJs can be excluded in our case. A necessary condition for this effect to be important is in
fact the occurrence of zones with space charge separation, that in the Plasma Jet, can be achieved only in
the ionization fronts. If the effect of the ion drag would be important compared to thermal effects, one
should observe some obvious flow regime distortion when the plasma is ignited, which is not the case in
our configuration. Moreover the occurrence of the transient turbulent structure downstream the He flow
follows a millisecond time scale that is absolutely compatible with a thermodynamic effect.

3.6.3 Effect of peak voltage (PV) and pulse repetition frequency (PRF) in the
presence of a liquid substrate

ICCD and Schlieren result showed how a higher PV induces a higher plasma emission and a faster
ionization wave that in turn lead to a more significant alteration of the gas flow. Achieved results support
the hypothesis that one of the main effect of the substrate is an alteration of the electric field in the gap
between the high voltage electrode and the liquid surface. The effect of increasing the gap distance results
similar in some way to the effect of reducing the peak voltage applied to the high voltage electrode. This
observation underline the importance of considering the substrate-source distance as a non-negligible
parameter because its influence on plasma discharge characteristic is of considerable relevance.

It has been observed that the characteristics of the plasma discharge and of the transient turbulent
structure generated are not directly affected by the PRF. It should be noted anyway that the range of
frequencies investigated here is such as the laminar flow regime is re-established in the time lapse between
one pulse and the following. Indeed, each ionization wave see an ideally unperturbed helium channel.
The results of this study are therefore applicable to conditions of initial laminar flow with PRF of less
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than few kHz where the plasma activated gas and heat induced turbulent front flow out of the effluent
volume between two consecutive pulses.

Another effect, that may become relevant at higher PRF than those here investigated, is the gap distance
variation due to the dimple relaxation. The dimple is an alteration of the liquid surface present even when
the plasma is not ignited as is due to the pressure applied by the He flow on the liquid surface. Anyway,
as can be observe in Schlieren acquisition, and highlighted in Figure 3.8 the dimple depth variates because
of the impact of the transient turbulent structure induced by the plasma discharge. The dimple variation
should not be regarded as a minor effect as it actually modify the source-surface distance and therefor
may influence the electric voltage in the gap if during its relaxation a second plasma discharge were to
ignite. This occurrence is driven by the PRF and therefor may lead, in the presence of a liquid substrate,
to an indirect effect of the PRF on the plasma discharge electrical characteristics. Especially for the cases
where the dimple depth variation is comparable to the gap distance these effect too should not be
neglected (ex. the 5 mm case where the dimple variation 0,5 mm is about 10% of the gap distance).
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CHAPTER 4
NON-EQUILIBRIUM ATMOSPHERIC PRESSURE
PLASMAS FOR BIOMEDICAL APPLICATIONS
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4.1 Literature overview

The last century has witnessed many advances in the medical field that have contributed to increase the
life expectancy by over 30 years [1,2]. Despite this huge progress, medicine is still facing considerable
and increasing challenges. The aging of population, unhealthy lifestyles, degenerative diseases and
multidrug resistant bacteria are causing increasing needs in the health care sector worldwide [3—8]. This
situation makes it necessary to find innovative, effective, and less expensive ways for medical therapy and
has prompted significant investments in various research fields for the development of new technologies.
Plasma technology, especially at atmospheric pressure, is a relatively newcomer to the biomedical field
even though its first application can be dated back to the late 19" century when Siemens developed
plasma discharges in order to create ozone to clean biologically contaminated water [9-11]. Starting from
early studies at low pressure in the ’70s-‘80s of the last century [12,13], plasma research has recently
evolved at a rapid pace and extended in many biomedical applications [14]. Space uniform and well
controlled CAP have become a reality in the last decades and their potential to provide breakthrough
solutions to challenging medical problems has been proved by the work conducted at several major
universities, research centers and hospitals around the world [14]. CAP can be directly used to promote
wound healing and to treat skin, and dental diseases [14,15]. It has also proven to be promising for the
treatment of blood and different forms of cancer [14,15]. Plasma has been proved to be able to disinfect
different surfaces including living tissues, deactivate dangerous drug resistant pathogens including those
in food and drinks, and stop serious bleeding without damaging healthy tissue.

Early applications of plasma for health care date back to the middle of the late 19th century, when the
term Plasma Medicine has not been coined yet, and emerge from the popularity of electrotherapy. First
experimental approaches to therapeutic plasma applications include, apart from Siemens ozone
generation, carbon arc lamps to treat high blood pressure and electrotherapeutic devices such as the
Violet Ray devices [16]. After a latent period, in the second half of the 20" century plasma was again
investigated and used to improve the biocompatibility or biofunctionality of materials, which are
supposed to be in direct contact with biological systems [17]. Medical materials or devices that can be
treated or produced using plasma technology range from medical implants, catheters and in general
materials in direct short-term or permanent contact with living tissue, up to laboratory disposals for cell
cultivation, diagnostic tools or scaffolds for tissue engineering [16]. Because most of these devices are
made from synthetic polymers, that are usually thermosensitive materials, cold plasmas close to room
temperature are generally necessary for such treatments.
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Apart from functionalization of materials, another very important field of plasma application closely
related to plasma treatment of surfaces is the use of plasmas for the bio-decontamination of materials or
devices. The trend to replace glass and steel with polymeric materials in medical devices resulted in an
urgent need of sterilization procedures that are no longer based on heat and high temperatures. The first
mention of the use of plasma as a sterilizing agent is found in a patent by Menashi in 1968 [18], where an
apparatus is described in which a pulsed RF field is used to create an argon plasma at atmospheric
pressure. As reported by several studies, the steadily increasing percentage of microorganisms exhibiting
resistance to multiple antibiotics pose a serious threat to public health and new bactericidal agents are in
great demand [8,19-21]. CAP is regarded as a promising candidate for combating drug resistant infections
as no development of resistance against plasma treatment has yet been reported [19,20]. Nowadays,
several research groups and companies are working on the development of atmospheric pressure plasma
sources to sterilize and bio-decontaminate medical materials and devices as well as for general
applications in the field of hygiene [22—26]. Despite strong research efforts, at present, there is only one
commercially available system for the decontamination of medical materials based on atmospheric
pressure plasma technology, the TipCharger, a device for cleaning pipette-like fluid delivery systems
[16,27].

Within the field of plasma biomedical applications, the term Plasma Medicine is usually adopted in reference
to the plasma treatment of living cells, tissues, and organs [16]. Some of the earlier applications of plasma
in medicine relied mainly on the thermal effects of plasma. Starting indeed from the 1970s, atmospheric
pressure thermal Ar plasmas are now commonly adopted to assist surgery as an efficient alternative to
conventional electrocauterization [14,28,29]. Hot plasma is also being employed to cut tissue [29]
although the exact mechanism by which this cutting occurs remains unclear. Heat delivered by plasma
has also been investigated recently for cosmetic application in skin rejuvenation and regeneration [30,31].

A well-established area of medical application of thermal atmospheric pressure plasma jets is the
electrosurgical method of argon plasma coagulation (APC, also sometimes called argon beam
coagulation) that adopts argon discharges for tissue coagulation (Erbe Elektromedizin GmbH Ttbigen,
Germany; www.erbe-med.com). In Ar plasma coagulation, highly conductive plasma replaced the metal
contacts in order to pass current through tissue avoiding the difficulties with tissue adhesion. Another
electrosurgical technique based on plasma application is the so called cblation (“cool ablation”;
ArthroCare Corp., Austin, TX, USA; www.arthrocare.de) where a compact bipolar electrode system is
immersed in a conductive medium. The highly localized plasma created between the electrodes generates
ions, reactive atoms or molecules, as well as electromagnetic radiation, able to break organic molecules
and therefore induce ablation of tissues. In this way, a controlled non-heat driven ablation can be
performed without tissue necrosis. A third example of commercially available plasma based medical
device is the Plasmalet (Plasma Surgical, Inc., Roswell, GA, USA; www.plasmasurgical.com), which is
based on a bipolar electrode system with low argon flow used to cut or coagulate tissue. Even if these
techniques are closely related to the plasma sources studied in this dissertation for therapeutic
applications (Chapter 4 sections 4.2-4.5), their operation is mostly based on heat transfer and on a
destructive plasma interaction with the living tissue.

Plasma effects not based on heat transfer are the main focus of more recent research on applications of
plasma in medicine. These effects are so interesting and promising because tunable for various sub-lethal
purposes such as wound healing [32,33], cell detachment [34,35], genetic transfection [14,36,37] and
others. Moreover, non-thermal effects can be selective in achieving a desired result for a small part of a
living tissue while having little effect on the surrounding tissue. Significant progress on the molecular
mechanisms of plasma-cells interaction has only been made in the past decade [32]. The role of oxidants
and antioxidants has increasingly been pinpointed in recent redox biological work [38—40]. Also, an ever
increasing body of information is available on controlling and tuning the plasma and its characteristics to
induce specific biological responses [41—43]; for example targeting to the interaction of a specific plasma
component (e.g. UV radiations, specific RNS or ROS molecules) with the living cells in order to promote
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either the stimulation or inhibition of cellular functions. From data available in the literature it is possible
to summarize some of the plasma effects induced on mammalian cells or biochemical pathways that have
been discovered. Plasma was found to potentially influence:

¢ cell migration

e cell proliferation

* angiogenesis

e detachment of cells from matrices

* expression of cell surface proteins (ex. integrins, cadherins,)

* detachment of cells from cell clusters

¢ DNA integrity

* apoptosis induction/inactivation of cancer cells

* reversible cell membrane permeabilization

* blood coagulation

¢ gene transfection

Recently, first efforts to systematize mechanisms of plasma—cell interactions have been made based
mainly on indirect evidence and analogies [16,44] nevertheless details of this interaction are still elusive
at the moment. One reason for this situation is the fact that, despite CAP medical research is only a few
years old, published results have been achieved using a broad spectrum of different atmospheric pressure
plasma sources with a very limited comparability. Plasma sources strongly differ from each other making
it challenging to summarize or even compare results from different types of sources from a biological or
physical point of view. Nevertheless, plasma treatments can be fit into two major categories: direct and
indirect treatment. In direct plasma treatment, the plasma comes into direct contact with the treated
tissue, which therefore plays the role of one of the plasma source electrodes. The treated tissue, usually
grounded or at floating potential, being in contact with the plasma may be cross by some current in the
form of either a small conduction current, displacement current, or both. In indirect plasma treatment,
the plasma does not come into direct contact with the target and the treatment effect is mostly conveyed
by uncharged atoms and molecules diffusing outside the plasma region. In this case, a small or null flux
of charged particles reaches the target surface while active uncharged species are typically delivered to
the surface via a flow of gas crossing the plasma region. Another kind of treatment that is raising more
and more attention in the scientific community is the one mediated by a so-called plasma activated medinm
(PAM). When a liquid solution, usually water or cell culture medium, is treated with plasma, chemical
reactions initiate in PAM and continue even after the plasma discharge is switched off and in the absence
of any external energy source [45]. These reactions usually involve the presence of long-lived reactive
species transferred from the discharge into the liquid and may induce significant biological effects on
living organisms.

In conclusion, is worth mentioning how approaching plasma biomedical applications results in a real
challenge being this an interdisciplinary topic that embrace not only physics and engineering but also
medicine and biology. While an understanding of the mechanisms by which CAP interacts with living

systems has begun to emerge only recently, a significant number of works and review papers have
appeared since the late 2000s [10,14,16,19,20,46-52].

During my research, in the context of Plasma Medicine, 1 had the privilege and pleasure to collaborate with
different life scientists from various domains. More precisely I had the opportunity to work with: Prof.
Lia Rimondini and Dr. Andrea Cochis of the Department of Health Sciences of the University of
Piemonte Orientale (UPO) concerning the study of the antibacterial effect of CAP for the
decontamination of soft reline palatal obturators (Paragraph 4.3); Prof. Carmela Fimognari and Dr.
Eleonora Turrini of the Department for Life Quality Studies of the Alma Mater Studiorum - Universita
di Bologna concerning the study of the plasma treatment of lymphoma cells to promote cell death and
cell-cycle arrest (Paragraph 4.4); Dr. Riccardo Tonini and Dr. Diletta Forgione dental practitioner of the
University of Brescia concerning the study of the application of an atmospheric pressure DBD plasma
jet for the enhancement of the adhesion of dental restorations (Paragraph 4.5).
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4.2 Design and characterization of a DBD plasma source for living
tissue treatment

The plasma source adopted for the biomedical applications presented in the following paragraphs and
adopted in PAPER VI and VII, is a particular DBD, named DBD-Rod: a picture and a schematic are
presented in Figure 4.1. The source architecture is based on the “wand” source presented by Friedman
et al. in a paper on plasma application for blood coagulation and tissue sterilization [48]. In our
configuration, the plasma source consists of a cylindrical brass electrode, with a 10 mm diameter, having
a semispherical tip, with curvature radius of approximatively 5 mm. The electrode is covered with a 1
mm thick dielectric: usually borosilicate glass, but that can be substituted by other dielectric materials as
will be explained in the following. A large number of AC power supplies can drive this plasma source
and some examples will be presented in the following paragraph for specific applications. The plasma
source dimension and geometry allow its use for the direct treatment of cells in culture multiwell plates
(24 wells or larger) and for the treatment of small samples (ex. soft reline specimens, Paragraph 4.3).

As already mentioned in the introduction of this chapter, in biomedical application the safety and
controllability of novel plasma soutces is an important issue. For example, 40 °C is regarded as the limit
temperature that cells can withstand without the occurrence of thermal effects and damage. If properly
operated, CAP sources can deliver the desired reactive species to a biological sample without significantly
increase its temperature.

High Voltage

Brass electrode

Dielectric

A

Plasma

Aluminum plate

o

Figure 4.1 DBD-Rod discharge on a grounded plate (left) and schematic (right)

In order to attain uniform treatments and avoid localized temperature peaks, a diffused plasma condition
is generally desirable for applications on living tissues. During the development of the DBD-Rod source
two different dielectric materials, borosilicate glass and polystyrene, were tested as dielectric barrier.
Powering the DBD-Rod with a commercial nanopulse generator (FID FPG 20-1NMK) the influence of
the dielectric material on the characteristics of the generated plasma and on the temperature reached by
the dielectric surface were studied by means of an high speed (HS) camera (NAC-GX3, 1000 fps, 1 ms
shutter) and fiber optic temperature sensors (Opsens, see PAPER II). The DBD-Rod was operated in
contact with a grounded aluminum plate acting as counter electrode (Figure 4.1 right). The temperature
reached by the dielectric surface after different operating times and for different applied peak voltages is
reported in Figure 4.2. Up to 4 s, there is no substantial difference in the temperature reached by the two
dielectric materials. For longer operating times (8 and 16 s) the borosilicate glass reaches temperatures
above 40 °C when 25kV and 29 kV peak voltages are applied (). With polystyrene instead the temperature
remains below 40°C up to 8 s. Longer treatment times were not achievable with this dielectric because
of a partial melting and deformation of the material itself.
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Figure 4.2 DBD-Rod dielectric surface temperature over treatment time for different dielectric materials
(borosilicate glass and polystyrene) and applied peak voltages (20kV, 25 kV, 29 kV)

The characteristics of the plasma discharge in different configurations was also investigated by HS
imaging. The investigation was performed both setting the plasma source in vertical position and tilted
with respect to the grounded substrate. The configuration schematic is presented in Figure 4.3 together
with some representative frames for the conditions at 25 kV. Independently of the tilt angle, the cases
with the polystyrene dielectric layer produced a far less luminous and voluminous plasma discharge if
compared with the equivalent case with borosilicate glass dielectric. This is most probably due to the
lower relative permittivity of polystyrene (e,=~2,4) compared to the one of borosilicate glass (e:=~4,06)
[53]. Due to the source hemispherical tip a mix of a diffuse plasma condition (near the point of contact
with the substrate) or a partially filamentary one (few millimeters away from the point of contact) can be
seen for the borosilicate case. Interestingly no substantial differences were observed between the vertical
and tilted settings for both dielectric materials.

After this preliminary investigation, borosilicate glass was selected over polystyrene because in virtue of
the more intense plasma discharge and the longer operating times achievable without structural damages.

Borosilicate glass Polystyrene

Figure 4.3 DBD-Rod discharge for diffeent tilt angles and dielectric materials.
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4.3 Antibacterial effect of non-equilibrium atmospheric plasma for
the decontamination of soft reline palatal obturators

Traditionally, the decontamination or treatment of non-living objects like metals, plastics, fabrics, and
other surfaces have been carried out either by temperature (i.e., autoclaves), liquid or gaseous chemistry
(i.e., by ethylene oxide, ozone, chlorine, etc.), or at reduced pressure by non-equilibrium plasmas [14].
As it may be expected, all these techniques have their own limits and may result inappropriate for specific
materials or applications. Conventional methods based on the use of antimicrobial agents [21] have been
already demonstrated to be often ineffective against bacteria in biofilm form; therefore, the ability to
destroy these living organisms is critical and the development of an alternative technique is demanded.
CAP potentially offers a good alternative to conventional antimicrobial approaches, thanks to its
characteristic blend of several and synergic biologically active agents; namely, ultra-violet radiation, and
particles as neutral or excited atoms and molecules, negative and positive ions, free radicals and free
electrons [46]. It has been proposed that charged particles and electric field associated with CAP can
affect the cell membrane causing electrostatic disruption or at least permeabilization for a very short time
[54]. As a consequence, plasma-derived ROS/RNS molecules can penetrate the cell membrane [55]
inducing further chemical reactions inside the cytoplasm and leading to the oxidization of cellular proteins
and microbial DNA [50]. In this connection, Park ez a/. reported about the possibility to induce disruption
of B. subtilis, E. coli, P. aeruginosa and S. typhimirium with 20 s of exposure to a microwave-induced Ar
plasma at atmospheric pressure [57]. Interestingly, some literature results report the effective use of
plasma for biofilm disinfection or inactivation [58—61]. In a study by Joaquin e a/. [62] on the effects of
plasma on living biofilm-forming bacterial cells, is suggested that bacteria go through sequential
physiological and morphological changes before becoming inactivated and that longer treatment times
are necessary to ensure a complete inactivation of bacteria in biofilm than in planktonic state. The
possibility to maintain substrate temperatures acceptable for living tissue and thermo-sensitive materials
enables to extend plasma decontamination to these kind of substrates.

During my Ph.D. I had the opportunity to investigate the effects of CAP treatment for the
decontamination of a particular type of prosthesis for oral tissue substitution. The results presented in
this paragraph 4.3, have been submitted for publication on international journal (see PAPER VII). This
part of my research has been possible only thanks to the collaboration with the group of Prof. Lia
Rimondini of the Department of Health Sciences of the University of Piemonte Orientale (UPO). Her
group took care of the preparation and contamination of the samples and of all biological assays while
on my side I designed, realized and operated the plasma source setup for the treatment of the samples.

4.3.1 Literature overview

Malignant tumors involving the upper gum, palate and oral sinus accounts for 1-5% of malignant
neoplasms of head and neck [63]. Most of these carcinomas are deeply invasive because late diagnosed.
In these cases, the treatment of choice is surgical deep resections including palate- and maxillectomy,
followed by reconstructive approaches. However, when the breach is wide, patients are required to
temporary or definitively wear custom-made removable palatal obturators, to replace the lacking tissues
and to restore masticatory, deglutition and speech functions as well as to improve cosmetic appearance
[63]. Among the large number of materials suitable for this purpose, soft reline holds a relevant position
since it is easily moldable and possesses, thanks to its sponge-like return, the mechanical characteristics
required to sustain the typical values of the compressive oral forces. Soft reline oral palatal obturators are
quite expensive because of the sophistication of the raw material and the custom-made production
process. An eventual implant failure might be severely resource- and time- consuming. Severe bacteria
biofilm contamination of the device is one of the major causes of failure of prosthetic rehabilitations.
Therefore, the research of preventive and therapeutic approaches to counteract the formation of biofilm
or remove it once formed are mandatory for clinical success [64—67].
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In this study, the effectiveness of two plasma sources in the treatment of soft reline oral shutters to
prevent biofilm adhesion and achieve biofilm decontamination is reported. The potential of the plasma
in preventing biofilm adhesion was evaluated by contaminating with 24 hours old biofilm sterile
specimens previously exposed to plasma treatment, while the efficacy in reducing bacteria viability was
tested treating with specimens previously contaminated with 90 min (early) and 24 hours (mature) old
biofilm. Two bacterial strains were chosen: Streptococcus mutans and Aggregatibacter actinomycetemcomitans,
being strongly related to biofilm formation in the oral cavity. Finally, since palatal obturators are designed
to replace resected tissues and come into contact with the healthy one, the viability of human primary
cells cultivated directly onto the surface of plasma treated specimens has been investigated.

4.3.2 Plasma treatment of soft reline specimens

For this study, two dielectric barrier discharge (DBD) plasma sources were tested. One of the sources is
the DBD-Rod, already presented in detail in paragraph 4.2, while the other is a planar DBD named DBD-
Plate (described in detail in PAPER VII). A picture of both plasma sources during operation is presented
in Figure 4.4. This dissertation will focus only on the results achieved with the DBD-Rod source, while
the complete set of results, including those for the DBD-Plate source, can be found in PAPER VII,
together with details on the experimental procedure, including biological protocols..

In this work, the DBD-Rod was powered by a generator producing high-voltage quasi-sinusoidal pulses
having peak voltages of 15.4 kV, frequency of 40 kHz, pulse duration of 250 ps and pulse repetition
frequency of 1000Hz. The distance between the dielectric surface and the grounded plate where soft
reline specimens were placed during treatments was kept constant and equal to 3 mm. Soft reline was
prepared following the manufacturer’s instructions, afterwards, the polymer was cut in order to realize
square specimens (5 mm per side) with a thickness of 2 mm. The specimens were treated for different
times (30 s, 60 s, 120 s) to draw conclusions on the dependency of antibacterial effect over treatment

time.

DBD - Rod DBD - Plate
Figure 4.4 DBD-Rod (left) and DBD-Plate (right) during operation.

4.3.3 Evaluation of plasma reduction of bacteria adhesion

As shown in Figure 4.5 the DBD-Rod was found to be effective in preventing bacteria adhesion for both
tested bacterial strains when used to treat soft reline palatal obturators before bacterial contamination.
The CFUs counts highlighted that on plasma treated samples the CFU number was approximately 2 logs
lower than the one registered on untreated control (CNT) (p<0.05, indicated by #), as reported in Figure
4.5 b-c (left histograms). Moreover, as shown in Figure 4.5 b-c (right histograms), also the bacteria
viability evaluated on the soft reline palatal obturators resulted to be affected by plasma treatment, since
a loss of bacteria viability of 40-60% was found for plasma treated samples with respects to the untreated
ones (p<0.05, indicated by *).
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Figure 4.5 Schematic representation of the experimental protocol (a); assessment of the capability of
DBD-Rod plasma source in affecting A. actinomycetemcomitans (b) and S. mutans (c) adhesion, by means of
CFUs counts (left histograms) and evaluation of bacteria viability (right histograms). Results were
statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05, indicated
by the #) and viability assessed by XTT (p<0.05, indicated by the *). Bars represent mean values and
standard deviations [PAPER VII]

4.3.4 Evaluation of plasma activity in decontaminating early and mature biofilm

Plasma treatment of previously infected specimens (schematized in Figure 4.6a and Figure 4.7a) led to a
significant decrease of CFU number and bacteria viability for both early and mature biofilm. As expected
and observed comparing Figure 4.6 and Figure 4.7, plasma treatment is more effective on eatly biofilm
than on mature one.

In fact, for the early biofilm case, the DBD-Rod induced at least a 3 Logs reduction of the CFUs number
(left histograms) and a 40-60% loss in terms of bacteria viability (right histograms), for both tested
bacterial strains. All the results obtained for plasma treated specimens were statistically significant in
comparison to untreated controls (p<<0.05, indicated by the # for CFUs counts and by the * for viability

assay).
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Significant results were also obtained for specimens infected by mature biofilm (Figure 4.7), even though
the inhibition values resulted to be lower than the one obtained in the case of early biofilm. In fact, for
the two considered biofilm formers, plasma treatment was able to induce 2 Logs reduction of the CFUs
number (Figure 4.7 left histograms) and 20-40% loss in terms of bacteria viability (Figure 4.7 right
histograms). Also in this case results were statistically significant in comparison to untreated controls
(p<0.05, indicated by the # for CFUs counts and by the * for viability assay).
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Figure 4.6 Schematic representation of the experimental protocol (a); assessment of the effectiveness of
DBD-Rod plasma source in decontaminating A. actinomycetemconitans (b) and S. mutans (c) eatly biofilm, by
means of CFUs counts (left histograms) and evaluation of bacteria viability (right histograms). Results
were statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05,
indicated by the #) and viability (p<0.05, indicated by the *). Bars represent means and standard
deviations. [PAPER VII]

105



Plagma

(@) Source
=
o= 1\
ﬁ {24 hours incubation) > : ﬁ
{1) Piasma Thoatment of M:i]"li*
asma Trea
Specimens Infection Maturs Biafilm (CFU-XTT)

DED-Rod Source

(b) .
- 1.E+1 T
= . X
T A ki ’ |
ERIE 2w !
2 iz
g 'E 1E+08 ;% ‘:g
5 E Et w
e 30
A = 1 E«D8 ]
E & M
; 10
T 1E-07 ! ) 5
CHT k] &0 120 30 60 -
— Plasma Tiestment Thene dseconddsd
e condsy
(c) #
1E=11 ' |
. 100 , *
. - P .
g £ LE-10 £ w
2 : B )
E 1.E«05 E;E g
w| < z
g ELf w
~ 1E08 2 W
s N
10
1.E=07 - s
CNT 30 &0 120 30 &0 120
Thinese fod € aineli)

- Flatma Tréatmint
feecomds)

Figure 4.7 Schematic representation of the experimental protocol (a); assessment of the effectiveness of
DBD-Rod plasma source in decontaminating A. actinomycetemcomitans (b) and S. mutans (c) mature biofilm,
by means of CFUs counts (left histograms) and evaluation of bacteria viability (right histograms). Results
were statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05,
indicated by the #) and viability (p<0.05, indicated by the *). Bars represent means and standard
deviations. [PAPER VI]I]

4.3.5 Assessment of cytocompatibility of plasma treated soft reline specimens

Cytocompatibility of untreated soft reline specimens was evaluated against pooled primary human
gingival fibroblasts (HGFs) and skin keratinocytes (HEKS). Results showed that both HEKs and HGFs
were able to grow onto the specimens surface and no difference (p>0.05) with respect to the polystyrene
control was observed, as reported in Figure 4.8. The same procedure was repeated for reline specimens
subjected to plasma treatment performed under the same operating conditions implemented for bacterial
decontamination tests. Results confirmed that plasma treatment of soft reline specimens did not affect
their cytocompatibility; in fact, an almost insignificant, when compared to the controls (polystyrene and
polymer, p>0.05), decrease of the eukaryotic cells viability ratio was registered only after 120 seconds
plasma treatment. Furthermore, also the visual observation confirmed that, after 24 hour of cultivation,
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morphology, spread and density of both HEKs (Figure 4.8 b) and HGFs (Figure 4.8 d) cultured onto
treated specimens were comparable with those of eukaryotic cells cultured on both the controls.
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Figure 4.8 Assessment of cyotocompatibility of soft reline specimens treated by the DBD-Rod plasma
source, by means of the evaluation of eukaryotic cell viability and visual observation. The viability and
morphology of HEKSs (upper panel) and HGFs (lower panel) grown onto plasma treated specimens were
comparable towards controls cultivated onto untreated reline (polymer control) and polystyrene wells
(polystyrene control). No statistically significant differences (p>0.05) were detected between treated and
control groups. [PAPER VII]
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4.3.6 Conclusions on plasma antibacterial treatment of soft reline palatal
obturators

The decontamination of soft reline palatal obturators, worn as a replacement of lacking soft tissues by
patients who suffered from oronasal communication, represents a challenge for clinicians [68]. In fact, in
most cases, due to the inefficacy of conventional methods in reducing the microbial load, the removal
and substitution of contaminated implants are required; this procedure is expensive and time consuming
because each obturator needs a custom-made molding procedure in order to fit with patients’ tissue
defects. Since the bacterial and fungal biofilm contamination is the most recognized cause of prosthetic
stomatitis [69] and, in case of immunocompromised patients also a potentially life-threatening condition
[70], innovative methods able to affect biofilm adhesion and reduce bacterial load onto soft reline palatal
obturators are strongly demanded. The obtained results highlighted the feasibility to employ CAP to
achieve this goal. CAP pre-treatment of soft reline surface can reduce later bacterial contamination.
Moreover, CAP achieved very promising results in the decontamination of early biofilm. On mature
biofilm, the bacterial load reduction was less pronounced but still relevant. Results also confirmed that
plasma treatment of soft reline specimens did not affect their cytocompatibility or mechanical properties.
Concluding, the results achieved during this research in collaboration with the group of prof. Rimondini
show that the direct application of cold atmospheric plasma represents a suitable procedure able to
significantly reduce bacterial contamination, even in a single short time treatment, and to prevent bacteria
adhesion on sterile soft reline specimens. Considering the preliminary in vitro data, even if more 7 vitro
and 7z vivo studies are still necessary, it is possible to state that CAP can be considered as a very promising
solution for soft reline obturators decontamination.

4.4 Plasma treatment of lymphoma cells to promote cell death and
cell-cycle arrest

4.4.1 Literature overview

Despite improvements in survival rates, cancer is still the second leading cause of death in Western
countries [71]. While the rapidly expanding knowledge of cancer pathogenesis at the molecular level is
providing new targets for drug discovery and development, the multiple genetic and molecular alterations
involving transformation, dysregulation of apoptosis, proliferation, invasion, angiogenesis and metastasis
make cancer an extremely complex disease [52,72]. Currently, the treatment of cancer largely revolves
around chemotherapy, sometimes in combination with new therapeutic approaches under investigation.
Despite the development of multiple new agents, antitumor therapies are strongly limited by the low
therapeutic index of most of the adopted drugs and by the development of chemoresistance. In particular,
the onset of chemoresistance frequently hampers the successful treatment of cancer either at the initial
presentation or following primary or subsequent relapses [73]; while relapse continues to be the most
common cause of death [74]. Thus, cancer remains a formidable therapeutic challenge that requires the
identification and the development of novel agents for the treatment of this disease.

CAPs are encountering increasing interest as a novel anti-tumor treatment, since they provide a blend of
physical and chemical components which was demonstrated to exert anti-tumor effects by some
pioneering work both on 7z vive and in vitro models [75,76]. However, the mechanism of plasma-cell
interaction is still not completely understood, as well as the selectivity associated to the various plasma
generated species. Gweon e¢f al. [77] considered reactive oxygen species (ROS) responsible for the
dissociation of integrin and the consequent detachment of human liver cancer cells (SK-HEP-1). Ishaq
et al. 78] demonstrated that plasma treatment induced apoptosis in melanoma cells and, differently from
the previous works, focused their attention on intracellular ROS levels. Song et al. [79], through the use
of ROS scavengers, demonstrated how CAP induced increases in extracellular nitric oxide (NO) did not
affect P53-mutated cancer cell viability, while intracellular ROS increased under CAP exposure and
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induced apoptotic cell death. On the other hand, Volotskova ez a/ [80] demonstrated that plasma
treatment enhances the oxidative stress of cells in the S phase of the cell cycle. Interestingly, recent studies
[81] have reported that plasma not only affects cancer cells when they are directly exposed to it or
suspended in the culture medium being treated, but also when they are subject to indirect treatment,
being suspended in a medium that was previously treated and activated by plasma. Tanaka ez a/. [82]
demonstrated that, when treated by plasma activated medium, glioblastoma human brain tumor cells
were induced to undergo apoptosis, through AKT down-regulation; moreover, they also demonstrated
in vitro and 7n vivo that plasma-activated medium has an anti-tumor effect on chemo-resistant epithelial
ovarian carcinoma cells [83]. Fridman ¢ a/. [84] proposed a completely different approach suggesting the
plasma stimulation of the immune system to trigger localized immunogenic cell death. These observations
together with the rapidly expanding knowledge of cancer biology have fueled a growing interest in
exploiting CAP as an interesting strategy in the oncological field endowed with the potential of shifting
the current paradigm of cancer treatment and enabling the transformation of cancer treatment
technologies.

