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Abstract

Non-equilibrium atmospheric pressure plasmas are used in many areas, such as food and
agriculture, plasma medicine, plasma surface modification, material synthesis and
deposition. Because of their versatility, many plasma setups have been developed. Of
greater interest are those that operate at atmospheric pressure, like atmospheric pressure
plasma jets (APPJs). Regarding applications, there are two main advantages of this type
of plasma — simplicity and availability that comes with operation at atmospheric pressure,
and low operating temperature that enables treatments of temperature-sensitive materials
and substrates. Versatility and wide application of APPJs make detailed and standardized
diagnostics a necessity.

This dissertation tries to prove that optical emission spectroscopy is an efficient method
for observing plasma properties generated within inert gases of argon and helium, and can
provide all necessary data on plasma parameters and conditions. Consequently, optical
emission spectroscopy enables in situ monitoring to understand physical and chemical
processes occurring on surfaces, during synthesis or deposition. Therefore, the goal of the
dissertation is to follow and investigate two objectives: (i) tracking APPJ surface
modifications by optical emission spectroscopy for improved functionalization of
nanomaterial surfaces or nanoparticles in colloidal solutions, and (ii) monitoring treatment
of biological substrates with optical emission spectroscopy for the safe APPJ treatment of
skin, decontamination of surfaces and removal of bacteria, as well as mitigations of plasma
damages on cells relevant to clinical practice.

In order to test the hypothesis, the research is based on three steps — setting up a
plasma system, implementing plasma diagnostic tools and monitoring different changes in
materials, either biological responses or chemical and morphological change. The used
plasma setups are APPJs with different power sources, either operating in radio frequency
or kHz regimes, with a possibility of aerosol injection. Implementation of plasma diagnostic
tools means that gas-phase diagnostics are combined with electrical characterization of the
power source. Optical diagnostics consist of optical emission spectroscopy, spatial and time-
resolved, and fast intensified charged coupled device imaging of the plasma streamer.
Electrical characterization and power measurements are performed by HV probes and
current monitoring. Lastly, to uncover plasma properties indirectly, we look at different
analyses and responses of substrates based on chemical (liquid chemistry), morphological
(scanning electron microscopy, transmission electron microscopy, atomic force microscopy,
X-ray photoelectron spectroscopy, ultraviolet—visible spectroscopy, Fourier-transform
infrared spectroscopy) and biological analysis (cell viability tests, determination of viable
bacteria after the plasma treatment, fluorescence microscopy for evaluation of skin damage
and infrared imaging of the mouse skin surface).

The results support our hypothesis — optical emission spectroscopy is a great
multipurpose tool for monitoring and tracking atmospheric pressure plasma processes in
jets and changes when accompanied with appropriate and detailed substrate analysis. If
we want to gain even more, other diagnostic techniques should be added to the research.
However, the optical emission spectroscopy will be a future cornerstone sensor for
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monitoring and controling the atmospheric pressure plasma processes initiated by jets in
either nanofabrication or treatments of biological materials.
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Povzetek

Uporaba ne-ravnovesnih atmosferskih plazem zajema Stevilna podrocja, kot so npr.
plazemska medicina, prehrana in kmetijstvo, plazemska obdelava povrsin ter sinteza
materialov in nanos nanomaterialov. Zaradi raznovrstnosti plazem, je bilo do sedaj razvitih
mnogo plazemskih sistemov. Pri tem nas najbolj zanimajo atmosferske plazme, kot so
atmosferski plazemski curki. Prednosti tovrstnih plazemskih sistemov pri uporabi v
razlicnih aplikacijah sta predvsem njihova preprostost in razpolozljivost, ki sta posledici
uporabe plazem pri atmosferskem tlaku in nizki delovni temperaturi, kar omogoca obdelavo
termicno nestabilnih materialov in substratov. Zaradi raznovrstnosti in mnogih aplikacij
atmosferskih plazemskih curkov, je nujna njihova podrobna in standardizirana diagnostika.

Namen te disertacije je dokaz da je opti¢na emisijska spektroskopija uc¢inkovita metoda
za opazovanje lastnosti argonovih in helijevih plazem in lahko priskrbi vse potrebne
podatke o plazemskih parametrih in pogojih. Prav tako omogoca opti¢na emisijska
spektroskopija in situ spremljanje fizikalnih in kemijskih procesov, ki se dogajajo na
povrsinah ob plazemskih sintezah ali nanosih. Cilj disertacije je torej raziskovanje dveh
podrocij: (i) opazovanje povrsinskih sprememb z opti¢no emisijsko spektroskopijo za
izboljsavo povrsinske funkcionalizacije nanomaterialov ali nanodelcev v koloidnih
raztopinah, in (ii) monitoring plazemske obdelave bioloskih substratov z opti¢no emisijsko
spektroskopijo za varno obdelavo koze z atmosferskim plazemskim curkom,
dekontaminacijo povrsin in odstranjevanje bakterij, kot tudi ublazitev plazemskih poskodb
na celicah, pomembnih za klini¢no delo.

Za preizkus hipotez, je raziskava razdeljena na tri korake — postavitev plazemskega
sistema, implementacija plazemskih diagnosti¢nih orodij in spremljanje razli¢nih sprememb
v materialih — bodisi bioloskih odzivov, bodisi kemijskih in morfoloskih sprememb.
Uporabljeni plazemski sistemi generirajo atmosferske plazemske curke z mozZnostjo
injiciranja aerosola, generirani z razli¢nimi viri napetosti, ki delujejo v radiofrekvenénem
ali kHz razponu. Implementacija plazemsko diagnosti¢nih orodij se nanasa na kombinacijo
diagnostike plinske faze z elektricno karakterizacijo vira napetosti. Opti¢na diagnostika
sestoji iz prostorsko in ¢asovno loc¢ljive opticne emisijske spektroskopije ter karakterizacije
plazemskih curkov s CCD napravami. Elektricna karakterizacija in meritve moci so
izvedeni z visokonapetostnimi sondami in tokovnim monitoringom. Nazadnje je za
indirektno odkrivanje plazemskih lastnosti, pridobljen vpogled v razli¢ne analize in odzive
substratov, ki temelji na kemijski (tekoca kemija), morfoloski (vrsti¢na elektronska
mikroskopija, presevna elektronska mikroskopija, mikroskopija na atomsko silo, rentgenska
fotoelektronska spektroskopija, UV-VIS spektroskopija, Fourier-transformirana infrardeca
spektroskopija) in biologki analizi (testi celicne viabilnosti, dolo¢anje viabilnih bakterij po
plazemski obdelavi, fluorescenéna mikroskopija za evaluacijo koznih poskodb in infrardece
slikanje povrsine misje koze).

Rezultati podpirajo nase hipoteze — optiéna emisijska spektroskopija je odli¢no
vecnamensko orodje za spremljanje in preucevanje procesov in sprememb v atmosferskih
plazemskih curkih, ¢e ga spremlja primerna in podrobna analiza substrata. Za pridobitev
ve¢ informacij, bi bilo potrebno raziskavi dodati se druge diagnostic¢ne tehnike. Kljub temu
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pa bo v prihodnosti opti¢na emisijska spektroskopija temeljni senzor za zaznavanje in
nadzor procesov v atmosferskih plazmah bodisi pri izdelavi nanomaterialov ali plazemski
obdelavi bioloskih materialov.
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Chapter 1

Introduction

1.1 Atmospheric Pressure Non-Equilibrium Plasma

Plasma is the fourth state of matter, after solid, liquid and gas, and the most abundant
form of matter in the universe. When a substantial amount of energy is delivered to a gas,
electrons start to escape atoms and molecules and produce even more electrons and ions
by collisions induced by a growing electric field. Energy needed for such ionization can
come through different mechanisms, such as applying high temperatures or electrical
discharges to the gas. Finally, when the number of collisions is high enough that the time
between electron—neutral collisions is large compared to the characteristic time during
which the physical plasma parameters are changing, the electrical properties of gas change
and it becomes an ionized gas or plasma [1], [2].

Even though plasmas exist mostly in intergalactic regions, such as stars and the
intracluster medium of galaxy clusters, they can be generated in the laboratory under
different conditions, for instance using different pressures. In the early days of plasma
technology, low-pressure plasmas were more common than plasmas induced at atmospheric
pressure because they were easier to ignite and maintain [3]. Soon, it became obvious that
atmospheric pressure plasmas have some advantages compared to low-pressure plasmas,
which, from a practical point of view, is most evident in the lack of expensive and
complicated vacuum systems [1], [4].

Aside from pressure, temperature — which represents the mean translational energy of
plasma species — is another defining plasma parameter. When using electrical discharge to
ignite plasma, if the generated electric field is strong enough, electrons obtain more energy
from the electric field than they lose in collision with heavier neutral particles. This enables
electrons to accelerate, resulting in an avalanche that finally induces the breakdown of the
gas. However, the number of electron—neutral collisions is high and energy is transferred
from fast accelerated electrons to heavy neutral particles. In this case, when the electron
temperature is similar to the neutral particle temperature, the plasma is classified as
equilibrium plasma [1], [5]. However, in laboratory conditions at atmospheric pressure, it
is possible to induce a different kind of plasma — non-equilibrium or cold plasma. As the
name suggests, a non-equilibrium plasma is a gas discharge where plasma species, electrons
and heavy particles, do not have the same temperature. The mean kinetic energy of
electrons, electron temperature, is higher than the gas temperature (T, > Tg). This is
possible because energy transfer is much faster from the induced electric field to electrons
than energy transferred in collisions of electrons and heavy particles due to their large mass
difference. For a plasma sustained in an atomic gas, such as noble gases used in this
dissertation, the gas temperature 7, can be estimated by the previously mentioned energy
transfer relation between electric field, electrons and heavy particles as:
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T, =T, (1— P (1)
where m,, is the heavy particle mass, m, the electron mass, €, the electron energy, e the
elementary charge and A, the electron mean free path [6]. This equation shows that keeping
low gas temperature can be challenging with increasing pressure, which is evident in
atmospheric pressure plasma systems like arcs. However, there are numerous methods to
minimize gas heating that include the use of noble gases, different gas flows, reduced plasma
size and more [6].

Non-equilibrium plasmas at atmospheric pressure have a wide application range in
many fields that are focused on temperature sensitive materials, like agriculture and the
food industry [7]-[13], material synthesis and deposition [5], [14]-[19], and especially plasma
medicine [20]-[26]. In order to be used in such a variety of areas, atmospheric pressure non-
equilibrium plasmas come in many forms, some of which are shown in Figure 1.

(a) DBD (b) Plasma jet (c) DC corona (d) Transient streamer

25 mm

(e) ns-pulsed discharge (f) CCP (g) MHCD

Corona Glow  Spark

(i) Microwave microstrip resonator (j) Surfatron plasma

Figure 1: Examples of atmospheric pressure non-equilibrium plasmas from [6].

1.1.1 Atmospheric pressure plasma jets

Plasmas are generated when an applied electric field is strong enough to initiate a
breakdown over a discharge gap. At atmospheric pressure, that electric field needs to be
quite high so the discharge gaps are usually small — from a mm to a few cm. To increase
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the size limit of treated objects, plasmas confined between electrodes are replaced by
plasmas generated in open space — plasma jets. There are two main challenges that hinder
the generation of non-equilibrium atmospheric pressure plasma jets (APPJs) — high
electron/heavy particle collision frequency and low applied electric field [1]. These
challenges can be overcome with different designs and power supplies. Most jets use noble
gases with the possible addition of small amounts of reactive gases, such as oxygen (O:) or
nitrogen (N,). Based on their design, non-thermal plasma jets are divided into dielectric-
free electrode (DFE) jets, dielectric barrier discharge (DBD) jets, DBD-like jets and single-
electrode (SE) jets, as in [1], [27]. A schematic representation of most jet configurations is
presented in Figure 2—-5. APPJs can also be classified by excitation frequencies into direct
current (DC) plasma jets, pulsed-DC plasma jets, kHz-operated plasma jets, radio
frequency (RF)-operated plasma jets and microwave-driven plasma jets [3].

HV Elecirode Tube Nozzle

Electrode ¢
C:as Inlet e i r—%

RF Power
Supply

Plasma Jet

Figure 2: Schematic representation of DFE jets from [27].

DFE jets, powered by a radio frequency (RF) source, have one inner electrode coupled
to that source and a grounded outer electrode [17], [28]. The setup has to be cooled down
by water so as not to overheat, and the gas temperature goes from 50°C to 300°C. The gas
temperature is quite high because of the high power delivered to plasma, which reduces
possible applications in biomedicine. The upside of this setup is the resultant highly
reactive plasma and its suitability for material processing, as long as the materials are not
temperature sensitive.
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Dielectric Ring Electrodes , Dielectric Ring Electrodes
(d} Tube (b)

Tube

v

Gas Inlet

 —

Gas Inlet

_..

Power

Supply Plasma Jet

Plasma Jet
Power
Supply =

HV Electrode  Dielectric Tube  Ring Electrode

— i_D I (c) Hv Elelcrrnae Dielectric Tube ( )
Gas Inlet N
Al |

Plasma Jet

Plasma Jet

Insulator  Ring Electrodes

(e)

Gas Inlet

e

Plasma Jet

Power
Supply =

Figure 3: Schematic representation of different DBD jets: (a) with two external ring

electrodes; (b) with a single ring electrode; (c¢) with an axial pin electrode and an external

ring electrode; (d) with a single axial pin electrode; and (e) with two annular ring electrodes

on centrally perforated dielectric disks from [27].

DBD jets have many different configurations, but common to all is that every jet has
an electrode that is not in direct contact with the gas flow but is separated with a dielectric
(usually a glass tube) [29]-[31]. All DBD jets can be operated by pulsed DC or kHz
alternating current (AC) power supply. Gas temperature remains low and the plasma
plume can have lengths of several cm, sometimes over 10 cm, which makes them perfect
candidates for applications in plasma medicine [32].

HV Electrode Dielectric  Ring Electrode Dielectric Ring Electrode
Tube ‘ (a) Tube ¢ (b)
‘ Gas Inlet 1 ‘

d

Gas Inlet _l_'
> % =
ﬁ Gas Inlet 2 +
—~ ? hollow Eleciro;i\ T

S | Plasma Jet
Power P\l;,{r I Plasma Jet
Supply = e

Supply

Figure 4: Schematic representation of DBD-like plasma jets: (a) with an axial pin electrode
and an external ring electrode; (b) with a hollow tube electrode, an external ring electrode
and two gas inlets from [27].
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DBD-like jets are quite similar to DBD jets when they are treating a non-conductive
material [33]. However, when the plasma plume makes contact with a conductor, the
discharge starts running between a high-voltage electrode and a conductive substrate and
the jet changes properties. DBD-like jets can be operated by kHz AC, pulsed DC or RF
power sources [34]. Their configuration makes them useful in treating conductive materials
when there is a need for more power delivered to the substrate. However, when treating
biological samples, such as cells or tissue, there is a possibility of arcing.

HV Electrode Dicleetric Tube

(a} Diclectric (b)
* Gas Inlet 1 Tube }

Gas Inlet 0 g == l—’ B |
- === b g

E = Gas Inlet 2 A= —

Power .L Hollow Electrode T

Supply Plasma Jet ]_’"“'Hr Plasma Jet

Supply
Hollow F.Icctrndt? (¢)

Gas Inlet I ¢ Pulsed DC

Power Supply T
Plasma Jet
R

Figure 5: Schematic representation of SE plasma jets: (a) with an axial pin electrode inside
a dielectric tube; (b) with one hollow tube electrode from [27].

In this thesis SE jets were used, paired with different power sources, mostly operated
in the kHz region. SE jets have one electrode inside a glass tube that guides the gas flow,
and there is no ground electrode. These jets have a similar disadvantage to DFE and DBD-
like jets: there is a possibility of arcing between plasma and the treated substrate.
Nonetheless, there are many different setups of SE jets that can overcome this danger. The
biggest advantage of SE jets is low gas temperature and the possibility of safely touching
the plasma plume, making them a good candidate for applications in plasma medicine [21],
[22].

1.2 Plasma Diagnostics and Spectroscopy

Plasma consist of many species, such as atoms, molecules and their ions. Every plasma
emits and absorbs electromagnetic radiation in a wide wavelength range, but there are
some limitations for spectroscopy. Below 200 nm, the air starts to absorb electromagnetic
radiation. To avoid this absorption, the diagnostic system requires an evacuated light path,
which complicates diagnostics drastically. Above 1000 nm, the thermal background noise
becomes too high for common spectrometers to distinguish from the real plasma spectrum,
and it can only be compensated with expensive detection equipment [35], [36]. For those
reasons, optical plasma diagnostics is usually conducted in the spectral region between 200
nm to 1000 nm.

Plasma spectroscopy detects plasma radiation. There are three different contributions
to overall plasma radiation — bremsstrahlung, recombination radiation and line radiation.
Bremsstrahlung and recombination radiation are detected as continuum radiations. They
occur when electrons are deflected in the energy field of ions and when electrons recombine
with ions, respectively. In contrast, line radiation corresponds to transitions of electrons
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between levels of atoms, ions and molecules (at low temperatures) [36]. A possible
representation of plasma radiation is presented in Figure 6: Simulated spectrum
representing plasma radiation — dense hydrogen plasma of k5T, = 10 eV with impurities,
n, = 10"%cm™3, thickness 1 mm [36], where a simulated spectrum of a dense hydrogen
plasma is shown, with contributions from bremsstrahlung, recombination and line
radiation, alongside a blackbody limit.

R P Blackbody limit
100 . s y

}; I d Line radiation i . ]
gt ; |
N '
g - 1 -
~ ' N
> 10%T ; Recombination 1
= L ' radiation -
\l\ Il

I ! Bremsstrahlung

1 ' 4 . : .
1 10 100 1000 10000

Wavelength A(nm)

Figure 6: Simulated spectrum representing plasma radiation — dense hydrogen plasma of
kT, =10 eV with impurities, n, = 10%c¢m 3, thickness 1 mm [36].

Continuum radiation can be used to determine electron density and temperature. This
radiation comes from the free electrons that have Coulomb interactions with ions and
neutrals in plasma [37]. When the electrons are interacting with ions either free—free
bremsstrahlung or free-bound recombination occurs. In contrast, when the electrons
interact with neutrals only free—free bremsstrahlung exists. In essence, bremsstrahlung is
radiation that originates when a charged particle decelerates and interacts with another
charged particle or a neutral. Sometimes, continuum radiation is sufficient to measure
electron properties in atmospheric pressure plasmas [37]-[39].

Line radiation gives a lot of information about plasma composition and can be used to
determine plasma parameters. There are different aspects of a spectral line that give
information about the observed medium — position, intensity, line shape and broadening.
Positions of the spectral lines are used for the identification of atoms and molecules,
whereas intensity, if absolutely calibrated, can be used to determine species concentrations.
The line shape of a spectral profile is determined by a handful of factors dictated by the
spectroscopic properties of the observed species and by experimental conditions like the
temperature and pressure of the gas along with electric and magnetic fields. All of these
factors influence the line shape but some affect every element present in the sample in an
identical way (homogenous) and sometimes those effects are not identical to every species
(non-homogenous). Ideal line shapes are described by Lorentzian, Gaussian and Voigt
functions, presented in Figure 7Figure 7: Line profiles used in plasma spectroscopy [1],
where a Voigt profile is dominated by the Gaussian component near the center (core), and
resembles the Lorentzian component on the wings. Parameters that describe each profile
are the line position, maximum height and half-width. As the half-width varies with the
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temperature and pressure of the system, it is often used for plasma parameter
determination.

11 Lo —- Lorentzian
Mazch | =~ Gaussian
H —  Voigt

0,8

intensity / a.u.

499 499,5 500 500,5 501
A/ nm

Figure 7: Line profiles used in plasma spectroscopy [1].

If we observe one particle in plasma, its interaction with the plasma changes the energies
and lifetime of the observed particle. Those fluctuations in energy are observed as line
broadenings in the optical spectrum of the system. In essence, different atoms in plasma
have different interactions with the rest of the plasma species, which is observed as different
types of broadenings [40].

Natural line broadening and collisional broadening are examples of homogenous
contributions to spectral line broadenings. Natural line broadening occurs due to the
natural lifetime of the emitting state of observed transitions. This type of broadening has
a Lorentzian line shape but is usually negligible compared to other broadening
contributions in low-temperature plasma [36]. Collisional broadening develops as a result
of reduction of the natural lifetime of the transitions due to many collisions occurring in a
gaseous sample. The contribution of collisional broadening depends on the nature of the
energy transfer during collision (pressure or van der Waals broadening) and on the natural
lifetime of the transition compared to the frequency of collisions (resonance or self-
broadening) [1], [41], [42]. Even though collisional broadening dominates at atmospheric
pressure, not all collisions have the same contributions. Pressure broadening by neutral
particles and resonance broadening are negligible compared to charged particle interactions.
The dominant type of broadening, pressure broadening of charged particles, is Stark
broadening. It is a result of the interaction of molecules with electrons and ions. When the
contribution of electrons is much higher than the contribution of ions, Stark broadening is
described by a Lorentzian profile whose half-width is directly related to the electron density
[43]-[45].

An example of inhomogeneous broadening would be Doppler broadening occurring as a
result of the shift in frequency of the absorbed radiation during a transition — any motion
of the emitter. The contribution of Doppler broadening becomes significant only at higher
temperatures, when it is used for translation temperature determination [1], [36], [46].
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1.2.1 Optical diagnostics for low-temperature plasmas — passive and

active spectroscopic techniques

Most general plasma spectroscopy is divided into passive and active techniques. Passive
optical diagnostic techniques record spontaneous plasma emission whereas active optical
diagnostic techniques observe intensity changes after stimulating plasma with an external
light source.

The most commonly used passive diagnostic technique is emission spectroscopy that
uses radiation emitted by excited species when they spontaneously relax to a lower energy
state. Emission spectra can, under the right conditions, give information about particle
densities and temperatures. More on optical properties of plasma and how to utilize them
for plasma parameter determination is presented in subchapters 1.2 and 1.2.2.

In order to use active spectroscopic techniques, one needs to introduce light into plasma
and determine the correlation between the two — absorption, reflection or transmission.
The most prevalent active spectroscopic technique is absorption spectroscopy, which is
based upon measuring the light intensity before and after its interaction with plasma.
Another way to measure absorption is to record light emitted by the excited species, that
is absorbed induced light, decaying to a lower energy state. This indirect measurement of
absorbed light is called laser induced fluorescence (LIF).

Other active spectroscopic techniques utilize the process of light scattering — Thomson,
Rayleigh and Raman. Thomson scattering is elastic scattering from free electrons, Rayleigh
scattering is elastic scattering from heavy particles and Raman scattering is inelastic
scattering from molecules [47]. Based on the process of distinguished species they measure,
each method gives different information. Thomson scattering can help determine electron
temperature and density, Rayleigh scattering can be used to determine total density and
temperatures of heavy particles, and Raman scattering gives information about density
and temperature of a particular molecule.

Rayleigh scattering. This method utilizes the fact that the intensity of the scattered
light depends on the intensity and polarization of the incident light and the density of the

scatterers n;. The relation is

i

=%, 0} = 5,0 @)

g

where ¢! is the Rayleigh scattering cross-section of the light on i scatterer and p° is the
partial pressure of the scatterer in the gas mixture [48], [49]. In order to measure plasma
gas temperature T, two signals obtained for the same conditions have to be recorded: the
reference signal I, of working gas without plasma at a reference temperature 7{), and the
signal obtained from plasma I, with unknown gas temperature. Gas temperature comes
from the following ratio of these values:

T, =Ty (3)

g

The recorded signal originates from different heavy particles present in plasma. In the case
of argon (Ar) plasma operating in ambient air, that signal can come from Ar, N; and O,
and since these species have similar cross-sections for Rayleigh scattering, the signal can
be considered independent of the mixture and air present in the effluent [49], [50].
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1.2.2 Temperature measurements of species in non-equilibrium plasma

with optical emission spectroscopy

Species in non-equilibrium plasma — electrons, ions, neutrals, radicals — do not share the
same temperature. This means that the electron temperature is much higher than
temperatures of heavy neutral species. Moreover, different degrees of freedom (rotation,
vibration, translation and electronic excitation) in molecule are also not in equilibrium.
This inequality of temperatures can be presented as: 7, < T <T, <T, <T,I[51].

trans

1.2.2.1 Gas temperature

Gas temperature is a very important plasma parameter as it is essential information for
technological and biomedical applications. Since APPJs have a small plasma region, it is
virtually impossible to directly measure the gas temperature. However, there are different
techniques that enable gas temperature measurements that can be divided based on their
physical principles into rotational distribution of molecules, line profiles, neutral density
and thermal probes [51].

Rotational distribution of molecules. The rotational temperature of ground state
molecules is a good representation of gas temperature, as the lifetime of the molecules in
the ground state is usually larger than the characteristic time between collisions. The
downside of using the ground states is the need for an active diagnostic, such as absorption
spectroscopy, LIF or Raman scattering, to deliver sufficient energy to excite molecules that
are in the ground state. As these techniques require an additional light source, they are
neither simple nor widely available. An additional drawback is that active diagnostics
influence the observed medium (invasive diagnostic method). However, the rotational
temperature of excited states can also be a good representation of gas temperature,
especially if obtained from thermometric methods. In this case, the required information is
easily obtained with simple optical emission spectroscopy (OES) [42]. To obtain the
rotational temperature of diatomic gas molecules, the measured rotational spectrum has to
be compared with a simulated one where a Boltzmann plot method is used, often with the
help of specialized software like Specair, Lifbase or MassiveOES [52]-[54]. When picking a
molecule or radical, the important factor is to choose a system that has no interference,
like overlapping transition, so as not to overestimate the neutral gas temperature.
Rotational temperature determination is often based on the use of emission lines from OH
radical or N; molecule and ion, as they are present in most atmospheric pressure plasmas.
OES temperature measurements revolve around relative intensity measurements of
rotational lines in the same vibrational band. An example of a suitable emission spectrum
for rotational temperature determination is presented in Figure 8; an OH(A-X) band from
an atmospheric pressure Ar plasma jet generated by a 5 kV power source. Comparison of
different neutral gas temperature determination approaches is presented in Chapter Error!
Reference source not found..
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Figure 8: OES spectrum: rotational lines of OH(A—X) in Ar APPJ where gas temperature
was estimated to be 388 K with Lifbase.

Line profiles. Radiation of atomic and molecular transitions has specific energies
corresponding to the energy difference between upper and lower levels of the transition,
and are observed at distinct wavelengths. As mentioned in section 1.2, there is always a
spectral width present due to different mechanisms like natural broadenings, Doppler
broadening, Stark broadening, van der Waals broadening or resonance (pressure)
broadening. Some of the broadening can be successfully utilized for electron temperature
and electron density measurements, which is further explained in section 1.2.2.2.

Neutral density. When plasma does not show significant changes in the composition of
the neutral species, measurements of neutral species density can give information of gas
temperature. Rayleigh scattering is the most direct technique of neutral density
measurement, as the cross-section is species dependent and the scattered light is
proportional to the concentration of neutrals in the scattered volume [55]-[57]. This method
assumes an ideal gas law where at constant pressure the amount of scattered light is
inversely proportional to the gas temperature. Moreover, this method is most accurate at
moderate gas temperatures and at high pressure (non-equilibrium atmospheric pressure
plasmas).

Thermal probes. In atmospheric pressure conditions, where the plasma region is small,
it is hard to use thermal probes of any kind. First, most probes are composed of metal,
which is strongly influenced by electromagnetic fields present in plasma environments.
Second, even when using non-conductive fibers for temperature measurements, they can
significantly modify the discharge. Ultimately, gas temperature in atmospheric pressure
plasmas can have strong gradients in space and time, and influencing the discharge in any
way is not appropriate for measurements. However, some gas temperature measurements
have been made utilizing probes [58], [59].
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1.2.2.2 Electron temperature and density

Other than electron and gas temperatures, particle density, especially electron density, is
an important plasma parameter. The efficiency of plasma processes is generally dependent
directly on the density of charged particles [5]. Moreover, electrons are the main factor
responsible for energy transfer from the electric field that ignites plasma to the plasma
discharge. The external electric field interacts with all charged particles and accelerates
them. The electrons, as the lightest charged particles inside plasma, are easiest to
accelerate, consequently absorbing the most energy from the applied electric field.
Therefore, electrons participate in most collisions and by that transfer the most energy to
gas molecules and cause their ionization and dissociation.

Electron temperature and electron density play a major role in active species generation
in a non-equilibrium plasma, but their measurement is not as simple as measurements of
other plasma parameters. Even though probes are not a good solution as a diagnostic tool
for small scale non-equilibrium plasmas, there are some studies of applying Langmuir
probes to microplasmas with various degrees of success [60]-[64]. The biggest issue with
Langmuir probe analysis is that it is based on standard collisions theory, which is not
applicable to atmospheric pressure plasmas as they are highly collisional as the ion—neutral
mean free path becomes smaller than the Debye length [60], [65]. Another issue with probes
is that their voltage disturbs the discharge conditions, which can highly influence plasma
parameters [66]. As a consequence, optical diagnostics, especially OES, is used for electron
temperature and density measurements. Optical diagnostics cause no disturbance to the
plasma but in the case of non-equilibrium plasmas the excited-state number densities that
correspond to the line intensities cannot be described with a Boltzmann distribution [65]—
[67]. Thus, excitation kinetics in the plasma must be considered and densities of the excited
states should be mathematically formulated with electron temperature and density, as they
are well associated parameters.