4.4.2 Non-equilibrium plasma application on lymphoma cells

During my Ph.D. I had the opportunity to investigate the effects of plasma treatment on lymphoma cells.
The results here presented, have been published in the form of PAPER VI. This part of my research has
been possible only thanks to the collaboration with the group of prof. Carmela Fimognari of the
Department for Life Quality Studies of the Alma Mater Studiorum - Universita di Bologna. Her group
took care of the lymphoma cell samples preparation and of all biological assays while on my side I
designed, realized and operated the plasma source setup for the treatment of the samples and effectuated
the characterization of both the plasma discharge and the plasma treated culture medium.

In the work, we focused on the fundamental mechanisms of plasma interaction with cancer cells,
investigating cell viability, proliferation and cell-cycle distribution of .5178Y lymphoma cells treated by
the DBD-Rod plasma source. Plasma direct treatment was performed for two different sets of operating
conditions differing for treatment time and gap width between the tip of the plasma source and the
culture medium surface; the differences between the plasma discharges generated in various operating
conditions were highlighted and analyzed through ICCD and high speed (HS) imaging. Flow cytometry
was employed to evaluate cell viability at 6 h, 24 h and 48 h after plasma treatment, as well as to analyze
cell-cycle distribution after cell culture for 24 h and 48 h. Finally, a comparison of the effects on cancer
cells of the exposure to a previously plasma treated culture medium instead of being directly exposed to
the plasma, and the semi-quantitative measurement of nitrites, nitrates and peroxides in the plasma
treated medium were carried out to support the analysis of the observed cell response to plasma exposure.

4.4.3 Plasma treatment of lymphoma cells

Plasma treatment of lymphoma cells was performed either in direct and indirect configuration, as
schematically presented in Figure 4.4. In direct configuration, 5 x 105 cells in 1 mL complete medium
were seeded in a monolayer through centrifugation and directly exposed to plasma treatment in a 24 wells
plate. During the experiments, the DBD-Rod was driven by a unipolar nanosecond (5 ns rise time) high
voltage generator (already described in paragraph 4.2) at 20 kV PV and 500 Hz PRF. Two different sets
of operating conditions have been considered: in the first case (T1), a 60 s treatment was performed
keeping a 1.25 mm distance between the tip of the plasma source and the surface of the liquid medium
(gap); in the second case (T2), a 120 s treatment was performed setting the gap at 2.50 mm. These two
sets of operating conditions were selected after a series of preliminary tests based on cell viability assays.
The selected operating conditions resulted in a significant reduction of cell viability, but still higher than
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50% (normalized to the cell viability of untreated cells), necessary to perform the cell proliferation
experiments.

In indirect configuration, 1 mL of complete medium not containing lymphoma cells was exposed to
plasma treatment in a 24 wells plate; 500 000 lymphoma cells were added to the medium immediately
after that. A comparison of the effects of direct and indirect treatments was carried out at PV 20 kV,
PRF 500 Hz and gap 1.25 mm for various treatment times (30 s, 45 s, 60 s, 90 s and 120 s).

HV HV

Figure 4.4 DBD-Rod plasma treatment of lymphoma cells: A) direct treatment setup; B) indirect
treatment setup. [PAPER VI]

4.4.4 High Speed Imaging and ICCD imaging of the plasma discharge

A qualitative investigation of the temporal evolution of the plasma discharge in contact with the cell
culture medium (DMEM) was performed by means of High Speed and ICCD camera. For practical and
safety reasons the culture medium did not contained lymphoma cells during the experimental tests
concerning the characterization of the plasma discharge and the plasma treated culture medium; apart
from that all operating conditions were identical to those adopted for biological tests.

The reported HS images (Figure 4.5) immediately highlight the effect of a variation of gap width, and
thus of electrical field in the gap, on the plasma discharge aspect; for the smallest gap width (T1), the
discharge appears characterized by several microdischarges located close to the tip of the plasma source.
In this case, for the longest exposure time (100 fps image), a faint glow appears in the gap region and a
larger number of filaments are observed with respect to the image taken at 500 fps, as a consequence of
the accumulation of the plasma emissions associated to 5 subsequent high voltage pulses; the comparison
between images taken at 100 fps and 500 fps highlights also that during subsequent pulses, for the selected
operating conditions, the microdischarges form in different locations, with no significant memory effect
observed [26]; possibly as a consequence of the adopted value of PRF and the liquid surface acting as a
second electrode [85].

When the gap between the plasma source and the culture medium surface is larger (T2), the plasma
discharge appears completely different from the previous case, being characterized by a single filament
located at the tip of plasma source, where the gap is the smallest and the electric field is the highest. The
single filament has a funnel-like shape, which appears broader at the upper electrode (due to charge
distribution and electric field distortion at the dielectric surface) and more collimated close to the culture
medium surface; moreover, in case T2 images taken at different exposure times seem to show that
filament produced during successive pulses are formed always in the same position, along the axis of the
plasma source.
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Figure 4.5 HS images of the plasma discharge during the treatment of culture medium (the dashed line
indicates the culture medium surface) for both selected operating configurations (top: T1, bottom: T2).
Acquisitions were realized at two different frame rates (left: 100 fps, right 500 fps). [PAPER VI]

ICCD imaging, being characterized by exposure times of a few nanoseconds, allowing for the
investigation of the plasma behavior with greater time resolution than HS images, was here used to study
the temporal evolution of a single discharge event. Assuming the repeatability of the plasma discharge
(verified comparing three different acquisition) it was possible to analyze the discharge evolution along
the voltage pulse by mean of the iCCD camera even acquiring only one acquisition per voltage pulse. .
In our experiments, the exposure time was set at 3 ns (gate time) and the voltage pulse was scanned with
time steps of 1 ns, obtained progressively increasing the trigger delay time.

In Figure 4.6, eight subsequent frames representing plasma evolution are shown for each operating
condition (T'1 and T2); for clarity purposes, the gate opening of the first (1, colored in green) and last
acquisitions (8, colored in red) are plotted against the recorded voltage waveform in Figure 4.7 following
the methodology already presented in Chapter 2 for the APP] source. From ICCD acquisitions, the
discharge structures for T1 and T2 cases turn out to be more similar to each other than previously
observed by means of HS imaging. In both cases, the first plasma luminous emission appears almost at
the same time, corresponding to the initial part of the voltage ramp; moreover, the third frame, collected
in correspondence of the maximum peak voltage, is the most luminous both for T1 and T2. Most
interestingly, a multi-filamentary structure is observed in both operating conditions; while this behavior
was already observed by means of HS imaging in T'1 conditions, only a single filament could be seen for
the T2 case in HS images. This is probably due to the fact that in HS imaging acquisition no light signal
intensification is applied; therefore the signal of short living or low emitting microdischarges could be
shadowed by the presence of a longer living or higher emitting microdischarge.
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Figure 4.6 ICCD images depicting the temporal evolution along the voltage pulse of the plasma
discharge formed in contact with 1 ml of culture medium (the dashed line indicates the culture medium
surface), for both operating configurations adopted for cancer cell treatment (T'1, T2). The start of each
acquisition (3 ns exposure) is delayed of 1 ns with respect to the previous one. [PAPER VI]
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Figure 4.7 Measured voltage waveform with superimposed exposure gates for the first (1, green) and
last (8, red) ICCD frames. [PAPER VI]
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4.4.5 Studies of cell viability, proliferation and cell-cycle progression following
direct or indirect plasma treatment

Results in Figure 4.8 a significant decrease in cell viability 48 h after a direct plasma treatment. The effect
is more pronounced after 120 s of exposure at 2.5 mm of distance than after 60 s at 1.25 mm.
Furthermore, cold plasma affected cells proliferation both 24 h and 48 h after the exposure (Figure 4.9).
The highest effect was observed also in this case for the exposure condition at 2.50 mm for 120 s.

24 h after the treatment, it was also possible to observe an accumulation of cells in G2/M phase (cell
cycle checkpoint important to ensure DNA repairing before entering mitotic phase [86]) for both
exposure conditions, as showed in Figure 4.10A. 48 h after plasma exposure, the accumulation of cells
in G2/M phase was statistically significant for the exposute condition 2.50 mm, 120 s (52.2% cells vs
42.8% of untreated cells) (Figure 4.10B).

Based on these results, the cell-cycle arrest appears reversible for the 60 s and 1.25 mm condition; indeed,
in that condition, an accumulation of G2-cells is observed 24 h after plasma treatment but not 48-h post-
treatment. This means that cells can overcome the plasma-induced cell-cycle arrest and start proliferating.
The 120 s and 2.50 mm condition is able to induce a stronger antiproliferative effect, from which cells is
not able to recover; in this case, we can conclude that the cell-cycle arrest induced by plasma is
irreversible.

Taken together, these results demonstrate that the growth inhibition of lymphoma cells induced by
plasma treatment is imputable to cell death and cell-cycle arrest in which G2 accumulation is a key event.
The simultaneous appearance of G2 block and cell death suggests that cell death is a primary direct effect
of plasma treatment, and not a secondary effect due to the cells’ inability to overcome growth arrest and
proceed through the cell cycle.

100~
T [ Untreated

© 80 1 E3 1.25mm 60"
S o ] . B 2.50mm 120"
o 60- ot o
- oo e =
= o bl G
« 404 e o .
- oo oo =
= o || & =

" & o =

6h 24 h 48 h
Time after atmospheric non-thermal plasma exposure
* P<0.05 and *™ P<0.01

Figure 4.8. % of living cells after 6h , 24 h and 48 h from direct CAP exposure. [PAPER VI]
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Figure 4.9. % of proliferating cells after 6 h, 24 h and 48 h from direct CAP exposure. [PAPER VI]
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Figure 4.10. Cell-cycle distribution after 24 h (A) and 48 h (B) from CAP exposure. [PAPER VI]

Comparative results of direct and indirect treatment are presented in Figure 4.11, showing that the longer
the treatment time (from 30 s to 120 s) and the culture time after plasma treatment (6 h, 24 h and 48 h),
the higher the reduction in cell viability; no relevant difference can be observed between direct and
indirect treatment results. No significant differences between the direct and indirect treatment were also
observed with a gap of 2.50 mm(data not shown). This suggests that the chemistry induced by plasma
treatment in the culture medium plays the leading role in plasma reduction of cancer cells viability; similar
considerations were previously reported by Vandamme e a/[87] and Mohades ¢ a/. [88], who compared
the effects of direct and indirect treatment on glioblastoma U87MG and SCaBER bladder cancer cells,
respectively.
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Figure 4.11 % of living cells after direct and indirect plasma treatment for different treatment times. Data
were collected 6 h, 24 h and 48 h after cells were added toCAP CAP treated medium (indirect treatment)
or 6 h, 24 h, 48 h afterCAP CAP exposure of cells (direct treatment). Operating conditions: PV 20 kV,
PRF 500 Hz and gap 1.25 mm. [PAPER VI]

4.4.6 Measurement of reactive species in cell culture medium after plasma
exposure

Results for the concentration of NO,, NO; and H2O; produced in 1 mL of complete cell culture medium
after plasma treatment, semi-quantitatively measured by means of analytic strips, are reported in Table
4.1. Results refer to treatments carried out in the same operating conditions (T'1 and T2) adopted for the
studies of cell viability, proliferation and cell-cycle progression; moreover, also results for plasma
treatment performed with gap width 1.25 mm and treatment time 120 s, which was shown in Figure 4.10
to induce the lowest cell viability among the tested treatments, are presented for comparison and
discussion.

Table 4.1 Nitrite, nitrate and peroxide concentrations in the as is and plasma treated cell culture
medium. All treatments were performed at PV 20 kV and PRF 500.

Operating conditions NO; (mg/L) NOs™ (mg/L) 05 (mg/L)
Untreated 0 0 0
tcr}gftélgrftrt?rrnne 60 s (T1) 5-10 100 - 250 3-10
S?iri:nﬁ?ln;e 1205 (T2) 5-10 100 - 250 3-10
Gap 1.25 mm, 10-20 100250 1o

treatment time 120 s

For the cases T1 and T2, the measured concentration of all reactive species fell in the same range; since
viability, proliferation and cell-cycle progression tests have shown different results for conditions T1 and
T2, we would have to conclude that the limited sensitivity of the analytic strips prevents us from drawing
further conclusions on the relative importance of the various reactive species on the modulation of cell
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response to plasma exposure. Despite this limited sensitivity, a significantly higher nitrite concentration
with respect to the T1 and T2 treatments was measured for the case with a 1.25 mm gap and for 120 s,
while nitrate and peroxide concentrations were measured in the same range. Nitrites were previously
suggested to possibly have a significant role in plasma oncology [89] and to be linked to the reduction of
cell viability after plasma treatment [90,91]; accordingly, we measured the highest concentration of nitrites
for the case inducing the highest reduction of cell viability: considering only the 48 h culture times, the
treatment performed with a 1.25 mm gap and for 120 s resulted in a percentage of viable cell of 26%,
while T1 and T2 resulted in percentages of 57.3% and 43%, respectively.

4.4.7 Conclusions on plasma treatment of ymphoma cells

CAP is a new auspicious candidate in cancer treatment and has encountered a great interest since its
potential to exert anti-tumor effects was initially reported [92—-94]. Beside few pioneering studies [75,87],
plasma-cell interaction mechanisms are still mostly unsolved and thus are an extremely relevant subject
of current cutting edge researches [95,79]. With the aim to contribute to garner knowledge on the
fundamental aspects of plasma interactions with cancers cells, the effects of plasma treatment on the
viability, proliferation and cell-cycle distribution of L5178Y TK+/- clone (3.7.2C) cells of mouse
lymphoma have been presented in this study. Plasma treatment was shown to significantly reduce cell
proliferation and to induce a statistically significant accumulation of cells in G2/M phase.

Furthermore, results for direct and indirect treatment were compared: no differences were observed,
suggesting that the leading role in plasma treatment of cancer cells is played by the reactive species
produced in the culture medium. Measurement of nitrites, nitrates and peroxides highlighted the
production of significant concentrations of reactive species in the culture medium after plasma treatment
hinting at a connection between nitrite concentration and the reduction of cell viability, supporting data
and speculations presented in other works [90,91]. Future activities will be focused on a more detailed
identification and quantification of the reactive species produced by plasma treatment in the culture
medium and in the investigation of their role in the mechanisms of plasma interaction with cancer cells.
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4.5 Atmospheric pressure DBD plasma jet for the enhancement of
the adhesion of dental materials

This section of the dissertation focuses on the application of CAP in the field of dentistry for the
enhancement of the bonding strength of adhesive restoration systems. The results here presented have
been achieved thanks to the collaboration with two expert dental practitioners from the University of
Brescia: Riccardo Tonini and Diletta Forgione. They provided the teeth samples, took care of the teeth
conditioning and the standard restoration procedures and materials. Their experience was important
through all the phases of the study including the design of experiments and data analysis.

4.5.1 Literature overview

The need for better adhesive performances for dental restoration systems has prompted the research of
innovative tools and therapies. A possible alternative to conventional strategies that has been suggested
in recent years and that is attracting considerable interest, is the use of CAP. Eva Stoffles may be regarded
as the first to introduce the idea of a possible therapeutic use of plasma in dentistry in 2002 [96,97] and
since then several studies have investigated such a possibility. Most of these works are reported in two
useful review papers from Cha and Park [9] and Wang ez 2/ [98]. Among the many dental applications of
CAP reported in the literature we can find: modification of implants surfaces to improve osteointegration
[99,100], cleaning of dental instruments and implants [101,102], enhancing of self-etch adhesive
polymerization [103], tooth bleaching [104,105] and root canal disinfection in endodontic treatment
[106-108]. Concerning the enhancement of adhesive qualities of dental restorations, few studies already
demonstrated the potential of CAP pretreatment on feldspathic ceramics [109,110], enamel, dentin and
composites [111-117]. The application of plasma in dentistry showed several unique advantages over
conventional approaches, like the ability to easily penetrate in small and irregular root canal recesses
(Figure 4.12), so avoiding the using of potentially dangerous chemicals (ex. sodium hypochlorite) [106].
With every new study, the adoption of CAP in standard dental procedures appears more and more near.
Nevertheless, the use of plasma sources with limited potential for translation into real endodontic practice
(due to size limitations or geometrical characteristics) combined with the absence of fundamental studies
on the effect of CAP when incorporated into actual bonding procedures [98], highlights a lack in the
current state of the art.

The present study aims to partially fill this gap, investigating the use of a source based on the Plasma Gun
architecture [118,119] in a realistic endodontic procedure for the medical treatment of root canals. Push-
out test results here presented demonstrate that a few minutes of plasma treatment can greatly improve
the dentin-adhesive interface mechanical properties along the whole length of the root canal. The contact
angle measurements support the hypothesis that the effect is driven by a plasma induced increase in
dentin wettability. Moreover, the Plasma Gun (PG) adopted in this study was specifically designed for
dental applications and can be realistically handheld and used in endodontic practice. The potential of
this plasma source as a multipurpose dental device exploitable in realistic endodontic procedures is
demonstrated by this study and another one, conducted in parallel, where the efficacy of the PG also in
the decontamination of tooth root canals is proven [106].
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Figure 4.12 PG plume propagating inside a molar tooth model, standardized shaping the root canal by
means of a conventional endodontic procedure. Plasma can be seen propagating outside tooth artificial
apical openings
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4.5.2 Materials and methods

Tooth sample preparation for push-out test.

Sixty monoradicular human teeth, extracted for periodontal diseases, with straight roots and regular single
canals were selected for this study. Teeth were stored in 0.1% thymol solution at 4°C and used within 3
months following extraction. The crown was sectioned off at the cemento-enamel junction using a water-
cooled diamond blade on a cutting machine (Isomet, Buhler, Lake Bluff, NY, USA) to expose the root
canal. The first 8 mm of the canal were shaped to a regular diameter of 1,6 mm by means of a cylindrical
diamond butr (Komet 837/016, Brasseler, Lemgo, D). The teeth were then embedded in epoxy resin
cylinders (Silaex) using a custom molding system. The mold was designed to ensure the alignment of the
root canal along the cylinder axis. As later described, this enabled an accurate alignment of the specimens
during the push-out tests. After curing of the epoxy resin, the mold was opened and the samples were
randomly distributed into 6 groups and conditioned with different type of dentin pre-treatment: three
control group subjected to standard procedures (G1, G3, G5) and three experimental groups subjected
to modified procedure that included plasma treatment (G2, G4, G6). Two different solutions were
adopted as chelating agent: 17% EDTA and 1% IP6 (phytic acid). The specific conditioning protocol
adopted for each group prior toadhesive and cement application is reported in Table 4.2.

$
£

Dentin pretreatment
No dentin pretreatment
Plasma treatment (180 s)
EDTA (60 s)
EDTA (60 s) + plasma treatment (180 s)
IP6 (60 s)
IP6 (60 s) + plasma treatment (180 s)

Ly (- i S S (LR Y N O

Table 4.2 Dentin pretreatment protocol applied to each group after root canal shaping and prior to
adhesive and cement application. Application time of each step is reported within brackets.

For all groups, after dentin pre-treatment , the canal was dried with paper point and the application of
the self-etching adhesive system (Clearfil SE Bond 2 (CSE)) and of the post luting cement (Clearfil DC
Core Plus) were performed, following manufacturers’ instructions. Disposable plastic endodontic tips
were used to inject luting material. Following light curing of the cement, specimens were stored for 24 h
in water at 37°C. After water storage, accordingly to Gagliani ¢z a/. [120], the roots were sectioned
transversally by means of a diamond saw irrigated with water. Tooth section 2.0 mm-thick were obtained
from coronal and medial portions of the root canal as schematically described in Figure 4.13. The coronal
and medial sections were respectively cut 1 and 4 mm apically from the cementoenamel junction. Thanks
to the molding system procedure, root canal sections are found at the center of the circular specimens
independently of the tooth irregular shape, allowing the accurate positioning of the specimens in the
push-out testing machine.

Tooth sample preparation for contact angle measurements

Forty human third molars were used for this analysis. Teeth were stored at 4°C in a solution of 0,1%
thymol for no longer than 3 months after extraction. Teeth were cut transversely to the long axis of the
toot using a cutting machine (Isomet, Buhler, Lake Bluff, NY, USA) with water-cooling. A first cut, in
the occlusal third of the crown, was aimed to eliminate occlusal enamel, while the second cut was
performed 1 mm above the cement-enamel junction. Finally, dentin discs were 3 mm thick. Specimens
obtained were finally polished using 600-grit SiC papers and randomly divided in eight groups.
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Figure 4.13 Tooth coronal and medial section specimens for pushout test.

Cold plasma treatment and experimental setup

The plasma source adopted in this work is the PG already described in detail in Chapter 2 and in a work
on the decontamination of tooth root canals [106]. A picture of the PG nozzle in a real oral environment
is presented in Figure 4.14. For this study the PG is driven by a micro-sinusoidal pulses HV generator
(frequency and duty cycle were kept constant at 22 kHz and 7,5% respectively) with a fixed pulse
repetition frequency of 100 Hz. For all experiments, the PG was operated with 15 kV of applied peak
voltage with a He flow of 3 slpm. Voltage and current were monitored by means of high voltage
(Tektronix P6015A) and current (Pearson 6585) probes connected to an oscilloscope (Tektronix DPO
40034). A simple description of the experimental setup used for the root canal treatments is shown in
Figure 4.15. The gap distance between the PG outlet and the tooth specimens was fixed at 2 mm. In the
experimental tests regarding the wettability increase of the dentin surface, different plasma treatment
times were investigated (30, 60, 120 and 180 seconds) while all tooth specimens for the pushout tests
were plasma exposed for 180 seconds.
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Figure 4.14 Comparison of the PG device geometry and dimension with a realistic oral environment
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Figure 4.15 Experimental setup adopted during the plasma treatments (right side) and a plasma plume
produced by PG in free flow condition (left side).
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Pushout tests

The push-out test [121,120,122] evaluates bond strength between luting material and root dentin. A
representative photo of push-out test is reported in Figure 4.16. The tests were performed using a
universal testing machine (Instron model 8033, load cell HBM U2A 200 kg, MTS electronic Test Star
IIs). The specimens were axially loaded on the cement section (@ 1,6 mm) with a cylindrical metallic
plunger (@ 1,4 mm) at a cross-head speed of 0.5 mm/min. When dislodgement occurred, the maximum
failure load was recorded in volts (V) and then converted into newton (IN). For the final conversion into
MPa the surface of the cement-dentin interface was esteemed from the height of each specimen measured
with a digital calliper. Statistical analysis was performed applying one-variable analysis of variance
(ANOVA) as post-hoc comparison at a significance level set at p<0,05.

Figure 4.16 Picture of the push-out tests setup

Contact Angle (CA) measurements

CA measurements were performed to evaluate the activation of dentin surface as a result of different
times of plasma exposure. Since in real practice adhesive liquids are used for the procedures, the analysis
was carried out with both distillated water and adhesive droplets by means of a commercial Kruss Drop
Shape Analysis System DSA 30, operated at room temperature. Using the instrument software,
measurements of the static droplet CA was automated. The volume of the droplet placed over the dentin
surface was fixed at 20 ul. Each measurement was run in triplicate and results are given as the average
value and relative standard deviation.
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4.5.3 Results
Pushout test

Figure 4.17 shows the mean bond strength and standard deviation of adhesives to dentin evaluated
through pushout test. The data for coronal and medial sections are reported both separately and
averaged. One-way ANOVA revealed that plasma treated specimens had a statistically significant
increase, approximatively two times higher (~ 100%), in adhesive-denting bonding strength for the cases
that included the use of an etching reagent, being it EDTA (p=0,0001) or IP6 (p=0,0018). No significant
difference is observed between the plasma group pre-treated with EDTA or IP6, suggesting that the
efficacy of plasma treatment is independent of the chelating agent nature. Moreover, the plasma induced
enhancement of the bonding strength is achieved along the whole length of the canal system since results
are not influenced by the section position (coronal or medial). Differently from these results, specimens
that where not etched with EDTA or IP6 show no statistically significantly (p=0,56) variation induced

by the plasma treatment.
Membontingsisngtn | [t lmprovement |

Coronal Medial Average Coronal Medial Average
Mo pre-treatment | 263193 | 3272105 | 295+ 10,0
[ 6% -18% No difference
Plasma 279+ 11,6 | 267+50 | 273%85
P
EDTA 223+91 | 31592 | 26,9100
| 131% 87% + 104%:
EDTA + Plasma | 515+ 194 | 588+ 203 | 54,8 £19.2
IP6 2881152 2502154 2712139
f 820y 114%% + 06%%
IP6 + Plasma | 525+ 186 | 53,8% 240 | 532+ 20,8

Figure 4.17 Mean bond strength of self-etching adhesives to dentin evaluated through pushout test. Last
column reports the average improvement in bonding strength due to plasma application with respect to
untreated control.

Surface contact angle assessment

The surface wettability results are presented in Figure 4.18. The water contact angle on the dentin surface
is reduced with increasing plasma treatment duration. The contact angle of a drop of water on the un-
treated dentin surface was 69,8 = 14,3°. The treatment time investigated for the push-out tests is found
to be in an asymptotic range where a minimum constant angle (<10°) is achieved.

Since in the real practice the adhesive liquid is used for the procedure the contact angle measurements
were performed also using this liquid. Results of these tests are presented in Figure 4.19. Also in this case,
a very small contact angle is reached for a treatment equal to that adopted for push-out tests (180s).
Plasma treatment not only contributed to a significant decrease of the adhesive contact angle but also in
reducing the data dispersion, meaning that the natural differences between teeth were partially levelled
by the process.
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Figure 4.18 Water contact angle values of dentin slices as a function of exposure time to PG treatment.

60
50
5
o 40
2 36,8
<
G
=
= 30
8
s
B 20 184
T
=]
11,0
10
1]
Ds 120 180 s
TREATMENT TIME

Figure 4.19 Adhesive contact angle values of dentin slices as a function of exposure time to PG
treatment.
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4.5.4 Discussion

The present study demonstrates bonding strength improvement following the introduction of CAP
application in a conventional dental restoration endodontic procedure. Results were obtained with a
handheld plasma device (Plasma Gun) having a compact size that can be comfortably operated by dental
practitioners in clinics.

Push-out results clearly showed an extremely significant enhancement of the dentin-composite interface
mean bonding strength as a consequence of plasma dentin pre-treatment. The results report an
improvement of adhesion strength of approximatively +100% when plasma was applied on the root
canal dentin after chelating agent application. Recorded data indicate that this effect does not dependent
on the nature of the chelating agent as very similar values were achieved both for EDTA and IP6.

The absolute values obtained both for control samples are slightly lower than those reported by other
studies for the same adhesive system tested by means of microtensile bond strength test (uMBS) instead
of push-out [117]. Nevertheless, the mean bond strength percentage increase of plasma treated specimens
over untreated control results higher than those found in literature (~25-65%) for various plasma sources
(Ar plasma brush [111,113,116], Kin-Pen [117], He DBD-jet [114]).

To achieve a satisfying adhesion the bonding solution must come into close contact with the substrate
to facilitate molecular interaction and allow both micromechanical entanglement and chemical absorption
[123]. Shallow depth of penetration is a major drawback of mild self-etching adhesive like the Clearfil SE
Bond adopted in this study [116]. Relatively short resin tags (infiltrations of adhesive resin inside dentine
tubules) are normally obtained in correspondence of dentin tubules [124,125]. As already reported in
other studies [114,116,117], plasma treatment of dentine may help the adhesive to penetrate into dentin
and dentinal tubules and form a thicker hybrid layer and longer resin tags. The drastic improvement of
the adhesive-dentin interface bonding strength observed in our case can be reasonably attributed to an
increase in adhesive penetration in dental tubules that strongly enhances the interface quality.

The hypothesis is supported by contact angle measurements where a significant increase of the wettability
is induced by plasma treatment. As expected by the literature [114,116,117], the water contact angle of
the dentin surface decreases with increasing plasma treatment duration, down to values characteristic of
highly hydrophilic surfaces (<10°) after 180s of treatment. In our study we also directly demonstrated
the enhanced spreading of the adhesive liquid induced by the plasma treatment measuring the adhesive
contact angle on the treated dentin surface.

The contact angle value depends on chemical composition and surface roughness. As reported by Chen
et al. [126] a dentin surface morphology change is unlikely the result of exposure to CAP. This suggests
that the enhancement in the spreading of the adhesive is mostly due to a chemical modification of the
dentin surface induced by forming new oxygen-containing groups (ex. -OH, -OOH), and in general by
the grafting of new polar functionalities, onto the dentin surface [126,127]. Since the PG was supplied
with high purity helium gas, the oxygen most probably comes from ambient air diffusion into the plasma
plume, which once excited can form highly reactive oxygen species that then react with the dentin surface
[126].

After root canal shaping the dentine surface is usually covered by an unstable layer of microcrystalline
and organic particle debris known as “smear layer” [99]. This layer, hard to remove if not by applying
chelating agents such as EDTA or IP6 [99], can prevent the penetration of adhesive liquid into dentine
tubules and therefore the achieving of high adhesive-dentin bonding strength. As reported in the work
of Dong e¢f al. [110], the plasma treatment of dentin surface alone does not grant removal of the smear
layer. Thus, the plasma enhancement of adhesive penetration into tubules may by nullified by the
presence of the smear layer. This assumption is confirmed both by our results and those by Hirata ez /.
[117], where no significant differences in the adhesive bonding strength of control and plasma treated
specimens were found when no chelating agents were adopted. Tubules size, orientation, surface area
and water content of dentin can vary from location to location in the tooth [111]. Partially in contrast
with the literature [111], in this case the effectiveness of plasma treatment in enhancing the adhesive
bonding strength does not vary significantly along the root canal length. It may be assumed that in our
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case the plasma plume, is able to penetrate into the root canal recesses and dentin tubules, in this way
activating the entire root canal surface.

4.5.5 Conclusions on plasma enhancement of adhesion of dental materials

Numerous research papers have been published providing evidences of efficacy and advantages of CAP
technology in the field of dentistry, attracting considerable attention. Nevertheless, the literature is
somehow lacking with respect to plasma overall effect when introduced in actual dental procedures. In
this study, the feasibility of adopting CAP technology to increase adhesive-dentin surface bonding
strength and reduce root canal restoration failure has been demonstrated showing how the simple
addition of a 180 s plasma treatment to a conventional procedures can lead to approximatively the
doubling of the mean bonding strength along the entire root canal length.

The experimental results obtained from this study, combined with those already published in a previous
work [106], demonstrate the Plasma Gun device may be a feasible option for obtaining an enhancement
of dental adhesive systems and an effective root canal decontamination. Even if future clinical 7z vivo
studies are still required, the future of dental plasma devices appears day by day more certain.
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5.1 Concluding remarks

Since the pioneer works in the late “90s, a vast amount of studies were conducted in the emerging field
of CAP applications. In spite of the huge research efforts made by the scientific community, new
publications routinely bring new questions and highlight new aspects that need to be clarified and be
taken into account. This is because of the novelty of the field and the ample variety of plasma devices
and applications. To my personal opinion, this is also what makes this emerging research field so
stimulating and interesting.

In this dissertation, I tried to summarize my Ph.D. research, which focused on many different aspects
that in some way reflect those that are the research paths in the field of non-equilibrium atmospheric
plasma. The characterization of atmospheric plasma devices through several diagnostic approach is, since
the beginning, an extremely important aspect of plasma technology. Everyday more and more light is
shed on the fundamental mechanisms driving plasma generation and propagation. In Chapter 2, my
research efforts in the characterization of a single electrode APPJ expanding freely in atmosphere were
presented along with the detailed description of the methodology developed for the ICCD analysis of
plasma discharges driven by sub-microsecond voltage pulses. These results were published through the
years and can be found in their final form in PAPER I, II, III, IV, V. Still unpublished are the results
concerning the influence of a liquid substrate on the discharge characteristics presented in Chapter 3
Finally, some of the plasma applications that I have investigated during my Ph.D. studies are summarized
in Chapter 4. The applications here reported concern the medical field which is probably the most
investigated and promising field of application for non-equilibrium plasmas. The applications reported
in this dissertation included bacterial decontamination of prosthesis, anticancer potential of plasma and
adhesion enhancement for dental restorations. The presented results support the feasibility of these
plasma applications and help in the understanding of some of their governing mechanisms.

Concluding, future work possibilities are nearly limitless in this emerging field. Many directions of future
work exist and only a few of them can be foreseen at the moment. Concerning the plasma
characterization through diagnostic techniques an obvious direction is increasing the time, space and
spectral resolutions of the presented techniques. Another important aspect for future studies could be
increasing our control over surrounding atmosphere and target sample characteristics as their influence
over the plasma processes can not be neglected. Concerning plasma application in the medical field, the
development of new plasma devices, easy to handle and intrinsically safe is a necessary step for the
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expansion of this field. Studies concerning the adoption of plasma treatment in realistic medical
procedure are required and should be the aim of future works.