Electron density can be measured from OES by three different methods — Stark
broadening, analysis of the continuum radiation and the line-ratio method. Electron density
is usually calculated from Stark broadening of hydrogen from the Balmer series [68]. Balmer
lines, when present in plasma, are most appropriate because the broadening of hydrogen
lines is a result of the linear Stark effect and is the most sensitive to electron density
variations [42], [45]. Another reason to use hydrogen Balmer lines is the fact that they
practically show no self-absorption and are not broadened by any dynamic processes in
plasma. When an electron density is lower than ~ 103¥em ™3, Stark broadening is not
applicable because other broadening, like van der Waals and Doppler, become dominant
[44], [69]. If observed, electron density can be measured from continuum radiation, usually
present in some recombining plasmas [70]. The continuum radiation in APPJs is mostly
generated by electron—atom collisions and can be used for electron density measurement
in the case of plasma with low ionization degree [71]. Along with line broadening and
continuum radiation measurements, temperature and density can be measured from line
intensity ratios, often from nitrogen or He [67], [72], [73]. In this method, the intensity ratio
of emission lines is related to the electron density by a collisional-radiative model (CRM),
which is explained elsewhere [74]-[76].

More complex optical diagnostics are also used for electron temperature and density
measurements like Thomson and Rayleigh scattering, already mentioned in section 1.2.1.
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1.3 Thesis Objectives and Outline

The previous sections revealed the background of atmospheric pressure plasma and its
diagnostics, which are important for understanding plasma processes. This thesis tries to
prove a hypothesis that OES can be used as a multipurpose sensorics tool for monitoring
and controlling APPJ characteristics and processes though different applications. While
OES is a versatile technique, it has limitations that are dependent both on the spectroscopy
system and the plasma source. This is obvious in different parameters obtained from
different applications. Always, OES is supported with other diagnostic and analytical
methods fo the plasma power source, plasma discharge and plasma-treated substrate, and
with combined results we hope to pinpoint parameters responsible for specific processes.
After the introduction, focused on optical plasma diagnostics, the thesis is divided into
two sets of applications — plasma surface modifications and treatment of biological samples.

Thesis objectives are:
1. Tracking APPJ surface modifications by OES.

An APPJ is used for inflicting surface modifications by changing surface properties of
a polymer to prepare it for nanoparticle impregnation and creating a polymer/nanoparticle
composite, and modifying surface properties of a carbon nanotube (CNT)-based gas sensor
to improve sensing properties. In both applications, a setup with a kHz-driven plasma jet
that operates in Ar or He will be used. We will apply OES for tracking changes inside inert
gas plasma induced by substrate-discharge interactions. Along with OES, the gas phase
will be analyzed in detail by fast intensified charged coupled device (ICCD) imaging and
complete electrical characterization of the plasma power source. This information will be
accompanied with thorough surface morphology analysis in order to understand the
physical and chemical processes occurring on the surface during and after plasma
treatment. The results, presented in Chapter 3, reveal our plasma systems to be
energetically soft, as no evidence for changes in the bulk were found.

2. Monitoring treatment of biological substrates by OES.

Biological systems can be quite sophisticated and their interaction with atmospheric
pressure plasmas are complex. Therefore, many different techniques are required to obtain
comprehensive characterization and analysis of every step in the process. This implies a
complete diagnostics and analysis is required of the power source, plasma gas phase,
plasma—substrate interaction and substrate itself. This thesis covers three different
applications when biological substrates are treated with APPJ — bacteria, murine fibroblast
and mouse skin. Since each substrate is quite different and has a high interaction with
plasma discharge, we propose implementing a standard for plasma diagnostics by means of
OES as that significantly adds value to the research and allows a better understanding and
faster improvement of this field. OES gives an abundance of information, making it easier
to control and repeat plasma treatments, and is supported with electrical characterization
of the power source to assure stability and repeatability. Since most biological samples
treated in this dissertation are suspended in a liquid medium, liquid chemistry is analyzed
as it should give information on the gas—liquid interaction. Moreover, all substrates are
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monitored after treatment and analyses are repeated after 24 or 48 h to make sure the
obtained effect does not change through time. These applications are documented in

Chapter 4.
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Chapter 2

Diagnostics of an Atmospheric

Pressure Plasma Jet

This chapter serves as an introduction to atmospheric pressure plasma diagnostic
techniques. Low-temperature atmospheric pressure plasmas are a powerful source of
chemically active species and can be used in applications such as processing heat-sensitive
materials, chemical synthesis, material surface modifications and functionalization,
cleaning, sterilization, etching, coating, etc. For the purpose of applications in the
biomedical field, an RF plasma jet that operates at atmospheric pressure was constructed.
The constructed jet could inject aerosol directly in the gas discharge, which could
potentially be used for medical implementation. The reason behind choosing the RF range
is the fact that RF-operated jets produce a large amount of reactive species, which is
essential for the desired applications.

In order to evaluate suitability of an RF-driven Ar plasma jet for biomedical applications,
thorough electrical characterization and optical diagnostics of the discharge were
performed. Since temperatures are important parameters for biomedical application due to
treatments of temperature-sensitive materials, such as skin, a detailed measurement of gas
and rotational temperatures was performed. A comparison of spectroscopy and direct laser
scattering methods for measuring gas temperature was made — OES, Rayleigh and Raman
scattering. The gas temperature was measured from OES both from OH and N, emission
spectra and compared with Rayleigh and Raman spectroscopy measurements. Gas
temperature measured on the N; molecule was higher when measured with OES than
complementary methods. However, gas temperature measured on the OH radical was in
good agreement for all used techniques.

Regarding my contribution: 1 participated in performing electrical characterization and
OES measurements. After the original draft of the manuscript was prepared, I helped with
the refinement.
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Abstract

CrossMark

One of the driving forces behind the development of cold plasma sources at atmospheric

pressure is their application in the biomedical field. In this respect, radio-frequency (RF) plasma
jets are of particular importance due to their possible safe operation on humans and the
generation of the high amount of reactive species. For this reason, we designed an RF plasma jet
in co-axial geometry with the possibility of aerosol introduction, where its characteristics were
evaluated by electrical diagnostics, optical emission and laser scattering spectroscopy. The RF
plasma jet operation and stability of diffuse mode were analysed based on energy balance. It was
observed that a-mode diffuse discharge characterised by an effluent length up to 5 mm was
sustained at a power density below 30 W cm 2. The gas and rotational temperature were
determined by means of spectroscopy methods and compared with the results of direct laser
scattering. It was established that the gas temperature obtained from N, emission of transition
cn, — B Il (0, 2) is highly overestimated whereas the gas temperature estimated from OH
transition A>X4 — XIT; (0, 0) gave a reasonable agreement with both Rayleigh and Raman
spectroscopy. Based on the Rayleigh scattering method, uniform gas temperature distribution in
the discharge effluent was found at a power below 15 W with the average temperature below
340 + 15 K. The low gas temperature of argon plasma jets would allow use of this source in

temperature-sensitive material applications including skin treatments.

Keywords: radio-frequency plasma jet, cold plasma, plasma diagnostics, laser scattering,

Rayleigh spectroscopy, Raman spectroscopy

1. Introduction

Low-temperature atmospheric pressure plasmas are a pow-
erful source of chemically active species that are used for
processing different heat-sensitive material, gas cleaning and
synthesis, chemical synthesis, materials surface functionali-
sation, cleaning, etching, coating, etc [1, 2]. Interest in these
plasmas as a tool has increased over the years due to their
various applications in plasma medicine. Their capability to
generate reactive oxygen and nitrogen species has enabled
them to be used for the inactivation of micro-organisms, the
stimulation of cell proliferation, tissue regeneration, and even
inactivating cells by initialising apoptosis [3]. During the last

0963-0252,/20,/035027+14$33.00

years, two basic plasma device principles have been estab-
lished in medical research and application [4-6], known as
dielectric barrier discharge (DBD) and the atmospheric pres-
sure plasma jet (APPJ). The safe application of plasma
requires the generation of stable and reproducible plasma
which is capable of operating in atmospheric conditions.
Furthermore, plasma needs to be cold (below temperatures
that could induce skin burning) and electromagnetically
compatible (there should be no EM coupling between the
source and substrate) [3]. Here, APPJs are especially inter-
esting due to the plasma effluent created in the surrounding air
being suitable for the direct treatment of substrates [7, 8]. The
fact that plasma is in direct contact with air makes plasma

© 2020 IOP Publishing Ltd
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physics and chemistry of atmospheric pressure jets rather
complex, and brings a number of complications into its eva-
luations with plasma diagnostics.

To design a source that meets the previous requirements,
a set of experimental plasma diagnostics is needed. For this
reason, the present work was focused on electrical and
temperature characterisation of an argon (Ar) atmospheric
pressure RF plasma jet. The plasma source was designed in
so-called co-axial electrode geometry, first introduced by
Selwyn et al [9] and Ddébele et al [10]. In contrast to the
aforementioned works where discharge in He was studied, an
attempt is made in the current study to generate stable plasma
in Ar gas. It has to be noted that for industrial and medical
applications, cold plasmas in Ar have an advantage over
expensive He gas. However, the design of the reactor should
enable safe and stable operation which is often not the case
for APPJs operating in Ar because of the filament formation
[11]. The source developed here is based on previous works
[9, 12, 13] and it is an RF plasma up-scaled in the form of a
ring-shaped jet of 14 mm diameter operating in pure Ar under
atmospheric conditions. The source is intended to be used for
skin treatment to support safe and fast wound healing and
plasma/aerosol-assisted topical drug introduction. Accord-
ingly, it is constructed in a way that simultaneous application
of water-soluble pharmaceutical compounds and plasma is
possible. Hereby, the aim of this work is to study a source
operating in Ar and suitable for combination with an aerosol,
to investigate its electrical characteristics and compare
the temperature diagnostic methods applied to accurately

maaara the gag tammnerature (7 ) in tha nlacma offliant The
measure ne gas emperature (1) in in¢ piasma einuent. 1nc

most convenient way to measure gas temperature in non-
equilibrium plasmas is rotational optical emission spectrosc-
opy (OES) of molecules. Temperature diagnostics by OES
have been examined for rotational lines of the same vibra-
tional band for N, transition C’I, — B[, (0, 2) and OH
transition A*Y+ — X°IT; (0, 0) [14, 15]. This technique is
based on the fact that plasma has to fulfil rotational-transla-
tional equilibrium described by the Maxwell-Boltzmann
distribution of populated rotational levels. However, in
atmospheric pressure plasmas, due to quenching effects and
ro-vibrational coupling of states, overpopulation of higher
rotational levels has been noticed in many cases. This
overpopulation is manifested as non-Boltzmann behaviour
resulting in the overestimation of T, [16]. The complexity of
OES analysis for gas temperature determination is coupled
with a low spatial resolution of the method due to the line-of
sight detection. This is also a disadvantage of the method, and
its validity needs to be improved by other techniques such as
laser radiation scattering. Better spatial resolution and higher
sensitivity are obtained by Rayleigh scattering with a scat-
tered signal intensity directly proportional to the heavy par-
ticle density. The method of laser scattering has been applied
to measure the gas temperature in a high-pressure arc [17] and
recently to APPJs [18]. The approximation of the negligible
effect of plasma on the gas flow is not always valid. In many
cases, the gas flow is strongly affected by plasma and even
controlled by the discharge, as done for example in plasma
actuators [19, 20]. To confirm that the effect of plasma on gas

dynamics in our RF discharge is negligible, the Rayleigh
temperature measurements are confirmed by Raman scatter-
ing spectroscopy. The advantage of the Raman scattering
technique is based on inelastic scattering of laser light on
molecules in ground states and is independent of gas-phase
dynamics [21]. Armed with these data, we were able to pre-
cisely determine the set of operational conditions at which
the RF jet is safe for the treatment of skin, and at the same
time re-validate the capability of spectroscopy methods for
gas temperature measurements under conditions of an RF
APPJ propagating in ambient air.

2. Materials and methods

In the presented paper, an RF plasma jet for the treatment of
large-size objects and compatible with direct injection of an
aerosol is studied. The main focus is given to the analysis of
the RF plasma jet’s electrical characteristics and the opera-
tional window for stable operation in diffuse c-mode. The gas
temperature T as a key parameter for biomedical applications
is studied by a combination of different methods. The chosen
methods are applied in a way that they cannot affect the
properties of the plasma. They are considered non-invasive,
whereas T, in the plasma afterglow is determined by three
different spectroscopic techniques: OES, Rayleigh and
Raman scattering spectroscopy. The application of methods is
based on the analysis of different physical processes, which
allows comparison and validation of diagnostic methods in
the high-pressure non-equilibrium discharges.

2.1. RF plasma jet source and its electrical characterisation

The plasma source presented in figure 1 consists of two co-
axial electrodes with an internal one made as a hollow
cylinder of d;, = 10 mm and d,, = 12mm. The internal
electrode from stainless steel, powered by RF voltage, was
surrounded by a grounded external electrode of 14 mm dia-
meter. The grounded outer electrode was made of aluminium.
As can be seen from figure 1 the conical reductions were
made in the source body for practical reasons of the source
installation and its holding. Additionally conical reduction in
the lowest part of the source was made of a size that fits a
standard 12-well plate for bio-tests. The plasma source was
powered with the RF generator CESAR 136 (Advanced
Energy Industries) operating at 13.56 MHz with an L-type
matching box. The inter-electrode gap of 1 mm width and
10mm length was formed by reduction of the grounded
electrode diameter from 20mm to 14mm as shown in
figure 1(b). The gas was fed into the gap through two inlets
mounted symmetrically 10cm above the electrodes that
ensured a laminar flow of the gas at the outlet of the source.
For the purposes of plasma diagnostics, N, (99.999% purity)
or dry air (78.999% N, and 21% O,) was added to the gas
mixture at an amount of 0.05%-0.2% of Ar flow. This very
small amount of admixing gas ensured that the effect of the
admixing gas was negligible on the electrical and temperature
properties of the discharge. Depending on the jet application,
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Figure 1. (a) Visual view of the jet effluent in ambient air indicating the effluent formation of a length of 5 mm for the highest RF power
applied at Ar flow of 2 slm. (b) Cross-section of the reactor, enlarged nozzle and its cross-section with indicated regions of interest.
(c) Experimental setup schematics used for optical and electrical characterisation of RF plasma jet.

an Ar flow of 2, 3 or 4 standard litres per minute (slm) was
chosen, which corresponds to Reynolds numbers of 120, 180
and 240 indicating the laminar gas flow. In case of gas flow
higher than 4 slm, the discharge cannot be sustained in stable
mode. Electric current and voltage of the discharge were
measured with an I'V probe (Vigilant) and were recorded with
an oscilloscope (LeCroy Wavesurfer). Fast imaging with 5ns
resolution in single-shot mode was performed with the use of
a Hamamatsu ICCD camera with a bandpass filter with a
transparency of 10 nm full width at half maximum (FWHM)
centred at 750 nm. The camera was placed in front of the
plasma jet and focused on the edge of the nozzle. The ICCD
camera was synchronised with the RF generator with use of a
delay generator Stanford Research DG535. The visual image
of the plasma effluent, cross-section of the reactor and the
nozzle with indicated regions of interest, and the experimental
setup of the electrical and optical characterisation of the
plasma jet are presented in figures 1(a), (b).

22. OES

APPJs are non-equilibrium plasmas with present constituents
that have different temperatures (electronic, T,; vibrational,

T.iv; translational, 7; and rotational temperature, 7,). In the
case of non-equilibrium atmospheric plasmas, the rotational
temperature can be used as an indicator of the gas transla-
tional temperature due to the very high frequency of the
collisions leading to establishment of the equilibrium between
different rotational states of the colliders. Indeed, as the
lifetime of the molecules in the excited states is normally
significantly larger than the characteristic time between col-
lisions, the rotational temperature of the excited state is
usually a good representation of the gas temperature [14, 16].
Accordingly, establishing the gas temperature in an APPJ

involves the determination of 7
mveives e aetermination of /,, O the present mx

Most atmospheric pressure plasma diagnostics are based on
the use of emission from OH(A) states or N as an indicator of
T:o1- considering their presence in many atmospheric pressure
plasmas. OES temperature measurements are based on rela-
tive intensity measurements of rotational lines in the same
vibrational band. Following the Boltzmann distribution of
rotational states, it is possible to directly infer the translation
temperature from the rotational temperature. Here, the mea-
surements of the gas temperature were done from partially
rotationally resolved emission from OH radical transition

of the present molecules
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AZX4 — X2II; (0, 0) with a maximum of emission around
309 nm [14, 22] as well as from N, C°I1, — B’II, (0, 2) band
with a maximum at 380 nm. Molecule rotational spectra were
recorded using an Avantes spectrometer with a resolution of
0.05 nm with the optical fibre directed to the effluent where
plasma properties have been measured. Considering the axial
symmetry of the plasma source, it is expected that plasma
radiation is collected from the region corresponding to the
inter-electrode area, e.g. at an area 6 to 7 mm across from the
jet as shown in figure 1(b).

OES is an experimentally simple, non-invasive, inex-
pensive as well as fast method for estimation of the plasma
parameters. Despite its simplicity, the method provides a line-
of-sight measurement of the 7, and relies on the approx-
imation that T, is equivalent to Ty, of the excited states. Such
an approach can lead to pitfalls and drastic overestimation of
the gas temperature [16]. Typically the use of OH (A)
emission leads to an overestimation of gas temperature due to
non-Boltzmann behaviour of the rotational states with high J
numbers (J > 12) [15, 22]. However, the use of N, emission
can also result in incorrect estimates of the gas temperature,
especially in the case of discharges operating in Ar gas [23].
Since this work is focused on accurate temperature mea-
surements of the plasma jet, two direct methods of plasma
diagnostics by laser scattering were applied to validate the
results of OES. Laser-based spectroscopy methods, namely
Rayleigh and Raman scattering spectroscopy, overcome the
disadvantages of the OES method. Both methods are well
spatially resolved, based on elastic laser scattering on heavy
particles (Rayleigh) or inelastic laser scattering (Raman) and
capable of direct measurements of the translation temperature
of ground states.

2.3. Rayleigh scattering laser spectroscopy

Rayleigh scattering spectroscopy is an active spectroscopic
method based on the elastic scattering of laser light on heavy
particles. A detailed description of the Rayleigh scattering
theory is found in [24, 25]. The intensity of the scattered light
depends on the intensity and polarisation of the incident light,
and the density of the scatterers ngf.

I~ Y oini =Y o2 )
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where o' is the Rayleigh scattering cross-section of the light
on i scatterer and p' is the partial pressure of the scatterer in
the gas mixture. The direct dependence of the scattering
signal on the density of heavy particles allows using the
method for spatially and temporally resolved gas temperature
measurements. For plasma temperature measurements, two
signals in the same conditions need to be recorded: the
reference signal Iy in the working gas without plasma at
referent temperature 7p, and the signal from the plasma Z/p with
unknown T. Accordingly, the temperature 7 is calculated as:

I
r,=Nlg @
Ip

The recorded scattered signal is a signal originating from
different heavy particles present in the discharge. In Ar
plasma operating in ambient air, the following species are
considered: Ar, N, and O,. Since these species have a similar
cross-section for Rayleigh scattering, the signal can be con-
sidered independent of the mixture and air entrainment in the
effluent [26].

For temperature measurements, a pulsed Nd:YAG laser
(Litron nano-S) was used at a wavelength of 532 nm. The
repetition rate was 10 Hz, the energy of the pulse was set to
8 mJ and the pulse duration was 8 ns. The laser beam had a
Gaussian shape with a diameter of 8 mm. At 532 nm, light
scattered cross-sections on Ar atoms and air are 4.5 - 1077
and 5.245 - 1077, respectively, in units of cmz/molecule
[25]. A fast imaging gated Hamamatsu digital camera with
532 nm filter with FWHM of 10 nm was used to record the
scattered signal from the region of interest when the plasma
was OFF and ON in order to measure the signal /, and [,
respectively. The synchronisation between the laser pulse and
the camera gate unit was achieved using a Stanford Research
DG535 delay generator. The experimental setup for Rayleigh
scattering spectroscopy is shown in figure 2(a).

A quartz prism was used to deflect the direction of beam
propagation to 90°. After deflection, the beam was reduced
using an Edmund Optics telescope of power 10X, so the beam
diameter in the plasma region was 0.8 mm. Temperature
measurements were done at a distance 1.5 mm from the
nozzle in the effluent with spatial resolution along the jet
greater than 50 pm. The rationality in the choice of distance is
dictated by biomedical applications of the developed source
as, typically, treated objects are located at 1.5 mm from the
nozzle. Experiments were carried out in ambient air. Only the
region of interest, defined later on in the paper, was used for
Rayleigh scattering analysis. In order to perform a proper
comparison of the Rayleigh scattering results with space-
averaged results of the OES the Rayleigh signal was averaged
over a 1 mm region corresponding to the inter-electrode
region of elevated temperature. It has to be emphasised that
equations (1) and (2) are applicable only in the case when the
electrical discharge operation does not affect the gas flow
dynamics. Otherwise, the observed Rayleigh signal during the
plasma operation has to be attributed not only to the change of
T, but also to the change of p' in equation (2), which appears
due to the plasma effect on the gas flow. To this end, the
applicability of the Rayleigh scattering method applied for 7
measurements was furthermore validated by the Raman laser
scattering. Since RF APPJ is designed to be used for medical
treatment, all experiments were carried out in conditions as
close to the real situation as possible, without any shielding
gas. It is known that Mie scattering can strongly affect both
Rayleigh and Raman measurements. In order to suppress the
Mie scattering effect, only an area underneath the nozzle free
of Mie scattering was analysed in laser scattering tests.

2.4. Raman laser scattering spectroscopy

Raman scattering spectroscopy is based on the inelastic
scattering of laser light on molecules, and for this purpose,
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Figure 2. Experimental schematic of setup for (a) Rayleigh scattering spectroscopy with 1-Nd:YAG laser at 532 nm, 2-90 degree rotation
prism, 3-telescope, 4-beam dump, 5-delay generator, 6-camera, and 7-PC; (b) Raman scattering spectroscopy with 1-Nd:YAG laser at
532 nm; 2-prism, 3-lens, f = 500 mm, 4-polariser, 5-beam dump, 6,10-collecting lens, f = 50 mm, 7,11-optical fibre with diameter of
300 pm, 8-collimation lens, f = 30 mm, 9-BNF 532 nm, 12-monochromator, 13-ICCD camera, 14-delay generator, and 15-PC.

dry air was added at 0.2v% to the feed gas. A spectrum
consists of two symmetrical wings called the Stokes and anti-
Stokes components with lines shifted relative to the central
incident wavelength (A;). The challenging task of rotational
Raman spectroscopy is the very low scattering signal intensity

Sl contral lines with aho

S REAE]L S £ 11 with e o104
and partiai overiap of the centrai lines with aoout 10

unes
higher Rayleigh signal that requires filtering out the elastically
scattered light in order to avoid saturation of the detector.
Details of Raman scattering spectroscopy are found in the
literature [21, 27-29]. Since Raman rotational spectra are
characteristics of a specific molecule, the spectra are species-
dependent, and so the method is free of the disadvantage of
Rayleigh scattering spectroscopy. Wavelengths of the anti-
Stokes and Stokes component for transitions J—J/ are calcu-
lated using the expression [30]:

)\2
Ny = AL+ h—sz((J’2 +IN = 2+ D), (3)

where 1 an ¢ are the Planck constant and the speed of light,
respectively, B, is the rotational constant of molecules N and
Oy, and J and J' are quantum numbers of the initial and final
rotational state. The light intensity of the Raman transition J—
J is caiculated as [31]:

I_y=Cny , )

where C is the experimental constant, n; is the density of
molecules in states J and do,;_/dS is the differential cross-
section for the transition J-J'. The density of molecules in
state J is given as [32]:

n _BJU+D)
nj = 5(21 +1)ge kT )

Table 1. Molecular constants of N, and O, used in the simulation of
the Raman signal [29].

Parameter No [0}
B, (eV) 2467 -107* 1.783 . 107*
~ (FPm*) 395-10%  1.02.10°%
gj (odd/even) 3/6 1/0
1 1 0

where n is the density of Raman active molecules, and the
partition function Q is expressed by [25]:

kT

=@+ 1) —. 6

0= ) 2B, (6)
Where g; is the nuclear spin degeneracy, and I is the

nuclear spin quantum number. The differential cross-section

for perpendicularly scattered light is [31]:

64 T ¥
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where the Placzek—Teller coefficient for diatomic molecules
LU+ 4D
b1 = sanar e
equilibrium polarisability tensor [33]. For diatomic molecules
allowed transitions are AJ = +2 (positive sign for Stokes
and negative sign for anti-Stokes components), whereas all
molecular constants for both N, and O, are given in table 1.

In order to detect rotationally resolved Raman spectra
transmission, a Bragg notch filter (BNF; OptiGrate) was used
as a narrow band filter to reduce the Rayleigh scattered light
by at least 10 times. The laser light at 532 nm was focused
with a plano-convex lens of f = 500 mm 1.5 mm below the
nozzle, the same distance as in the case of Rayleigh scattering

tha anicotrany of the

, and 7 is the anisotropy of the
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spectroscopy. The line-integrated scattered signal along the
jet width (radius of 7mm) was collected with a lens of
/=50 mm and focused on the fibre of diameter 300 ;um. The
other end of the fibre was used as a point light source to
perform collimation of the scattered light, which plays a
crucial role in filtration via the BNF. The filter BNF-532 is
designed in a way that 532 nm light is filtered if the light
passes the filter at an angle of 6 &+ 1°. This method of Raman
scattering spectroscopy using volume Bragg grating as a
notch filter has recently been applied elsewhere [21, 34].
After passing the filter, the light is collected with a lens and
projected to a 0.75 m spectrometer Zolix Omni-A. A grating
of 1200 grooves/mm (blazed on 500 nm) is used to resolve
the Raman spectrum with resolution greater than 0.11 nm.
The spectrum is recorded via the ICCD Andor camera syn-
chronised with the laser. The laser energy was set at 20 mJ,
and 16 000 laser shots were accumulated for each recording
of the Raman scattering spectra. The rotational temperature
was calculated via a comparison of the experimental spectra
with simulation using equations (3)-(7). The fitting para-
meters were the density of the scatterers, the laser energy,
resolution of the spectrometer and T,. The experimental setup
for Raman scattering spectroscopy is exhibited in figure 2(b).
It has to be noted that in comparison with Rayleigh scattering,
the method of Raman scattering detection is devoid of the
disadvantage of the results’ dependence on gas flow dynam-
ics. The method relies on collective inelastic scattering of
light by particles and, correspondingly, the effect of plasma
on gas flow is neglected which makes it a perfect candidate to
validate Rayleigh scattering. It has to be noted that the Raman
scattering-based calculated temperatures are averaged along
the laser line passing through the plasma, and thus only used
for validation of the Rayleigh results which also are averaged
over the same region of interest. Taking into account the
region of averaging of the Raman signal, direct comparison of
the gas temperature measured by the OES method and Raman
scattering is not feasible and not considered in the cur-
rent work.

3. Experimental results and discussion

3.1. Electrical characterisation of RF plasma jet

The electrical discharge was sustained by the application of
RF forward power in the developed APPJ at a level below
30W. At RF input power above 30 W, the discharge was
transferred to y-mode. This manifests as highly localised
discharge, which is sustained primarily by a secondary
emission of the electrons from hot contact spot-localised to
one of the electrodes. In this work only a-mode mode uni-
form discharge was studied. The discharge is formed at the
lowest power just on the edge of the electrodes. The increase
of the power to 30 W leads to expansion of the discharge,
propagating over the whole length of the electrode which is
10 mm long as indicated in figure 1. Similar expansion of the
RF plasma was also noticed in our previous work on co-
planar RF plasmas [35]. Further increase of the power leads to

the discharge transformation to y-mode. In a-mode at a power
of 30 W the discharge fills the whole area between the elec-
trodes. The V-I characteristics of the discharge are presented
in figure 3(a). Power dissipation in the discharge when the
plasma is off and on is shown in figure 3(b) based on the
methodology described in [36]. According to the measure-
ments the plasma source stable operating range is from 10 W
(minimum RF power to sustain plasma) to 30 W (7-mode
transition). In the case of adding nitrogen /air to the gas flow,
due to OES measurements, the c-mode is still in the range of
power from 13 W to 30 W. The length of the visible effluent
depends on the power (see figure 1) and is in the range of
2.5-5mm, which corresponds to a minimum and maximum
power. An example of the discharge appearance in «- and
~-mode is presented in the insets in figure 3.