The road to see cold atmospheric plasma technology pervading our daily life is still long. Nevertheless,
we are advancing fast and at increasing speed. The future of plasma technology is hardly questionable
but much work still remains to be done to complete the task. I hope that with my research I contributed
adding a little piece to the completion of this common effort.
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Abstract The fluid-dynamic characterization by means of Schlieren high-speed imaging
of the effluent region of a single electrode plasma jet is presented. The plasma source is
powered by a high-voltage generator producing pulses with nanosecond rise time. Time
evolution of fluctuations generated in a free flow regime and when the jet is impinging on
substrates of different geometries (plain substrates, Petri dishes, etc.) and materials (metal,
dielectric covered metal, polystyrene) has been investigated. Plasma ignition causes fluid-
dynamic instabilities moving in the direction of the jet flow and correlated with the high-
voltage pulses: for low pulse repetition frequency (PRF) (<125 Hz), the movement of the
turbulent front between two voltage pulses can be tracked, whereas for higher PRF
(1,000 Hz) the flow is completely characterized by turbulent eddies in the effluent region,
without relevant changes between subsequent voltage pulses. When the jet is impinging on
a substrate, turbulent fronts propagate over the surface starting from the gas impinging
zone.
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Introduction

Non-thermal atmospheric pressure plasma jets are rapidly gaining importance as tools for
plasma processing of various types of materials because they are environmentally friendly,
easy to handle and economical. The possible applications involving the use of plasma jets
include thin film deposition [1], surface modification [2], wound treatment [3], sterilization
[4] and nanoadditives dispersion enhancement [5]; all subjects of particular importance in
the field of plasma medicine. Because of the complexity of plasma interaction with bio-
logical and thermo-sensitive materials, diagnostic analysis is unavoidable to evaluate
process feasibility and to develop plasma sources optimized for specific applications.
Integrated approaches relying not only the effectiveness of the plasma treatment, but also
the characterization of plasma sources, are required in order to promote a multi-step
optimization of the process. Consequently, the scientific community has dedicated large
efforts to characterize different plasma sources for biomedical applications and to identify
the most suitable diagnostic techniques [6—12].

In this work, the characterization of the outflow of a novel plasma jet device developed
in our laboratory and driven by high-voltage pulses with nanosecond rise time has been
carried out using a high-speed Schlieren imaging technique.

The plasma jet is a single electrode plasma jet suitable for the treatment of different
substrates such as metals, polymers, glasses and biological materials (Fig. 1) [13]. The
source has two separate gas inlets that can be fed with two different gases at the same time
in order to control the composition of the plasma for the production of reactive species
(ROS or RNS) or for polymerization; the primary gas is usually Ar, He or air, while the
secondary one is generally O,, N,, air or a gas-phase monomer. In this work, since the flow
rate of the secondary gas is usually much lower than that of the primary, the fluid-dynamics
at the outflow has been investigated only for cases with no secondary gas. The plasma jet
can be driven by different voltage waveforms, such as repetitive pulses with nanosecond or
microsecond rise time or sinusoidal, triangular, square and sawtooth waveforms and it has
been previously shown that this parameter strongly affects the effectiveness of the treat-
ment [5]. In particular, in this paper only results for the plasma source driven by high-
voltage pulses with nanosecond rise time will be presented.

Low speed imaging is widely adopted in the characterization of non-thermal plasma
sources since it enables to identify the macroscopic aspect of the plasma discharge and to
have an estimate of the length of the jet [14, 15]. Conventional low speed imaging however
has a limited efficacy for the description of fluid-dynamic phenomena. A qualitative and
very effective study of the fluid-dynamic behavior of a jet can be generally conducted by
Schlieren imaging, which has been applied in this work to investigate fluid-dynamic
instabilities, turbulence front propagation and the relative length of laminar and turbulent
regions of the plasma jet. Schlieren photography has already been used to investigate
turbulence in the plasma generated by different plasma jet sources: as an example, Bradley
et al. used Schlieren photography to investigate laminar and turbulent flows of a microjet
generated in He on a polystyrene surface and also to determine the length of laminar and
turbulent flow regions [2, 16]. However, the works presented in literature are based on
acquisitions made using common photographic cameras associated with Schlieren tech-
nique and do not allow to study the time evolution of the turbulent phenomena.

The novelty of this work is based on the use of a diagnostic setup based on the Schlieren
technique coupled with a high-speed imaging camera to visualize the time evolution of the
turbulence in the outflow of a plasma jet powered by a high-voltage generator with
nanosecond rise time.
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Fig. 1 Nanosecond pulsed plasma jet operating in Ar (leff) and He (right)

High-speed Schlieren imaging was used to investigate the effects of mass flow rate (Q),
peak voltage (PV) and pulse repetition frequency (PRF) on the fluid-dynamics of a plasma
jet propagating in the surrounding air (free flow jet) and to analyze, for the case of plasma
jet impinging on a surface, the propagation of the turbulent front over substrates of dif-
ferent materials.

Experimental and Diagnostic Apparatus
Nanosecond Pulsed Plasma Jet

The plasma source used in this work is a single electrode plasma jet [17] developed in our
laboratory and previously reported in [18]; a schematic of the source is presented in Fig. 2.
The high voltage single electrode is a 19.5 mm long stainless steel sharpened metallic
needle with a diameter of 0.3 mm; the electrode protrudes from a quartz capillary (outer
diameter of 1 mm) by 3 mm. A peculiarity of this source is the possibility of operating
with two different gas supplies at the same time. The case, made of DELRIN, presents two
gas inlets to introduce a primary gas sustaining the plasma (Ar, He, Air) and to separately
inject a secondary gas (O,, N, gas-phase monomer). The primary gas is injected through a
12-hole (0.3 mm diameter) diffuser aimed at ensuring a uniform and laminar distribution
of the primary gas flow along the electrode, while the secondary gas can be introduced
through twelve 0.3 mm holes, tilted with respect to the plasma jet axis. The gas is ejected
through a | mm orifice. Figure 3 shows the differences in jet length and radial diffusion in
the surrounding air between Ar and He plasma jets at the same operating conditions. The
primary gas used in this work is helium (He) with a mass flow rate (Q) of 1, 3 and 5 slpm,
whereas no secondary gas was employed. In these conditions the Reynolds number of the
jet without plasma ignition is estimated to be 170, 500 and 840, respectively. The plasma
source is driven by a commercial pulse generator (FID GmbH—FPG 20-1NMK) producing
high voltage pulses with a slew rate of few kV/ns, a PV of 7-20 kV into a 100-200 Q load
impedance and a maximum PRF of 1,000 Hz. A typical voltage waveforms applied to the
plasma source during operation is presented in Fig. 4.

High-Speed Schlieren Imaging Setup
The behaviour of the plasma jet was investigated through a Schlieren imaging setup ina Z

configuration (Fig. 5) composed of a 450 W ozone free xenon lamp (Newport-Oriel 66355
Simplicity Arc Source), a slit and an iris diaphragm, two parabolic mirrors with a focal
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Fig. 2 Three dimensional cross-section representation of the plasma source adopted in the experiments [ 18]
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Fig. 3 Low speed imaging of the plasma jet operating in Ar (left) and He (right). PV = 17 kV,
PRF = | kHz and mass flow rate = 3 slpm [18]

length of 1 m, a knife edge positioned vertically and a high-speed camera that records the
Schlieren image [1].

The plasma jet has been positioned in the middle of the optical path between the two
parabolic mirrors, with a vertically downward direction. A first high-speed camera (Mem-
recam K3R-NAC Image Technology), with a setup of 4,000 fps and 1/50,000 s shutter time,
has been used to visualize the turbulent region of the plasma jet [results presented in “Plasma
Jet with No Substrate (Free Flow Jet)” section], whereas a second high-speed camera
(Memrecam GX-3-NAC Image Technology), operating at 4,000 fps and 1/200,000 s shutter
time, has been used to study the behaviour of an impinging plasma jet on different substrates
(results presented in “Plasma Jet Impinging on Grounded Metallic Substrate”, “Effects of
Dielectric Layer Covering the Metallic Substrate”, “Plasma Jet Impinging on a Petri Dish”
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Fig. 4 Typical voltage waveform applied to the plasma source during operation in with the following
conditions: PV = 14 kV, PRF = 1,000 Hz and He mass flow rate = 3 slpm
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Fig. 5 Experimental setup for high-speed Schlieren imaging in an impinging configuration

sections). Since the duration of the high-voltage pulse driving the plasma source is <500 ns
and the time span for each high-speed camera frame is 0.25 ms, during the voltage pulse only
one frame is recorded, which has been labelled with t = 0 ms.

Free Flow Jet and Impinging Configurations

The plasma jet outflow has been investigated for different substrates and for the case with
no substrate. The latter configuration was defined as “free flow jet™ as the jet outflow was
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Fig. 6 Comparison of the applied voltage waveform for the plasma source operating with PV = 14 kV,
PRF = 1,000 Hz and a He mass flow rate of 3 slpm when impinging on different substrates at a distance on
1.8 cm

allowed to expand freely in the surrounding ambient air. In all the other cases, the jet
outflow was impinging on a substrate posed at 1.8 cm from the outlet. Three different
substrates have been tested: a grounded metallic substrate made of anodized aluminium,
the same grounded metallic substrate covered with a dielectric layer (PVC tape 0,15 mm
thickness) and a polystyrene Petri dish (D x H 1 x 4 cm) which is a typical substrate
adopted in biomedical studies. As shown in Fig. 6, for the operating conditions adopted in
this paper the substrate characteristics have negligible effects on the voltage waveform
applied to the electrode.

Results and Discussion

Even though the random behavior of the turbulent flow induces every acquisition set to be
slightly different from any other, the overall phenomenon can be described in a repeatable
way selecting frames among a wide range of results obtained for different operating
conditions, varying PV, PRF, mass flow rate of the primary gas and eventual substrate
materials.

A set of different plasma jet images taken with conventional camera with a few seconds
of exposure time (low speed imaging) are presented for different flow rates (Fig. 7). A flow
rate increase from 1 to 3 He slpm causes a length increase in the plasma plume, whereas a
further increase up to 5 slpm results in a turbulent behavior of the plume, due to the
increased shear force between the high velocity jet and the surrounding stagnant air, that
leads to a shortening of the visible plasma plume. According to Colombo et al. [19], a jet is
completely laminar for Reynolds numbers below 500. This is the case for the plasma jet
presented in this work when operated with a flow rate of 1 and 3 slpm of He, corresponding
to a Reynolds number of 170 and 500, respectively. When the flow rate is increased to 5
slpm, the Reynolds number falls inside a transition range (between 500 and 1,000) in
which the jet becomes unstable at a certain distance from the nozzle.
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Fig. 7 Low speed imaging of plasma jets generated with PRF = | kHz, PV = 17 kV and He mass flow
rate = 1, 3 and 5 slpm, respectively

Fig. 8 Conventional low speed imaging (/eff) and high speed Schlieren imaging (right) of a He plasma jet
with PV = 17 kV, PRF = | kHz and mass flow rate = 5 slpm

A direct comparison between conventional and Schlieren frames of a plasma jet in the
same operating conditions is presented in Fig. 8. The complete propagation of plasma jet in
the surrounding air, the effective length of the laminar region and the structure of the
eddies of the turbulent zone can be observed in Schlieren frames, whereas they can not be
seen in conventional photography.
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Plasma Jet with No Substrate (Free Flow Jet)

In this subsection, the fluid-dynamics of the plasma jet is evaluated in free flow conditions.

In Fig. 9 selected frames that highlight the effects of plasma ignition on the fluid-
dynamic structure of the jet are reported. For the cases with no plasma ignition (Fig. 9a) a
transition from laminar to turbulent flow is observed when the mass flow rate is increased
from 3 to 5 slpm. In particular, the 3 slpm case shows a completely laminar behaviour in
the acquired area, whereas in the 5 slpm case the effluent flow is characterized by a first
laminar zone 1.5 cm long followed by an unstable zone with many visible eddies, due to
the turbulent mixing of He with the surrounding air.

When plasma is ignited fluid-dynamic instabilities are visible also for 3 slpm, while for
the 5 slpm case a length decrease of the laminar region from 1.5 to 0.5 cm is evinced, as
shown in Fig. 9b.

In Fig. 10, selected frames for the case with PV = 20 kV, PRF = 83.3 Hz and a He
mass flow rate of 3 slpm are presented to highlight the temporal evolution of the plasma jet
fluid-dynamics in the time span of two voltage pulses, which occur at t = 0 ms and
t = 12 ms. At 0.5 ms before the voltage pulse, the jet is mostly laminar. After 1.5 ms from
the voltage pulse, a turbulent front is observed which propagates in the downstream region
of the plasma jet (see frames at t = 2.5, 5 and 7.5 ms). The observed turbulent front
propagation is similar for each voltage pulse: in the frame acquired at t = 14.5 ms, which
correspond to a delay of 2.5 ms after the second voltage pulse, the fluid-dynamic structure
of the plasma jet is similar to that of the frame at 2.5 ms, with the formation of a turbulent
front 1.5 cm downstream the nozzle.

(a) |
Q =3slpm Q =5slpm Q =5slpm

PRF=1kHz

0cm

Fig. 9 Schlieren imaging of effluent fluid-dynamics at two values of mass flow rate without plasma
generation (a) and with plasma ignition (PV = 20 kV) in two different operative conditions (b)
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t=-0.5 ms t=0ms t=1.5ms

t=7.5ms t=12 ms t=14.5 ms

Fig. 10 Schlieren imaging of the plasma jet evolution between two voltage pulses, at t = 0 ms and
t = 12 ms. PV = 20 kV, PRF = 83.3 Hz and He mass flow rate = 3 slpm (Online resource 1)

The propagation velocity of the turbulent front along the laminar region was estimated,
by analysing the high-speed Schlieren acquisitions, to be about 60 m/s, which is close to
the mean gas velocity.

For a plasma jet generated with PV = 20 kV, PRF = 125 Hz and He mass flow
rate = 5 slpm, the fluid-dynamic structure 0.25 ms before the voltage pulse (t =
— 0.25 ms) is characterized by a laminar zone that propagates 2 cm downstream the
nozzle, followed by a turbulent zone (see Fig. 11). During voltage pulse (starting at
t = 0 ms), the formation of a turbulent front inside the laminar region can be observed,
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t=-0.25 ms t=0.25 ms t=0.5ms

0.cm

¥

\1

Fig. 11 Schlieren imaging of the plasma jet fluid-dynamics during a voltage pulse, starting at t = 0 ms.
PV = 20 kV, PRF = 125 Hz, and He mass flow rate = 5 slpm (Online resource 2)

with no significant change downstream the turbulent zone. The growth and the propagation
of the turbulent front can be tracked in the frame sequence from t = 0.25 ms tot = 4 ms,
where relevant changes in both the laminar and turbulent regions can be appreciated.
With a PRF of 1,000 Hz, the time required for the turbulent front to travel along the
laminar region (around 1 ms) becomes comparable with the period between voltage pulses
(1 ms); in this case, no turbulent front propagation can be observed between voltage
pulses: as can be seen in Fig. 12, the Schlieren acquisitions of the jet before (t =
— 0.25 ms) and after (t = 0.25 ms) the voltage pulse, which occurs at t = 0 ms, are very
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(a)
= -0.25 ms t=0.25 ms

t=-0.25 ms t=0.25 ms

0cm

Fig. 12 Schlieren imaging of the plasma jet fluid-dynamics with PV = 14 kV (a) and 20 kV (b).
PRF = | kHz, He mass flow rate = 3 slpm. Voltage pulse at t = 0 ms (Online resource 3)

(b)

Fig. 13 Schlieren imaging of a jet impinging on a metallic substrate without (a) and with (b) plasma
ignition. He mass flow rate set at 1 (left) and 3 slpm (right). PV = 14 kV and PRF = 1 kHz

similar to one another. The effects of the PV on the plasma jet evolution at high repetition
frequency are highlighted in Fig. 12a, b. The increase of the PV from 14 (Fig. 12a) to
20 kV (Fig. 12b) causes a shortening of the laminar region from 3 to 1.5 cm. Comparing
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PV=17kV | J PV =17 kV f PV=17KkV |
t=0ms | t=05ms | | t=1ms |

Fig. 15 Schlieren imaging of the plasma jet fluid-dynamics without (a) and with (bl, b2) a layer of
dielectric material on the surface of a metallic substrate. PV at 14 (a, bl) and 17 kV (b2), He mass flow
rate = 3 slpm, PRF = 1 kHz. Turbulent wave fronts are tracked by arrows. Voltage pulse at t = 0 ms
(Online resource 5)

substrate is visible. The turbulent wave front becomes visible 1 ms after the voltage pulse
and it propagates along substrate surface; after 3 ms the turbulent wave front has propa-
gated 0.75 cm from the jet axis.

Effects of Dielectric Layer Covering the Metallic Substrate

To evaluate the influence of the material of the substrate on the fluid-dynamic charac-
teristics of the plasma jet at the impinging region, Schlieren frames at 0, 0.5 and 1 ms after
the voltage pulse are presented for a metallic substrate (Fig. 15a) and a metallic substrate
covered with an insulating layer (Fig. 15bl, b2). A drastic reduction in turbulent behaviour
of the plasma jet at the impinging region can be observed passing from a metallic to a
dielectric substrate. For the cases with dielectric substrate, the flow is almost laminar and
the time scale of fluid-dynamic instabilities is much longer (several ms) than for the cases
with turbulent behaviour (<1 ms): for this reason, frames at 0, 0.5 and | ms after the
voltage pulse acquired during the same recording are very similar to one another
(Fig. 15bl). However, with a higher PV (17 kV) the occurrence of turbulent wave fronts
with a time scale of <1 ms is observed also for the case with plasma jet impinging on the
dielectric covered substrate (Fig. 15b2).

Plasma Jet Impinging on a Petri Dish

Schlieren frames of the plasma jet impinging on a Petri dish have been reported in Fig. 16
for two different He mass flow rates (3 and 5 slpm, left and right columns respectively),
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Fig. 14 Propagation of turbulent wave fronts (see arrows) induced by a plasma jet impinging on a metallic

substrate. PV = 14 kV, PRF = 125 Hz, He mass flow rate = 3 slpm. Voltage pulse at t = 0 ms (Online
resource 4)

different time frames in the same operating conditions, no relevant differences for the
laminar region length are notable in the plasma jet fluid-dynamic structure before and after
the pulse, contrary to what was observed for lower PRF (see Figs. 10, 11).

From the comparison between Fig. 9a (He jet with flow rate at 3 slpm but with no
plasma ignition) and Fig. 12, it can be seen that plasma ignition with PRF at 1,000 Hz
induces the onset of a turbulent behaviour in the tail of the jet.

Plasma Jet Impinging on Grounded Metallic Substrate

The effects of plasma ignition on the fluid-dynamic behaviour of He gas jet impinging on a
metallic substrate is highlighted in Fig. 13. For a mass flow rate of 1 slpm no great
difference in the impinging region can be observed comparing the jet without and with
plasma ignition (PV = 14 kV, PRF = 1,000 Hz). In both cases no relevant turbulence can
be observed. For a He mass flow rate of 3 slpm, a slight turbulent behaviour in the external
fringes for the case with no plasma can be observed, mainly due to the buoyancy effect of
He. More relevant fluid-dynamic instabilities can be seen in the impinging region when
plasma is ignited.

Reducing the PRF to 125 Hz (PV = 14 kV, He mass flow rate = 3 slpm), it is possible
to track the propagation of a turbulent wave front along the substrate surface (see Fig. 14).
At t = 0 ms, corresponding to the voltage pulse, no turbulent front over the metallic
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«4Fig. 16 Schlieren imaging of the fluid-dynamics of a jet impinging on a petri dish with He mass flow rate of
3 (al, bl) and 5 slpm (a2, b2) without (al, a2) and with plasma ignition (b1, b2). PV = 14 kV,
PRF = 1 kHz (Online resource 6)

with and without plasma ignition. In these conditions, the helium flow impinges on the
Petri dish and it is subsequently directed upward mainly as a consequence of the buoyancy
effect and of the presence of the Petri walls that obstruct the sideway gas flow. For the case
with no plasma ignition, since the Schlieren frames at different time steps were very
similar to one another, only one frame has been reported in Fig. 16al, a2. With plasma
ignition, for the case at 3 slpm a flow motion can be seen in the region outside the plasma
jet on a time scale of few hundreds ms (see Fig. 16bl); with a flow rate of 5 slpm (see
Fig. 16b2), a fluid-dynamic instability can be seen in the jet region in frames at t = 0 ms
and t = 25 ms, which is characterized by a time scale of <1 ms, whereas turbulence in the
surrounding atmosphere above the Petri dish is characterized by a time scale of tens of ms.

Discussion

The results presented in “Results and Discussion™ section have shown that plasma ignition
triggers the formation of a turbulent front which propagates along the jet; also, the onset of
turbulence induces the reduction of the jet laminar region when the period between sub-
sequent voltage pulses is comparable with time required for the turbulent front to propagate
along the laminar region of the jet (about 1 ms).

A reduction of the laminar region length due to plasma ignition has been already
observed for other plasma jets driven by AC voltage waveforms and nanosecond pulses
[16, 20, 21].

The mechanism responsible for the formation of a turbulent front in correspondence of
the high-voltage pulse is still poorly understood; possible mechanisms include gas heating,
local pressure increase, variation of transport properties of gas or momentum transfer
between ions and neutrals. Gas heating during the voltage pulse can induce the reduction of
gas density, which in turn results in a localized increase of gas velocity; a pressure peak
can also take place near the powered electrode during the voltage pulse as a consequence
of local ionization, with a subsequent increase of jet velocity; also, the variation of the
transport properties of gas (especially viscosity) in presence of ionized species during the
pulse can result in a gradient of gas velocity and in the formation of a turbulent front;
finally, when the structure of the plasma jet is characterized by plasma bullets, which are
travelling with a velocity of several km/s [17], turbulence onset can be linked to
momentum transfer between ions and neutrals.

For dielectric barrier plasma jets [21] it has been concluded that the key mechanism
leading to reduction of the laminar region after plasma ignition is gas heating, which in
turn induces an increase in gas velocity.

In our experiments it was possible to measure the propagation velocity of the turbulent
front, which has been found to be in the same order of magnitude as gas velocity (between
20 and 100 m/s). For this reason, in our plasma jet we can exclude a correlation between
turbulent front propagation and the generation of plasma bullets. However, further
investigations are needed to understand the relative importance of the suggested
mechanisms.

Results in “Results and Discussion” section have shown that, for the cases with jet
directed towards a substrate, a turbulent front is propagating along substrate surface
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starting from the jet impinging point; this effect is more pronounced in the case of a
metallic substrate with respect to the case with a dielectric covered metallic substrate.
Indeed, since the adopted plasma source is a single electrode plasma jet, the substrate acts
as a counter electrode and in the case of dielectric covered substrate the current is self-
limited by charge deposition on the dielectric surface; this induces a less intense discharge
with respect to the case with bare grounded electrode and consequently less intense tur-
bulence in the jet.

Conclusions

The fluid-dynamic behaviour of a single electrode non-equilibrium plasma source driven
by high voltage pulses with nanosecond rise time at atmospheric pressure has been
characterized with a high-speed Schlieren imaging technique. This study is a first step in a
multi-stage integrated approach that relies on diagnostics and experiments for the tailoring
of the plasma source to specific applications, among which also biomedical ones.

The use of high-speed Schlieren technique has allowed us to observe several phe-
nomena for the first time. Plasma ignition causes fluid-dynamic instabilities that are
moving in the direction of the jet flow and are correlated with the high-voltage pulses: for
low PRF (<125 Hz) it is possible to track the movement of the turbulent front between two
voltage pulses, whereas for higher PRF (1,000 Hz) the flow is completely characterized by
turbulent eddies in the effluent region without relevant changes between the voltage pulses.

Moreover, fluid-dynamic characteristics of the plasma jet at the impinging region for
metallic and insulating substrates and the turbulent propagation front have been observed.
Turbulent eddies, more visible with the metallic substrate than with the insulating one,
propagate over the surface starting from the gas impinging zone.

The results presented in this paper will serve as a basis for the design, optimization and
analysis of plasma processes for treatment of biological and biocompatible materials, in
which the plasma jet can be used as a source of chemical reactive species, whose gener-
ation and transport can be strongly influenced by turbulence.
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Characterization of a Cold Atmospheric
Pressure Plasma Jet Device Driven
by Nanosecond Voltage Pulses

Marco Boselli, Vittorio Colombo, Matteo Gherardi, Romolo Laurita, Anna Liguori,
Paolo Sanibondi, Emanuele Simoncelli, and Augusto Stancampiano

Abstract— The structure, fluid-dynamic behavior,
temperature, and radiation emission of a cold atmospheric
pressure plasma jet driven by high-voltage pulses with
rise time and duration of a few nanoseconds have been
investigated. Intensified charge-coupled device (iCCD) imaging
revealed that the discharge starts when voltage values
of 5-10 kV are reached on the rising front of the applied
voltage pulse; the discharge then propagates downstream the
source outlet with a velocity around 107108 cm/s. Light
emission was observed to increase and decrease periodically and
repetitively during discharge propagation. The structure of the
plasma plume presents a single front or either several branched
subfronts, depending on the operating conditions; merging
results of investigations by of Schlieren and iCCD
imaging suggests that branching of the discharge front occurs in
spatial regions where the flow is turbulent. By means of optical
emission spectroscopy, discharge emission was observed in the
ultraviolet-visible (UV-VIS) spectral range (N2, N;’ , OH, and NO
emission bands); total UV irradiance was lower than 1 [LW/CIT]Z
even at short distances from the device outlet (<15 mm). Plasma
plume temperature does not exceed 45 °C for all the tested
operating conditions and values close to ambient temperature
were measured around 10 mm downstream the source outlet.

Index Terms— Cold atmospheric pressure plasma jets (APPJs),
plasma diagnostics, material and biomedical applications.

I. INTRODUCTION

N RECENT years, nonequilibrium atmospheric pressure

plasma jets (APPJs) have been raising a significant interest
because of their broad range of applications, among which the
decontamination and sterilization of surfaces [1], [2], surface
modification of polymers [3]—[5], thin film deposition [6], [7],
and nanomaterials fabrication and modification [8]-[12].
Moreover, APPJs are widely investigated for plasma-assisted
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medical therapies: starting with the pioneering works
from [13], APPJs have been evaluated for numerous
applications at the forefront of research, ranging from
blood coagulation and chronic wound remediation to cancer
treatment [14]-[27].

One of the reasons of the diffuse interest toward APPJs
is their versatility, granted by the diverse possible combi-
nations of driving power supply, gas employed, and source
architecture [28]; among this ample number of plasma
sources, APPJs notable for their scientific and historical rele-
vance, characteristic architecture, or extensive application are
the plasma needle [29], the plasma gun [30], the plasma
pencil [31], the kINPen [32], the plasma jet array or Gatfing
machine gun-like plasma jet [33], [34], and the plasma jet
with the porous alumina layer between anode and cathode
developed in [35].

Several studies have been devoted to the investigation
of physical and chemical phenomena taking place in the
discharge generated by APPIs [32], [36]-[42]. A particular
attention in APPJs characterization has been dedicated to
discharge structure since the first works reporting on the
observation of plasma bullets [43]-[45], whose fundamental
aspects are still debated within the international scientific com-
munity; indeed, a new theory was recently introduced along
with a new nomenclature (pulsed atmospheric-pressure plasma
streams) [46], [47]. An extensive review on the theoretical
and experimental studies on plasma bullets has been published
earlier this year [48].

In this paper, the characterization of a single electrode (SE)
plasma jet driven by voltage pulses with nanosecond rise time
and pulse duration in the order of few tens of nanoseconds is
presented. The plasma source, developed by the authors, was
previously adopted for the treatment of polymer solutions
to increase nanoparticle dispersion [49] and to improve the
electrospinnability of poly (L-lactic acid) for the production of
high quality solvent free nanofibrous scaffolds for biomedical
applications [50], [51]; moreover, the plasma jet has been
previously investigated in terms of fluid-dynamic behavior
and it has been shown that turbulent or laminar regimes can
be obtained changing the operating conditions of the plasma
source [52]. Here, we present a deeper characterization of
the APPJ device, exploiting a set of techniques to get deeper
insights on the correlation between the plasma structure and
fluid-dynamic behavior of the jet (by means of iCCD and

0093-3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. 3-D cross-sectional representation of the plasma source adopted in
the experiments [50].

high-speed Schlieren imaging) and to assess the compatibility
of the plasma jet for the treatment of thermosensible materials
and for biomedical applications (by means of temperature
measurements,  optical  emission  spectroscopy, and
UV absolute radiometry).

II. EXPERIMENTAL SETUP
A. Cold Atmospheric Pressure Plasma Jet Source

The plasma source adopted in this paper is a SE plasma
jet developed in our laboratory and previously reported
in [49]-[52]. A schematic of the plasma source is shown
in Fig. 1. The high-voltage SE is a 19.5 mm long stain-
less steel sharpened metallic needle with a diameter of
0.3 mm; the electrode protrudes from a quartz capillary
(outer diameter of 1 mm) by 3 mm. In this source, a
primary gas [Ar, helium (He), and air] is introduced for
sustaining the plasma, whereas a secondary gas (02, Na, gas-
phase monomer) can be introduced when required in specific
applications. The primary gas is injected through a 12-hole
(0.3 mm diameter) diffuser aimed at ensuring a uniform
and laminar flow along the electrode and at sustaining the
plasma discharge, while the secondary gas is introduced in
the discharge region downstream the electrode tip through
twelve 0.3 mm holes, tilted with respect to the plasma
source axis. The plasma is ejected through a 1 mm
orifice [50], [52]. In this paper, the primary gas used is He,
whereas no secondary gas was employed.

The plasma source is driven by a commercial pulse gener-
ator (FID GmbH—FPG 20-1NMK) producing high-voltage
pulses with a slew rate of few kilovoltages per nanosecond,
a pulse duration around 30 ns, a peak voltage (PV)
of 7-20 kV, and an energy per pulse of 50 mJ at maximum
voltage amplitude into a 100-200 Q load impedance with a
maximum pulse repetition frequency (PRF) of 1000 Hz.

B. iCCD Imaging
Temporal evolution of the plasma discharge has been
investigated by means of an iCCD camera (Princeton
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Instruments PIMAX3). A pulse generator (BNC 575 digital
pulse/delay generator) has been used to synchronize the
generator, the oscilloscope (Tektronix DPO 40034), and the
iCCD camera. Two configurations of the iCCD camera have
been adopted: in the first configuration, several sequential
frames at time steps of 0.25 ns and with an exposure time
of 3 ns [50 accumulations collected on the charge coupled
device (CCD) sensor for each frame] have been acquired to
track the temporal evolution of the plasma discharge during the
high-voltage pulse; in the second configuration, a single frame
with exposure time of 35 ns covering the entire voltage pulse
has been acquired with the aim of comparing the discharge
structure and the fluid-dynamic behavior of the jet, which has
been observed through Schlieren imaging.

C. Schlieren Imaging

A Schlieren imaging setup in a Z-configuration [52] has
been adopted to visualize refractive-index gradients generated
in the region downstream the plasma source outlet by the
plasma gas mixing with the surrounding ambient air. The
imaging setup is composed of a 450 W ozone free xenon
lamp (Newport-Oriel 66355 Simplicity Arc Source), a slit and
an iris diaphragm, two parabolic mirrors with a focal length
of 1 m, a knife edge positioned vertically, and a high-speed
camera (Memrecam K3R-NAC Image Technology, operated
at 4000 frames/s and 1/50 000-s shutter time) that records the
Schlieren image. The plasma jet has been positioned in the
middle of the optical path between the two parabolic mirrors,
as shown in Fig. 2.

D. Temperature Measuremenis

Plasma jet temperature has been measured by means of
a fiber optic temperature sensor (OPSENS OTP-M) with a
calibration range of 20 °C-60 °C, a resolution of 0.01 °C, an
accuracy of 0.15 °C, and a response time of less than | s.

The fiber optic sensor head has a cylindrical shape with a
radius of 1.2 mm and a length of 7 mm. During measurement,
the sensor head was positioned coaxially with the source
orifice. A second fiber optic sensor was employed to monitor
the room temperature during the measurements. Fiber optic
sensors have been chosen for measurements because they are
immune from electromagnetic interferences [53] and they only
slightly affect the discharge because of the small diameter and
the dielectric properties of the sensor head.