It is interesting to note that the increase in the gas flow
rate from 2 to 4 slm has very little impact on the electrical
characteristics of the plasma source. However, at a flow rate
above 4 slm it is not possible to sustain the discharge in a
stable regime, and the plasma is randomly completely extin-
guished or transferred to y-mode. There is a small increase of
the Vs value for the lowest power range from 96 to 102V
with an increase in the flow rate from 2 to 4 sim. However,
the current of the jet in a-mode is independent of the gas
flow, with current density in the range of 0.2-0.37 A cm ™2 for
all working powers. Considering the almost linear V-I char-
acteristics of the discharge with the positive slope of
110 V A~ it can be expected that the plasma operates in the
glow-like mode sustained by Ohmic electron heating [37].
This indicates that the main ionisation processes are driven by
fast electrons accelerated in an oscillating RF field [38].
Sustained RF glow discharge is characterised by a constant
V/I phase difference of about 88° that implies the stability of
a-mode and discharge capacitive character. The reason for a
slight deviation of —2° from the pure capacitive coupling is
due to the decreasing capacitive contribution and increase of
the resistive one with an increase of the power similar to that
observed by others [39, 40]. A observation of stable a-mode
formation in Ar plasma has been also found for the plasma jet
described in [41]. The evolution of plasma constituents during
an RF cycle was experimentally studied by use of fast ima-
ging of the discharge emission presented in figure 4. For this
purpose, the fast imaging camera was used with a maximum
transparent filter at 750 nm, which corresponds to Ar 1
transition 4p(2P(1’ ) — 45(2P(f ,2). This is an excited state with
a radiative lifetime of 7 =&~ 22 ns [42], which is reduced to less
than 5 ns due to quenching at high pressures. This intensive
line is therefore suitable for RF imaging because the lifetime
of atoms in excited levels is shorter than the duration of the
RF cycle of 74 ns and so the emission of Ar I should be
directly related to the electron kinetics in the discharge.
Emission of OH A%Y+ — le'li transition was also recorded
but no temporal evolution within the RF cycle is noticed due
to the longer radiative lifetime of OH radicals 7 =~ 0.6-0.7 us.
Imaging of APPJ, presented in figures 4(a), (b) was performed
at five different time points during the RF cycle corresp-
onding to the applied voltage: Vgg = 0 (T} = Ons), Vrg =
+V, (T, = 1844 1), Vgp = 0 (T5 = 36.87ns), Vgr = — Vo
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Figure 3. Electrical characterisation of RF jet (a). /-Vcharacteristics of the RF plasma jet operating in a-mode recorded with increasing the
RF forward power from 10 to 30 W. (b) Forwarded power with gas flow, and forwarded power without gas flow (Pogr) as a function of the
current, with a visual representation of the discharge in a- and y-mode.
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Figure 4. Time-resolved imaging of the RF APPJ with 5 ns exposure time in single-shot mode. (a) The images are recorded through a
bandpass filter of 10 nm FWHM centred at 750 nm that corresponds to Ar I emission. Time of the records is indicated in the insets. (b) 3D
map of intensity for the case of 55.4 ns time frame with an indication of the sheath formed near powered electrode. (c) Intensity distribution
in the inter-electrode gap and near RF-powered and ground electrodes.

(T4 =553ns) and Vgg =0 (Ts = 73.74ns). The imaged
bulk plasma was uniform in all the time frames, whereas
the formed sheath exhibited a strong emission near the RF
electrode. The sheath width is calculated from the image

corresponding to the highest Ar emission near the RF elec-
trode when its voltage reaches a negative amplitude as indi-
cated in figure 4(b). The sheath is here considered to be a
width of the illuminating zone near the electrode where Ar I
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emission drops by 90% from the peak intensity /ey More-
over, the RF imaging indicates a higher intensity of Ar I lines
in the electrode area (sheaths) with respect to the bulk plasma
(figure 4). The length of the developed sheath, corresponding
to time 55.4 ns, is estimated to be around 200 pm, which is in
good agreement with the results of particle-in-cell (PIC)
simulation of RF plasmas operating at high current [43].

It should be noted that in contrast to the symmetrical
sheath formation observed in PIC simulation, the sheath in
APPIJ is strongly asymmetrical with a barely visible sheath
formed at the ground electrode (virtual cathode at 18.4 ns)
and very strong sheath at the RF-powered electrode (virtual
cathode at 55.4 ns). Stronger light emission on the RF
electrode was also noted in our earlier work with RF planar
discharge [44]. This effect is partially explained by the fact
that the APPJ electrode system is asymmetrical with a 5:6
ratio of electrode areas. However, the area ratio of the
electrodes cannot fully explain the observed strong asym-
metry of the discharge. Correspondingly, other processes,
unknown at the moment, may have an important contrib-
ution to the asymmetry, and additional research is
required which is out of the scope of this work. The pre-
sence of the sheath in RF plasma can have strong impact on
the stabilisation of the discharge and the generation of
uniform a-mode plasma without filaments or transition to
~-mode.

Opposite to atmospheric pressure DBDs sustained in
kHz frequency range in Ar, which usually operate in fila-
mentary mode, our APPJ is a uniform-stable plasma oper-
ating in diffuse c-mode. This is obviously an advantage of
the source especially in terms of biomedical treatments.
Operation of the discharge in diffuse a-mode requires a
mechanism to stabilise the discharge and suppress heating
instabilities which would otherwise result in the transition
of the discharge to 4-mode of operation. Sustaining of the
source is analysed based on the balance between processes
of dissociation/recombination and the diffusion of ions
A" and electrons in the bulk of the discharge [45]. In the
case where recombination processes are dominant, the
steady a-mode switches to filamentary v-mode sustained by
the secondary electron emission from the electrodes. If
processes of diffusion are dominant over recombination,
then one can conclude that the heating dissipation is sup-
pressed and uniform a-mode is realised. In self-sustained
low-ionisation-degree discharges, as we studied here, a
major loss of the input RF power P dissipated in the dis-
charge of volume V is because of elastic processes. Corre-
spondingly, the electron density in the bulk is estimated
using power balance for free electrons in plasma assuming
only elastic collisions as [46]:
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Figure 5. Electron density and temperature estimation plots from
power and ionisation /recombination balance. Curves for reduced
E/N in the range 1-100 Td represents power balance due to elastic
collisions.

In equation (8) the term responsible for heating the gas
is neglected as T, is much lower compared with 7.

The parameters n, mand T are the density, mass and
temperatures of species, respectively. The coefficient kg
stands for the rate coefficient of elastic collisions between
electrons and Ar atoms obtained from BOLSIG+ for char-
acteristic electric fields E/N 1, 5, 10, 50 and 100 Td
(1Td = 107! Vm?). The maximum energy density is con-
sidered as 30 MW m~
figure 3(b). On the other hand, the self-sustaining operation of
the discharge should fulfil the ionisation/recombination bal-
ance [33]:

bocad on tho mocale mracantad F

based on the results presented in

14 &

107 nenpre % = nynekq. 9
Here k, stands for the dissociative recombination rate and is
typically 107" m’s~! [39]. Considering the condition of
quasineutrality, equation (9) is simplified to the ionisation

balance equation:
Ei
e = Rpce KT,

10)

where F; is the first ionisation energy of Ar, as An* is a
dominant molecular ion APPJ at atmospheric pressure.
Dependence of the electron density on T, for the range of
characteristic values for atmospheric pressure plasmas (few
eV) is presented in figure 5, indicating the steady-state value
for n, = 3.2 - 10" m™> and T, = 1eV for the experimental
condition of 5Td. This very rough estimation of plasma
parameters is in good agreement with previous works of our
group based on COMSOL simulation and continuum radia-
tion calculations [44, 47].

The results of power and ionisation,/recombination balance
can be used to estimate characteristic times for both diffusion
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and recombination of charged particles. Obviously, in high-
pressure plasmas, the dominant processes of charge particle loss
are dissociative recombination of electrons with Ar,* ions and
diffusion of particles from the bulk [39]. The dissociative
recombination described as Ag + e~ ++ Ar + Ar has a
characteristic time given as:

1

Tdiss = ————, (1D
e = ke—i

where k. ; is a coefficient describing the electron—ion recom-
bination. On the other hand, the characteristic time for
Ar cluster ions to leave plasma due to diffusion can be

expressed as:
1Y e
Tagg = —| - i 12
diff (2‘4) AT, (12)

where / is the characteristic diffusion length and p is An*
mobility in Ar [41]. Calculations using of n, and T, estimated
from figure 5, indicate that 7 is close to 4.5 ps. This is about
30 times faster than diffusion processes with 7y ~ 140 ps.
Such a large difference between gy and T4 should lead to
thermal instabilities and transfer of the RF discharge to 4-mode.
This is contradictory with experimental results and leads to the
conclusion that another process of RF discharge stabilisation
should exist [48]. Both estimations of 74;¢ and 7g;ss are made for
the bulk plasma. In contrast to DBDs or pulsed plasmas oper-
ating at high pressure, the sheath regions near the electrodes are
formed in the RF APPJ as presented in figure 4. The sheath
plays an important role in discharge sustaining and can stabilise
the a-mode regime. High electrical potential in the sheath
repeals fast electrons directing them to the bulk. A PIC simu-
lation by Lieberman er al [43] demonstrated electron density
decrease in the sheath, and the sheath behaviour even at
high pressure is similar to the Child—-Langmuir sheath in low-
pressure capacitively coupled RF discharges. The decrease of
n, affects processes of dissociation/recombination and leads
to an increase of 7. On the other hand PIC simulation
exhibits a high reduced field E/N in sheaths estimated to be up
to 1MV m™! [43]. This results in an increase in ion mobility
which causes a decrease in 74 and leads to discharge stabili-
sation in the sheath, where the condition 74 ~ Tyiss 1S reached.
The sheath effect in the stabilisation of the RF APPJ is
important for sustaining the discharge in a uniform mode, which
is a key issue in the generation of low-temperature active media
for biomedical applications of the plasmas.

3.2. Temperature characterisation by OES method

The RF source presented in this study was developed for the
purpose of trans-epidermal drug delivery. In respect to its
targeted application, the source is required to fulfil: (i) safe
operation without initiating thermal damage to the tissue in
contact with plasma, (ii) compatibility with aerosol injection,
and (iii) ability of large-area treatment. Among the different
plasma properties, the gas temperature is considered to be a
key parameter for its application. To this end, a well-known
technique based on OES gas temperature measurements was

applied. The method is based on rotational temperature cal-
culations of OH A’X+ — X7II; (0, 0) and N, C’I1, — B[,
(0, 2) molecules from the partially resolved ro-vibrational
bands. In the first case, 7, was measured in the power range
of 10-30 W for an Ar flow of 2, 3 and 4 slm from the OH
partially rotationally resolved band. LIFBASE simulation and
its comparison of the measured spectra are presented in
figure 6(a). In the second case, the N transition Cgl'lu — Bgl'lg
(0, 2) was used for rotational molecular temperature calcul-
ation, which is based on MassiveOES software [49] where only
the linear part of the Boltzmann plot has been taken into
account, similar to [22]. The slope of Boltzmann plot for J
numbers in the range of 4-20 was used for the determination of
N2 rotational temperature presented in figure 6(b).

The OH rotational temperature of the effluent of Ar
plasma which propagates into the ambient air was estimated
to be in the range of 310-350K, at a distance of 1.5 mm
from the nozzle. Interestingly, the RF power increase had a
negligible impact on the rotational temperature of OH(A)
radicals, which is in agreement with previous results from
our group [35]. This is explained by the increase of RF
power in «-mode which results in plasma expansion
between the electrodes along with the gas flow, and the
effluent that leads to almost constant power density W/ em?
[35]. The OES measurements presented in figures 6(a), (b)
are line-of-sight integrated across the effluent correspond-
ingly providing the spatially averaged value of Ty. In the
case of N, admixing up to 0.2%, no change in the visual
appearance or V-/ characteristics of the discharge was
detected. However, the rotational temperature estimated
from the linear slope of the Boltzmann plot indicates T, in
the range of 450-480K. It has to be noted that the N,
distribution shows Boltzmann behaviour for rotational
levels up to J =20 with the temperature indicated in
figure 6(b), whereas fitting the vibrational band 0-2 with J
numbers up to 32 leads to an unrealistically high rotational
temperature of 580-680 K. Correspondingly, only the range
of rotational numbers J = 4-20 with linear Boltzmann
slope was analysed. The results of figure 6 indicate a dis-
crepancy between 7, obtained from OH (A-X) emission
and N,(C-B). Moreover, there was almost no tendency in
T, as a function of gas flow in the case of using N, band
emission. In a number of studies [16, 23] it was indicated
that an often-encountered issue in non-equilibrium plasmas
is the energy transfer from Ar metastable atoms in Ar(BPz)
and Ar(3PO) states to N»(X) producing electronically excited
of the molecules. As this reaction is a near-resonance pro-
cess, it is often a dominant production mechanism of N
excited states in Ar discharges with small additions of N, or
air [16]. The effect of Ar metastable energy transfer to N»
species is noticeable by introducing N, to the feeding gas as
shown in figure 7. With the addition of N, to the working
gas there is an increase in the intensity of nitrogen lines
(second positive system) and a reduction of Ar lines from
the transition 4p—4s. This behaviour may be related to an
efficient energy transfer from Ar excited states to nitrogen



Plasma Sources Sci. Technol. 29 (2020) 035027

| Sremacki et al

OH A-X band & 2SLMAr
350_8) A 3SLMAr
[ = 4SLMAf
360 [ [
€0 | : .
Q340 e . . (] .
2 i [ 4
Da20f 444 * ' A
Q 1
g. - - - - - ™
@ 300 1 !
= J I
280
260
. A A . .
10 15 20 25 30
Power (W)

N,C-B band ® 2SLMAr+0,05% N,
4 3SLMAr+0,05% N,

® 4 SLMAr+0,05% N,

s b)

560 |
ool
Q520 -
=
@ 500 -
Sasol | l
s 4

) L P e
CIC ) S —

440 [
420 |

L L L L

15 20 25 30
Power (W)

Figure 6. The gas temperature in plasma calculated via (a) LIFBASE software fitting of OH (A-X) band for different gas flow and RF
forward power; (b) Boltzmann plot of N, transition (C—B) with the use of MassiveOES [49].
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Figure 7. Example of RF APPJ spectra in pure Ar (red), and Ar in
mixture with 0.05% nitrogen (blue).

species inducing overpopulation of N, (C) level and so non-
Boltzmann distribution.

This fact can lead to the overestimation of gas temper-
ature from the N, band. This could then be a reason for the
discrepancy of results in our study. On the other hand, the use
of OH(A-X) emission as a proper indicator of Ty is also very
questionable [22, 50], and has to be revalidated based on
direct methods of neutral translation temperature detection.
To this end, two other methods based on laser scattering
detection are applied. However, it has to be noted that the
laser scattering methods presented in section 3.3 are more
experimentally demanding and have other limitations, e.g.
they cannot be applied in the case when an aerosol is injected
into plasma. For this reason, we used them only for validation
of the OES results and revealing insights into the gas heating
inside the RF plasma jet.