E. Optical Emission Spectroscopy

An iCCD camera (PIMAX3, Princeton Instruments)
mounted on a 500 mm spectrometer (Acton SP2500i,
Princeton Instruments) has been adopted to collect spatially
resolved optical emission spectra in the UV, VIS and near
infrared (NIR) regions. Details of the experimental setup can
be found in [50]. Measurements have been performed using
a lens with 30 mm focal length and a 20 xm slit width to
collect spectra in the region extending from the source outlet
to 15 mm downstream, with a spatial resolution of 0.1 mm
and a spectral resolution of 0.17 nm. Exposure time has been
set at 20 us and for each spectrum a set of 50 accumulations
has been collected on the CCD sensor.
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F. UV Irradiance Measurement

UV irradiance has been measured using the UV power
meter Hamamatsu C9536/H9535-222 (measurement range
of 0.001-200 mW/cm®, high spectral response in the
range 150-350 nm). The sensor head, covered with a quartz
disk to avoid direct exposure to the plasma jet, has been posi-
tioned downstream the plasma source outlet. The protecting
quartz disk (thickness = 0.5 mm and diameter = 35 mm) is
characterized by an integral UV transmission of 93% across
the sensor spectral range. The sensitive part of the UV power
meter was centered on the axis of the source orifice so that
the plasma plume was directly impinging on the protective
quartz disk. Measurements have been carried out at different
axial distances from the source outlet.

III. RESULTS
A. Structure of the Plasma Discharge

The structure of the plasma jet and its evolution in time
have been investigated for two different sets of operating
conditions, inducing strongly different plasma characteristics:
in the first case, PV, PRF, and mass flow rate were set to
17 kV, 1000 Hz and 2 SLPM of He respectively; in the second
case, the PV and mass flow rate were increased to 25 kV and
3 SLPM of He, respectively.

The iCCD camera has been set to scan the voltage pulse
with an exposure time of 3 ns. The iCCD gate opening for
the first recorded frame of each scan was set at the start
of the voltage pulse and subsequent frames were recorded at

Diaphragm

715

Helium
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Experimental setup for high-speed Schlieren imaging of the plasma jet.

fixed time steps of 0.25 ns; therefore, two consecutive frames
overlap for 2.75 ns.

For the first case, a sequence of representative frames is
shown in Fig. 3, where the time values reported on top of
each frame are indicative of the time lapse between the start
of the voltage pulse and the corresponding opening of the
iCCD gate. For the sake of clarity, the exposures of the most
relevant frames depicted in Fig. 3 are reported, together with
the high-voltage pulse waveform, in Fig. 4.

The plasma plume appears 5 ns after the start of the voltage
rise, which corresponds to a voltage in the range 5-10 kV, and
it can be observed in all the subsequent frames taken during the
voltage pulse. Nevertheless, its intensity and extension seem
to fluctuate during the high-voltage pulse. For example, from
the frame starting at 5 to the one at 9.75 ns, both the intensity
and the length of the plasma plume increase up to a maximum
reached at 6.75 ns and then they start to decrease. A similar
behavior can be observed every 5 ns: from 10 to 15 ns, from
15 to 20 ns, and from 20 to 25 ns. To the best of the authors’
knowledge, this fluctuating behavior has never been reported
in the literature before.

Considering only the brightest frame in each fluctuation
(6.75, 11.75, 16.75, and 21.75 ns), a progressive elongation of
the plasma plume is clearly visible. As it can be observed in
the frames reported in Fig. 3 with a chromatic scale modified
to enhance the light emissions with lower intensity, the prop-
agating plasma front remains connected to the plasma source
by a VIS channel even in the frames in which the plasma
plume is characterized by weaker intensity. This structure,
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Fig. 3. iCCD frames (3 ns exposure time, 50 accumulations) for the case with 17 kV (PV), 1000 Hz (PRF), and 2 SLPM of He as working gas. Two

different chromatic scales were adopted to make all the frames clearly visible (top—higher intensity scale and bottom—Ilow intensity scale). The time values
reported on top of each frame are indicative of the time lapse between the start of the voltage pulse and the corresponding opening of the iCCD gate.

By tracking the temporal evolution of the plasma plume,
it is possible to estimate the velocity of the front propagation.
The obtained values are in the order of 10% cm/s during the

characterized by a moving front connected to the source, is
similar to what already reported in the literature for other

plasma jet sources [54]-[56].
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Fig. 4. Voltage waveform for the case with 17 kV (PV), 1000 Hz (PRF),

and 2 SLPM of He as working gas with superimposed exposures for relevant

iCCD frames. The time values reported on top of each exposure are indicative of the time lapse between the start of the voltage pulse and the corresponding

opening of the 1ICCD gate.

first acquired frames (from 5 to 7.25 ns) and the velocity is
reduced to 5 x 107 cm/s when the PV is reached. Similar
values have been reported for other plasma jet sources driven
by voltage pulses with nanosecond rise time [30], [57], [S8].

A similar analysis has been conducted for the second case
and results are reported in Figs. 5 and 6. In this case too, it
is possible to observe a fluctuation of both the intensity and
the length of the plasma plume with a period (5 ns) similar
to that observed in the first case. Nevertheless, the structure
of the plasma evolves in a sensibly different way. While in
the first case, only one front can be observed in the plasma
jet, in the second case, the final part of the plasma jet is
at first distorted (frames at 11 and 11.25 ns in Fig. 5) and
then branched in several fronts connected to the plasma source
by converging tails characterized by weaker emission (frames
at 16 and 16.25 ns).

A behavior of the plasma front similar to the one observed
at instants 11 and 11.25 ns has been observed in [59] and
described as snake-like mode. This aspect, as well as the
subsequent branching of the plasma jet front, is probably
related to hydrodynamic instabilities of the He gas flow, which
result in turbulent mixing of He species with the surrounding
ambient air; as the plasma discharge is propagating preferen-
tially in regions with high He concentration [60], the turbulent
mixing of He and surrounding air can induce several path-
ways for the plasma discharge, resulting in branching of the
plasma jet front. To investigate the correlation between the gas
flow instabilities and discharge structure, further investigations
exploiting Schlieren imaging have been conducted and the
results are presented in the following paragraph.

B. Influence of Jet’s Fluid Dynamics on Discharge Structure

Schlieren high-speed recordings of the fluid-dynamic behav-
ior of the plasma jet and iCCD images of the discharge
structure have been acquired for the different operating con-
ditions of the plasma source. The He flow rate has been kept

1

fixed at 3 SLPM while the PV and the PRF have been changed
in the range 17-30 kV and 125-1000 Hz, respectively.

Since the duration of the high-voltage pulse driving the
plasma source is less than the time span of each Schlieren
high-speed camera frame (0.25 ms at 4000 frames/s), the
fluid-dynamic phenomena occurring during the voltage pulse
are observed in a single frame. This frame has been reported
in Fig. 7 for different operating conditions of the plasma source
together with the corresponding iCCD acquisition performed
with an exposure window of 35 ns to collect light emitted
during the whole high-voltage pulse.

From Schlieren images, it can be noted that the flow
at the source outlet is almost laminar (Reynolds number
is approximately 500 for the plasma source operated with
3 SLPM of He) while fluid-dynamic instabilities can be
observed in a more downstream position. With increasing PRF
(from 125 to 1000 Hz), the length of the laminar region
becomes shorter and fluid-dynamic instabilities of higher
intensity can be observed. With PV increasing from 17 to
30 kV, the same trend is observed, but the effect is weaker
in comparison with the change in PRF.

From iCCD images, it can be noted that the length of the
plasma plume is increased as the PV is increased, whereas with
increasing PRF, the plasma plume length is generally reduced.

From the comparison of Schlieren frames and iCCD images,
a clear correspondence between fluid-dynamic instabilities and
branching of the plasma plume can be observed. The ending
part of the plasma plume becomes branched in the cases in
which the operating conditions induce the plasma plume to
propagate into the spatial region where the flow is turbulent.
This phenomenon is mostly evident for the cases with highest
PV (30 kV), which are characterized by a longer plasma plume
that can penetrate the regions with higher intensity of fluid-
dynamics instabilities. Tt should be noted that the branching
of the plasma plume appears in correspondence of the region
where the transition from laminar to turbulent flow is observed.
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Fig. 6. Voltage waveform for the case with 25 kV (PV), 1000 Hz (PRF).

and 3 SLPM of He as working gas with superimposed exposures for relevant

iCCD frames. The time values reported on top of each exposure are indicative of the time lapse between the start of the voltage pulse and the corresponding

opening of the iCCD gate.

On the contrary, in the cases with lowest PV (17 kV), the
plasma plume is propagating in the laminar region only and
no branching of the front is observed.

These results support the idea that fluid-dynamic insta-
bilities of the jet induce a turbulent mixing of He and the
surrounding air and, consequently, the formation of more
than one preferential pathways through which the plasma

plume can propagate, resulting in branching of the plasma
front.

C. Gas Temperature in the Plasma Jet

Plasma jet temperature has been measured during operation
with a PRF varying between 125 and 1000 Hz, PV in the
range 17-25 kV, and He flow rate at 1 or 3 SLPM.
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Fig. 7.
PRF (125 and 1000 Hz). Flow rate set at 3 SLPM of He for all cases.

Axial temperature profiles (with the axial position defined as
the distance measured from the sensor tip to the source outlet;
s0 axial position = 0 mm corresponds to the source outlet)
are presented for four different operative conditions with a
fixed PRF of 125 and 1000 Hz in Figs. 8 and 9, respectively.
Three different measurements have been carried out for each
operating condition.

It should be noted that in all the investigated cases, the max-
imum gas temperature measured by means of fiber optic sensor
in the region downstream the source outlet is lower than 45 °C.

For the cases with PRF = 125 Hz (Fig. 8), the temperature
is lower than 40 °C. In particular, in the cases with a flow
rate of 1 SLPM, the maximum temperature is reached in
the region close to the source outlet and a steep decrease
of the temperature is observed at 6 and 12 mm downstream
plasma source tip for the cases with PV at 17 and 25 kV,
respectively. With a higher flow rate (3 SLPM of He), the
temperature profile is almost uniform along the axis and the
peak value is close to room temperature.

An increase of PRF up to 1000 Hz, as shown in Fig. 9,
induces an increase of the plasma temperature in the zone
closest to the plasma tip, reaching a maximum temperature

PV=20kV—-PRF= 125 Hz

PV=30kV-PRF=125Hz

Comparison of synchronized (left) iCCD and (right) Schlieren acquisitions of the plasma jet for different values of PV (17, 20, and 30 kV) and

of 45 °C for the case with highest peak voltage and lowest
flow rate. For the case with | SLPM of He, when the plasma
is driven by a PV of 25 kV, a drastic drop of temperature
is observed 10 mm downstream the plasma source, while
a smoother decrease is observed for lower applied voltage.
For a higher flow rate (3 SLPM of He), a flatter temperature
profile is registered with respect to the cases with flow
rate at 1 SLPM of He) with values close to the ambient
temperature.

D. Optical Emission Spectroscopy and UV Irradiance
Measurements

Optical emission spectra in the UV-VIS-NIR regions as a
function of both the wavelength and the distance from the
source outlet are shown in Fig. 10 for the plasma jet operated
with a PV of 20 kV, a PRF of 125 Hz, and a He gas flow rate
of 3 SLPM.

Optical radiation is emitted mainly in the UV-VIS region,
where bands of excited molecular nitrogen (second positive
system of N3) can be found between 280 and 450 nm, together
with OH radicals in the Ultraviolet B region at 307 nm.
Emission from the first negative system of N;’ is detected
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Axial temperature profile of the plasma jet at constant PRF (125 Hz) for different values of PV (17 and 25 kV) and He flow rate

(1 and 3 SLPM). Room temperature during measurements around 29 °C. Axial position = 0 mm corresponds to the source outlet.
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Axial temperature profile of the plasma jet at constant PRF (I kHz) for different values of PV (17 and 25 kV) and He flow rate

(1 and 3 SLPM). Room temperature during measurements: around 29 °C. Axial position = 0 mm corresponds to the source outlet.

at 391, 427, and 470 nm. A faint emission in the UVC
region between 250 and 280 nm due to NO radicals was also
observed.

In VIS-NIR, only a few lines of He and O and the
second-order diffractions of N» and N;r systems can be
observed. He lines were registered at 501, 587, 667, and
706 nm. Emission of atomic oxygen was observed at 777 nm.

Spectral bands observed between 675 and 760 nm are gener-
ated by second-order diffractions of the monochromator and
are related to No emission bands.

As the plasma gas is He, at the axial position corresponding
to the outlet of the plasma source, only the emission from
He lines is observed. At higher distance from the source outlet,
the surrounding air is diffusing into the plasma gas and the
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Fig. 10. Optical emission spectra in (top) UV-VIS and (bottom) VIS-NIR range as a function of both the wavelength and the distance from the source outlet.
Plasma jet operated with PV = 20 kV, PRF = 125 Hz, and He flow rate = 3 SLPM

emission bands of excited N2, OH, and NO can be observed,
which are characterized by maximum intensity positioned
approximately at 6 mm downstream the source outlet. This can
be explained as the emission intensity of these bands depends
on: 1) the concentration of ground state molecules and 2) the
rate of molecule excitation; while the concentration of ground
state molecules increases the further from the source outlet,
as a consequence of an increasing mole fraction of air due to
diffusion into the plasma gas, the rate of molecule excitation
decreases the further from the outlet, because of the decrease
of the local electric field intensity (being the plasma source
of the SE type with a virtual grounded electrode) and because
the electron concentration decreases as a consequence of the
increasing mole fraction of air. The opposite trends expected
for these two parameters can be appointed as responsible for
the maximum emission intensity to be at a certain distance
from source outlet, which we experimentally determined to
be 6 mm, for the considered operating conditions. Similar
considerations and results have been previously presented in
a computational analysis of a He/O> plasma jet flowed into
humid air [61].

A qualitatively similar emission spectrum can be observed
also for other investigated operating conditions.

The intensity of emission increases for higher values of PV
and He gas flow rate, as shown in Fig. 11, where the relative

intensities of selected emission bands of OH, N, N}', and
emission lines of O and He are reported.

The effect of PV increase can be explained in terms of the
higher local electric field produced in the plasma plume which,
in turn, produces a higher electron concentration that enhances
the production of excited species and radiation emission.

Meanwhile, increasing He flow rate (for operating condi-
tions that results in an almost laminar flow in the emitting
region, as shown in Fig. 7) was previously shown to result
in a lower mole fraction of ambient air in the plasma plume
region [48], [62], that can lead to higher local electron concen-
tration [61], which can explain the observed higher emission
intensity from excited species.

The effect of He flow rate on the emission intensities from
He lines and N> bands is further highlighted in Fig. 12.
An increase of He flow rate is there shown to result in a
higher emission intensity from He species, which extends
over a longer region downstream the plasma jet orifice (sig-
nificant values of emission intensity are measured up to
5 mm downstream for the 1 SLPM case and up to 10 mm
for the 3 SLPM case); this enhanced emission intensity can
be related to the lower diffusion of air in the plasma region
that allows for an increase of electron concentration, He mole
fraction in the plume region and, as a consequence, of excited
He atoms. A higher He flow rate is also shown to cause
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Fig. 12.  Relative emission intensity of N» molecular band at 379 nm and He atomic line at 586 nm as a function of distance from the plasma source outlet

for PRF = 125 Hz, PV = 20 kV, and He flow rate (1 and 3 SLPM).

a higher N> peak emission intensity and a significant Nj
emission is observed much further from the source outlet;
this can be appointed again to the lower diffusion of air in
the plasma region, which resulits in an increase of electron
concentration and, thus, of the N> excitation rate. Moreover,
the peak of N> emission intensity was found to be located
further away from the torch outlet in the case with 3 SLPM;
indeed, while the higher He flow rate reduces air diffusion in
the plasma region and allows for higher electron concentration,
it also reduces the mole fraction of ground state N» available
for excitation in the plasma at a fixed axial position. Therefore,
at the same distance from the source outlet where the peak
emission intensity was located for the case with 1 SLPM
of He (distance of 3 mm), a higher electron concentration

and a lower mole fraction of ground state N2 molecules are
expected for the case of 3 SLPM of He, which results in
a lower emission intensity. For the latter case, the Ny peak
emission intensity is observed further downstream (distance
of 6 mm), where the diffusion of air in the plasma region has
enabled the buildup of ground state No mole molecules to be
excited, but still has not excessively dampened the electron
concentration; at this same axial position, a much lower
N, emission intensity is observed for the case with 1 SLPM of
He, as the higher diffusion of air results in a higher air mole
fraction and a faster decrease of electron concentration.

The influence of different operating parameters on the
total irradiance in the UV range of the plasma plume has
been indirectly evaluated measuring the distance at which an
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TABLE 1
UV IRRADIANCE MEASUREMENTS FOR DIFFERENT PLASMA
JET OPERATING CONDITIONS

Distance from source

Plasma gas flow Pulse repetition outlet at which UV
rate frequency Peak voltage irradi =1 pW/em®

1 slpm He 83Hz 17kV <3 mm
1 slpm He 83 Hz 20kV <3 mm
3 slpm He 83 Hz 17kV <3mm
3 slpm He 83 Hz 20V 9 mm

3 slpm He 125 Hz 17kV 7.5 mm
3 slpm He 125 Hz 20kV 12 mm
3 slpm He 1000 Hz 20kV 15 mm

irradiance of 1 gW/em? can be detected using a UV power
meter: the higher is the distance at which UV irradiance =
1 gWicm?, the higher is the plasma total UV irradiance.
Several plasma operating conditions were tested adjusting He
mass flow rate, PV, and PRE

Results reported in Table I highlight that the plasma UV
irradiance increases for higher values of PV, PRF, and gas
flow rate.

For a mass flow rate of 1 SLPM of He and low values
of both PRF (83 Hz) and PV (17 kV), a UV irradiance of
1 uWiem? can be detected only at a distance of less than
3 mm. Independently increasing the flow rate to 3 SLPM of
He, or the PV to 20 kV, no relevant change in UV irradiance
can be noticed. By increasing both parameters at the same
time, irradiance of 1 pW/em? is reached already 9 mm
downstream the source outlet. With flow rate fixed at
3 SLPM of He, increasing the PRF from 83 to 125 Hz results
in a higher UV emission (UV irradiance of 1 gW/cm? reached
at 7.5 and 12 mm for PV set at 17 and 20 kV, respectively).

For the highest flow rate, PV and PRF considered
(3 SLPM of He, 20 kV, and 1000 Hz, respectively), the
irradiance of 1 xW/cm? has been obtained for a distance of
15 mm.

A similar analysis of UV radiation has been carried out
by ditferent groups for other plasma sources usually adopted
for biomedical applications [32], [63]-[65], with the aim of
selecting operating conditions that result in UV irradiances
compatible with biomedical treatments. The values obtained
for our plasma jet are below those reported in the litera-
ture for these plasma sources, which range between 10 and
1000 g Wicm?.

IV. CONCLUSION

The discharge generated by an APPJ developed by the
authors and driven by high-voltage pulses with rise time and
duration of a few nanoseconds has been investigated. The
plasma plume is characterized by a front propagating with
a velocity close to the values reported for plasma bullets
(107—10% cm/s) [30], [57], [58]. The plume presents a single
front or several branched subfronts depending on the operating
conditions. The comparison of results from Schlieren and
iCCD imaging suggests that branching of the plasma jet front
occurs in spatial regions where the flow is turbulent. A possible
explanation of plume branching is that turbulent mixing of
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plasma gas and ambient air creates several randomly changing
preferential paths characterized by high concentration of He
through which the discharge front tends to propagate. It was
also observed that the temporal evolution of the plasma
plume during the discharge presents oscillations both in light
emission intensity and plume length. This phenomenon needs
to be further investigated by future studies.

It has been shown that, for a discharge generated in He, the
plasma plume is mainly emitting in the UV-VIS range with a
spectrum characterized by No, N;, NO, and OH spectral bands
as a consequence of mixing with ambient air. The achieved
results suggest that both electrical parameters of the
generator (PV and PRF) affect the plasma UV component.
However, for the operating conditions considered in this paper,
the values obtained for the UV irradiance are compatible with
biomedical applications.

Axial temperature profiles confirm that the plasma source
driven by nanosecond pulses can generate a plasma jet with
temperature compatible with heat-sensitive materials, includ-
ing biological substrates.

The presented results provide some fundamental under-
standing of the characteristics and behavior of the discharge
generated by an APPJ driven by nanosecond voltage pulses;
this can support the development of a wide range of appli-
cations such as surface functionalization, thin film deposition,
electrospinning of polymers, and nanoadditive dispersion in
polymer solutions.

REFERENCES

[1] K. D. Weltmann ef al.. “Antimicrobial treatment of heat sensitive
products by miniaturized atmospheric pressure plasma jets (APPIs))”
J. Phys. D, Appl. Phys., vol. 41, no. 19, pp. 194008-194014, Sep. 2008.
[2] J. Shen et al., “Sterilization of Bacillus subtilis spores using an
atmospheric plasma jet with argon and oxygen mixture gas,” Appl. Phys.
Exp., vol. 5, no. 3, p. 036201, Feb. 2012.
[3] U. Lommatzsch, D. Pasedag, A. Baalmann, G. Ellinghorst, and
H.-E. Wagner, “Atmospheric pressure plasma jet treatment of poly-
ethylene surfaces for adhesion improvement,” Plasina Process. Polym.,
vol. 4, no. 1 pp. S1041-81045, Apr. 2007.
C. Cheng, Z. Liye, and R.-J. Zhan, “Surface modification of polymer
fibre by the new atmospheric pressure cold plasma jet,” Surf. Coat.
Technol., vol. 200, no. 24, pp. 6659-60065, Aug. 2006.
E. 1. Szili, S. A. Al-Bataineh, P. M. Bryant, R. D. Short, J. W. Bradley,
and D. A. Steele, “Controlling the spatial distribution of polymer
surface treatment using atmospheric-pressure microplasma jets,” Plasma
Process. Polym.. vol. 8, no. 1, pp. 38-50, Jan. 2011.
X. Deng et al., “Engineering of composite organosilicon thin films with
embedded silver nanoparticles via atmospheric pressure plasma process
for antibacterial activity,” Plasma Process. Polym., vol. 11, no. 10,
pp. 921-930. 2014.
H. Fakhouri, D. B. Salem, O. Carton, J. Pulpytel, and F. Arefi-Khonsari,
“Highly efficient photocatalytic TiO» coatings deposited by open air
atmospheric pressure plasma jet with aerosolized TTIP precursor,”
J. Phys. D, Appl. Phys., vol. 47, no. 26, pp. 265301-265312, Jun. 2014.
[8] D. Mariotti and M. Sankaran, “Perspectives on atmospheric-pressure
plasmas for nanofabrication,” J. Phys. D, Appl. Phys., vol. 44, no. 17,
pp. 174023-174031, Apr. 2011.
[9] D. Mariotti, J. Patel, V. Svrcek, and P. Maguire, “Plasma-liquid
interactions at atmospheric pressure for nanomaterials synthesis and
surface engineering,” Plasma Process. Polym., vol. 9, nos. 11-12,
pp. 1074-1085, Dec. 2012.
S. Mitra, V. Svreek, D. Mariotti, T. Velusamy, K. Matsubara, and
M. Kondo, “Microplasma-induce liquid chemistry for stabilizing of
silicon nanocrystals optical properties in water,” Plasma Process. Polym.
vol. 11, no. 2, pp. 158-163, Feb. 2014.

[4

[5

=

[6

=

[7

=

[10]

179



724

[11]

112]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

123]

[24]

[27]

[28]

129]

[30]

[31]

5. W. Lee, D. Liang, X. P. A. Gao, and R. M. Sankaran, “Direct writing
of metal nanoparticles by localized plasma electrochemical reduction of
metal cations in polymer films,” Adv. Funct. Mater, vol. 21, no. 11,
pp. 2155-2161, Jun. 2011.

S. W. Lee, C. Mattevi, M. Chhowalla, and R. M. Sankaran, “Plasma-
assisted reduction of graphene oxide at low temperature and atmospheric
pressure for flexible conductor applications,” J. Phys. Chem. Lett.. vol. 3,
no. 6, pp. 772-777, Feb. 2012.

1. E. Kieft, M. Kurdi, and E. Stoffels, “Reattachment and apoptosis
after plasma-needle treatment of cultured cells,” [EEE Trans. Plasma
Sci., vol. 34, no. 4, pp. 1331-1336, Aug. 2006.

G. Fridman e al., “Blood coagulation and living tissue sterilization
by floating-electrode dielectric barrier discharge in air,” Plasma Chem.
Plasma Process., vol. 26, no. 4, pp. 425-442, Aug. 2006.

G. Fridman, G. Friedman, A. Gutsol, A. B. Shekhter, V. N. Vasilets,
and A. Fridman, “Applied plasma medicine,” Plasma Process. Polym.,
vol. 5, no. 6, pp. 503-533, Aug. 2008.

G.-C. Kim, H. J. Lee. and C.-H. Shon, “The effects of a micro plasma
on melanoma (G361) cancer cells,” J. Korean Phys. Soc., vol. 54, no. 2,
pp. 628-632, 2009.

C.-H. Kim ef al., “Induction of cell growth arrest by atmospheric non-
thermal plasma in colorectal cancer cells,” J. Biotechnol., vol. 150, no. 4,
pp. 530-538, Dec. 2010.

M. Keidar er al., “Cold plasma selectivity and the possibility of a
paradigm shift in cancer therapy.” Brit. J Cancer, vol. 105, no. 9,
pp. 1295-1301, 2011.

H. Kurita e al., “Single-molecule measurement of strand breaks on
large DNA induced by atmospheric pressure plasma jet,” Appl. Phys.
Lern., vol. 99, no. 19, p. 191504, 2011.

X. Yan et al., “Plasma-induced death of HepG2 cancer cells: Intracellular
effects of reactive species,” Plasma Process. Polym., vol. 9, no. 1,
pp. 59-66, Jan. 2012.

J. Huang et al., “Dielectric barrier discharge plasma in Ar/O» promoting
apoptosis behavior in A549 cancer cells,” Appl. Phys. Lert., vol. 99,
no. 25, p. 253701, 2011.

H. M. Joh, 8. J. Kim, T. H. Chung, and 8. H. Leem, “Reactive oxygen
species-related plasma effects on the apoptosis of human bladder cancer
cells in atmospheric pressure pulsed plasma jets,” Appl. Phys. Letr.,
vol. 101, no. 5, p. 053703, 2012.

O. Volotskova, T. §. Hawley. M. A. Stepp. and M. Keidar, “Targeting
the cancer cell cycle by cold atmospheric plasma.” Sci. Rep., vol. 2,
no. 636, pp. 636-645, Sep. 2012.

J. F. Kolb, A. M. Mattson, C. M. Edelblute, X. Hao, M. A. Malik, and
L. C. Heller, “Cold DC-operated air plasma jet for the inactivation of
infectious microorganisms,” IEEE Trans. Plasma Sci., vol. 40, no. 11,
pp. 3007-30206, Nov. 2012.

R. Jijie. C. Luca, V. Pohoata, and 1. Topala, “Effects of atmospheric-
pressure plasma jet on pepsin structure and function,” IEEE Trans.
Plasma Sci., vol. 40, no. 11, pp. 2980-2985, Nov. 2012.

S. Zhao et al., “Combined effect of N-acetyleysteine (NAC) and plasma
on proliferation of HepG2 cells,” IEEE Trans. Plasma Sci., vol. 40,
no. 9, pp. 2179-2184, Sep. 2012.

L. Brulle et al., “Effects of a non thermal plasma treatment alone or in
combination with gemcitabine in a MIA PaCa2-luc orthotopic pancreatic
carcinoma model,” PLoS ONE, vol. 7, p. €52653, Dec. 2012,

X. Lu, M. Laroussi, and V. Puech, “On atmospheric-pressure non-
equilibrium plasma jets and plasma bullets,” Plasma Sour. Sci. Technol.,
vol. 21, no. 3, p. 034005, Apr. 2012.

E. Stoffels, A. J. Flikweert, W. W. Stoffels, and G. M. W, Krocsen,
“Plasma needle: A non-destructive atmospheric plasma source for fine
surface treatment of (bio)materials,” Plasma Sour: Sci. Technol., vol. 11,
no. 4, pp. 383-388, Aug. 2002.

E. Robert et al., “Experimental study of a compact nanosecond plasma
gun,” Plasma Process. Polym., vol. 6, no. 12, pp. 795-802, Dec. 2009.
M. Laroussi and X. Lu, “Room-temperature atmospheric pressure
plasma plume for biomedical applications,” Appl. Phys. Leit., vol. 87,
no. 11, p. 113902, 2005.

K.-D. Weltmann et al., “Atmospheric pressure plasma jet for medical
therapy: Plasma parameters and risk estimation,” Conirib. Plasma Phys.,
vol. 49, no. 9, pp. 631-640, Nov. 2009.

J1.Y. Kim, J. Ballato, and S.-O. Kim, “Intense and energetic atmospheric
pressure plasma jet arrays,” Plasma Process. Polym., vol. 9, no. 3,
pp. 253-260, Mar. 2012.

S. Bianconi ef af., “iCCD imaging of the transition from uncoupled to
coupled mode in a plasma source for biomedical and materials treatment
applications,” IEEE Trans. Plasma Sci., vol. 42, no. 10, pp. 2746-2747,
Oct. 2014.

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 43, NO. 3, MARCH 2015

[35]

[36]

[37]

[38]

[39]

[40]

[41]

142]

143]

[44]

[45]

[46]

147]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

180

K. Kim, G. Kim. Y. C. Hong, and S. S. Yang, “A cold micro plasma
jet device suitable for bio-medical applications,” Microelectron. Eng.,
vol. 87, nos. 5-8, pp. 1177-1180, May/Aung. 2010.

F. T. O'Neill et al., “Generation of active species in a large atmospheric-
pressure plasma jet.” [EEE Trans. Plasma Sci., vol. 40, no. 11,
pp- 2994-3002, Nov. 2012.

X. L. Deng, A. Y. Nikiforov, P. Vanraes, and C. Leys, “Direct current
plasma jet at atmospheric pressure operating in nitrogen and air,” /. Appl.
Phys., vol. 13, no. 2, p. 023305, 2013.

Q. Xiong er al., “Absolute OH density determination by laser induced
fluorescence spectroscopy in an atmospheric pressure RF plasma jet,”
Eur. Phys. J. D, vol. 66, p. 281, Nov. 2012.

Y. Hong, N. Lu, J. Pan, J. Li, Y. Wu, and K. F. Shang, “Character-
istic study of cold atmospheric argon plasma jets with rod-tube/tube
high voltage electrode.” J. Electrostatics, vol. 71, no. 2, pp. 93-111,
Apr. 2013.

A. FE H. van Gessel, B. Hrycak, M. Jasinski, J. Mizeraczyk,
J. 1. A. M. van der Mullen, and P. J. Bruggeman, “Temperature and
NO density measurements by LIF and OES on an atmospheric pressure
plasma jet,” J. Phys. D, Appl. Phys., vol. 46, no. 9, p. 095201, 2013.
Q. Xiong, A. Y. Nikiforov, M. A. Gonzalez, C. Leys, and X. P. Lu,
“Characterization of an atmospheric helium plasma jet by relative and
absolute optical emission spectroscopy,” Plasma Sour. Sci. Technol.,
vol. 22, no. 1, p. 015011, Dec. 2013.

E. Karakas and M. Laroussi, “Experimental studies on the plasma bullet
propagation and its inhibition,” J. Appl. Phys.. vol. 108, no. 6. p. 063305,
2012.

M. Teschke, J. Kedzerski, E. G. Finantu-Dinu, D. Korzec, and
J. Engemann, “High-speed photographs of a dielectric barrier
atmospheric pressure plasma jet,” IEEE Trans. Plasma Sci., vol. 33,
no. 2, pp. 310-311, Apr. 2005.

X. Lu and M. Laroussi, “Dynamics of an atmospheric pressure plasma
plume generated by submicrosecond voltage pulses.” J. Appl. Phys.,
vol. 100, no. 6, p. 063302, 2006.

C. Cachoncinlle, R. Viladrosa, E. Robert, I.-M. Pouvesle, A. Khacef, and
S. Dozias, “Transient plasma ball generation system at long distance,”
U.S. Patent 8482206 B2, Jul. 9, 2013.

E. Robert, V. Sarron, D. Ries, S. Dozias, M. Vandamme, and
J. M. Pouvesle, “Characterization of pulsed atmospheric-pressure plasma
streams (PAPS) generated by a plasma gun,” Plasma Sour. Sci. Technol.,
vol. 21, no. 3, p. 034017, May 2012.

Z. Xiong, E. Robert, V. Sarron, J.-M. Pouvesle, and M. J. Kushner,
“Dynamics of ionization wave splitting and merging of atmospheric-
pressure plasmas in branched dielectric tubes and channels,” J. Phys. D,
Appl. Phys., vol. 45, no. 7, pp. 275201-275220, Jun. 2012.