3.3. Temperature characterisation by laser scattering

Rayleigh scattering allows direct measurement of gas density
proportional to 7, through equation (2) with a high spatial and

temporal resolution. A typical example of a Rayleigh scat-
tering image taken with the ICCD camera in pure Ar plasma
of I0W at 1.5mm distance from the nozzle is given in
figure 8(a). Only part of the signal free of Mie scattering,
indicated by the dotted area ROI in figure 8(a), was analysed
hereinafter. No laser synchronisation with RF voltage was
applied as no temporary dependence of T, is expected
because the characteristic time of RF signal (~74ns) is too
short for gas heating to follow the RF cycle. The spatially
resolved gas temperatures in Ar and Ar + N, plasma effluent
are presented in figures 8(b), (c) for the case of RF power of
20 and 30W in Ar and Ar + N, mixtures, respectively.
Based on the spatially resolved profile of 7y it can be assumed
that the gas temperature is constant along the jet radial cross-
section at power below 20 W. Higher T, in a position that
corresponds to the space between the electrodes was noted at
higher power as indicated in figure 8(b). The small asym-
metry of the temperature profiles that can be seen in
figures 8(b), (c), is explained by the very small misalignment
of the electrodes that results in the shorter gap and corre-
spondingly more intensive discharge in that location. This
effect was also observed during fast imaging (see figure 4,
time frame 55.4 ns, bottom part of the inter-electrode gap).
The Rayleigh radial resolved signal presented in
figure 8(b) was averaged along the regions corresponding to
plasma effluent formed in the inter-electrode area, e.g. a
region of 1 mm width located at the position from 6 to 7 mm
for 2 sim fiow. it has to be emphasised that position of the
maximum of the gas temperature depends on the gas flow and
a shift towards the inner-electrode region was observed with
an increase of the flow as shown in figure 8. Due to the shift
of the high-temperature region the area of Rayleigh signal
averaging has been adjusted depending on the flow, keeping
the width of the averaging at 1 mm. The described metho-
dology of the Rayleigh signal averaging was applied in order
to determine the space-averaged T, which can be directly
compared with the OES measurements presented in
section 3.2. The obtained results for both Ar and Ar + N,
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Figure 8. Rayleigh scattering of the laser light of 532 nm at 1.5 mm distance from the nozzle. (a) The image was taken with an ICCD camera
of the laser beam passing through Ar plasma for P = 10 W. The dotted area represents the region free of Mie scattering and only this region
was analysed for the temperature estimations. (b) Spatially resolved temperature measurements via Rayleigh scattering (Ar gas) at plasma
power of 20 W. (c) Spatially resolved temperature measurements via Rayleigh scattering (Ar 4+ N, gas) at plasma power of 30 W.

mixtures as a function of the gas flow rate and forward RF
power are exhibited in figure 9. The temperature profile
analysis shows uniform temperature distribution at the lowest
power of 10 W. With increasing input power, the higher
temperature region corresponding to the effluent region starts
to be noticeable, as shown in figures 8(b), (c). As expected,
the highest temperature difference is for the lowest flow. With

increasing of the flow

conical and there is effective heat transfer towards the middle
of the plasma jet leading to thermalisation and a more uniform
temperature profile.

The obtained results indicate that T, in both the Ar and
Ar + 0.05% N, plasma is in the range of 300-370 £+ 15K,
depending on the applied flow and power. Figure 8(c) con-
firms an approximation of the negligible impact of Ny
admixing used for OES experiments on 7,. The method of
Rayleigh scattering has higher sensitivity compared to OES,
and T, can be estimated with an uncertainty of £15 degrees.

the shape of the effluent is more

This allows us to see the effect of the input RF power on the
gas temperature which was undetectable in OES measure-
ments. As presented in figures 9(a), (b), the RF power
increase results in an almost linear increase in the gas temp-
erature of the effluent. The maximum increase of temperature
was found for the smallest flow rate of Ar gas due to less
effective heat transfer at 2 slm. The radial averaged value of

T measured by Ravleich gcatterine is in very ogod acreement
ig MEasured Dy xayieign scatlering is in very good agreement

with the OES method based on OH(A-X) emission. On the
other hand, the disagreement with results obtained through
the use of N, emission is almost 100 K for all conditions. This
leads to the conclusion of a strong overestimation of 7 in the
case of utilisation of emission of the second positive system
of N, for the determination of 7.

Despite the good agreement of the Rayleigh scattering
results and OES method based on OH(A-X) emission, elastic
laser scattering is not free of one well-known intrinsic pro-
blem: the scattering is dependent on the species density, and
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Figure 9. The gas temperature T, that corresponds to the inter-electrode region analysed through averaging the Rayleigh scattering signal in

(a) Ar gas; (b) Ar + N, mixture.

so it requires the validity of the condition that gas flow
dynamics are not affected by plasma. In this work, the
aforementioned problem was checked, and the effect of the
gas flow dynamics on elastic scattering was validated by
inelastic Raman scattering of the laser light on N, and O,
molecules appearing in the effluent due to ambient air diffu-
sion. The Raman spectrum was measured in Ar plasma with
0.2% admixing of molecular gas (air) at a position 1.5 mm
beneath the nozzle. It has to be noted that due to the Bragg

agrating nead to filtar aut tha Ravlaioch lina at S22 nm  tha
grating useG o mter oul ne Ray:dign une at d3Znm, nc

detection scheme presented in figure 2(b) has a low radial
resolution. To this end the spatially averaged Raman signal
was detected and compared with the Rayleigh scattering
results. As mentioned earlier, the Raman signal-based gas
temperature was only used to validate the applicability of the
Rayleigh scattering method in order to clarify the effect of the
discharge on the gas flow dynamics. Accordingly, the spa-
tially averaged Raman signal over the region indicated as ROI
in figure 8(a) was used as an indicator of the average temp-
erature of the plasma jet effluent and was compared with the
Rayleigh scattered signal averaged over the same length.

The strongest influence of plasma on gas flow dynamics
is expected at the lowest gas flow and high power. For this
reason, Raman spectroscopy was performed at 2 slm Ar flow.
In order to calculate 7, from the Raman spectra, theoretical
Raman spectra were fitted to the experimental results with
input parameters: the resolution of the spectrometer, N, and
O, density, and T,,. Both anti-Stokes and Stokes signals were
observed but due to the stronger Stokes signal, only this part
of the Raman spectra was analysed. The experimental and
fitted Stokes components of the Raman spectra are presented
in figure 10.

During experiments, it was found that the first three lines
in Stokes components with J < 3 were partially affected by
the strong Rayleigh signal which was still present even after
filtration by the single BNF-532 filter. All three lines were
excluded from the fitting procedure as well as lines above
535.2 nm (corresponding to J > 14) as the S/N ratio was too

o,
N,
experiment
simulation

Rayleigh scattering

Raman scattering ROI

Intensity (rel.units)

5325 533,0 5335 5340 5345 5350 5355

Wavelength (nm)

Figure 10. Example of normalised experimental and simulated
Raman spectra (Stokes component) for Ar plasma with 0.2%
molecular gas admixing for RF forward power of 15 W. Raman
components attributed to O, and N, are presented with red and green
colour with an indication of the rotational numbers of the lines.

low for high J-number lines due to the low line intensity. The
Raman spectrum fitting indicates T, of 320 + 25K for 15 W
RF power, which is in good agreement with the Rayleigh
scattering result of 330 & 15K obtained
scattered signal over the ROl —7 to +7 mm, indicated in
figure 8(a). Considering the good agreement between
Rayleigh and Raman spectroscopy results it can be concluded
that RF discharge in a-mode does not affect the dynamics of
the gas flow and the method of Rayleigh scattering is
applicable to similar plasmas.

In summary, the rotational temperature measured by
emission of the OH(A) band effectively represents the gas
temperature evaluated by the direct detection of Rayleigh
scattering. The method based on emission spectroscopy of

aracgine the

by averaging the
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ro-vibrational bands of OH radicals can be used in future tests
of the developed source in biomedical tests and treatment of
skin surfaces where the applicability of other methods is
technically challenging.

4, Conclusions

An annular-shape RF APPJ was characterised with electrical
and temperature diagnostics. The plasma device was designed
for biomedical application in wound healing and topical drug
delivery with possible aerosol introduction through a hollow
inner-electrode. For this reason, the aim was to obtain uni-
form and cold plasma in order to prevent any damage to the
skin. The obtained results showed that this could be achieved
with RF capacitively coupled discharge operating in a uni-
form diffuse c-mode at RF power below 30 W. In order to
explain the stability of the uniform a-mode of the discharge,
the processes of diffusion and recombination were analysed.
It is proposed that stabilisation of the discharge operation in
a-mode is achieved due to the presence of the sheath.

The gas temperature in the plasma was determined using
the OES technique based on the rotational temperature of OH
radicals A’YX+ — XII; (0,0) band and N, C*I, — B[, (0, 2)
band. The temperature obtained by the fitting method of the OH
AZST-XM1 (0,0) band indicated T, of 340, 320 and 310K for a
flow of 2, 3 and 4 sIm of Ar. Considering the safety limit of the
source applicability of 333 K (60 °C), for a short treatment time,
it can be concluded that the operational range of the APPJ is
limited by a flow rate above 2 slm in the case of a-mode.
However, the measurements for N, and OH bands yield dis-
crepant results of almost 100 K, where the highest temperatures
of 450480 K are obtained in the case of N,. For this reason, the
temperature measurements by the OES technique were revali-
dated by two other independent techniques based on laser
scattering. Rayleigh scattering has shown uniform temperature
distribution at RF forwarded below 20 W while at higher
powers the inner-electrode region is noticeable for low flow.
For a flow higher than 2 slm, mixing with middle part starts to
be significant, thermalisation occurs and the temperature dis-
tribution is close to uniform. The radially averaged 7, deter-
mined by the Rayleigh method is in good agreement with the
OH temperature determined by emission spectroscopy. The
assumption of the negligible effect of plasma ignition on gas
flow dynamics and so on the results of Rayleigh scattering was
validated by Raman scattering. It was revealed that both
methods agree well with OES results based on OH (A-X)
measurements. The low gas temperature of the RF plasma
source combined with the uniform and diffuse afterglow and
possibility of the source coupling with aerosol injection is
considered to be beneficial for a variety of biomedical appli-
cations, including topical drug injection and wound healing.
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Chapter 3

Tracking Plasma Surface

Modifications of Materials

This chapter is focused on tracking plasma parameters during plasma surface modifications
of materials, more precisely designing polymer/nanoparticle composites and improving
electrical properties of carbon-based gas sensors. Surface modifications are made to improve
or influence surface properties by changing the physical, chemical or biological
characteristics of the original material. Modifications can be inflicted by different means —
physical or chemical procedures — depending on the required result. One promising way to
modify the surface is by atmospheric pressure plasma, which holds many beneficial
properties. The main feature of plasma jets is that plasma is not confined between
electrodes, but the plasma plume can be adjusted and used to treat confined spaces (such
as cavities, inner walls of wells or other narrow spaces). Another feature is its low gas
temperature, which makes a plasma jet perfect for treatment of thermally sensitive
materials like polymers and papers. Plasma can help change surface properties, like
wettability, adhesion or functionalization, or participate in impregnation of different
materials onto the treated surface. Usually a plasma gas is selected that can achieve the
desired effect in surface treatment. The selection of the gas combined with the plasma
setup and power source can bring about desired results. Other parameters that are of
importance are distance between the plasma plume and treated surface, and treatment
time.

In this chapter, OES was used to analyze the optical content of the plasma jet, monitor
plasma—material interaction processes, and detect and track possible related energetically
excited volatile degradation products. APPJ systems used in these experiments performed
stable and uniform surface treatments that were energetically soft, as OES did not detect
any energetically excited states of volatile compounds from the treated material.

A detailed description and results are described in the following subchapters:
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3.2. Improving Sensing Properties of Entangled Carbon Nanotube-Based Gas Sensors by
Atmospheric Plasma Surface Treatment

This chapter addresses thesis Objective 1.



3.1. Atmospheric Pressure Plasma Jet-Assisted Impregnation of Gold Nanoparticles into Polyvinyl
Chloride Polymer for Various Applications 33

3.1 Atmospheric Pressure Plasma Jet-Assisted
Impregnation of Gold Nanoparticles into Polyvinyl
Chloride Polymer for Various Applications

As polymers are a relatively inexpensive materials with good bulk properties and many
possible applications, there is a need to improve their surface properties to tailor them for
specific applications they are used for. This chapter shows the creation of gold nanoparticle
impregnated polyvinyl chloride (PVC) polymers that could be utilized for various
applications, such as antibacterial substrates, nanoplasmonic sensing devices, improved
dose measurements, catalysis, immunoassay systems, photovoltaic devices, polymeric
nanocomposite membranes and fuel cells. This research focused on preparing nanoparticle
impregnated polymers from scratch — nanoparticles were synthesized by laser ablation and
impregnation was achieved with the help of a kHz-operated He APPJ.

This research introduces a new method for APPJ-assisted impregnation of Au nanoparticles
into PVC surfaces in order to fabricate polymer/nanoparticle composites. Nanoparticles
are synthesized by pulsed laser ablation of a metallic target immersed in liquid (laser
ablation in liquids (LAL)). This technique provides non-inhalable colloidal nanoparticles
with no residues or by-products, and no further purification is needed. Plasma impregnation
of nanoparticles to polymer kept the bulk material unchanged. This impregnation method
is rapid, energy-efficient, non-toxic, and a low-cost route to impregnation that needs only
a small amount of nanoparticles due to two-dimensional dispersion on the surface.
Produced polymer/nanoparticle composites had a relatively homogenous surface at the
microsized scale due to increased surface roughness, which prevailed the size of synthesized
nanoparticles making them mechanically confined within the ripples of the surface.

In order to track changes inside plasma and induced by plasma, various diagnostic
techniques were implemented both on the gas discharge and on the polymer/nanoparticle
composite. OES showed the difference in intensities of detected reactive species during
polymer/nanoparticle treatment, but no new excited species were detected when plasma
was in contact with the colloidal solution.

Regarding my contribution: 1 performed laser ablation in liquids for synthesis of colloidal
gold nanoparticles, plasma-assisted impregnation of those nanoparticles to PVC polymer
and OES diagnostics of plasma. I wrote the paper with the co-authors.
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Abstract

Atmospheric pressure plasma jet is used as a tool to design polymer/nanoparticle composite materials for various applications.
The aim of this research is to get a cheap and green method for nanoparticle impregnation into polymer surfaces. The proposed
route consists of nanoparticle synthesis by laser ablation in water and their impregnation into polymers assisted by atmospheric
pressure plasma jet. The impregnation is achieved by increased roughness of treated samples containing nanoparticles which are
embedded into such rough structures. This proof-of-concept method is based on pre- or post-treatment of PVC polymer drop-
coated with Au nanoparticles by helium atmospheric pressure plasma jet.

Keywords Atmospheric pressure plasma jet - Polymer nanocomposites - Nanoparticles impregnation - Polymer treatments -

Poly(vinyl chloride) (PVC)

1 introduction
Polymers are relatively inexpensive materials with good bulk
properties for a wide range of applications. However, the
physical and chemical properties of polymer bulk material
may be modified, improved, and tailored either by changing
their surface properties (like wettability, adhesion,
functionalization) or by impregnation of some metal nanopar-
ticles making a new class of polymer composite materials [1,
2]. Such polymer/nanoparticle hybrid materials have drawn
much attention having excellent properties for many applica-
tions in nanobiotechnology, nanobiomedicine, nanochemistry,
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optoelectronics, and food industry. Those applications inciude
gold nanoparticles (AuNPs) impregnated into bulk polymers
or polymer particles for development of anti-bacterial sub-
strates (anti-biofilms) [3], nanoplasmonic sensing devices
[4], improved radiation dose measurements [5], catalysis [6],
immunoassay systems [7], photovoltaic devices [8], polymer-
ic nanocomposite membranes [9], and fuel cell
electrocatalysis [10].

PVC (polyvinyl chloride) polymer is biocompatible for
wide variety of applications in nanobiomedicine for blood
contact-related supplies like blood bags and drug delivery
systems [11, 12]. Plasma treatment of PVC polymers is widely
used for achieving anti-microbial polymer properties for var-
ious applications in biomedicine or in medical devices
[13-16]. Moreover, AuNP-modified PVC is used for devel-
opment of biosensors for detection of phenols [17] or glucose
[18], amperometric [19, 20] and colorimetric [21] sensors, and
as a multi-functional flexible sensor [22].

In this paper, we introduce a new proof-of-concept method
for atmospheric pressure plasma jet (APPJ)-assisted impreg-
nation of AuNPs into PVC surfaces in order to fabricate
polymer/nanoparticle composites. APPJ, as a cold (non-
thermal) plasma, is ideal for treatment of surfaces of thermally
sensitive materials such as polymers. It operates at the ambient
pressure, and it is highly reactive due to a presence of various
reactive species [23-25]. We propose a route of polymer

@ Springer
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surface modification which is based on a combination of
APPJ and AuNPs synthesized ex situ by laser ablation of gold
in water. Laser synthesis of nanoparticles in liquids is based on
the process of pulsed laser ablation of metallic target im-
mersed in liquid (laser ablation in liquids (LAL)) [26-28].
This technique is known as one of “green synthesis™ tech-
niques as it provides not inhalable colloidal nanoparticles with
no residues or by-products, while often no further purification
is required [29]. LAL technique is capable of nanoparticle
synthesis from a wide variety of materials [30-34].

With this method, AuNPs are impregnated into the surface
of the polymer keeping the bulk material unchanged. It is a
rapid, energy-efficient, non-toxic, and low-cost route for the
impregnation that needs only a small amount of nanoparticles
due to 2D dispersion and impregnation into the polymer sur-
face. PVC polymer appeared as a representative candidate for
this case study of AuNP impregnation because of its huge
roughness increase under the influence of APPJ which would
appear as positive repercussion for AuNP impregnation.

2 Experimental section
2.1 Nanoparticle synthesis route

A colloidal solution of AuNPs was synthesized through the
process of pulsed laser ablation in deionized water using
Nd:YAG laser (Quantel, Brilliant). Laser specifications are
as follows: pulse duration 5 ns, wavelength 1064 nm, output
energy 290 mJ, repetition rate 5 Hz, and total number of ap-
plied laser pulses 2000. The target was a gold plate (purity
99.99%) with a thickness of 0.1 mm. Target was fixed on the
target holder and immersed in a quartz cuvette (2 x 4 x 4 cm?)
filled with 30 ml of deionized water. Laser beam was directed
by a system of prisms and focused by a lens (with focal length
of 10 cm) onto the target surface. Laser pulse energy in front
of the target was 210 mJ while a diameter of a focused pulse
on the target surface was 1 mm which yields a laser fluence of
27 J/em?. The thickness of a water layer above the target was
kept constant at 1.5 cm during the experiment in order to keep
the ablation efficiency, and thus nanoparticle properties, con-
stant [35]. A scheme of experimental setup for LAL is
depicted in details in recent work [36]. The target was moved
every 500 pulses by 2 mm relative to the incident laser beam
to avoid drilling of a crater through whole sample. Instead,
four craters were produced for further analysis. The obtained
AuNP colloidal concentration is estimated to be of order or
4x10° mI"! while the calculation procedure is described in
[37,38].

A colloidal solution of laser-synthesized AuNPs was ana-
lyzed using a spectrophotometer (Perkin Elmer, Lambda 25)
to assess the UV-Vis absorption spectrum. Zeta potential
(Malvern Zetasizer) of Au colloidal solution is measured to
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be — 18 mV which makes a colloidal solution of moderate
stability. The photoabsorption peak at 526 nm decreases for
15% after 10 days due to precipitation and agglomeration of
colloidal AuNPs.

2.2 PVC treatment with atmospheric pressure plasma
jet

The experimental scheme of APPJ used for treatment of PVC
is presented in Fig. S1. It is a type of single-electrode plasma
jet operating with the power source with the sinusoidal output
signal whose peak-to-peak voltage and frequency are 7 kVand
20 kHz, respectively [39]. Power electrode was a copper wire
with a diameter of 0.15 mm. The wire was inserted inside of
the borosilicate glass capillary tube and ended near the orifice
of the tube. The capillary tube was 75 mm long with 1.2-mm
inner diameter and 1.5-mm outer diameter. Working gas was
He 4.6 (purity 99.996%). Gas flow was measured and con-
trolled using a digital flow meter (Cole-Parmer). The gas flow
was 2 slm while the visible length of the jet was 1.2 cm. All
samples were positioned at 1 cm from the end of capillary
orifice intersecting the visible end of jet and then exposed to
an APPJ for 2 min. Sample holder was made of glass to avoid
the effect of second electrode or grounding of single-electrode
jet. Plasma jet was monitored by optical emission spectrosco-
py (OES). For this purpose, 16-bit Avantes Sens CCD spec-
trometer was used and it recorded spectra in the wavelength
range from 200 to 750 nm with spectral resolution of 0.5 nm.
Spectra were not corrected to spectral response as they were
used qualitatively for species identification only. PVC sam-
ples’ dimension was 1 x 1 cm®. Imaging was performed from
the 0.5 x 0.5-cm? area around the center of the PVC. During
APP]J treatment of PVC, a temperature measurement of sam-
ples was performed using infrared thermometer (Cole-
Parmer). Also, voltage and current waveforms of APPJ were
acquired using voltage (Tektronix P6015A) and current
(Pearson current monitor model 2877) probes.

The inset in Fig. S1 presents a photograph of a helium
atmospheric pressure plasma jet in contact with PVC polymer.
Optical emission spectra were recorded at the point of inter-
action of the jet and the polymer, while optical fiber was
inclined by 45° with respect to the target surface to collect
the signal from plasma jet affected area, and at the same point
but without polymer sample for comparison (free jet).

There are generally two standard routes to impregnate
nanoparticles into polymers: the first is based on addition of
nanoparticles into the polymer as a dispersion/reaction medi-
um, and the second is based on deposition of nanoparticles
onto the pre-synthesized polymer (onto the surface or into the
bulk; in that case polymer acts as a dispersion medium). In
both cases, nanoparticles can be synthesized ex situ by a va-
riety of chemical methods and in situ particularly by chemical
reduction, ion exchange, and sol-gel methods [40, 41].
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In Fig. S2, general nanoparticles impregnation/
incorporation routes into polymers are sketched including
standard techniques (a) and (b) and a method proposed in this
work (¢):

(a) Insitu synthesis/impregnation of nanoparticles into poly-
mers matrix with various chemical methods (3D
impregnation)

(b) Ex situ synthesis of nanoparticles and impregnation/
dispersion into polymers by deposition where polymers
as dispersion medium are in liquid phase or in form of a
casting solution (it usually yields 3D impregnation, but
rarely 2D is also possible)

(c) Ex situ synthesis of nanoparticles by LAL and further
APPJ-assisted surface impregnation of nanoparticles be-
fore or after the drop-coating of colloidal nanoparticle
solution onto the polymer surface (2D impregnation).
This method is described with steps (iv) and (v) of treat-
ment cases presented in Fig. 1.

In Fig. 1, AuNP impregnation scheme is presented: (i) un-
treated sample (control sample), (i) AuNPs deposited onto
polymer surface by drop-coating method (drop of colloidal
AuNPs left at the polymer surface until the water evaporates),
(iii) polymer surface treated by APPJ (without AuNPs addi-
tion), (iv) polymer surface pre-treated with APPJ and then

UN

(i) (]

(i) l? el

o ] (] (0 ey
v) T

Fig. 1 APPJ treatment cases: (i) untreated sample, (ii) AuNPs colloid
drop-coating, (iii) APPJ treatment, (iv) AuNPs colloid drop-coating
onto APPJ pre-treated surface, and (v) APPJ treatment of polymer
surface containing AuNPs

drop-coated with AuNP colloidal solution, and (v) AuNPs
deposited by drop-coating onto the polymer surface and sub-
sequently post-treated by APPJ. In case (iii), polymer surface
roughness increased solely due to APPJ treatment, the rough-
ness of samples in cases (iv) and (v) changed due to combi-
nation of APPJ treatment and AuNP presence, while in case
(11), roughness may be changed only due to a presence of
AuNPs. Note that the first two steps in case (iv) correspond
to case (ii1) while the first two steps in case (v) correspond to
case (ii).

The contact angle was measured using an optical micro-
scope and determined by image editing program GIMP. The
contact angle was measured for drop of deionized water and
colloidal solution of AuNP at PVC surface before and after the
APP]J treatment.

2.3 PVC and AuNP characterization

PVC was characterized with atomic force microscopy (AFM),
scanning electron microscopy (SEM), and X-ray photoelec-
tron spectroscopy (XPS).

AFM measurements were carried out with Nanosurf
FlexAFM in a dynamic force mode in air using AppNano
silicon tips (nominal spring constant of 36-90 N/m, a tip ra-
dius less than 10 nm, and nominal resonant frequency of 160—
225 kHz). AFM images were analyzed using WSxM 5.0 pro-
gram in order to quantify the roughness of the samples [42].

The size distribution of AuNPs was obtained using AFM
imaging where a drop of colloidal solution was placed onto
the Si substrate. The AFM imaging was performed after the
water evaporates by measuring the height of AuNPs
(diameter) with the assumption that the AuNPs are not de-
formed due to the applied force of a tip [43].

The SEM analysis was done on a field emission Jeol JSM-
7600F microscope. The electron accelerating voltage was
10 kV. Before the observations, samples were coated with a
thin layer of amorphous carbon (PECS 682) to prevent charge
accumulation on the surface. Observation mode was set to
low-energy secondary electron detection.

The XPS analyses were carried out on the PHI-TFA XPS
spectrometer produced by Physical Electronics Inc. Samples
were mounted on the metallic sample holder. The analyzed
area was 0.4 mm in diameter, and the analyzed depth was
about 3—-5 nm. Sample surfaces were excited by X-ray radia-
tion from monochromatic Al source at a photon energy of
1486.6 eV. The high-energy resolution spectra were acquired
with energy analyzer operating at the resolution of about
0.6 eV and pass energy of 29 eV. During data processing,
the spectra were aligned by setting the C 1s peak at 285 eV,
characteristic for C-C/C-H bonds in polymers. The accuracy
of binding energies was about + 0.3 eV. Quantification of sur-
face composition was performed from XPS peak intensities
taking into account relative sensitivity factors provided by
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instrument manufacturer [44]. We estimate that the relative
error of calculated concentrations is about 20% of reported
values. XPS spectra were analyzed by a Multipak software
(version 8.0, Physical Electronics Inc.).

3 Results and discussion

In order to analyze the optical emission content of APPJ and to
monitor the interaction process with PVC, the OES was used
as it is a versatile technique to monitor plasma-material inter-
action processes and related energetically excited volatile deg-
radation products [45-48].

Optical emission spectra of free-standing He APPJ and
APPJ in interaction with PVC are presented in Fig. 2a. Both
spectra show the same emission content with the only differ-
ence in intensity. OES spectrum of APPJ during treatment of
PVC containing AuNPs was the same as in the case of pure
PVC and was omitted from the graph for better clarity. The
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Fig. 2 a Optical emission spectra of He APPJ: free jet and jet in contact
with PVC. b Temporal evolution of selected emission lines (left axis) and
PVC temperature dependence on treatment time (right axis). Temporal
evolution of selected optical emission lines in free jet is shown with full
symbols and full line while of jet in contact with the PVC with empty
symbols and dotted line
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identified emission lines are as follows: He, O, and Hoc
(Balmer series) atomic lines, OH band (A%Y-X?II), N, 2nd
positive band (C3Hu-83Hg), and N," 1st negative band
(B,X,"-X?%,"). Temporal evolution of emission line intensi-
ties of OH at 309 nm, O at 777 nm, He at 706 nm, Hox at
656 nm, N; at 315 nm, and N, at 428 nm was performed
and shown in Fig. 2b for free APPJ (full line and full symbols).
Corresponding emission line intensities when APPJ interacts
with PVC are also shown for comparison (dotted line, empty
symbols). It can be seen that all lines show 2-fold enhancement
in emission when APPJ interact with PVC, except for N, when
the enhancement is three times higher. The intensity of nitrogen
molecules dominates in both cases which is due to a diffusion
of a surrounding air into the plasma jet. In the case of interac-
tion of plasma jet with the polymer, plasma is dispersed and
accumulated outside the region of intersection of jet and surface
what yields increased N, diffusion rate (increased plasma af-
fected area) resulting in 3-fold emission signal enhancement.
The N,* does not follow the same 3-fold enhancement as it
appears through the Penning ionization involving N, molecules
and He metastable atoms while an amount of He is insufficient
(observed is a 2-fold enhancement) to make 3-fold enhance-
ment of N,* [49, 50]. It is expected that He metastable atoms
around 389 nm also exist in APPJ, but they are either of low
density (low emission signal) or overlap with N, broad line at
391 nm [51, 52]. However, emission intensities from APPJ
interacting with the PVC are stable in time showing no alter-
ation in intensities. It implies that the performed treatment is
uniform and stable in time but energetically soft as there are no
volatile compounds in energetically excited states which can be
detected by OES. Anyway, such compounds in ground ener-
getic state are expected as APPJ interacts with PVC mainly
through etching processes (described later). These observations
are expected as temperature of the sample does not reach high
values which can be seen from temperature dependence on
treatment time which is shown on the right y-axis in Fig. 2b.
It is shown that temperature of PVC sample is increasing rap-
idly in the first 30 s from initial 23 to 40 °C reaching a final
temperature of 42 °C at the end of treatment. Temperature
increase obviously did not affect the OES signal which con-
firms that APPJ interact softly with PVC. The temperature
dependence was not changed when PVC containing AuNP
was used instead of control PVC. Also, voltage and current
waveforms were identical both during the treatment of PVC
with and without AuNPs (results not shown here). Typically,
the change in discharge current is accompanied with a change
in OES signal [53], none of which was observed in our exper-
iments. Therefore, the presence of AuNPs does not lead to a
stronger OES signal of APPJ interacting with PVC samples.
That is because either single AuNPs or agglomerates (if exist)
are scattered onto the polymer surface with no contact to each
other, Thus, they cannot act as a second electrode which will
certainly increase the OES signal. UV-Vis absorption spectrum
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of the colloidal solution of AuNPs synthesized by LAL and the
size distribution of colloidal AuNPs is presented in Fig. 3a, b,
respectively. Orthogonal blue lines correspond to root mean
square (RMS) roughness of PVC (shown afterwards in
Fig. 5) obtained by a procedure depicted in Fig. 1(i)~(v). The
size of roughness could be directly compared to the size of
AuNPs to get insight into the impregnation mechanism. The
absorbance exhibit distinct maximum at 526 nm typically for
AuNPs sized of few tens of nanometers while the shape of the
absorbance curve indicates that the AuNPs in the solution are
spherical [54-57]. From Fig. 3b, it can be seen that the average
AuNP diameter is 30 nm.