X. Lu. G. V. Naidis, M. Laroussi, and K. Ostrikov. “Guided ioniza-
tion waves: Theory and experiments,” Phys. Rep., vol. 540, no. 3,
pp. 123-166, Jul. 2014.

D. Fabiani et al., “Plasma assisted nanoparticle dispersion in polymeric
solutions for the production of electrospun lithium battery separa-
tors,” in Proc. IEEE Int. Conf. Solid Dielectr: (ICSD), Bologna, Italy,
Jun./Jul. 2013, pp. 718-721.

V. Colombo er al.. “Atmospheric pressure non-equilibrium plasma
treatment to improve the electrospinnability of poly(L-lactic acid) poly-
meric solution,” Plasma Process. Polym., vol. 11, no. 3, pp. 247-255,
Mar. 2014,

D. Fabiani et al., “Study of the effect of atmospheric pressure plasma
treatment on electrospinnability of poly-L-lactic acid solutions: Voltage
waveform effect,” in Proc. [EEE Int. Conf Solid Dielectr. (ICSD),
Bologna, Italy, Jun./Jul. 2013, pp. 358-361.

M. Boselli et al., “Schliecren high-speed imaging of a nanosecond
pulsed atmospheric pressure non-equilibrium plasma jet,” Plasmea Chem.
Plasma Process., vol. 34, no. 4, pp. 853-869, Jul. 2014.

M. R. Wertheimer, B. Saoud. M. Ahlawat, and R. Kashyap, “Accurate
in-situ gas temperature measurements in dielectric barrier discharges at
atmospheric pressure.” J. Appl. Phys, vol. 100, no. 20, p. 201112, 2012.
A. Shashurin, M. N. Shneider, and M. Keidar, “Measurements of
streamer head potential and conductivity of streamer column in cold non-
equilibrium atmospheric plasmas,” Plasma Sour. Sci. Technol., vol. 21,
no. 3. p. 034006, 2012.

Y. Xian er al., “From short pulses to short breaks: Exotic plasma bullets
via residual electron control,” Sci. Rep., vol. 3, Apr. 2013, Art. ID 1599.
C. Jiang, M. T. Chen, and M. A. Gundersen, “Polarity-induced asymmet-
ric effects of nanosecond pulsed plasma jets.” J. Phys. D, Appl. Phys.,
vol. 42, no. 23, p. 232002, Nov. 2009.



BOSELLI ef al.: CHARACTERIZATION OF A COLD APPJ DEVICE

[57]

158]

[591

[60]

[61]

[62]

[63]

[64]

[65]

J. P. Boeuf, L. L. Yang, and L. C. Pitchford, “Dynamics of a guided
streamer (‘plasma bullet’) in a helium jet in air at atmospheric pressure,”
J. Phys. D, Appl. Phys., vol. 46, no. 1, pp. 015201-0152014, 2013.

S. Wu, H. Xu, X. Lu, and Y. Pan, “Effect of pulse rising time of pulse
dc voltage on atmospheric pressure non-equilibrium plasma,” Plasma
Process. Polym., vol. 10, no. 2, pp. 136140, Feb. 2013.

S. Wu, Z. Wang, Q. Huang, X. Tan, X. Lu, and K. Ostrikov,
“Atmospheric-pressure plasma jets: Effect of gas flow, active species,
and snake-like bullet propagation,” Phys. Plasmas, vol. 20, no. 2,
p. 023503, Feb. 2013,

R. Xiong, Q. Xiong., A. Y. Nikiforov, P. Vanraes, and C. Leys,
“Influence of helium mole fraction distribution on the properties of cold
atmospheric pressure helium plasma jets,” J. Appl. Phys., vol. 112, no. 3,
p. 033305, 2012,

N. Y. Babaeva and M. J. Kushner, “Interaction of multiple atmospheric-
pressure micro-plasma jets in small arrays: He/O> into humid air,”
Plasma Sour. Sci. Technol., vol. 23, no. 1, p. 015007, Jan. 2014.

Y. Sakiyama and D. B. Graves, “Neutral gas flow and ring-shaped
emission profile in non-thermal RF-excited plasma needle discharge
at atmospheric pressure.” Plasma Sour Sci. Technol., vol. 18, no. 2,
p. 025022, Mar. 2009.

D. Dobrynin, K. Arjunan, A. Fridman, G. Friedman, and A. M. Clyne,
“Direct and controllable nitric oxide delivery into biological media and
living cells by a pin-to-hole spark discharge (PHD) plasma.” J. Phys. D,
Appl. Phys., vol. 44, no. 7, p. 075201, Jan. 2011.

T. G. Klampfl ¢t al., “Cold atmospheric air plasma sterilization against
spores and other microorganisms of clinical interest,” Appl. Environ.
Microbiol.. vol. 78, no. 15, pp. 5077-5082, May 2012.

T. Shimizu et al., “Characterization of microwave plasma torch for
decontamination,” Plasma Process. Polym., vol. 5, no. 6, pp. 577-582,
Aug. 2008.

Marco Boselli was born in Italy in 1983
He received the master’s degree in energy
engineering from the Alma Mater Studiorum-
Universita di Bologna. Bologna, Italy, in 2009,
with a focus on industrial applications of thermal
plasmas.

He has been a Researcher in modeling and
diagnostics on metal cutting and welding plasma
processes with the Interdepartmental Center for
Industrial Research-Advanced  Applications in
Mechanical Engineering and Materials Technology,

Alma Mater Studiorum-Universith di Bologna, since 2011.

Vittorio Colombo was born in Italy in 1961.
He received the master’s degree in nuclear engi-
neering and the Ph.D. degree in energetics from the
Politecnico di Turin, Turin, Italy, in 1986 and 1990,
respectively.

He was with the Nuclear Reactor Physics Group,
Politecnico di Turin, as a Researcher, from 1990 to
1992. Since 1992, he has been with the Faculty of
Engineering, Alma Mater Studiorum-Universita di
Bologna, Bologna, Italy, where he has been a Full
Professor of Industrial Applications of Plasmas with

the Department of Industrial Engineering since 2000. Since 2010, he has been
a member of the Interdepartmental Center for Industrial Research-Advanced
Applications in Mechanical Engineering and Materials Technology with the
Alma Mater Studiorum-Universita di Bologna.

Matteo Gherardi was born in ltaly in 1985,
He received the master’s degree in energy engi-
neering from the Alma Mater Studiorum-Universita
di Bologna, Bologna, Italy, in 2009, and the
Ph.D. degree in industrial applications of plasmas
from the Department of Industrial Engineering,
Alma Mater Studiorum-Universita di Bologna, in
2013.

He has been a Post-Doctoral Researcher with the
Alma Mater Studiorum-Universita di Bologna since
2013. His current research interests include plasma

assisted nanoparticle synthesis and plasma biomedical applications.

diagnostics.

181

725

Romolo Laurita was born in Italy in 1986.
He received the master’s degree in energy engi-
neering from the Alma Mater Studiorum-Universiti
di Bologna, Bologna, Italy. in 2011, where he is
currently pursuing the Ph.D. degree in industrial
applications of plasmas.

His current research interests include design and
characterization of atmospheric pressure nonthermal
plasma sources for biomedical applications.

Anmna Liguori was born in lItaly in 1989. She
received the master’s degree in energy engineer-
ing from the Alma Mater Studiorum-Universita di
Bologna, Bologna, Italy, in 2012, where she is
currently pursuing the Ph.D. degree in industrial
applications of plasmas. Her master’s degree thesis
was on characterization of atmospheric cold plasma
sources for scaffold biocompatibilzation.

Paolo Sanibondi was born in Italy in 1983.
He received the master’s degree in energy engi-
neering from the Alma Mater Studiorum-Universita
di Bologna. Bologna, Italy, in 2007, and the
Ph.D. degree in industrial applications of ther-
mal plasmas from the Department of Mechanical
Engineering, Alma Mater Studiorum-Universita di
Bologna, in 2011,

He has been a Post-Doctoral Researcher with the
Alma Mater Studiorum-Universita di Bologna, since
2011, where he is involved in plasma modeling and

Emanuele Simoncelli was born in Italy in 1990.
He received the master’s degree in energy engi-
neering from the Alma Mater Studiorum-Universita
di Bologna, Bologna, Italy, in 2014, where he is
currently pursuing the Ph.D. degree in industrial
applications of plasmas.

Augusto Stancampiano was born in Italy in 1987,
He received the master’s degree in energy engi-
neering from the Alma Mater Studiorum-Universita
di Bologna, Bologna, Italy, in 2012, where he is
currently pursuing the Ph.D. degree in industrial
applications of plasmas. His master’s degree thesis
was on the characterization of atmospheric cold
plasma sources and their possible applications in the
functionalization of polylactic acid films.



182



6.3 Paper III

Practical and theoretical considerations on the use of ICCD

imaging for the characterization of non-equilibrium plasmas
DOL: 10.1088/0963-0252/24/6/064004

© 2016 Reprinted, with permission, from IOP Publishing

183



184



10OP Publishing

Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 24 (2015) 064004 (17pp)

doi:10.1088/0963-0252/24/6/064004

Practical and theoretical considerations
on the use of ICCD imaging for the
characterization of non-equilibrium plasmas

Matteo Gherardi'->*, Nevena Puaé&**, Dragana Mari¢,
Augusto Stancampiano'+*, Gordana Malovié?, Vittorio Colombo'? and

Zoran Lj Petrovié?

! Department of Industrial Engineering (D.LN.), Alma Mater Studiorum-Universita di Bologna, Via

Saragozza 8, 40123 Bologna, Italy

2 Industrial Research Centre for Advanced Mechanics and Materials (C.L.R.I.-M.A.M.), Alma Mater
Studiorum-Universita di Bologna, Via Saragozza 8, 40123 Bologna, Italy
3 Institute of Physics, Unversity of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

E-mail: Vittorio.colombo @ unibo.it and zoran@ipb.ac.rs

Received 3 July 2015, revised 10 September 2015
Accepted for publication 11 September 2015
Published 14 October 2015

Abstract

CrossMark

Over the past decade the use of ICCD cameras as a means for characterizing non-equilibrium
plasmas has been steadily increasing. Due to their high sensitivity and high speed gateability, ICCD
cameras enable time-resolved studies of the anatomy and, when adopted in conjunction with filters,
monochromators, spectrometers or laser systems, time-resolved investigation of physical and
chemical properties of non-equilibrium plasma discharges. This paper is meant as an introduction
to ICCD technology and its use as a plasma diagnostic technique, discussing the experimental
problems typically associated with its use and providing the readers with practical examples and
suggestions on how to address them. In particular, the issues of ICCD camera synchronization

with the voltage pulse driving the plasma discharge and of investigating small volume discharges
are addressed, focusing mainly on the case of non-equilibrium atmospheric pressure plasma jets.
Finally, a possible way to achieve absolute calibration of plasma discharge emission is presented
and discussed. A wide range of data, mostly unpublished, is provided here to illustrate the points.

Keywords: ICCD imaging, best practices, non-equilibrium plasmas, plasma jets, spatial

profiles of emission, temporal profiles of emission

(Some figures may appear in colour only in the online journal)

1. Introduction

A charge coupled device (CCD) is a semiconductor architec-
ture whose operation is based on the movement of electrical
charge through storage areas until the area where manipula-
tion with the collected charge can be performed. The three
basic functions of the device are: charge collection, charge
transfer and conversion of collected charge into a measurable
parameter (usually voltage). The initial concept of the opera-
tion of CCD device was given by Boyle and Smith [1]. When
an image intensifier is mounted in front of the CCD this makes

4 These authors contributed equally to this work.

0963-0252/15/064004+17833.00

intensified charge coupled device (ICCD). An ICCD consists
of photocathode, microchannel plate (MCP) and phosphor
screen. The image intensifier can be connected to the CCD
either by a fiberoptic bundle or a relay lens. The sensitivity of
the ICCD camera is mainly determined by the photocathode
responsivity. Nowadays, photocathodes of Genll (multialkali
photocathode) and GenlIIl (GaAs photocathode) are used in
most of the ICCD cameras. The main advantage of ICCD
cameras, beside high sensitivity, is high speed gateability. Due
to their construction, ICCD cameras can enable shutter times
of the order of picoseconds.

The advancement from presenting drawings of the observa-
tions, taking photographs [2—4], scanning by a photomultiplier

© 2015 IOP Publishing Ltd  Printed in the UK
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(plus the slits and associated optics) [5], using a sensitive
security camera (CCD) [6] (with procedure to grab frames
and digitize them taken from the Bose Einstein condensation
experiment [7]) to the fully developed ICCD, was not only
gradual, but also necessary as new options opened with each
step. In earlier times, temporal development was achieved by
boxcar integrators combined with photomultipliers (PM) [5]
with a number of limitations, one being that it did not allow
the time-resolved recording of a 2D picture; a special tech-
nique allowing both temporal and spatial recording consisted
of a system of a PM with slits and the time resolution achieved
by triggering of detection as has been done in pulsed Time
of Flight swarm experiments [8], with the limitation that this
technique could be applied only to repetitive processes with a
very small jitter.

In principle, ICCD can be compared to photomultipliers.
While sensitivity of photomultipliers is normally greater, the
speed and parallel storage of the entire image are essential
features providing ICCDs with a distinct advantage in most
applications. Moreover, ICCD allows generating animated
sequences of still shots that can track most physical processes
throughout their development; this feature has proved to be
critical and has been exploited in numerous time-resolved
studies of the anatomy of plasma discharges whereby one
may detect whether the discharge is stable or oscillating or
randomly changing position and shape [9-19].

In this paper we shall discuss several examples of the use
of ICCD for detection of mainly atmospheric and high pres-
sure non-equilibrivm plasmas. Through those examples we
shall try to illustrate some of the problems that have to be
overcome in implementation of ICCD diagnostics.

Lately, plasma jets are becoming the main focus of several
studies because of their wide range of applications, spanning
from materials treatment [20-30] to sterilisation and plasma-
assisted medical therapies [31-45] enabled by an ample versa-
tility by virtue of the diverse possible combinations of driving
power supply, gas employed, physic behind the formation and
propagation of the discharge and source architecture [15, 46—
52]. The need for fundamental understanding of the physics
of plasma jets and of their complex interaction with various
materials (e.g. biological materials, liquids, etc.), required for
the optimisation of plasma jet assisted processes of practical
use, has prompted the scientific community to thoroughly
investigate these plasma discharges by means of a diversity of
diagnostic techniques [50, 53-58].

ICCD cameras have been relied on extensively for the
investigation of plasma jets and several characteristics of
plasma jets have been discovered using this technology; as
an example, plasma jets seen as a continuous plasma flow
by the human eye were recently revealed, by means of fast
imaging systems, to be often composed of the sequences of
fast moving discrete luminous clusters also known either as
pulsed atmospheric pressure streamers (PAPS) or the plasma
‘bullets’ [9, 59-62]. Moreover, other features of these moving
ionization fronts or streamer fronts and the discharge as
a whole have been detected by ICCD. Modern intensified
charge coupled device cameras (ICCD cameras) with down to
nanosecond expositions were adopted to record PAPS speeds

of several kilometers per second or even higher by using
freeze frame detection and careful triggering at numerous
points during the phase between subsequent plasma forma-
tions (repeating voltage pulses or high frequency sinusoidal
field); the speed is several orders of magnitude higher than
the speed of the feed gas, usually helium or argon, and the
same phenomenon is observed for various input voltage wave-
forms, polarities and electrode configurations [9, 59, 60, 63].
Introducing a transparent yet conductive material as the elec-
trodes [9, 63] enabled scientists to follow the entire temporal
and spatial development of the discharge; thus, what seemed
like an uncorrelated emergence of the PAPS at the edge of the
plasma jet glass tube actually is a continuous development all
the way from the inception of the discharge at the inner edge
of the instantaneous cathode. Importantly, the glow behind the
ionization front is weak and ionization front inside the tube is
much weaker than the glow observed once the PAPS leaves
the glass tube while the speed of the front increases by a large
amount. Experimental investigation by Puac et al of a helium
plasma jet with transparent electrodes by using ICCD camera
with Nikkor 50 mm lens showed two types of radial emission
profiles [63]: when plasma travels through the electrode region
the ‘ring-shape’ profile (wall hugging according to Kushner
and coworkers  [64]) is observed inside the tube, in the
inter-electrode region the maximum of emission is observed
along the axis of the tube and in the region of mixing of helium
with the ambient air authors reported the highest emissions
with formation of what appears to be a PAPS. Simulations by
Naidis also confirm the existence of these two profiles [65].
Itis obvious that the propagation of the plasma in contact with
the dielectric surface and in the open space exhibits distinctive
properties that can be exploited for biomedical applications
[66].

All above mentioned features of the plasma jets at atmos-
pheric pressure have been and could only be detected by
ICCDs. Our ability to do so critically depends on the char-
acteristics of the adopted ICCD cameras, among which the
time resolution, that is required to match the speed of the
observed phenomenon (e.g. propagation speed of PAPS), and
the dynamic range, that has to be large enough to record the
entire plasma discharge at once; this is especially relevant for
the case of plasma jets, typically characterized by a brighter
region (PAPS head) as well as a weaker continuous region
behind the ionization front (see figures 1 and 2 [14]—where
we display some of the features and examples of the PAPS
detection by ICCD). In addition, it is important to have good
triggering to correctly investigate the temporal evolution of
the plasma discharge, arranging single shot recording in con-
tinuous animated movies or freeze frame developments; this
also allows integration of the signal over several pulses to
investigate weaker regions of the plasma.

Both of the main ICCDs characteristics (sensitivity, high
speed gating) can be further exploited coupling these sys-
tems with filters [67-72] and monochromators or spectrom-
eters [73-75]. In particular, the use of bandpass optical filters
coupled with ICCD cameras can enable, in principle, to per-
form space-, time- and wavelength-resolved spectral anal-
ysis of plasma discharges. As an example, Sands et al [70]
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Pa=4W 4sim

Figure 1. ICCD image of a PAPS. The image is overexposed in order to see the ionisation front (PAPS) and the continuous plasma tail
behind. The PAPS is represented by the intense plasma ‘ball” on the left hand side of the image. The scale (colorbar) is in arbitrary units.

It is extended to negative values in order to get finer distribution of colors and clearer picture of the plasma tail. In the figure, the electrodes
are marked by yellow rectangles. The powered electrode is closer to the end of the glass tube and the grounded one is further away. The
glass tube is represented by white lines.

10.25ns 11.75ns

10.25ns 11.75ns

15.25ns 16.75ns

Figure 2. ICCD frames (3 ns exposure time, 50 accumulations, 0.25 ns of delay increase from one frame to the following) of a plasma jet
driven by nanosecond pulses (17kV, 1000 Hz, 2 slpm of He). Two different chromatic scales were adopted o make all the frames clearly

visible (top: higher intensity scale, bottom: low intensity scale [14].
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investigated the emission lines related to different excited
species, such as Ar, He, N and N, generated by an Ar/He
plasma jet source filter, using filters transparent to specific
wavelengths and acquiring images with very short gate times
(5 ns); the wavelength filtered images revealed a not homoge-
neous structure of the PAPS and a plasma discharge character-
ized by an intense emission from Ar (750nm) in the plasma
ignition area between the two electrodes, while the ioniza-
tion front appeared mainly related to excited He (389nm)
and N7 (391 nm) emissions and the weakly ionized plasma
channel that persists behind the propagating front to N> emis-
sion (337 nm). The same authors adopted a similar setup also
to investigate a plasma jet with two crossed gas flows while
impinging on an aluminum plate, this time focusing on the
emission bands of excited N7, CH, C,, He and Ar to inves-
tigate the role of these species in the plasma discharge event
[71]. Cha and colleagues [72] also reported on the use of a
bandpass optical filter (330nm + 10nm) to discern the N,
(C? 11,~B*M,) transition (337.1nm) in a plasma jet used for
plasma assisted combustion, while minimizing the interfer-
ence from the chemiluminescence of the flame itself. It is also
worth mentioning the work by Kong et al [76] where wave-
length integrated and wavelength filtered ICCD images were
compared to quantitatively evaluate the spatial uniformity
of an array of seven plasma jets. Time-resolved spectral
analysis of a plasma jet can also be performed coupling the
ICCD with monochromators and/or spectrometers; as exam-
ples, this setup was adopted by Park er al [74] to acquire the
optical emission spectrum of a jet propagating through an
agarose gel channel and by Gucker et al [75] to investigate
the spectra emitted by an rf plasma jet generated underwater.
Furthermore, an innovative setup using two dispersion grat-
ings and an ICCD camera was proposed by Xiong er al [77] to
perform a time- and space-resolved analysis of the propaga-
tion in open air of the excited radicals produced in a plasma
jet powered by sub-microsecond voltage pulses. It should be
noticed that ICCD imaging may also add a new dimension of
spatial and/or temporal resolution to laser [78-81] and x-ray
induced fluorescence [82, 83] diagnostics; in this paper we
have not covered topic as it is beyond the scope of the contri-
bution and is beyond our expertise.

Finally, we would like to point out another very interesting
application of ICCDs for the study of plasma jets proposed
by Sobota and colleagues [84]; here an ICCD camera is used
together with a BSO (Bi,5104) crystal and a 633 nm coherent
light source to measure, through the Pockels technique, the
electric field magnitude induced on a dielectric surface by an
impinging plasma jet. In a recent work, Wu et al [85] also
proposed a method relying on the use of an ICCD camera to
detect the polarized radiation emitted by the interaction of two
counter-propagating He plasma jets and esteem the produced
electric field.

As a consequence of these features and their versatility,
over the past decade ICCD cameras have become a standard
tool in diagnostics of non-equilibrium discharges, especially at
atmospheric pressure where small dimensions and fast devel-
oping phenomena can impede other diagnostic techniques.
While fast imaging is valuable in revealing mechanisms of

ignition and development of discharge, it is not always clear
how to connect overall discharge behavior with elementary
processes. As an example, in efforts to obtain elementary
coefficients that may be employed in modeling and thereby
explaining the pertinent physics of high pressure plasmas, one
needs to perform quantitative comparisons, which are often
best done by a simple (e.g. parallel plane) geometry and at
low pressures. From the point of view of atmospheric pressure
plasma diagnostics, it should be emphasized that ICCD tech-
nique was essential in studies of microdischarges—in interpre-
tation of results and in exploring possibilities and limitations
of applying the scaling laws to extend phenomenology and
data on elementary processes from standard size discharges at
low pressures to micrometer size discharges at high pressures.
This technique has been used to establish a correct method
to define scaling parameters in small dimensions [86] and to
clarify some common misinterpretations of apparent failure
of the Paschen law on the left hand side of the curve due to
the long path breakdown [13]. Moreover, spatial profiles of
emission from microdischarges were used to determine ioni-
zation coefficients [87], which were in good agreement with
the standard data measured in standard size discharges [88],
proving that low pressure measurements and scaling up to the
atmospheric pressure may be the source of quantitative data
of general importance. Finally, spatial profiles of emission
acquired in low current diffuse Townsend discharge may yield
some rates for elementary processes (ionization rate, drift
velocity [87, 89]). The use of absolute calibration of spatial
profiles provides an opportunity to obtain other coefficients
and even some properties of surfaces. For example fast neutral
excitation cross sections may be obtained from absolute emis-
sion close to the cathode, one may observe non-hydrodynamic
(non-local) transport close to the cathode and one may nor-
malize a number of inelastic processes of electrons in gases
such as electronic and vibrational excitation [90, 91]. Those
processes may be building blocks either as rates or as cross
sections for plasma models and may be applied at all pres-
sures having been confirmed at low pressures in well defined
regimes and geometries.

Despite all the work done to date, the understanding of
plasma jets physics and of the mechanisms of their interactions
with target materials is still incomplete; for this reason, further
investigations of these systems by using ICCD cameras, as
well as other diagnostic techniques, is of the outmost impor-
tance. This paper is meant as an introduction to ICCD tech-
nology for the characterization of plasma jets and is mainly
aimed at assisting novice users in approaching this diagnostic,
providing the reader with practical examples and suggestions
on how to address experimental problems and correctly setup
the instrumentation; moreover, we hope the paper will stimu-
late the drive for standardization of the procedures adopted for
ICCD diagnostics, facilitating the comparison between results
coming from different groups using different plasma sources.
The paper develops along three main topics, each associated
to a specific problem that should be taken into account when
adopting ICCDs as a diagnostic tool: synchronization of the
camera with the voltage pulse driving the plasma discharge,
the use of additional lenses with the camera to investigate
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Figure 3. Experimental setup adopted for the ICCD imaging experiments reported in Paragraph 2. The delay generator (or synchronizer,
circled in orange), which is used to synchronize the generator and the oscilloscope, was required only by the experiments with the
nanopulse generator; for the tests with the micropulse generator this element was removed.

small volume discharges and the absolute calibration of the
discharge emission. To highlight the best practices to be
adopted when dealing with ICCD diagnostics, previously
unpublished results will be presented together with a detailed
description of the experimental setups for each of these topics.

2. Synchronization of the ICCD camera

We previously underlined the relevance of having good trig-
gering to investigate the temporal evolution of plasma discharges;
indeed, to achieve a properly time-resolved visualization of the
discharge phenomenon it is extremely important that the gating
of the camera sensor is correctly synchronised with the discharge
event and, as a consequence, with the voltage pulse driving the
plasma discharge. An important part for the correct gate setting
is the evaluation of signal transmission delays, which include
the delay related to cable transmission and the internal response
time of instrumentations; these delays may greatly affect the
accuracy of ICCD acquisitions, especially in the case of plasma
jet sources excited by sub-microsecond pulses.

In the following parts of this paragraph, a series of best prac-
tices to realize a correct synchronization between the ICCD
camera and the plasma discharge will be discussed; ICCD acqui-
sitions of a plasma jet driven by microsecond pulses as well as
nanosecond pulses will be presented and compared to show the
effects of taking into account (best practice) or ignoring (bad
practice) the signal delays for different excitation pulses.

2.1. Experimental setup

A schematic of the experimental setup adopted for the demon-
stration of the effects of considering or ignoring signal delays

during ICCD imaging of a plasma jetis shown in figure 3.
For the sake of clarity, we decided to adopt a setup as simple
as possible, composed of only the essential elements (ICCD
camera, plasma source, voltage probe, oscilloscope, pulse
generator, synchronizer); in this way we hope to provide the
reader with general guidelines and suggestions, easily trans-
ferable to more complex and specific configurations.

In this example the plasma discharge is produced by a
single electrode plasma jet operated using He (99.999% pure)
as working gas with a fixed flow rate of 3 slpm; an extended
description of this plasma source can be found in [14, 30, 92].
The plasma source is here powered by two different high
voltage generators; the first generator, in the following referred
to as ‘micropulse generator’, is composed of a high voltage
power amplifier (Trek model 30/20 A) connected to a function
generator (Stanford Research model DS335, 3 MHz). This
generator was used to produce a square waveform of 16kV
peak voltage (PV), 1000 Hz frequency (RF) and 80 ps rise
time and pulse duration of 1ms. The second power supply
system is a commercial nanosecond pulser (FPG 20-1NMK,
FID GmbH), in the following referred to as ‘nanopulse gen-
erator’, here used to produce a high voltage pulse of positive
polarity with 17kV PV, 500 Hz RFE, 5 ns rise time and pulse
duration of 35 ns.

Voltage waveforms were collected on the high voltage
cable connecting the plasma source to the pulse generators
with a high voltage passive probe (Tektronix P6015A) and reg-
istered by an oscilloscope (Tektronix DPO 40034, 350 MHz,
2.5 GSa s71). To investigate the plasma jet morphology and
temporal evolution, an iCCD camera (Princeton Instruments
PIMAX3, spectral response 180-900nm) triggered by the
same oscilloscope used to acquire the voltage waveform
was adopted. During the tests with the nanopulse generator,
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a delay generator (BNC 575 digital pulse/delay generator)
was used to synchronize the generator and the oscilloscope,
which in turn was used to trigger the ICCD camera. All TTL
(Transistor-Transistor Logic) signals (from ICCD camera,
oscilloscope and synchronizer) were transmitted by means of
common coaxial cables with BNC connectors.

2.2. Estimate of signals delay for correct synchronisation

One of the key instruments to acquire temporally resolved
images of the plasma discharge synchronized with the excita-
tion waveform is the oscilloscope, which is used to monitor
both the voltage waveform obtained by the high voltage probe
and the gate signal generated by the ICCD camera. Since the
gate signal is representative of the photocathode gating, thus
of time interval during which the ICCD camera is acquiring
frames, its accurate synchronization with the voltage wave-
form is required to perform a reliable time-resolved analysis
of the plasma discharge. This can be achieved only if the
delays between the aforementioned signals and their measure-
ment and visualization on the oscilloscope are properly taken
into account. In particular, for the excitation signal we should
consider the cable delay from the high voltage electrode to
the high voltage probe, the high voltage probe characteristic
delay and the cable delay from the high voltage probe to the
oscilloscope; on the other hand, for the case of the ICCD Gate
signal we should take into account the delay related to light
transmission from the plasma discharge to the ICCD sensor,
the ICCD camera internal delay for gate signal generation and
the cable delay from the ICCD camera output to the oscillo-
scope. A detailed description of each of these sources of delay
is presented in the following paragraphs.

As a first step, a starting point (zero value, fy) from which
to calculate the delay of the two signals has to be defined; in
the following, fy is taken as the instant when the high voltage
excitation signal reaches the high voltage electrode where the
ionization phenomenon takes place.

Considering first the delays on the side of the measurement
of the excitation signal, we know that the excitation pulse will
be recorded by the high voltage probe a certain time lapse
before 1y, since the high voltage probe will be positioned at
a certain distance from the high voltage electrode (X c¢cm in
figure 3). To estimate this delay, affected by the length of
cable between the electrode and the voltage probe as well as
by the cable characteristics, there are a few possibilities:

(a) referring to the delay characteristic (ns/m) provided by
the cable supplier and calculating the effective delay over
the cable length X;

(b) performing two acquisitions of the HV signal, with the
probe positioned at two different distances from the HV
electrode, and calculating the delay characteristic of the
cable (ns/m) by measuring the delay between the two
acquired signals. The delay is then calculated as before,
multiplying the delay characteristic of the cable by the
cable length X;

(¢) measuring the real delay, by performing two acquisitions
of the HV signal, one with the HV probe in the position

that will be adopted during the diagnostic experiments (at
a certain distance X from the HV electrode) and the other
with the HV probe positioned on the position associated
to #y, which is the tip of the HV electrode in our case.

Among the three possibilities, the last should be pre-
ferred, but depending on the plasma source architecture the
HV electrode could not be easily accessed; for the experi-
ments described in this paragraph we relied on this method
and measured a cable delay of 3.8 ns. Then, the characteristic
delay of the high voltage probe has to be taken into account;
for commercial probes, this data is typically reported in the
datasheet and already comprises the delay associated to the
cable delay from the high voltage probe to the oscilloscope.
In the case of a Tektronix P6015A probe, which was used in
our experiments, the supplier indicates an overall delay of
14.7 ns. Finally, to calculate the total delay for the excitation
pulse reading, the cable delay from the HV electrode to the
HV probe has to be subtracted from the characteristic delay
of the probe. If the HV probe is positioned between the pulse
generator and the source, the excitation signal is registered
with a certain anticipation (equal to the cable delay time)
with respect to the instant it reaches the HV electrode (previ-
ously defined as the starting point 1), effectively reducing the
total delay for the excitation pulse. Therefore, for the setup
described in Paragraph 2.1 a total delay time on the side of
the excitation pulse reading of 10.9 ns should be considered,
introducing the corresponding adjustment in the channel of
the oscilloscope dedicated to this measurement.

Similarly, the delays related to the gate signal of the ICCD
camera can be estimated. Considering again as the starting
point #y the instant when the HV excitation signal reaches the
electrode, in this case the total delay, should take into account
the delay related to light transmission from the plasma dis-
charge to the ICCD sensor, the ICCD camera internal delay
for gate signal generation and the cable delay from the ICCD
camera output to the oscilloscope. On the contrary, the time
interval between the instant #y and the instant when the plasma
starts emitting is the result of the ionization avalanche and
should not be compensated for the correct interpretation of the
discharge event. Starting with the delay associated to the time
required for the light signal to reach the camera sensor, its esti-
mate can be done dividing the distance between the discharge
region and the camera sensor (¥ cm in figure 3) by the speed
of light in the medium filling the gap (~299700 km s~ for
ambient air); for a distance of ¥ = 76cm, which we adopted
in our experiments, the delay is 2.5 ns. The ICCD internal
delay is associated to the delay between the actual intensifier
photocathode gating and the generation of a corresponding
electrical signal, which is the one transmitted to the oscil-
loscope for synchronization purposes; this delay is typically
reported in the datasheet of the ICCD camera and for the case
of a PIMAX3 is 5 ns. Finally, the delay associated with the
transmission of the ICCD camera signal to the oscilloscope
along a coaxial cable of a certain length (Z cm in figure 3)
has to be evaluated, relying on the delay characteristic (ns/m)
either provided by the cable supplier or measured in labora-
tory. In our case, for a coaxial cable of length Z = 365 cm the
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measured delay was 18 ns. In conclusion, these delays have to
be summed up to determine the total delay on the side of the
ICCD gate signal, which for our setup resulted in a 25.5 ns
delay to be introduced as an adjustment in the channel of the
oscilloscope dedicated to this measurement.

2.3. Results for ICCD acquisitions considering or neglecting
signals delay

Following the procedure described in the previous paragraph
for setting the proper adjustments on the oscilloscope in order
to compensate the delays, the voltage waveform and camera
gate signal should be properly synchronized allowing the
correct acquisition of time-resolved pictured and the proper
interpretation of results; on the other hand, either failing to
properly estimate the delays or neglecting the issue can lead to
the misinterpretation of results due to incorrect synchroniza-
tion. The higher the difference between the total delay on the
side of the excitation pulse reading and the total delay on the
side of the ICCD gate signal (14.6 ns in our setup) the greater
can be the negative effect of neglecting or miscalculating the
delays.

In order to clarify the issue, ICCD images obtained with
the setup presented in figure 3 and adopting the *best practice’,
thus taking delays into account and applying the appropriate
adjustments to achieve good synchronization, or the ‘bad
practice’, thus failing to take into account the aforementioned
delays, are reported and compared in figure 4. In the experi-
ments, different excitation pulses (microsecond and nano-
second pulses, as described earlier in Paragraph 2.1) and gate
width were used to highlight the cases when the use of ‘best
practices’ is mandatory for a correct time-resolved analysis of
the plasma discharge. For each case, the acquired [CCD image
and the corresponding voltage waveform, with over imposed
gate signal (real or supposed, in the case of delays not consid-
ered), are reported in figure 4.

Results for the ICCD imaging of the plasma jet powered
by the micropulsed generator are presented in the first two
rows of figure 4; two different camera gates were chosen to
visualize either one entire voltage pulse (gate 1 ms) or only
the positive voltage rise (gate 80 ps). No accumulations were
performed and each acquisition was repeated 30 times in
order to verify the reproducibility of the phenomenon. As it
is possible to observe, in both cases no significant difference
can be observed between ‘best practice’ and ‘bad practice’
acquisitions, since the signal delay difference (14.6 ns) is at
least three orders of magnitude smaller than the gate width.

On the contrary, when the plasma source is powered by
a nanopulsed generator, the shorter pulses require the use
of shorter camera gates, of the same order of magnitude of
signal delay difference, and therefore a proper synchroniza-
tion is required. In the third row of figure 4, ‘best practice’
and ‘bad practice’ acquisitions are reported for the camera
gate set to extend over an entire voltage pulse (35 ns); even if
the two plasma discharges are very similar. In the case of the
‘bad practice’ the plasma discharge is shorter and its emission
intensity is slightly lower. The reported images are the result
of 30 accumulations and the experiment has been repeated

several times, therefore the reduction in the discharge length
is unlikely to be due to random fluctuation in the electrical or
fluid dynamic parameters, but has to be appointed to the incor-
rect synchronization between the gate timing and the excita-
tion pulse. Indeed, in the “bad practice’ case the real camera
gate (blue rectangle in figure 4) is shifted 14.6 ns earlier than
the supposed camera gate (red rectangle in figure 4) and as a
consequence the light emission related to the second half of
the HV pulse was not recorded in this acquisition and is the
reason of the observed differences.

This issue is even more pronounced when the gate width
is further reduced to investigate the temporal evolution of the
plasma jet during the HV pulse. In the last row of figure 4
a sequence of ICCD acquisitions (camera gate 10 ns and 30
accumulations) is shown, together with the recorded voltage
waveforms with the camera gates super imposed; the ICCD
gate opening for the first frame of each scan was set at #p and
subsequent frames were recorded at fixed time steps (delays)
of 10 ns. In the best practice case, the ICCD acquisitions show
the formation of the plasma plume in the first 10 ns of the
HV pulse, its increase in length along the entire voltage pulse
duration and a maximum emission intensity in correspond-
ence of the voltage peak; these results are in good agreement
with other previously obtained for the same plasma source
in similar operating conditions, but analysed with a different
setup [14]. Instead, in the ‘bad practice’ case no light emis-
sion is observed in the first frame (first 10 ns of the HV pulse)
and only a faint plasma discharge is discernible in the second
one; considering the supposed camera gates (red rectangles
in figure 4), these misleading results would suggest that the
plasma is not generated during the entire HV rising front and
that the highest emission intensity is not reached in corre-
spondence of the HV peak. Indeed, if the real camera gates
(blue rectangles in figure 4) are considered, it can be observed
that the gate corresponding to the first frame is entirely
located before the HV pulse and that the gate corresponding
to the second frame overlaps only partially with the HV pulse,
and this is in agreement with the corresponding ICCD images
of the plasma discharge. In conclusion, failing to account for
signal delays may lead to an unrealistic interpretation of the
investigated phenomenon for the case of nanosecond pulsed
excitation; this because the time scale of the signal delays and
the camera gates usually adopted for these experiments are of
the same order of magnitude (tens of nanoseconds).

Finally, the case of picosecond pulse excitation is worth
mentioning: since here the duration of the investigated phe-
nomenon is even shorter than the typical signal delays.
Without proper synchronization the emission visualization
may be impossible. A good example of plasma discharge vis-
ualization on a sub-nanosecond time scale is described in the
work of Starikovskiy et al [93].

3. Using ICCD cameras with small volume
discharges

Among the first non-equilibrium atmospheric pressure plasma
sources investigated for biomedical applications, the plasma

191



Plasma Sources Sci. Technol. 24 (2015) 064004

M Gherardi et af

Excitation Best practice Bad practice
and gate time —— Real gate —— Supposed gate —— Real gate
[kV] 20 [kV] 20
10 10
Micropulse
1 kHz (RF) 0 0
16.4KV (PV) 1750 us 250 1750 ps
-10 1 -10
1 ms gate L
(one pulse) -20 -20
[kv) 20 V] 20
10 U]
Micropulse
1 kHz (RF)
16.4 KV (PV)
80 ps gate
(positive voltage
rise daration)

[kv] 20

15
Nanopulse 10
500 Hz (RF) 5
17KV (PV) °
20 Bs 20 ns
35ms gate s0 190 2o I s0 100 N\A20

(positive pulse)
30 accumulations

Nanopulse
500 Hz (RF)
17KV (PV)

10 ns gate
10 ns delay
increase
30 accumulations
(pulse scan)

10 ns
—

20ns

———

30 ns
—

Figure 4. ICCD acquisition and voltage waveform for the plasma jet operated with micropulsed and nanopulsed generators. For each
operating condition two different gate times were adopted and results obtained compensating signal delays (*Best practice’) are compared
with those obtained without delay compensation (‘Bad practice”). Recorded ICCD gate are superimposed on the voltage waveform with
green (‘Best practice’) and red (‘Bad practice’) rectangles. For the bad practice case, the real position (artificially compensating the delays)
of the gates is shown in blue rectangles.
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Figure 5. Schematic of experimental set-up. Introducing of the extension ring PN-11 before the Nikkor 105 mm /2.8D lens reduced the
focusing distance by half. Without the extension ring the focusing distance was y = 0.41 m and after adding the ring it was reduced to

x=0.205 m.

needle, originally described by [47], is a single-electrode
plasma jet [46] characterized by a very small plasma discharge,
whose dimension poses significant challenges to imaging
diagnostics such as ICCD. In this paragraph we will discuss
how to perform ICCD imaging of a small volume discharge,
presenting results for a self-developed plasma needle, to some
extent similar (but not identical) to the plasma needle intro-
duced in [47]. Our plasma needle, described in greater detail
in [94] is powered at 13.56 MHz and operated in a mixture of
air and He. He flow rate was 100 sccm and was kept constant
during all experiments with plasma needle. This flow rate is
much smaller than the flow rates used in plasma jet devices
having similar electrode geometry (wire as the central pow-
ered electrode) but operating at lower frequencies. The fact
that our plasma needle device operates in MHz range enables
to use smaller flows of the working gas (He). Also, with the
electrical circuit constructed and tuned correctly, higher volt-
ages can be obtained without the need for high power supply
units and, therefore, plasma can be produced. The produced
plasma discharge is non-aggressive, local, with small penetra-
tion depth and, at the same time, produces chemically active
species at a low gas temperature; so far, we have used it very
successfully in various treatments like sterilization of bacteria
in form of suspensions and biofilms, treatment of plant calli,
hPB-MSCstem cells, teeth surface, etc [95-98].

Due to the fact that this discharge is very small in volume
(~mm?) it is quite difficult to perform diagnostics by using
ICCD camera without using of additional camera lenses and
rings that will increase the resolution of the image. Here we
have employed the ICCD camera Andor iStar DH720-18U-0.
The camera has 18 x 6.7mm? active area that consists of
690 x 256 pixels. Minimum optical gate width is 2 ns. The
minimum optical gate width is characteristics of the ICCD
camera and is given by the manufacturer. In case of Fast
ICCD cameras the minimum gate widths are in range of few
ns and they enable the time resolved measurements with

the discharges that operate in MHz range. When doing such
a measurements one should take care about the jitter of the
camera, i.e. how much the ‘window’ during which the camera
is collecting signal is shifted with respect to the desired acqui-
sition instant. In our case the camera jitter did not influence
the results due to the long exposure time that was used. Images
were obtained in integrated mode for exposure time of 5ms.
The spectral range of the photocathode is 180-850nm. This
range was limited to the visible part of emission spectra due
to the fact that we had to use a camera lens made of standard
optical glass. In addition to the camera lens (Nikkor 105 mm
f/2.8D) we have used an additional extension ring (Nikon
PN-11). The schematics of experimental set-up are given in
figure 5. The extension ring Nikon PN-11 is the longest exten-
sion in singular use. An extension ring is an attachment that
goes between camera body and the lens. Since this is not an
optical element there is no lens inside the ring. Its main pur-
pose is to get the lens further away from the focal plane. The
practical point of this is that the minimum focusing distance
gets smaller. Therefore with an extension ring you can get
closer to the discharge i.e. reduce the focusing distance and
increase the size of the obtained discharge image while still
achieving excellent focus. This was necessary because dimen-
sions of the discharge were of the order of few cubic millim-
eters and we wanted to obtain a larger image i.e. to have more
pixels over the area of the discharge. The camera was posi-
tioned orthogonally to the needle tip so that we could record
side-on images of the plasma.

Furthermore, we used two self-developed derivative probes
[94, 99] to monitor the instantaneous voltage and current sig-
nals i.e. for obtaining power transmitted to the plasma, which
can be used as a control parameter.

ICCD and U-I diagnostics were performed with a flat die-
lectric surface placed against the tip of the needle as a target.
The needle was not additionally grounded. The plasma needle
device was not additionally grounded. This is usually done
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Figure 6. (a) Vrms—Irms characteristic of the plasma needle discharge. (b) Mean power transmitted to the discharge. He flow rate was
kept constant at 100 scem. The distance between the plasma needle tip and the target was 1 mm. The green and red lines are given in the
figure only to emphasize the voltages associated with the change in the plasma mode.

[46] by wrapping a copper ring around the glass tube and
grounding it separately, thus providing a more stable field
configuration and the flow of current. Distance between the
tip of the plasma needle and the target was 1 mm.

3.1. OES and electrical measurements of plasma needle
discharge

The instantaneous current and voltage signals were trans-
ferred from time to frequency domain (FFT—Fast Fourier
Transform), changed according to the calibration curves
and then transferred back to time domain (IFFT—Inverse
Fast Fourier Transform) [99]. With this procedure we were
able to calculate the instantaneous power, mean power trans-
mitted to the plasma and voltage-current characteristics of the
discharge.

In figure 6 Vgms—Irms characteristic in this experiment
is shown. RMS voltage and current values lie in the ranges
of 160-220 V and 0.3-0.42 A, respectively. Values for the
mean power lie in the range of 0.1-1 W (see figure 6(b)) and
were suitable for plasma needle treatment of plant cells [94]
and even living animal and human tissues, as no appreciable
heating of the gas and substrate has been recorded. We can
see that there is an increase in mean power with an increase
of applied voltage. When the applied voltage is higher than
180V the slope of the power versus voltage curve increases
more rapidly and this can be seen in the change of the plasma
behaviour. When the voltage is higher than 180V, the plasma
starts to spread towards the target. For power above 0.6 W,
the plasma is covering the surface of the target and the mode
changes from unipolar to bipolar. For easier recognition of the
above mentioned processes, green and red arrowed lines are
added to figure 6(b). The green one follows the increase of the
power in the range where plasma is in unipolar mode and is
shaped as a small ball positioned only one the tip of the needle.
The red arrowed line follows the increase in power range
where the plasma spreads towards the target and changes from
unipolar to bipolar mode. If we take a look at the V-I charac-
teristics the change in plasma behaviour is not that obvious.
Only a small reduction in impedance can be observed.

On the other hand, with an ICCD camera the details of the
discharge transition can be studied in much greater detail.
ICCD camera was positioned side-on and we took single shots
with the camera gate width set to Sms (i.e. averaged over
many RF cycles). Before and after every set of measurements
we took one single shot of the system while the discharge was
off to check if the distance between the tip of the needle and
dielectric target stayed unchanged during the measurements.
For all measurements, background light (plasma not ignited)
was subtracted from the total emission.

Emission intensities obtained while increasing power are
shown in figure 7. We can see that with an increase of power,
the volume of the discharge and the intensity of light emis-
sion increase. For lower powers, plasma was working in a
unipolar mode, i.e. discharge was concentrated at the tip of
the needle without expanding to target’s surface (see figure 7).
The plasma is formed on the tip of the needle in form of a
‘ball- (sphere)’ that surrounds the tip and spreads a little bit
along the powered electrode. This spreading of the plasma is
more pronounced with the increase of power transmitted to
the plasma. It can be seen that the wire that we were using
in the experiments was not completely flat at the tip and as a
consequence plasma is slightly deformed. This unipolar mode
corresponds to the ‘corona’ mode observed by Sakiyama and
Graves [100]. In this mode discharge is concentrated at the tip
of the needle and it does not reach the target’s surface. In this
case the surrounding air acts as the grounded electrode.

For the highest power given by RF power supply, the dis-
charge abruptly spreads towards the dielectric surface that acts
as a target. At this power, transition from ‘unipolar’ mode to
what we call a ‘bipolar” mode occurrs. One can see that in this
(bipolar) mode a sheath is formed at the target’s surface. This
type of mode transition was also observed by Stoffels and
co-workers and confirmed by simulations done by Sakiyama
and Graves [100-102]. In these papers authors refer to mode
transition as transitions from the corona mode (plasma is
contained at the tip of the needle) to the glow mode (plasma
spreads itself over the target’s surface). In glow mode in addi-
tion to the intense ionisation in the vicinity of the needle,
another ionization zone appears near the dielectric surface
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Figure 7. Emission intensities emitted from the discharge for
different RMS voltages. Distance between tip of the needle and the
target was | mm and He flow rate was 100 sccm. The saturation of
the central part of the plasma is intentional as it allows us to observe
the extension of plasma and the sheath.

(see figure 7(e)). Newly formed ionization zone spreads radi-
ally over the surface of the target.

If we look at figure 7 we can see that the discharge is not
perfectly symmetrical around the needle tip. This displacement
from the centre of the powered electrode can be explained by
the fact that the wire that acts as the powered electrode is not

T P .
3

o 5+

S "

© -

B 4 1

:

:

E 14 :

0 T T —T T T T T T
180 190 200

VHMS [V]

210

Figure 8. Integral emission intensity as function of root-mean-
square voltage.

perfectly flat. Also, discharge itself does not sustain a round
shape at the tip of the needle, but with the power increase it
changes its shape along vertical axis figures 7(c) and (d).

Integral emission intensity from the discharge as a function
of the voltage (root-mean-square value) is shown in figure 8.
We can see that the integral emission intensities increase with
the applied voltage (i.e. transmitted power). The change from
the unipolar to bipolar mode is clearly seen in the images
taken by ICCD camera, represented in figure 7, and the same
can be followed in figure 8. For lower powers the plasma is
concentrated at the tip of the needle and spreads along the
tip. Only when the transmitted power is 0.4W the plasma
covers the whole surface of the tip. In figure 8 (as well as
6(b)) this power range is highlighted by the green arrow. With
an increase in the transmitted power (see figure 7(d)) plasma
starts to spread towards the target. When reaching 1 W plasma
is in bipolar mode and covers the surface of the target with
the highest emission intensity still coming from the plasma
covering the tip of the needle. This range of powers is repre-
sented in the figure 8 by the red arrowed line. The change in
the regime of plasma operation is observed very weakly in the
electrical diagnostics of the plasma, even weakly in the inte-
gral emission but is clearly shown in the ICCD images thus
showing the importance and power of studying the anatomy
of discharges as an indication of their operation.

For a better clarity of the mode transition horizontal and
vertical profiles for RMS voltages are shown in figures 9 and
10, respectively. Profiles were obtained by summing image
data in columns (horizontal profile) and rows (vertical pro-
file). If we look at the horizontal profiles obtained from the
images of the discharge (see figure 9) we can see both of the
plasma needle modes.

For lower powers, the discharge is in corona mode, which
means that it is localized at the tip of the needle. When the
power is increased above 0.6 W (above 190V) the discharge
spreads itself towards the dielectric target. At the power of
1W (Vrms = 200V), an observable sheath is created at the
target (glow discharge mode-like). We can see in figure 9 that
for 1 W emission intensity of the discharge increases 2 times
in the area surrounding the tip of the needle compared to the
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Figure 9. Horizontal profiles for different powers given by RF
power supply. Integral intensities are obtained as a sum of the
intensities along vertical axes of the discharge (see small image
inserted in the graph).
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Figure 10. Vertical profiles for different powers given by RF power
supply. Integral intensities are obtained as a sum of the intensities
along horizontal axes (see small image inserted in the graph).

emission intensity for 0.6 W. In figure 9 the smaller graph
represents enlarged area near the dielectric target. Sheath is
observed through a significant increase in the emission near
the dielectric surface. The emission intensity in this second
ionization zone is about 10% of the intensity surrounding
the tip of the needle. This value was obtained by integrating
emission profiles in the area near target and around tip of the
needle. Peak of emission is slightly shifted off the central
axis due to the asymmetry of the tip (see figure 10). The
discharge and therefore the profiles are shifted to one side
(in this case—the right hand side). As mentioned before, this
is probably due to the fact that the tip of the needle is not
perfectly flat.

4. Diagnostics of low pressure discharges, scaling
from low to high pressures, elementary processes
and absolute calibration of discharge emission

ICCD was shown to be extremely useful for studies of the dc
(and pulsed dc) breakdown and discharges at low pressures.
The first advantage of ICCDs in the analysis of d¢ discharges
is the short temporal gating that allows freeze frame recording
of very fast processes, even on the time scales of few ns.
Temporal development of the breakdown to investigate the
avalanche, current growth, low current oscillations and tran-
sition between the modes were followed in [10, 103]. The
second major advantage provided by ICCD is that through
instantaneous recording of a 2D frame one may observe inho-
mogeneous behaviour and even more complex geometries
[104, 105]. The use of transparent electrodes allowed studies
of constrictions and radial profiles in general [6, 106, 107],
thus enabling determination of the true current density [108]
and testing of the scaling due to space charge effects [13, 109].
Apart from the time resolved tracking of the 2D discharge
structure, low pressure studies of breakdown in simple geom-
etries provide information on elementary processes and on
transport of charged particles [87, 89]. For example, axial
profiles of emission showed establishment of the non-local
region close to the cathode where either no excitation exists or
Franck Hertz like luminous (Holst Qosterhuis) layers exist in
the development of the equilibration of the distribution func-
tion. The correction due to equilibration distance makes a large
effect on the analysis of the Paschen curves and the resulting
secondary yields [90]. At the same time equilibrium exponen-
tial growth of emission allows determination of the ionization
coefficients [90, 110]. All of these can only be established by
using spatial emission profiles i.e. ICCD.

Disadvantage of the ICCD technique is that the CCD
detector does not measure an absolute emission, i.e. it does not
give absolute data on excitation processes. As a consequence,
it is difficult to relate recorded structure of the plasmas to the
processes of electronic and vibrational excitation. The aim of
this section is to address the two key issues in using the ICCD
technique in diagnostic of atmospheric pressure discharges:
how to extend the knowledge and results of the ICCD diag-
nostics, well established in low pressure discharges, to the
atmospheric pressure plasmas in various geometries; and how
to overcome a lack of information on absolute emission in
measured signal.

4.1. Scaling from low to high pressures

Spatial profiles in low pressure regime and their agreement
with the micro discharges [87] in principle produce data that
are universally applicable and may even pose a possibility of
a simpler absolute calibration of emission from atmospheric
pressure plasmas in order to perform quantitative comparisons
with models. Use of ICCD and a possibility to normalize the
emission profiles are a key facility in that respect. In addition
to scaling up to the atmospheric pressure, absolute emission
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Figure 11. Comparison of axial profiles of emission from
Townsend discharge, in millimeter size (data from figure 3 in [87]
and centimeter size geometries. Emission intensities are acquired
by an ICCD camera at similar pd. Measurements with exactly

the same pd were not available, but the values are close enough

for comparison. Distance from the cathode (z) is multiplied with
pressure (p) to enable comparisons of emission profiles recorded at
different electrode gaps.

comparisons may prove to be the source of quantitative data
on rates and surface processes that are applicable universally.

As stated in the introduction, ICCD has been used to estab-
lish scaling to small dimensions [86] (high pressures) and to
clarify the shape of the Paschen curve [13]. Emission profiles
from standard size and microdischarges were used to obtain
quantitative data for ionization coefficients [87, 88], which
may be used generally under all conditions when locality of
the electric field and reduced electric field (E/N: E—electric
field, N—the gas number density) 1s valid.

As long as the standard pd (p—pressure; d—electrode
gap) and j/p® (j—discharge current density) scaling laws are
valid and relative emission intensities maintained, absolute
calibration done at low pressures can be extended to smaller
dimensions and higher pressures [86, 87]. Under the condi-
tions where the discharge dimensions are within the order of
magnitude of electron mean free path, it is critical to prop-
erly define scaling parameters, as it was shown in [13, 86].
Figure 11 illustrates that distribution of emission intensity
remains the same in discharges at the same pd, with an order
of magnitude difference in size (pressure). It should be noted
here that emission intensity is the most sensitive property of
discharge for comparison. Still, one has to be aware of limi-
tations: processes, such as stepwise ionization, photoioniza-
tion and three body collisions violate scaling. At very small
electrode distances (<10 pum) even field emission can occur,
which leads to drastic breakdown of scaling in the left-hand
branch of Paschen curve [86].

4.2. A possible way to achieve absolute calibration of
discharge emission

While emission intensity acquired by the [CCD camera can be
put on a relative scale, it does not give direct information on

absolute emission. Generally, systems with photomultipliers
and precise optics that include slits defining accurately the
solid angles may be calibrated using black body standards of
emission [111]. Once signal (S,) is measured, quantum effi-
ciency (Q(X)) and geometry factor (G) determined indepen-
dently, the absolute emission coefficient (s/N)can be produced

as follows:
[I :| '

Here A; and Aj; are Einstein’s transition probabilities summed
for the upper level and for a single transition respectively; N is
the gas number density and i is the current (which at the anode
is carried by electrons only). The term in brackets is due to
quenching of excited states by collisions by the background
gas (or impurities)—the so called Stern Volmer kinetics.
Shortage of data for kg is the principal limitation, but it may be
bypassed by measurements at the same £/N and different pres-
sures which is only possible in the non-selfsustained regime.
Data for the quenching coefficient exist for most transitions of
the basic gases such as Ar, N2, H> even H,O but are needed
for higher excited levels and for gases such as CFy, and other
fluorocarbons, or more complex molecules.

Excitation coefficient is an integral of the electron energy
distribution function and the excitation cross section as such
can be predicted in calculations, thus allowing quantitative
comparison between experiments and models. Using abso-
lutely calibrated emission profiles would allow comparisons
with numerical predictions at a much deeper and significant
level. Absolute calibration may also be achieved by normal-
izing the measured data to the calculated excitation coefficient
in the low current limit where one is assured that conditions
for a steady state Townsend discharge are valid and thus trans-
port and excitation kinetics are represented exactly (limited
only by the accuracy of the available cross sections).

Absolute calibration of ICCD is not impossible, but is more
difficult due to uncertainties in the depth of field and focus.
In principle one could calibrate the ICCD by using the same
setup as for photomultipliers and scanning it across the area
of the detector, but defining the solid angle and integration
volume would be more difficult in application to the plasma
(unless collimators are being used). Thus, apart from giving a
brief statement of how elementary processes may be obtained
by using space time development of plasma, we shall discuss
how absolute calibration may be achieved more easily by nor-
malizing the profiles in the Townsend regime discharges first
at low pressures and then by extrapolating to higher pressures
using micro discharges. The normalization will then be valid
for higher current discharges in different regimes provided
that the relative sensitivity of the ICCD is maintained and
recorded.

The procedure of normalization of the spatial emission
profiles by using calculated excitation coefficients to produce
absolute emission has been developed by Phelps many years
ago for the system that used scanning photomultiplier and
interference filters [112]. In principle, the procedure is the
same for emission profiles recorded by ICCD camera. Typical
characteristic of the Townsend regime of discharge is the
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Figure 12. Axial emission profiles of a dc discharge in Argon

with 1.1 ¢cm gap [90]. The data have been normalized at the lowest
current to the excitation coefficient of one of 2p; level of Ar [114,
115] at the anode. Peaks at the cathode are due to the scattered light.

exponential growth of emission from the cathode to the anode
at relatively low reduced electric fields (E£/N). The emission
signal is extrapolated to the anode, where it is assumed that
total current is equal to the electron current. The anode signal
is then normalized to the excitation coefficient for the par-
ticular transition, that can be obtained from the Boltzmann
or Monte Carlo calculation (or from experimental measure-
ments, if available). At the same time higher current emission
profiles may be renormalized by the same scaling factor if
relative intensities are well maintained. This has been done
for profiles obtained in Ar by ICCD [90] as seen in figure 12.
Practically, normalization of the profile in Townsend regime
also puts all the distributions for other regimes on the absolute
scale. In [109, 113], comparisons have been made between
a series of measurements for a dc discharge and calculations
based on a hybrid model. The relative profiles have been nor-
malized to the calculated absolute profiles only for one spatial
position and one current. All profiles, for four very distinct
regimes of operation (Townsend low current diffuse regime
~8 ptA; subnormal glow ~60 pA, normal glow ~250 pA and
abnormal glow ~1.3 mA), came immediately to an excellent
agreement based on the same scaling factor. This proves that
relative magnitudes may be maintained very well in experi-
ments using [CCD and also that there is a great value in quan-
titative comparisons between models and measurements.

The technique of normalization to calculate excitation
coefficients has been used by Phelps to unfold a number of
cross sections for electrons and even for fast neutrals in a
wide range of gases [116—-118]. In figure 13 we show meas-
urements performed in water vapour [119] in the Townsend
(low current diffuse) regime. We use an example of gas (H,O)
that attracts increasing attention due to a pressing need for
elementary data for development and optimization of possible
applications of atmospheric pressure plasmas. Measurements

= pd=0.21 Torrcm; V, = 1000 V; E/N = 14450 Td
||/‘7 =650 V; E/N=6160 Td
Vn =563 V; £/N=23880 Td
V, =544V, E/N=2140 Td

s pd=0.32 Torr cm;
= pd=0.44 Torr cm;
= pd=0.77 Torr cm;

—

c\
2
=

s
e
a

S
©

ks
(=]

T T T T T T T
-02 0.0 02 04 06 08 10 12 14
Z(cm)

Apparent excitation coefficient (cm’)

Figure 13. Axial profiles of Ha emission in Townsend regime in
H>O [120]—preliminary data. Results were normalized at the anode
peak at 2140 Td based on MC calculation from standard available
cross sections,

were done only at low currents in Townsend regime at dif-
ferent £/N from moderately high to the very high values.
One can see that increasing E/N (as observed elsewhere for
other gases) results in increasing cathode peak that has been
shown to be due to fast neutrals (mainly fast H in hydrogen
containing molecules). The peak due to the fast neutrals may
be unrelated to electron excitation, but it is normalized by
the same factor even when the electron induced peak close to
the anode cannot be observed. Normalization was based on
calculated excitation rate at the lowest E/N (standard cross
sections were used) [120]. As this is a work in progress and
provided here as an example of the technique we will not fur-
ther discuss the details of calculations and magnitude of the
results, just the opportunity provided by normalization of the
spatial emission profiles provided by ICCD. In any case, as
shown in figure 13, ICCD provides a unique opportunity to
reveal the fast neutral excitation especially having in mind that
fast neutrals have a large role in plasma etching (charging free
plasma etching) and presumably similar effects on the living
cells and biomaterials.

5. Conclusions

ICCD cameras, thanks to their high sensitivity and high speed
gateability, are an extremely important tool to support the
studies on non-equilibrium plasmas, enabling time-resolved
analysis of their anatomy as well as of their physical and
chemical characteristics. In this paper, properties and archi-
tecture of ICCD cameras is briefly discussed and an overview
of relevant scientific publications adopting this technology for
the characterization of non-equilibrium plasmas. We focus in
particular on plasma jets. Moreover, practical examples and
suggestions on how to address the experimental problems

198



Plasma Sources Sci. Technol. 24 (2015) 064004

M Gherardi et af

typically encountered when using ICCD technology to char-
acterize non-equilibrium plasmas at atmospheric pressure are
given.

First, the problem of achieving a correct synchroniza-
tion of the camera with the voltage pulse driving the plasma
discharge is presented and the importance of accounting for
signal transmission delays, including the delays related to
cable transmission and the internal response time of instru-
mentations, is discussed; results of an experimental test case
using a single electrode He plasma jet driven by microsecond
pulses as well as nanosecond pulses taking into account (best
practice) or ignoring (bad practice) the signal delays are given
to support the discussion. Results show that either failing to
properly estimate the delays or neglecting the issue can lead
to the misinterpretation of results, especially in the case of
submicrosecond pulsed excitation, since the time scale of the
signal delays and the camera gates typically adopted for these
experiments are of the same order of magnitude of the excita-
tion signal.

Second, the challenges associated to ICCD imaging of very
small volume plasma discharges are presented and discussed
for the case of a plasma needle powered at 13.56 MHz, oper-
ated in a mixture of air and He and facing a flat dielectric
surface; in the presented case the discharge volume is in the
order of few mm?>, thus the use of additional camera lenses
and extension rings is necessary to decrease the minimum
focusing distance and to increase the resolution of the image.
Voltage and current measurement during operation are pre-
sented together with captured ICCD images; two modes
of operations were identified: unipolar/corona mode, with
the discharge concentrated at the tip of the needle without
expanding to target’s surface, for lower powers and bipolar
mode, with the discharge spreading towards and forming a
sheath at the dielectric surface, for higher powers.

Finally, scaling laws are valuable for studies of high
pressure/small volume discharges, as long as limitations of
validity of scaling laws are clear. ICCD images are among
the best ways to test the scaling such as pd (and other) in
the extrapolation from low pressure to atmospheric pressure
micro discharges. Any departure from the scaling may indi-
cate incorrect operation or even an entrance of new physical
processes. A possible way to extend the absolute calibration
of the discharge emission achieved for a low pressure low
current de discharge to the case of micro discharges at high
and close to atmospheric pressure is illustrated; preliminary
results for the case of a water vapour discharge at different
E/N values (from moderately high to very high) are presented
to exemplify the interesting opportunities, provided by nor-
malization of the spatial emission profiles captured by ICCD,
for producing absolute data, allowing quantitative compari-
sons with theory and possible adjustments to the basic data.
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6.4 Paper IV
1CCD Imaging of the Transition From Uncoupled to Coupled
Mode in a Plasma Source for Biomedical and Materials

Treatment Applications
DOL: 10.1109/TPS.2014.2321012
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1CCD Imaging of the Transition From Uncoupled to
Coupled Mode in a Plasma Source for Biomedical
and Materials Treatment Applications

Simone Bianconi, Francesca Cavrini, Vittorio Colombo, Matteo Gherardi, Romolo Laurita,
Anna Liguori, Paolo Sanibondi, and Augusto Stancampiano

Abstract—Intense and energetic atmospheric plasma was
achieved by jet-to-jet coupling using an array of plasma jets
arranged in an axisymmetric structure. To highlight the effects
of pulse repetition frequency, peak voltage and mass flow rate
on the transition from a coupled mode to an uncoupled one,
qualitative results coming from iCCD imaging of a nanopulsed
Gatling machine gun-like plasma source will be shown. Moreover,
results on surface modifications and bacterial inactivation will
be presented.

Index Terms— Atmospheric-pressure plasmas, bacterial inacti-
vation, plasma diagnostics, plasma sources, surface modification.

PARTICULAR type of plasma source, reminding the
A shape of a Gatling machine gun (Fig. 1), has been
recently developed to generate high intensity, high ionization
rate plasmas at 1 atm, overcoming some of the limitations of
classical atmospheric pressure plasma jets [1]. Gatling sources
are an array of plasma jets, adjacent to one another, that rely
on jet-to-jet coupling phenomenon to merge plasma plumes
in a single combined intense jet [2], able to achieve surface
modification including etching [3].

The Gatling plasma source adopted in this paper is an array
of seven PTFE tubes, one in the center and six surrounding
it, having inner—outer diameters of 1-1.6 mm. The tubes are
arranged in an axisymmetric structure. As powered electrodes,
6-mm wide aluminum tapes are placed 10 mm from the end
of each tube. The source is driven by a generator producing
pulses with a rise time of 9 ns and peak voltages (PV) in the
range 7-20 kV into a 100-200 Q load impedance. As working
gas 99.999% pure helium is used.

The occurrence of jet-to-jet coupling for the Gatling
source impinging on borosilicate glass at different operating
conditions was investigated with an iCCD camera (Princeton
Instruments PIMAX3) having exposure time down to 3 ns.
A synchronous pulses generator (BNC 575 digital pulse/delay
generator) is used to time the generator and the oscilloscope
(Tektronix DPO 4034), that in turn triggers the iCCD camera.

Surface modification of silicone films treated with the

Manuscript received November 1, 2013; revised February 26, 2014;
accepted April 26, 2014. Date of publication May 16, 2014; date of current
version October 21, 2014. This work was supported in part by the COST
Action MP1101 Biomedical Applications of Atmospheric Pressure Plasma
Technology and by the COST Action TD1208 Electrical Discharges with
Liquids for Future Applications.

The authors are with the Department of Industrial Engineering and Indus-
trial Research Centre for Advanced Mechanics and Materials, Alma Mater
Studiorum-Universita di Bologna, via Saragozza 8, Bologna 40123, Italy
(e-mail: vittorio.colombo @unibo.it).
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Fig. 1.

Detail of a drawing in the “Machine Gun™ US 36,836 patent by R.J.
Gatling (1862) and a picture of the Gatling-gun like plasma source.

Gatling source was evaluated through static water contact
angle (WCA) measurements (Kruss drop shape analysis sys-
tem DSA 30). Antibacterial effect of the plasma source was
assessed by treating a Bacillus atrophaeus (ATCC 9372) sus-
pension in NaCl 0.9% swabbed uniformly across a trypticase
soy agar plate with 5% sheep blood. The number density of
the swabbed solution was found to be 4 x 10 colony forming
units ml~!, using a dilution technique. After treatment, the
agar plates were incubated at 37 °C for 24 h. During plasma
treatment, substrate materials were placed on a grounded
aluminum plate, 8 mm from the tip of the plasma source.

Gatling sources are known to exhibit either an uncoupled
mode or a coupled one; the transition from the former to the
latter has been reported in the literature only as an effect of
decreasing gas flow rate (GFR) [2]. In fact, as shown by iCCD
images in Fig. 2(b), a transition from uncoupled [Fig. 2(a)]
to coupled [Fig. 2(c)] mode occurs changing GFR from 8
to 2 slpm, at a constant PV of 28 kV and for a 476 Hz
pulse repetition frequency (PRF). Moreover, we observed such
a transition also increasing PRF from 476 to 1000 Hz (PV
fixed at 28 kV and GFR at 5.5 slpm), as shown in Fig. 2(d).
An increase in PV was found to intensify the coupling effect,
resulting in modification of the shape and emission intensity of
the discharge [Fig. 2(e)]. Fig. 2(f) shows a reduction of WCA
with respect to pristine (107°) when treating (PV: 28 kV, PRF:
476 Hz) for 1 s silicone films in uncoupled (GFR: 5.5 slpm;
WCA: 77°) or coupled (GFR: 2 slpm; WCA: 50°) mode.
Fig. 2(g) shows that a 60-s treatment (PV: 27.2 kV, PRF:
476 Hz) of B. atrophaeus can induce a growth inhibition area
with diameter 4 and 8 mm for uncoupled (GFR: 5.5 slpm) and
coupled mode (GFR: 2 slpm), respectively.

REFERENCES
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induced by jet-to-jet coupling in atmospheric pressure plasma arrays,”
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Fig. 2. Low-speed images of the Gatling source in uncoupled (a) and coupled (¢) modes. iCCD images (3-ns exposure time) of transition from uncoupled
to coupled mode by GFR reduction (b) and PRF increase (d). Intensification of coupling effect by PV increase (e). WCA changes on silicon film (f) from
pristine to tweated in uncoupled and coupled mode, respectively (from top to bottom). Control and growth inhibition area of B. atrophaeus (g) for plasma
treatment in uncoupled and coupled mode, respectively (from left to righo).

[2] 1. Y. Kim, I. Ballato, and S. Kim, “Intense and energetic atmospheric [3]1 J. Furmanski, J. Y. Kim, and S. Kim, “Triple-coupled intense
pressure plasma jet arrays.” Plasma Process. Polym., vol. 9, atmospheric pressure plasma jet from honeycomb structural plasma
no. 3, pp. 253-260, 2012. device,” IEEE Trans. Plasma Sci., vol. 39, no. 11, pp. 2338-2339,

Nov. 2011.
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6.5 PaperV
High-speed multi-imaging of repetitive unipolar

nanosecond-pulsed DBDs.
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High-Speed Multi-Imaging of Repetitive Unipolar
Nanosecond-Pulsed DBDs

Marco Boselli, Vittorio Colombo, Emanuele Ghedini, Matteo Gherardi, Romolo Laurita,
Anna Liguori, Paolo Sanibondi, and Augusto Stancampiano

Abstract— Dielectric barrier discharges (DBDs) are being
studied for a wide range of biomedical and industrial
applications. In this paper, qualitative results coming from
synchronized high-speed and Schlieren multi-imaging of a unipo-
lar nanosecond-pulsed DBD are presented, with the final aim
of showing plasma structure, filament movement, and refractive
index gradients in different interelectrode gaps and counter
electrode materials.

Index  Terms— Atmospheric-pressure  plasmas,
diagnostics, plasma sources, pulsed power supplies.

plasma

HE study of plasma sources dealing with biomedical

applications or thermosensitive materials treatment can
take advantage from diagnostics of the discharge to gather
more knowledge on the complex interaction between plasma
and the substrates and to tailor the source to specific appli-
cations. In this paper, we focus on the high-speed multi-
imaging of a DBD, where plasma is ignited between two
electrodes, at least one of which is commonly covered with a
dielectric [1]. The material to be treated can be positioned
within the interelectrode gap or can act as the counter electrode
in the common configuration for the treatment of living
tissue [2]. The DBD source consists of a cylindrical copper
electrode (diameter 26.2 mm) surrounded by a 6 mm thick
dielectric plastic layer (polyetherimide), a 0.5 mm thick quartz
disk covering the electrode plane surface facing the plasma
region and, as a transparent grounded counter electrode, either
ITO-coated plastic (450-650 nm indium tin oxide coating on
1.3 mm PET layer) or salted water [1]. The DBD is driven by
a pulser with a rise time of 9 ns and peak voltages in the range
7-20 kV into a 100-200 Q load impedance, with a maximum
pulse repetition rate of 1 kHz. Among the main advantages
of plasmas generated by nanopulsed power supplies is the
effectiveness in treating nonuniform surfaces [3]. The concur-
rent use of high-speed and Schlieren imaging, enabling the

Manuscript received November 1, 2013: revised April 11, 2014: accepted
June 8, 2014. Date of publication June 27, 2014; date of current version
October 21, 2014, This work was supported in part by the COST Action
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Future Applications.

The authors are with the Department of Industrial Engineering and Indus-
trial Research Centre for Advanced Mechanics and Materials, Alma Mater
Studiorum-Universita di Bologna, via Saragozza 8, Bologna 40123, Italy
(e-mail: vittorio.colombo@unibo.it).
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Fig. 1. Three-view high-speed multi-imaging and Schlieren setup.

visualization of plasma microdischarges related to a single
voltage pulse together with the synchronized imaging of the
refractive index gradients induced by them, was implemented
according to the setup shown in Fig. 1. High-speed cameras
were synchronized and triggered using a DPO4034 Tektronix
oscilloscope. The NAC Memrecam K3R (1000 frames/s, 10 us
shutter) was connected to a Z-type Schlieren setup, while a
NAC-GX3 (1000 frames/s, | ms shutter) captured, using a
double mirror, a side view (at 45° with respect to the K3R
Schlieren observation perspective) of the plasma region and
a bottom one through the transparent substrate. In Fig. 2,
results for both salted water and ITO-coated substrates are
shown for three interelectrode gap widths at 1, 5 and 8§ mm.
With ITO substrate at 1 mm, the plasma discharge appears as
a uniform glow where no microdischarges can be discerned.
Increasing the gap width, transition from a diffuse to a filamen-
tary discharge occurs. In Schlieren images, refractive index
gradients are observed in correspondence with filaments for
the cases at 5 and 8 mm. The addition of salt greatly increases
the electrical conductivity of water inducing the formation of
a filamentary discharge typical of metallic counter electrode
materials, even with 1 mm gap. A transient for the case
with ITO-coated substrate with gap width at 8 mm is shown
in Fig. 3. Spatial distribution of refractive index gradients
changes accordingly to filament movements. Analyzing the
bottom view frames and assuming linear trajectories between
the contact points of subsequent microdischarges in a moving
filament, its velocity on the substrate was estimated between
0.2 and 0.3 mm/ms.

0093-3813 © 2014 1EEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

209



BOSELLI ef al.: HIGH-SPEED MULTI-IMAGING OF REPETITIVE UNIPOLAR NANOSECOND-PULSED DBDS

Salted water
1mm

Salted water
5mm

Salted water
& mm

ITO 5 mm

-,

~ - .

Fig. 2. Horizontally flipped Schlieren, lateral and bottom HS imaging of the
DBD source on top of salted water and ITO substrate for different electrode
gap widths. Green and red arrows: lateral HS and Schlieren observation points,
respectively, which are the same for all cases. Peak voltage and operating
frequency at 23 kV and 1000 Hz, respectively.
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Fig. 3.
a transient of the DBD source on top of ITO substrate, for 8 mm electrode
gap width. Green and red arrows: lateral HS and Schlieren observation points,

respectively, which are the same for all cases. Peak voltage and operating
frequency at 23 kV and 1000 Hz, respectively.
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Atmospheric Non-Equilibrium Plasma
Promotes Cell Death and Cell-Cycle Arrest in a
Lymphoma Cell Line

Matteo Gherardi,* Eleonora Turrini, Romolo Laurita, Elena De Gianni,
Lorenzo Ferruzzi, Anna Liguori, Augusto Stancampiano, Vittorio Colombo,*
Carmela Fimognari

Atmospheric non-equilibrium plasma is drawing interest as a promising tool for cancer
treatment due to its blend of physical and chemical components that can exert anti-tumor
effects. In this work, we investigate the effects of plasma treatment, performed by means of a
wand electrode DBD driven by nanosecond high
voltage pulses, on the viability, proliferation, and
cell-cycle distribution of cells of mouse lymphoma. ‘
Results for direct treatment, with cell exposed to
plasma while suspended in culture medium, and
indirect treatment, where cells were added to culture
medium previously activated by plasma treatment,
are compared. A qualitative characterization by
means of high-speed and iCCD imaging of the plasma
discharges produced for the different operating
conditions adopted in biological experiments, as well
as a semi-quantitative study of the reactive species
produced by plasma treatment in the culture medium, o
are also presented.
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second leading cause of death in Western countries.!* While
therapidly expanding knowledge of cancer pathogenesis at
the molecular level is providing new targets for drug
discovery and development, the multiple genetic and
molecular alterations involving transformation, dysregu-
lation of apoptosis, proliferation, invasion, angiogenesis,
and metastasis?! make cancer an extremely complex
disease.

Currently, the treatment of cancer largely revolves
around chemotherapy, with new therapeutic approaches
under investigation, alone or in combination with conven-
tional chemotherapy. Despite the development of multiple
new agents, antitumor therapies are strongly limited by the
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low therapeutic index of most of the adopted drugs and by
the development of chemoresistence. In particular, the
onset of chemoresistance frequently hampers the success-
ful treatment of cancer either at the initial presentation or
following primary or subsequent relapses,”®! and relapse
continues to be the most common cause of death. Thus,
cancer remains a formidable therapeutic challenge that
requires the identification and the development of novel
agents for the treatment of this disease.

Atmospheric non-equilibrium plasmas are encountering
increasing interest as a novel anti-tumor agent, since they
provide a blend of physical and chemical components
(reactive species, charged particles, and UV radiation)
which was demonstrated to exert anti-tumor effects by
some pioneering work both on in vivo and in vitro
models. %! However, the mechanism of plasma-cell
interaction is still not completely understood, as well as
the selectivity associated to the various plasma generated
species. Different species were demonstrated to mediate
either “plasma-killing” (for the case of singlet oxygen, O) or
“plasma-healing” (for the case of nitrogen oxide, NO)
effects.l”) Gweon et al.”¥! considered reactive oxygen species
(ROS) responsible for the dissociation of integrin and the
consequent detachment of human liver cancer cells (SK-
HEP-1). Ishaq et al/®! demonstrated that plasma treatment
induced apoptosis in melanoma cells and, differently from
the previous works, focused their attention on intracellular
ROS levels. On the other hand, Volotskova et all'®
demonstrated that plasma treatment enhances the oxida-
tive stress of cells in the S phase of the cell cycle.
Interestingly, recent studies **! have reported that plasma
not only affects cancer cells when they are directly exposed
to it or suspended in the culture medium being treated, but
also when they are subject to indirect treatment, being
suspended in a medium that was previously treated and
activated by plasma. Tanaka et al. ! demonstrated that,
when treated by plasma activated medium, glioblastoma
human brain tumor cells were induced to undergo
apoptosis, through AKT down-regulation; moreover, they
also demonstrated in vitro and in vivo
that plasma-activated medium has an
anti-tumor effect on chemo-resistant
epithelial ovarian carcinoma cells.*?!

These observations together with the
rapidly expanding knowledge of cancer
biology have fueled a growing interest in
exploiting cold plasma as an interesting
strategy in the oncological field endowed
with the potential of shifting the current
paradigm of cancer treatment and ena-
bling the transformation of cancer treat-
ment technologies.

In this work, we focused on the
fundamental mechanisms of plasma
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interaction with cancer cells, investigating cell viability,
proliferation, and cell-cycle distribution of L5178Y lym-
phoma cells treated by a wand electrode dielectric barrier
discharge (DBD)"** driven by unipolar nanosecond high
voltage pulses.*®! Plasma direct treatment was performed
keeping constant the electrical parameters (peak voltage
and pulse repetition frequency), while adopting two
different combinations of treatment time and gap width
between the tip of the plasma source and the liquid; the
differences between the plasma discharges generated in
the considered operating conditions were highlighted and
analyzed through iCCD and high speed (HS) imaging, which
are often used for qualitative characterization of non-
equilibrium plasmas**?*! Flow cytometry was employed
to evaluate cell viability at 6, 24, and 48h after plasma
treatment, as well as to analyze cell-cycle distribution after
cell culture for 24 and 48h. Finally, a comparison of the
effects of direct and indirect treatments, where cancer cells
were exposed to a previously plasma treated culture
medium instead of being directly exposed to plasma
treatment, and the semi-quantitative measurement of
nitrites, nitrates and peroxides in the plasma treated
medium were carried out to support the evaluation of the
observed cell response to plasma exposure.

2. Experimental Section
2.1. Plasma Device

The wand electrode DBD plasma source used in this work,
represented in Figure 1, consists of a cylindrical brass electrode,
witha 10 mm diameter, having a semispherical tip, with curvature
radius of approximately 5mm. The electrode is covered with
borosilicate glass (relative permittivity & =4.7) as dielectric layer
with a thickness of 1mm. The plasma source is driven by a
commercial pulse generator producing high voltage pulses with a
slew rate of few kV/ns, a peak voltage (PV) of 7-20kV into a 100-
200 {2 load impedance and a maximum pulse repetition frequency
(PRF) of 1000 Hz.

Figure 1. Wand electrode DBD discharge on a grounded plate (left) and on liquid culture
medium during cell treatment (right).
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2.2, Plasma Device Characterization

A high-speed camera (Memrecam GX-3-NAC Image Technology)
was used to visualize the behavior of the plasma discharge in
contact with 1 mL of Dulbecco’s modified Eagle’s medium (DMEM)
contained in a 24 wells plate, representative of the operating
conditions adopted for the treatment of cancer cells as later
described in section 2.4; for these tests, the 24 wells plate was
slightly modified, removing part of the plastic walls tc allow an
optimal visualization of the plasma region. Results will be
presented for the camera being operated either at 500fps (frames
per second) and 1/500s shutter time or at 100fps and 1/100s
shutter time; as the shutter time was equal or superior to the pulse
period, no means of synchronization was necessary. The setup
adopted for high-speed imaging characterization is reported in
Figure 2.

Temporal evolution of the plasma discharge in contact with
DMEM has been investigated by means of an iCCD camera
(Princeton Instruments PIMAX3). A synchronous pulse generator
(BNC 575 digital pulse/delay generator) was used to synchronize
the high voltage generator and the oscilloscope (Tektronix DPO
40034) adopted to trigger the iCCD camera, as schematically
represented in Figure 3; to allow an optimal visualization of the
plasma region, the same modified 24 wells plate adopted for high
speed imaging test was used for iCCD experiments. The plasma
discharge temporal evolution during an entire pulse was
reconstructed from sequential frames acquired at time steps of
1ns and with an exposure time of 3ns.

2.3. Cell Cultures

For the experiments, L5178Y TK = clone (3.7.2C) cells of mouse
lymphoma (LGC Standard, Teddington Middlesex, UK) were grown
in suspension and propagated in DMEM (from LGC Standard)
supplemented with 4mM L-glutamine, 10% inactivated fetal
bovine serum, 1% penicillin/streptomycin solution, 0.1% pluronic
(all obtained from Sigma, St Louis, MO, USA). To maintain the
exponential growth, the culture was divided every third day by
dilution to a final concentration of 1-2 % 10° viable cells/mL. Cells
were cultured at 37°C/5% CO..

HV pulse generator

Oscilloscope

HV pro

DBD source

HV connection

Modified well

7
Grounded plate HS camera

characterization of the wand electrode DBD discharge during the

I Figure 2. Representation of the setup for high speed imaging
treatment of DMEM.
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v
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characterization of the wand electrode DBD discharge during

IFigure 3. Representation of the setup for iCCD imaging
the treatment of DMEM.

2.4. Plasma Treatment

Plasma treatmentof lymphoma cells was performed either in direct
both indirect configuration. In direct configuration, 5 x 10° cells in
1mL complete medium were seeded in a monolayer through
centrifugation and directly exposed to plasma treatment in a 24
wells plate; two different sets of operating conditions were
considered: in the first case (T1), a 60 s treatment was performed
keeping a 1.25 mm distance between the tip of the plasma source
and the surface of the liquid medium (gap); inthe second case (T2), a
120 s treatment was performed setting the gap at 2.50 mm. During
the experiments, PV and PRF were kept constant at 20kV and
500 Hz, respectively. These two operating conditions were selected
after a series of preliminary tests; in particular, for each of the two
mentioned gaps, preliminary treatments were performed for
several different treatment times, after which cell viability was
assayed: we selected the operating conditions that resulted in a
significant reduction of cell viability, but still higher than 50%
(normalized to the cell viability of untreated cells), necessary to
perform the cell proliferation experiments.

In indirect configuration, 1mL of complete medium not
containing lymphoma cells was exposed to plasma treatment in
a 24 wells plate; 500000 lymphoma cells were added to the
medium immediately after plasma treatment. A comparison of the
effects of direct and indirect treatments was carried out for the
following operating conditions: PV 20 kV, PRF 500 Hz, gap 1.25 mm,
and various treatment times (30, 45, 60, 90, and 120s).

Setups for direct and indirect treatments are schematically
reported in Figure 4A and B, respectively.

2.5. Biological Assays

For direct treatment, cell viability and proliferation were deter-
mined after 6, 24 and 48h from atmospheric non-equilibrium
plasma exposure of cells at the two different experimental
conditions; for the comparison between direct and indirect
treatments, cell viability was determined after 6, 24, and 48h
from atmospheric non-equilibrium plasma exposure of cells (direct
treatment) or 6, 24, and 48h after cells were added to the plasma
treated culture medium (indirect treatment). Briefly, 25 uL of cell
suspension were mixed with 225 uL of Guava ViaCount Reagent
(Merck Millipore, Hayward, CA, USA) containing 7-aminoactino-
mycin D (7-AAD), a fluorescent intercalator of DNA, and incubated
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performed by means of HS and iCCD
imaging; for the following operating
conditions: PV 20kV, PRF 500Hz, gap
1.25mm (T1 case) and PV 20kV, PRF
500Hz, gap 2.50mm (T2 case). The
described experimental setup and the
considered operating conditions were
identical to those adopted for biological
tests.

Concerning HS imaging, two different
frame rates were used, 100 and 500 fps; the

A - B

Figure 4. DBD plasma treatment of lymphoma cells: A) direct treatment setup; B)

indirect treatment setup.

in the dark at room temperature for 5min before the flow
cytometric analysis, performed using the guava easyCyte 5HT
(Merck Millipore).

To evaluate cell-cycle distribution, cells were treated at the
two established experimental conditions and cultured for 24 and
48h, then permeabilized with ice-cold ethanol for 30 min and
stained with 200pL of Guava Cell Cycle reagent (Merck
Millipore), containing propidium iodide (PI), for 30 min in the
dark. At the end of the incubation, cells were analyzed via flow
cytometry.

All results are expressed as mean + SEM (Standard Error of the
Mean). Differences among exposure conditions at different time
points (6, 24, 48 h) were evaluated by One-way ANOVA repeated,
followed by Bonferroni as post hoc test. For all statistical analysis,
GraphPad InStat version 5.0 (GraphPad Prism, San Diego, CA, USA)
was used and P < 0.05 was considered significant.

2.6. Measurement of Nitrites,
Nitrates, and Peroxides in Cell
Culture Medium

Semi-quantitative analysis of nitrites (NO, ),
nitrates (NO;7), and peroxides (H,0O,) pro-
duced after exposure to plasma in 1mL
complete medium were performed by means
of Quantofix analytic strips. All the measure-
ments were effectuated immediately after the
end of the treatments.

3. Results and Discussion

3.1. High Speed Imaging and iCCD
Imaging of the Plasma Discharge

A qualitative investigation of the plasma
discharge produced during the treat-
ment of 1mL of cell culture medium
not containing Lymphoma cells was
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HS camera shutter was kept open and,
subsequently, exposure time was imposed
by the frame rate (Figure 5). Considering
the PRF adopted in the experiments,
images recoded at 500 frames/s show the
discharge produced during a single pulse of
the driving electrical signal, while images recoded at
100 frames/s are accumulated over five subsequent pulses.
The reported HS images immediately highlight the effect
of a variation of gap width, and thus of electrical field in the
gap, on the plasma discharge aspect; for the smallest gap
width (T1 case), the discharge appears characterized by
several microdischarges located close to the tip of the
plasma source. In this case, for the longest exposure time
(100 fps image), a faint glow appears inthe gapregionanda
larger number of filaments are observed with respect to the
image taken at 5001ps, as a consequence of the accumu-
lation of five subsequent discharges; the comparison
between images taken at 100 and 500 fps highlights also
that during subsequent pulses, for the selected operating
conditions, the microdischarges form in different locations,

T2
500 fps

Figure 5. HS images of the plasma discharge during the treatment of culture medium
(the dashed line indicates the culture medium surface) for both selected operating
configurations (top: T1, bottom: T2). Acquisitions were realized at two different frame
rates (left: 100 fps, right soo fps).
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with no significant memory effect observed,*®! possibly as
a consequence of the adopted value of PRF and the
unevenness of the liquid surface acting as a second
electrode. When the gap between the plasma source and
the culture medium surface is larger (T2 case), the plasma
discharge appears completely different from the previous
case, being characterized by a single filament located at the
tip of plasma source, where the gap is the smallest and the
electricfield is the highest. The single filament has a funnel-
like shape, which appears broader at the upper electrode,
due to charge distribution and electric field distortion at the
dielectric surface, and more collimated close to the culture
medium surface; moreover, in case T2 images taken at
different exposure times seem to show that filament
produced during successive pulses are formed alwaysinthe
same position, along the axis of the plasma source.

iCCD imaging, being characterized by exposure times of
few nanoseconds, allows for the investigation of the plasma

Plasma Processes
and Polymers

behavior with greater time resolution than HS images, ™
22l and was here used to investigate the temporal evolution
of a single discharge event. Due to iCCD technology
limitations, only one acquisition per voltage pulse can be
gathered and thus the analysis of the discharge evolution
along the voltage pulse is based on the assumption of
repeatability of the plasma discharge characteristics in
every high voltage pulse; this assumption was verified
comparing three different acquisitions and observing that
plasma evolution during the pulses was similar in all the
cases. In our experiments, the exposure time was set at 3 ns
(gate time) and the voltage pulse was scanned with time
steps of 1 ns, obtained progressively increasing the trigger
delay time.

In Figure 6, eight subsequent frames representing the
plasma evolution are shown for each operating condition
(T1 and T2); for clarity purposes, the gate opening of the first
(one, colored in green) and last acquisitions (eight, colored in

culture medium (the dashed line indicates the culture medium surface), for both operating configurations adopted for cancer cell treatment

I Figure 6. iCCD images depicting the temporal evolution along the voltage pulse of the plasma discharge formed in contact with 1mL of

(T, T2). The start of each acquisition (3 ns exposure) is delayed of 1ns with respect to the previous one.

Plasma Process. Polym. 2015, DOI: 10.1002/ppap.201500033
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plasma-polymers.org

Early View Publication; these are NOT the final page numbers, use DOI for citation !!

217



6

Plasma Processes
and Polymers

red) are plotted against the recorded voltage waveform in
Figure 7.

From iCCD acquisitions, the discharge structures for T1
and T2 cases turn out to be more similar to each other than
previously observed by means of HS imaging. Indeed, the
first plasma luminous emission appears almost at the same
time, corresponding to the initial part of the voltage ramp,
in both cases; moreover, the third frame, collected in
correspondence of the maximum peak voltage, is the most
luminous for both T1 and T2 cases. Most interestingly, a
multi-filamentary structure is observed in both operating
conditions; while this behavior was already observed by
means of HS imaging in T1 conditions, only a single
filament along the axis of the plasma source could be seen
for the T2 case in HS pictures. This is probably because in HS
imaging acquisition no light signal intensification is
applied, therefore the signal of short living or low emitting
microdischarges could be shadowed by the presence of a
longer living or higher emitting microdischarge; indeed,
almost all iCCD images for T2 case show the presence of a
microdischarge near the axis of the source, while other
shorter living microdischarges appear and disappear in
subsequent frames.

3.2. Studies of Cell Viability, Proliferation, and Cell-
Cycle Progression for Direct Plasma Treatment

Plasma induced a decrease in cell viability after 48 h from
treatment, as revealed by the number of cells permeable to
7-AAD, a fluorescent compound with strong affinity for
DNA that remains excluded from viable cells with intact
membrane. After 60s of L5178Y plasma exposure at the
distance of 1.25mm the percentage of viable cells was
57.3% compared to 71.2% of untreated cells (Figure 8). The
highest cytotoxic effect was induced by cells exposure to
plasmafor 120 s at the distance of 2.50 mm (43% living cells
compared to 71.2% of untreated cells) (Figure 8).
Furthermore, non-equilibrium plasma affected cells
proliferation both after 24 and 48h from the exposure

[kV] 25
20 - .
N\
;' - *"‘j .\/ \ . o
- 32 40 \43 §€\/InSI

SV

-10

exposure gates for the first (one, green) and last (eight, red)

IFigure 7. Measured voltage waveform with superimposed
iCCD frames.
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Figure 8. Percentage of living cells after 6, 24, and 48 h from
direct atmospheric non-equilibrium plasma exposure.

(Figure 9). The highest effect was observed at the exposure
condition 2.50mm for 120s, where it was possible to
observe 36.7% proliferating cells after 24h from the
treatment and 30.0% after 48 h (Figure 9).

Inordertoinvestigate non-equilibrium plasma effects on
cell-cycle progression, cells were treated with a reagent
containing PI, a red fluorescent intercalating agent that
allows to evaluate DNA content. During cell-cycle S phase,
cells duplicate their content of DNA that will be double in
G2/M phase compared to GO/G1 phase, as well as PI
fluorescence. After 24 h from the treatment, it was possible
to observe an accumulation of cells in G2/M phase, as
showed in Figure 10A, for both exposure conditions
(1.25mm, 60s 65.3% cells and 2.50 mm, 120s 55.9% cells
vs. 39.6% of untreated cells) (Figure 10B). After 48 h from
plasma exposure, the accurulation of cells in G2/M phase
was statistically significant for the exposure condition
2.50mm, 120s (52.2% cells vs. 42.8% of untreated cells)
(Figure 10C).

On the basis of our results, the cell-cycle arrest is
reversible for the 60s and 1.25 mm condition; indeed, in
that condition, we observed an accumulation of G2-cells at
24 h post-treatment but not at 48-h post-treatment. This

150-
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__E"m_ £ 2.50mm 120"
g
&
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s
S

04

6h 24h 48 h
Time after atmespheric non-thermal plasma exposure

*** P<0.001 vs control

Figure g. Percentage of proliferating cells after 6, 24, and 48 h
from direct atmospheric non-equilibrium plasma exposure.
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48 h after cells were added to atmospheric non-equilibrium plasma treated medium (indirect treatment) or 6, 24, 48 h after atmospheric

I Figure 11. Percentage of living cells after direct and indirect plasma treatment for different treatment times. Data were collected 6, 24, and

non-equilibrium plasma exposure of cells (direct treatment). Operating conditions: PV 20kV, PRF 500 Hz, and gap 1.25 mm.

presented; moreover, also results for plasma treatment
performed with gap width 1.25mm and treatment time
1205, which is shown in Figure 11 to induce the lowest cell
viability among the tested treatments, are presented as a
means of comparison and discussion.

For all the tested conditions, a significant increase of
NO, ,NO; ™, and H,0, can be observed with respect to the
untreated cell culture medium. For the cases T1 and T2, the
measured concentration of all reactive species fell in the
same range; since viability, proliferation, and cell-cycle
progression tests showed different results for conditions T1
and T2, we would have to conclude that the limited
sensitivity of the analytic strips prevents us from drawing
further conclusions on the relative importance of the
various reactive species on the modulation of cell response
to plasma exposure. Despite this limited sensitivity, a
significantly higher nitrite concentration with respect to
the T1 and T2 treatments was measured for the case with a
1.25mm gap and for 120s, while nitrate and peroxide
concentrations were measured in the same range. Nitrites
were previously suggested to possibly have a significant
rolein plasma oncology 1**! and to be linked to the reduction

of cell viability after plasma treatment;***!) accordingly,

we measured the highest concentration of nitrites for the
case inducing the highest reduction of cell viability:
considering only the 48h culture times, the treatment
performed with a 1.25 mm gap and for 120 s resulted in a
percentage of viable cell of 26%, while treatment T1 and T2
resulted in percentages of 57.3% and 43%, respectively.

4, Conclusion

Atmospheric non-equilibrium pressure plasma has encoun-
tered a great interest as a novel anti-tumor agent since it
was demonstrated by early works, both on in vitro and in
vivo models, that the wide blend of chemical and physical
reactive components could exert anti-tumor effects.*?=7!
Beside few pioneering studies,®®! plasma-cell interaction
mechanisms are still mostly unsolved and thus are an
extremely relevant subject of current cutting edge
researches.*®**) With the aim to contribute to garner
knowledge on the fundamental aspects of plasma inter-
actions with cancers cells, the effects of the plasma

I Table 1. Nitrite, nitrate, and peroxide concentrations in the untretated and in the plasma treated cell culture medium. All treatments were

performed at PV 20 kV and PRF 500.

Operating conditions NO,~ (mg/L) NO;~ (mg/L) H,0, (mg/L)
Untreated 0 0 0

Gap 1.25mm, treatment time 60s (T1) 5-10 100-250 3-10
Gap 2.5 mm, treatment time 120s (T2) 5-10 100-250 3-10
Gap 1.25mm, treatment time 120s 10-20 100-250 3-10
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means that cells can overcome the plasma-induced cell-
cycle arrest and start proliferating. The 120s and 2.50 mm
condition is able to induce a stronger antiproliferative
effect, from which cells cannot rescue; in this case, we can
conclude that the cell-cycle arrest induced by plasma is
irreversible.

Taken together, these results demonstrate that the
growth inhibition of lymphoma cells induced by plasma
treatment is imputable to cell death and cell-cycle arrest in
which G2 accumulation is a key event. The simultaneous
appearance of G2 block and cell death suggests that cell
death is a primary direct effect due to plasma treatment,
and not a secondary effect due to the cells’ inability to
overcome growth arrest and proceed through the cell cycle.

equilibrium plasma exposure.

3.3. Comparison of Direct and Indirect Plasma
Treatment

Results for cell viability after direct and indirect plasma
treatment at different treatment times, PV 20kV, PRF
500Hz, and gap 1.25mm are reported in Figure 11. As
revealed by the number of cells permeable to 7-AAD, the
longer the treatment time (from 30to 120 s) and the culture
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Figure 10. Fluorescence histograms representing cell-cycle distribution of untreated cells (Aa) and of cultures directly treated with plasma,
where a plasma-induced G2/M phase accumulation is evident (Ab). Cell-cycle distribution after 24 (B) and 48 h (C) from atmospheric non-

time after plasma treatment (6, 24, and 48 h), the higher the
reduction in cell viability; no relevant difference can be
observed between direct and indirect treatment results.
Similar results were obtained with a gap of 2.50 mm and
identical treatment times (data not shown). This suggests
that the chemistry induced by plasma treatment in the
culture medium plays the leading role in plasma reduction
of cancer cells viability; similar considerations were
previously reported by Vandamme et al*”) and Mohades
et al,*®! who compared the effects of direct and indirect
treatment on glioblastoma U87MG and SCaBER bladder
cancer cells, respectively.

3.4. Measurement of Nitrites, Nitrates, and Peroxides
in Cell Culture Medium

Results for the concentration of NO,~, NO,;~, and H,0,
produced in 1 mL of complete cell culture medium after
plasma treatment, semi-quantitatively measured by
means of analytic strips, are reported in Table 1. In
particular, results for treatments carried out in the same
operating conditions (T1 and T2) adopted for studies of
cell viability, proliferation, and cell-cycle progression are
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treatment on the viability, proliferation, and cell-cycle
distribution of L5178Y TK4clone (3.7.2C) cells of mouse
lymphoma have been presented in this paper.

Plasma treatments were performed by means of a wand
electrode DBD driven by unipolar nanosecond high voltage
pulses, either in direct configuration, with cells exposed to
plasma while suspended in DMEM, or indirect configu-
ration, where cells were added to DMEM previously
activated by plasma treatment. In direct configuration,
two different sets of operating conditions were considered,
varying the distance between the tip of the plasma source
and the surface of the liquid medium and the treatment
time; qualitative differences between the plasma dis-
charges produced in the two operating conditions were
highlighted by means of HS and iCCD imaging. Plasma
treatment was observed to reduce the percentage of viable
cells in both the evaluated operating conditions, with the
highest cytotoxic effect for the case with longest exposure
time and largest gap width. Moreover, plasma treatment
was shown to significantly reduce cell proliferation and to
induce a statistically significant accumulation of cells in
G2/M phase.

Furthermore, results for direct treatment were compared
with results for indirect treatment of cancer cells: no
differences were observed for cell viability in the two cases,
suggesting that the leading role in plasma treatment of
cancer cells is played by the reactive species produced inthe
culture medium. Semi-quantitative measurements of
nitrites, nitrates, and peroxides highlighted the production
of significant concentrations of reactive species in the
culture medium after plasma treatment; despite their
sensitivity limitations, the adopted analytic strips hinted at
a connection between nitrite concentration and the
reduction of cell viability, supporting data and speculations
presented in other works.!**~**! Therefore, future activities
will be focused on a more detailed identification and
quantification of the reactive species produced by plasma
treatment in the culture medium and in the investigation of
their role in the mechanisms of plasma interaction with
cancer cells.
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Abstract.

Objectives: evaluation of anti-adhesion and decontamination activity of cold atmospheric plasma
towards biofilm formation onto soft reline oral palatal obturators.

Methods: the ability of cold atmospheric plasma to prevent biofilm formation and reduce bacteria
viability was evaluated by two dielectric barrier discharge plasma sources against the oral biofilm
formers Streptococcus mutans and Aggregatibacter actinomycetemcomitans. Reline specimens were
either plasma treated before being infected with 24 hours old biofilm or else infected with 90 minutes
(early biofilm) or 24 hours (mature biofilm) old biofilm prior to be plasma treated; specimens were
exposed to plasma for 30, 60 and 120 seconds. Afterwards, bacteria number and viability were
evaluated by CFU and XTT assays. Finally, viability and morphology of human primary fibroblasts
and keratinocytes cultivated onto plasma treated specimens were assayed by MTT.

Results: both plasma sources resulted effective towards the selected strains. Plasma treatment of
sterile reline specimens affected subsequent bacteria adhesion, leading to a CFU number and baeteria
viability 2 logs and 50%, respectively, lower than untreated controls (p<0.05). The anti-adhesion
efficacy was noticeable towards early biofilm: after 120 s of plasma treatment, CFUs were reduced
of 3 logs and viability decreased of around 60% (p<0.05). Significant results were also observed for
mature biofilm: CFUs and viability were reduced of around 2 logs and 40% (p<0.05), respectively,
after 120 s exposure. Finally, MTT did not reveal toxic effects towards human cells.

Significance: plasma represents a very promising sehatien tool for decontaminating soft reline oral

palatal obturators and for inducing a reduction of early bacteria adhesion.

Keywords: cold atmospheric plasma, oral biofilm, soft reline oral palatal obturator, in vitro

cytocompatibility.
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1. Introduction.

Cancer involving upper gums, palate and oral sinus accounts for 1-5% of malignant neoplasms of
head and neck neeplasms [1]. Most of them are deeply invasive because late diagnosed. In these
cases, the treatment of choice are surgical deep resection including palate- and maxillectomy followed
by reconstructive approaches. These latter include, at the best, plastic surgical reconstructions such
as free microvascularized flaps (osteo-musculocutaneous of the internal iliac crest, osteo-cutaneous
flap of the fibula or scapula, fascia, or osteo-cutaneous radial flap or pedicled flaps such as temporalis
muscle flap) [2-4].

However, when the breach is wide, patients are required to temporary of definitively wear custom-
made removable palatal obturators, to replace the lacking tissues and to restore masticatory,
deglutition, speech functions, and cosmetic appearance [1]. Among the large number of materials
suitable for this purpose, soft reline holds a relevant position since it is easily moldable and possesses,
thanks to its sponge-like return, the mechanical characteristics required to sustain the typical values
of the compressive oral forces. Unfortunately, because of the sophistication of the raw material and
the custom-made production process, soft reline oral palatal obturators are quite expensive; therefore,
an eventual implant failure might be severely resource- (because of the implants cost) and time-
(because of the long production process) consuming. Severe bacteria biofilm contamination of the
device is one of the major causes of failure of prosthetic rehabilitations in many body districts [5].
Sometime medical-devices infections are threats for general health and life. Therefore, preventive
and therapeutic approaches to counteract or remove biofilm contamination from medical-devices,
even palatal obturators, are mandatory for clinical success [6-9].

Conventional methods based on the use of antimicrobial agents have been already demonstrated to
be often ineffective against bacteria within a biofilm; therefore, the ability to destroy these living
organisms is critical and the development of an alternative technique is demanded. Cold atmospheric
plasma (CAP) potentially offers a good alternative to conventional antimicrobial approaches, thanks
to its characteristic blend of several and synergic biologically active agents; namely, ultra-violet
radiation, neutral or excited atoms and molecules, negative and positive ions, free radicals and free
electrons [10-13], which are effective in disrupting individual micro-organisms [14-18] and are not
influenced by mechanisms of microbial resistance to antibiotics (innate or acquired) [10]. Since
among the biologically active components of plasma, charged particles and electric field are also
included, it is proposed that they can affect the cell membrane causing electrostatic disruption or at
least permeabilization for a very short time [19-21]. As a consequence, plasma-derived ROS/RNS

molecules can penetrate the cell membrane [22-23] inducing further chemical reactions inside the
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cytoplasm and leading to the oxidization of cellular proteins and microbial DNA [11, 24-26]. In this
regards, Park et al. reported about the possibility to induce B. subtilis, E. coli, P. aeruginosa and S.
typhimirium disruption within 20 s of exposure to a microwave Ar plasma at atmospheric pressure
[27].

Interestingly, some literature results report the effective use of CAP for biofilm disinfection or
inactivation [28,29]. The remarkable study carried out by Joaquin et al. [30], about the investigations
of the effects induced by CAP on living biofilm-forming bacterial cells, suggests that they go through
sequential physiological and morphological changes before becoming inactivated by plasma and that
longer treatment time than for the case of planktonic bacteria are necessary to ensure a complete
inactivation.

This inactivation potential of CAP, together with the possibility to maintain relatively low
temperature (below 40°C), enable to extend plasma treatment to living tissues and thermo-sensitive
materials. Nowadays several studies are focusing on the biomedical applications of plasma, a field
usually referred to as Plasma Medicine [13,31,32], which includes also dental applications [33].
While a rather significant number of works highlight the effectiveness of CAP for bacteria and biofilm
inactivation, to the best of our knowledge, the investigation of the potentialities of CAP treatment in
preventing bacteria adhesion and biofilm formation has not been widely performed yet.

Here we report the results concerning the treatment of soft reline oral shutters by means of two CAP
sources, with the aim of evaluating their effectiveness in preventing biofilm adhesion and enabling
biofilm decontamination. The ability of CAP in preventing biofilm adhesion was evaluated by
contaminating with 24 hours old biofilm sterile specimens previously exposed to plasma treatment,
while the efficacy in reducing bacteria viability was tested treating with plasma specimens previously
contaminated with 90 min (early) and 24 hours (mature) old biofilm. In both cases, Streptococcus
mutans and Aggregatibacter actinomycetemcomitans were chosen since they are strongly related to
biofilm formation in the oral cavity. Finally, since the soft reline palatal obturators are properly
designed to replace resected tissues, the viability of human primary cells cultivated directly onto the

surface of plasma treated specimens has been evaluated.
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2. Materials and Methods.

2.1. Specimens preparation

Soft reline was prepared following the manufacturer’s instructions (Reline Soft, GC Europe N.V.,
Leuven, Belgium); afterwards, polymers were cut in order to realize square specimens (5 mm per
side) with a thickness of 2 mm. Prior to plasma treatment experiments, specimens were sterilized by
ethanol (70% v/v in PBS) immersion overnight followed by three washes in phosphate buffered saline

solution (PBS, pH 7.4, 10 min each).

2.2 Plasma sources

In order to evaluate the effectiveness of CAP in preventing bacteria adhesion and in biofilm
decontamination, two dielectric barrier discharge (DBD) plasma sources were tested. Schematics and
pictures of both adopted plasma sources are presented in Figure 1.

The first plasma source, named DBD-Rod, consists of a cylindrical brass electrode, with a 10 mm
diameter, having a semispherical tip, with curvature radius of approximately 5 mm. The electrode is
covered with borosilicate glass (relative permittivity &~4.7) as dielectric layer with a thickness of 1
mm. When operated, the plasma source is positioned near, or even in contact with, a grounded
electrode realised with an aluminium plate [32]. The DBD-Rod plasma source was driven by a
micropulsed generator producing high-voltage nearly sinusoidal pulses having a peak voltage (PV)
of 15.4 kV, frequency (f) of 40 kHz, pulse duration of 250 us and fixed pulsed repetition frequency
(PRF) of 1000 Hz.

The second plasma source used in this work, named DBD-Plate, is composed by a POM-C plate
(1mm thickness, relative permittivity £=3.4), used as dielectric layer, and an aluminium foil (6x6 cm)
adherent to the top surface of the dielectric plate as the high voltage electrode. An aluminium plate,
placed in front of the the bottom surface of the dielectric barrier, was employed as grounded electrode.
The DBD-Plate plasma source was driven by a micropulsed generator different from the previous one
and producing high-voltage sinusoidal pulses having a peak voltage (PV) of 12 kV, frequency (f) of
20 kHz, pulse duration of 4 ms and fixed pulsed repetition frequency (PRF) of 100 Hz.

In this work, the distance between the dielectric surface and the grounded plate was kept constant and
equal to 3 mm for both plasma sources and specimens were placed on the grounded plateduring the
treatments.

2.3. Mechanical characterization

With the aim of evaluating the potential effects of plasma treatment on the mechanical properties of

the reline polymer, stress-strain tests were carried out both on untreated and treated specimens.
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Stress—strain measurements were performed with an Instron 4465 (ITW Test and Measurements,
Torino, Italy) tensile testing machine on rectangular samples (8 mm x 0.1 mm). The gauge length
was 13 mm and the cross-head speed was 50 mm/min. At least five samples were tested for each

condition and results were evaluated as the average value + standard deviation.

2.4. In vitro plasma antibacterial activity

2.4.1. Bacteria Strains and Growth conditions

Two exponentially growing oral biofilm former strains were used for the evaluation of plasma
induced antibacterial activity: i) Streptococcus mutans (DSMZ 20523, Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) and ii)
Aggregatibacter actinomycetemcomitans (DSMZ 11123). Bacteria were cultivated in blood agar
plates (Sintak S.r.1., Corsico, Milan, Italy) at 37°C in aerobic conditions for 48 hours until single
round colonies were obtained. Single colonies were inoculated into fresh LB medium and grown at
37°C in a Gallenkamp orbital shaker incubator at 120 rpm until a 1x107 cells/ml broth culture was
obtained, according to McFarland 1.0 standard.

2.4.2. Evaluation of plasma activity in preventing bacteria adhesion

Sterile reline specimens were treated with both DBD sources for 30, 60 and 120 seconds. Then,
samples were placed into a 24 multiwell plate (Nunclon Delta Surface, Thermo Scientific, Rodano,
Milan, Italy) and submerged with 1 ml of LB medium containing 1x107 bacterial cells (prepared as
described in paragraph 2.4.1). Plate was incubated for 90 minutes at 37°C in agitation (120 rpm,
adhesion phase) [34]. Finally, supernatants containing floating planktonic cells (separation phase)
were removed and specimens were washed carefully with PBS. The number of biofilm viable colonies
was evaluated by the Colonies Forming Unit (CFU) count, while bacteria viability was determined
by the colorimetric metabolic 2,3-bis (2-methoxy-4-nitro-5-sulphophenyl)-5-[(phenyl amino)
carbonyl]-2H-tetrazolium hydroxide assay (XTT, Sigma, Milan, Italy) assay, as previously described.
Briefly, bacteria colonizing surface were detached by means of sonicator and vortex (30 seconds
each, 3 times), collected in PBS and used to obtain 6 ten-fold dilutions; then, 20 ml of each dilutions
were spotted onto LB agar plates and incubated for 24 hours at 37°C. The final CFU number was
calculated as follows [35]:

CFU = [(number of colonies x dilution factor)N*erial ten-fold dilution)

Bacteria viability was evaluated by adding 50 ml of XTT solution (3mg/ml in acetone containing
1uM menadione) to each well; plate was incubated for 4 hours in the dark and the optical density was
evaluated by a spectrophotometer (SpectraCount, Packard Bell, Chicago, USA) at 490 nm

wavelength. Specimens not subjected to plasma treatment were used as control and bacteria viability
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onto these samples was considered as 100% and assumed to express the viability onto plasma treated
specimens. Experiments were performed in triplicate.

2.4.3. Evaluation of plasma activity in decontaminating early biofilm

Sterile untreated specimens were placed into a 24 multiwell plate (Nunclon Delta Surface, Thermo
Scientific) and submerged with 1 ml of LB medium containing 1x107 bacteria cells (prepared as
described in paragraph 2.4.1). Plate was incubated for 90 minutes at 37°C in agitation at 120 rpm
(adhesion phase). Then, supernatants were extracted in order to remove floating planktonic cells
(separation phase) [34], and plasma treatment was directly performed onto 90 minutes bacteria cells
(early biofilm) colonizing the surface of specimens for 30, 60 and 120 seconds by using both the
DBD plasma sources. Twenty minutes after the plasma treatment, CFU count and XTT assay were
performed, as described in paragraph 2.4.2. Infected and untreated specimens were used as control
and bacteria viability onto these samples was considered as 100%. Experiments were performed in
triplicate.

2.4.4. Evaluation of plasma activity in decontaminating mature biofilm

Sterile untreated specimens were infected as described in paragraph 2.4.1. After the separation phase,
samples containing biofilm were rinsed with 1ml of fresh medium and cultivated for 24 hours at 37°C
to promote biofilm maturation. Then, supernatants were removed and plasma treatment was directly
performed onto 24 hours bacteria cells (mature biofilm) colonizing the surface of the specimens for
30, 60 and 120 seconds by using both plasma sources. After 20 minutes, CFU and XTT analysis were
performed as described above. Infected and untreated specimens were used as control and bacteria

viability onto these samples was considered as 100%. Experiments were performed in triplicate.

2.5. In vitro cytocompatibility

2.5.1. Human Primary Cells

Cytocompatibility of plasma treated soft reline specimens was evaluated against pooled primary
human gingival fibroblasts (HGFs) and skin keratinocytes (HEKs). HGFs were isolated from
discarded normal human gingiva, surgically resected from healthy patients who underwent te
impacted third molars extraction, after obtaining informed consent. Briefly, thin mucosa specimens
were collected by dermatome and the epithelial layer detached by enzymatic digestion using a 0.5%
dispase solution (in PBS) at 4°C overnight. Afterwards, dermal layer was minced with surgical blades
and digested for further 30 min at 37°C with a collagenase/dispase/trypsin solution (1 mg mL!
collagenase, 0.3 mg mL™! dispase, 0.25% trypsin in PBS, all from Sigma) [36]. Obtained cells were
cultivated in a-MEM (Sigma) supplemented with 10% heat-inactivated foetal bovine serum FBS
(Sigma-Aldrich, Italy)) and 1% antibiotics-antimycotics (Anti-Anti, Sigma) at 37°C in a humidified
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5% CO2 atmosphere. HEK were obtained from Clonetics (Euroclone, Milan, Italy) and maintained in
EpiLife® Medium (Invitrogen, Milan, Italy). Before confluence, both eukaryotic cell types were

trypsinized, re-suspended, plated for the experiments and used within fifteen population doublings.

2.5.2. Evaluation of cytocompatibility of plasma treated soft reline specimens

Sterile specimens were plasma treated with both DBD sources for 30 and 120 seconds. Then, a
defined number (5x10* cells/specimen) of eukaryotic cells were seeded onto plasma treated reline
surfaces; samples were incubated for 24 hours at 37°C, 5% CO». After 24 hours, eukaryotic cell

viability was determined by the colorimetric metabolic assay 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma). Briefly, 20 pL of MTT solution (3 mg mL™ in PBS)
were spotted into each well; plates were incubated for 4 hours in the dark in incubator at 37°C.
Afterwards, medium was removed and formazan crystals on the wells bottom were solved with 100
puL of DMSO. Finally, 50 pL aliquots were collected from each well and the optical density measured
by the spectrophotometer at 570 nm. Eukaryotic cells were also cultivated onto untreated reline to
confirm its cytocompatibility, while eukaryotic cells cultivated onto polystyrene wells were
considered as 100% and assumed to express the viability onto plasma treated specimens. Furthermore,
cells morphology, spread and density were visually checked by light microscope (Leica AF 6500,

Leica Microsystems, Basel, CH). Experiments were performed in triplicate.

2.6. Statistical analysis of data

Statistical analysis of data was performed using the Statistical Package for the Social Sciences (SPSS
v.20.0, IBM, Atlanta, GA, USA). Data were statistically compared by one-way ANOVA, followed
by Sheffe’s test for post-soc analysis in case of independent samples and by Friedman’s ANOVA,
followed by Conover’s test, in case of dependent samples, Two-samples comparisons were done

using Mann-Whitney’U test. Significance level was set at p<0.05.
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3. Results.

3.1. Mechanical characterization

The mechanical characterization was performed on untreated and 30, 60 and 120 seconds plasma
treated soft reline polymers, with the aim to garner some knowledge about the possible variation
induced in the material by plasma treatment in terms of elastic modulus, stress at break and
deformation at break.

Tensile mechanical properties of the samples treated with both DBD plasma sources are reported in
Table 1, where elastic modulus E, stress at break ob, and deformation at break eb are listed. Figure
2 a and Figure 2 b show a representative stress—strain curve of specimens treated by DBD-Rod and
DBD-Plate, respectively. From the obtained results, no significant alteration of mechanical

performances of the soft reline polymer was found even after 120 seconds of plasma treatment.

3.2. Evaluation of plasma activity in reducing bacteria adhesion

DBD-Rod and DBD-Plate sources, used to treat soft reline palatal obturators before bacterial
contamination (as schematized in Figure 3 a), turned out to be effective in preventing bacteria
adhesion for both the selected biofilm formers. In particular, the CFUs counts highlighted that on
plasma treated samples the CFU number was approximately 2 logs lower than the one registered on
untreated control (CNT) (p<0.05, indicated by #), as reported in Figure 3 b-¢ (left histograms).
Moreover, as shown in Figure 3 b-e (right histograms), also the bacteria viability evaluated on the
soft reline palatal obturators resulted to be affected by plasma treatment, since a loss of bacteria
viability of 40-60% for plasma treated samples with respects to the untreated ones (p<0.05, indicated

by *) was found.

3.3. Evaluation of plasma activity in decontaminating early and mature biofilm

Plasma treatment of previously infected specimens (schematized in Figure 4 a and Figure 5 a) led to
a significant decrease of CFU number and bacteria viability for both early and mature biofilm, even
after a short treatment time (30-120 seconds). As it can be observed comparing Figure 4 and Figure
5, plasma treatment is more effective on early biofilm.

In fact, both DBD-Rod (Figure 4 b and ¢) and DBD-Plate (Figure 4 d and e) induced at least a 3 Logs
reduction of the CFUs number (b-e, left histograms) and a 40-60% loss in terms of bacteria viability
(b-e, right histograms), for both the selected early biofilm formers. All the results obtained for plasma
treated specimens were statistically significant in comparison to untreated controls (p<0.05, indicated

by the # for CFUs counts and by the * for viability assay).
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Significant results were also obtained when plasma treatment was performed onto specimens infected
by mature biofilm (Figure 5), even though the inhibition values resulted to be lower than the one
obtained in the case of early biofilm. In fact, for the two considered biofilm formers, plasma treatment
was able to induce 2 Logs reduction of the CFUs number (Figure 5 b-e left histograms) and 20-40%
loss in terms of bacteria viability (Figure 5 b-e right histograms). Also in this case results were
statistically significant in comparison to untreated controls (p<0.05, indicated by the # for CFUs
counts and by the * for viability assay). No differences were observed between DBD-Rod and DBD-

plate sources.

3.3. Evaluation of cytocompatibility of plasma treated soft reline specimens

Cytocompatibility of untreated soft reline specimens (reported as polymer control in Figure 6) was
evaluated, considering eukaryotic cells cultivated onto polystyrene surface (reported as polystyrene
control in Figure 6) as positive control and 100% viability. Results showed that both HEKs and HGFs
were able to grow onto the specimens surface and no difference (p>0.05) with respect to the
polystyrene control was observed, as reported in Figure 6 a-b and d-e. Also, reline specimens were
subjected to plasma treatment performed under the same operating conditions implemented for
bacterial decontamination, in order to assess the possible cytotoxic effects of plasma treated
specimens. Results confirmed that plasma treatment of soft reline specimens did not affect their
cytocompatibility; in fact, an almost insignificant, when compared to the controls (polystyrene and
polymer, p>0.05), decrease of the eukaryotic cells viability ratio was registered only after 120 seconds
plasma treatment. Furthermore, also the visual observation confirmed that, after 24 hour of
cultivation, morphology, spread and density of both HEKs (Figure 6 c) and HGFs (Figure 6 f) cultured

onto treated specimens were comparable with those of eukaryotic cells cultured on both the controls.

4. Discussion.

The decontamination of soft reline palatal obturators, worn by patients who suffered from oro-nasal
communication as a replacement of lacking soft tissues, represents a challenge for clinicians [37]. In
fact, in most cases, due to the inefficacy of conventional methods in reducing the microbial load, the
removal and substitution of contaminated implants are required; this procedure is expensive and time
consuming because each obturator needs a custom-made molding procedure in order to fit with
patients’ tissue defect [38]. Since the bacterial and fungal biofilm contamination is the most
recognized cause of prosthetic stomatitis [39] and, in case of immunocompromised patients also a

potentially life-threatening condition [40], innovative methods able to affect biofilm adhesion onto
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sterile soft reline palatal obturators and to induce a reduction of microbial load onto contaminated
scaffolds are strongly demanded.

In the present work, the efficacy of plasma treatment for biofilm formation was investigated in a pilot
study using two bacteria strains, one belonging to Streptococcus family and one to the subgingival
putative periodontal and peri-implant pathogens. The choice of the reported bacteria strains instead
of the most common Candida spp, involved in stomatitis etiology, was due to the remarkable role of
bacteria both in the early adhesion phase of biofilm formation [41], even when Candida spp are
involved, and in enhancing Candida virulence and pathogenicity [42]

The obtained results highlighted the possibility to employ plasma to reduce bacteria adhesion onto
sterile soft reline obturators as well as the bacteria load of the contaminated ones. When soft reline
specimens were plasma treated prior to their infection (Figure 3), bacteria number and viability after
90 minutes of incubation were found to be lower than the ones evaluated onto the untreated samples:
these preliminary results demonstrate that plasma treatment can affect the chemical characteristic of
the soft reline polymer surface, at least for the considered elapsing time between the plasma exposure
and the contamination. As documented, bacterial adhesion onto surfaces is linked to the chemico-
physical properties and functional groups exhibited by the material at its interface with the cells [43].
When polymeric surfaces are subjected to cold plasma treatment performed using oxygen containing
gas, as in our case (ambient air), the introduction of oxygenated functional groups occurs [44, 45],
contributing to prevent the initial bacterial adhesion [46]. While effective in temporally modifying
the surface chemical characteristics of the soft reline specimens plasma treatment did not induce any
significant alteration of their bulk mechanical properties. This is of extreme importance since the
choice of soft reline as constituting material is mainly based on its unique mechanical characteristics
that are able to withstand compressive oral forces while granting comfort to the patients.

Regarding the investigation of the capability of plasma in decontaminating biofilm infected surfaces,
very promising results were observed towards early biofilm (Figure 4); in fact, both plasma treatment
were found to induce a strong decrease of bacteria load and viability, suggesting that plasma was able
to penetrate the biofilm matrix. A noticeable reduction of CFUs number and viability loss was also
observed by performing plasma treatment of mature biofilm (Figure 5). However, since the obtained
reduction turned out to be less relevant than the one evaluated in the case of early biofilm inactivation,
it can be supposed that the penetration of biologically active agents of plasma through the matrix of
the mature biofilm is rather slow and unable to eradicate all the mature biofilm layers for the adopted
treatment times. In light of this consideration, as a future investigation, the effect of longer plasma
treatment time on the mature biofilm inactivation will be investigated, evaluating at the same time

the cytocompatibility of the soft reline specimens, which for treatment time up to 120 s did not turn
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out to be compromised. Since the appliance of plasma onto reline prosthesis surface did not affect
human cells viability or morphology (Figure 6), the reactive species anchored to the surface are

assumed to be effective againstbacteria but not toxic for eukaryotic cells.

Conclusions.

The possibility of effectively bacterial decontaminatingsoft reline palatal obturators, in order to
prevent their failure and replacement, represents nowadays a challenge for clinicians. In the present
work, we have shown that the direct application of cold atmospheric plasma represents a suitable
procedure able to significantly reduce bacterial contamination, even in a single short time treatment,
and to prevent bacteria adhesion on sterile soft reline specimens. In future works, different elapsing
times between the plasma treatment and the contamination of the sterile specimens will be
investigated to evaluate the recovery over time of the antibacterial properties induced by the plasma
treatment.

Considering the preliminary in vitro data, the process turns out to be not toxic for human cells.
Therefore, even if more in vitro and in vivo data are still necessary, it is possible to state that plasma

can be considered as a very promising solution for the soft reline decontamination.
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Figure 1. DBD-Rod (upper panel) and DBD-Plate (lower panel), pictures of the discharge during
operation (left figures) and schematics representations of the sources (right figures).
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Figure 3 a-e. Schematic representation of the experimental protocol (a); assessment of the capability
of DBD-Rod and DBD-Plate plasma source in affecting A4.actinomycetemcomitans (b and d) and
S.mutans (c and e) adhesion, by means of CFUs counts (b-e left histograms) and evaluation of bacteria
viability (b-e right histograms). Results were statistically significant in comparison with untreated
controls (CNT) for both CFUs (p<0.05, indicated by the #) and viability assessed by XTT (p<0.05,
indicated by the *). Bars represent mean values and standard deviations
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Figure 4 a-e. Schematic representation of the experimental protocol (a); assessment of the
effectiveness of DBD-Rod and DBD-Plate plasma source in decontaminating
A.actinomycetemcomitans (b and d) and S.mutans (¢ and e) early biofilm, by means of CFUs counts
(b-e left histograms) and evaluation of bacteria viability (b-e right histograms). Results were
statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05,
indicated by the #) and viability (p<0.05, indicated by the *). Bars represent means and standard
deviations.

246



Plasma
Source
(a)

=< JTA!
=]
= . . = :
@ (24 hours incubation) > : -|
(1} (2) A (?) )
Specimens Infection Plasma Treatment of nalysis
P Mature Biofilm (CFU-XTT)
DBD-Rod Source
(b} #
[ 1LE+11
E 100 %
£l 4 —‘ oy
g ; 1.E+10 f 80 ]
E = ETT0
@ =
F] £ 60
8| T 1ED 25 a
= S =
E S g8 a
[~} = =
£ U 1E+08 s 30
g = 20
° 10
< 1LE+07 | . - . 0 . :
CNT 30 60 120 30 60 120
L Plasma Treatment Time {seconds)
{seconds)
(c) #
1E1 1
& 100 *
- 30 #
2l 3 1E+10 £ 80
g 2 EEl #
£ S E
El 2 1Es9 250
% < =
2 £t w
© qE+08 a 30
= 20
10
1LE+07 0
CNT 30 60 120 30 60 120
— Plasma Treatment Time fseconds}
(seconds)
DBD-Plate Source
(d) #
@ 1LE+11
s 100 A
"E‘ _ * 90 — ]
8 £ 1.E+10 2 80 "
E < EL ] &
2 2 SE 60
§‘ 3 1.E+09 s
£ > R
Q = =
£ © 1.E+08 £ 30
g = 20
= 10
< 1.E+07 + T T T 1 0+ T T
CNT 30 60 120 30 60 120
Plasma Treatment Time {seconds)
— (seconds)
e
C] .
1E+1 Y __ 1
* 100 *
,,, - 90
£ £ 1E+10 z 8 8
g ) T
E £ SE #
& E e 25 gg
z £ w0
= 1E+08 £
= 2
10
1E+07 0
CNT 30 60 120 30 60 120

— _—— Time {seconds)
Plasma Treatment ¢ )

(seconds)

Figure 5 a-e. Schematic representation of the experimental protocol (A); assessment of the
effectiveness of DBD-Rod and DBD-Plate plasma source in decontaminating
A.actinomycetemcomitans (B and D) and S.mutans (C and E) mature biofilm, by means of CFUs
counts (B-E left histograms) and evaluation of bacteria viability (B-E right histograms). Results were
statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05,
indicated by the #) and viability (p<0.05, indicated by the *). Bars represent means and standard
deviations.
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Figure 6 a-f. Assessment of cyotocompatibility of plasma treated soft reline specimens, by means of
the evaluation of eukaryotic cell viability and visual observation. The viability and morphology of
HEKSs (a-c, upper panel) and HGFs (d-f, lower panel) grown onto plasma treated specimens were
comparable towards controls cultivated onto untreated reline (polymer control) and polystyrene wells
(polystyrene control). No statistically significant differences (p>0.05) were detected between treated
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