Representative AFM images of PVC polymer samples are
presented in Fig. 4. Samples (i)~(v) correspond to the treatment
cases presented in Fig. 1. It is evident that the surface morphol-
ogy and AuNP distribution is highly influenced by the treat-
ment procedure. This can be further corroborated by RMS
roughness of PVC surface and by SEM imaging. The RMS
roughness of polymer surface for different cases of APPJ treat-
ment and AuNP impregnation is presented in Fig. 5. It is obvi-
ous that RMS roughness increases dramatically when APPJ
treatment is applied in any form. It is reflected on the contact
angle and consequently on AuNP distribution on the PVC sur-
face. Measured water contact angle for untreated PVC (case (i),
roughness is 12 nm) is 78° while for APPJ-treated PVC (case
(iii), roughness is 131 nm) is 61°. Contact angle for drop of
AuNPs decreases from 81° to 69° for cases (i) and (iii), respec-
tively. The decrease in contact angles after APPJ treatment
indicates that hydrophilicity (wettability) of the polymer in-
creases due to increased roughness. It is worth to note that the
contact angle for both liquids of the untreated surface of sample
(iii) was the same as for sample (i) which means that APPJ
treatment did not affect the lower surface of the sample but just
upper (exposed) one. Moreover, the roughness of untreated

surface of sample (iii) was the same as for sample (i). The other
effect of APPJ treatment is that drop of either deionized water
or AuNP colloid stays still on an untreated sample for approx-
imately 2 h, while in APPJ-treated samples, it spreads onto the
sample surface immediately giving better homogeneity and
dispersion of AuNPs over the sample surface. AuNP dispersion
onto the PVC ((ii) case) shows low distribution homogeneity
due to a higher hydrophobicity of flat polymer surface than in
APPJ-treated rough surfaces. Namely, during slow-drying pro-
cess (evaporation of water) of drop of AuNPs, smaller and
unevenly distributed drops were formed leaving zones of
AuNP agglomerates or larger islands on the polymer surface
behind. That promotes the final formation of unevenly distrib-
uted irregular agglomerations as is shown in Fig. 4(ii). Single
AuNPs can also be observed. Unlike in case (ii), drop of
AuNPs during drying on APPJ-treated polymer surface (lower
hydrophobicity) is immediately distributed when applied onto
the surface leaving evenly distributed single AuNPs with no
agglomerates. PVC treated with APPJ (case (iii)) shows
homogenously distributed ripples and rough structures which
is important for further AuNP distribution and impregnation.
Thus, one can expect for PVC pre-treated with APPJ and im-
pregnated with AuNPs (case (iv)) to have a more uniform and
smoother distribution with respect to case (ii). In case (iv) in
Fig. 4, a sparse concentration of single AuNPs settled among
ripples and forming relatively homogeneous distribution with-
out dominating agglomerations. The dispersion is evidently
more homogeneous than in case (ii). That is due to increase
in surface roughness (or decrease in contact angle) allowing
colloidal AuNP drop of solution to even and rapid spread onto
the surface during drying without formation of agglomerations.
In case (v) in Fig. 4, AuNPs cannot be easily identified as
dimension of ripples (roughness is order of magnitude higher
than AuNP size) far prevail their size. Possible agglomerates
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Fig. 4 AFM images of PVC . 159 nm
polymer: (i) untreated sample, (ii) (I ) : 140
Au colloid drop-coating, (iii) 2

APPJ treatment, (iv) Au colloid 120

drop-coating onto APPJ pre-
treated surface, and (v) APPJ
treatment of polymer surface 80
containing AuNPs
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are also not identified. In that case, AuNPs were drop-coated
onto the PVC surface forming case (ii) with uneven AuNP
distribution. After dropping and evaporation, sample (ii) was 300 1
treated with APPJ inducing redistribution of AuNPs together
with formation of rough structure on the PVC surface and — 250 E
leading to a formation of AuNP impregnated surfaces. As the g
AuNP redistribution and formation of high ripples (and rough ~ *=~ 200 - 1
structure) is happening together in time, one can assume that a
AuNPs are impregnated into the polymer chains of newly £ 150 1
formed ripples and rough structures. 2
In Fig. 3b, a size distribution of AuNPs is shown together D% 100 1
with RMS roughness for cases (i)—(v) for comparison. The
average size AuNPs (30 nm) is larger but comparable to the 50 1
surface roughness of untreated PVC sample (which is 12 nm), )
case (i). When PVC was treated with APPJ, an RMS roughness 0 I‘f‘l T T T T
increases dramatically making the roughness far larger than the (M) (if) (iii) (iv) (v)

size of AuNPs (cases (iii)~(v)). In cases when roughness is Fig. 5 The RMS roughness of PVC polymer samples (i)—(v)
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smaller and comparable to AuNP size, the contact area between
the AuNPs and polymer is small and they can easily drift on the
polymer surface upon drying process which yields to formation
of agglomerations. As the roughness becomes higher than the
AuNPs size, the contact area is higher and the AuNPs are more
readily impregnated and trapped into the elevated polymer rip-
ples. In that case, it is hard to de-attach them from the polymer.
For example, roughness for case (v) is 282 nm which is ten
times higher than AuNP mean diameter, making AuNPs to
settle among the rough structures. Therefore, the higher the
roughness, the better the distribution of impregnated AuNPs
into PVC surfaces, and the better the mechanical resistivity
and the AuNP dispersion. Mechanical resistivity was provi-
sionally tested by scratching the PVC with impregnated
AuNPs. However, high roughness increases the attachment
sites for nanoparticles or generally for any other coatings
[58]. It was found that the stability of entrapped nanoparticles
deposited onto the polymer matrix of filtration membranes is
very high (mitigation test of sludge filtration) due to entrapment
of nanoparticles in polymer matrix of membrane, especially as
compared with other methods [59-61].

SEM morphology of PVC impregnated with AuNPs is
shown in Fig. 6 for cases (i1), (1v), and (v) at two magnifica-
tions. SEM images reveal similar findings which are obtained

Fig. 6 SEM images of PVC (ii),
(iv), and (v) samples. Scale bar is
10 pm in the first column and

1 um in the second. Arrows are
pointed to identified AuNPs

(ii) Au drop

(v) Au drop/ APPJ (iv) APPJ / Au drop

from AFM imaging. Again, it can be seen that the morphology
of PVC surface significantly depends on the treatment proce-
dure. Drop-coated PVC in (a) and (b) images shows distinct
AuNPs on top of irregular agglomerations which were agglom-
erated during drying. Visually, the surface is much dimmer than
that of the control sample. APPJ-treated PVC surface in Fig. 6¢
has more regularly distributed elevated ripples and structures
than that in Fig. 6a. Note that white spots in Fig. 6c, d are
elevated ripples and structures formed upon (iv) APPJ treat-
ment. Here, single AuNPs are difficult to identify due to high
roughness. Therefore, the APPJ pre-treated PVC impregnated
with AuNPs by drop-coating shows even and regular distribu-
tion of elevated ripples while single AuNPs are settled among
them avoiding formation of agglomerates. The similar findings
apply to the case (v) shown in Fig. 6e, f.

We assume that the AgNPs are incorporated in the surface
of the polymers as they can penetrate into the polymer mate-
rial only through voids in polymer chains. SEM images ob-
tained with higher energies (not shown here) show either the
same nanoparticles imaged with low energies or absence of
nanoparticles which implies that AuNPs did not penetrate
deep into the bulk polymer.

Elemental composition obtained with XPS of PVC poly-
mer treated with APPJ and AuNPs is shown in Table 1 for all
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Table 1 XPS ¢lemental composition of PVC polymer treated with
different treatment cases

APP] treatment case (i) (i) (iii) @{v) W)
Element Concentration (at%)

€ 81 69 61.7 59.8 59.7
(0] 13 22 23 30 27
Cl 6 8.8 123 9.6 11.3
Au 0 0.2 0 0.2 0.5
N 0 0 3 04 1:5

treatment cases (i)—(v). It can be seen that composition de-
pends on treatment case. Results shows that samples (ii),
(iv), and (v) contain AuNPs as expected, while sample (v)
reveal the highest relative concentration of AuNPs. One can
observe that the C concentration in case (i) is high with respect
to Cl as it would not be expected for clean PVC sample. This
is probably partially related with atmospheric contamination
of PVC foil with CH.

In Fig. 7, ratios O/C, Cl/O, and Cl/O are presented. APPJ
interaction with sample surface induces also some kind of
surface oxidation recognized by increase of oxygen surface
concentration for samples (iii), (iv), and (v), in particular with
respect to carbon concentration. Similar to the surface oxida-
tion, an increase of chlorine concentration was observed for
APPJ-treated samples (iii), (iv), and (v). This can be partially
explained by APPJ cleaning/etching process of the polymer
surface. CI/O ratio is varying depending on the oxidation/
etching rate.

Carbon XPS C 1s spectra from all samples are shown in
Fig. 9. Carbon C Is was reported in literature to have four

peaks: at 284.6 eV assigned to C-C and C-H groups, at
285.8 ¢V assigned to C-O and C-Cl groups, at 287.5 ¢V
assigned to N-C=0 and C=0 groups and at 289 eV assigned
to O-C=0 groups [16, 62]. Peaks were deconvoluted into
different peaks marked as C1, C2, C3, and C4 as is shown
in Fig. 8(i). The results of fitting of carbon spectra C 1s are
given in Table 2 where binding energies, relative concentra-
tions of fitted peaks, and assignment of carbon bonds are
shown. We should note that some charging effect might take
place during XPS analyses resulting in small shifts of binding
energies of acquired spectra and fitted peaks.

From Fig. 8 and Table 2, it can be seen that carbon C 1s
spectrum from sample (i) is characterized by a strong C1 peak
which is probably related with surface contamination layer
consisting mainly of C-C/C-H bonds. Part of the peaks C2
and C3 recognized in C 1s spectrum originate from PVC
structure. From Fig. 8, one can observe similarity of shape
of carbon C 1s spectra from samples (ii) and (iv) on one side
and from sample (iii) and (v) on another side. Samples (ii) and
(iv) have similar strong C2 peaks and similar relative intensity
of C1 peaks, which are lower than C2 peaks. These features
are mainly related with a deposition of the AuNPs on surfaces
as being the last step in treatment of samples (i1) and (iv).
Probably, a strong peak C2 (C-O/C-Cl) from these samples
reflects that AuNPs are embedded in an oxidized carbon poly-
mer surface.

As mentioned before, carbon C Is spectra from samples
(i11) and (v) have also similar shape reflecting a high relative
concentration of the C1 peaks (C-C/C-H) and lower concen-
tration of C2 peaks (C-O/C-Cl). It is explained as APPJ plas-
ma treatment being the last step of treatment of these samples,
which gives the most significant feature to the surface. We

Fig. 7 The elemental ratio of 0.6
PVC samples obtained by XPS
method
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Fig. 8 Carbon XPS C Is spectra
deconvoluted into C1, C2, C3,
and C4 peaks

assume that APPJ plasma treatment first induces a chain ses-
sion in the PVC matrix and afterwards a cross-linking of the
chains. The last process is reflected by increase of C-C/C-H
bonds observed in C 1s spectra and relative concentrations of
C1 peaks are higher for samples (iii) and (v) than for (ii) and

(iv).

Table 2 Binding energies (eV) of
peaks fitted in C 1s spectra, their
relative concentrations in %, and
assignments of chemical bonds of
carbon atoms
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Au 4f spectra from samples (ii), (iv), and (v) are shown in
Fig. 9. The Au 4f spectrum consists of a double peaks Au 4f;,
and 4f5); separated by 3.67 eV. The XPS spectra shown in Fig.
7 of Au 4f from samples (ii) and (iv) show only the metallic
Au 4f;, peak at binding energy of 84.0 ¢V, which indicates

that AuNPs do not react with the PVC surface. APPJ

APP]J treatment case [C) I () B €11 I (A Y
Cls component Functional groups (bonds) Binding energy (eV) Concentration (at%)

Cl1 C-C/C-H 284.6 £ 0.5 87 33 43 21 42
c2 C-0/C-Cl 2858 +£0.5 10 59 36 62 39
C3 N-C=0/C=0 287.5£0.5 0 4 12 7 12
C4 0-C=0 289.0 £ 0.5 3 4 9 10 8
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Fig. 9 XPS spectra of Au 4f of samples (ii), (iv), and (v)

treatment of sample (v) presumably yields interaction of
AuNPs with APPJ resulting in new type of the Au bond
(4f7,, peak at 84.8 ¢V) in addition to metallic Au bonds
(417, peak 84.0 eV). It is possible that Au-oxide like or some
other Au-C species are formed on the Au-core nanoparticles.
Note that in case (v), APPJ interact with AuNPs and PVC
samples in the same time together promoting the interaction
between AuNPs and activated PVC surface. APPJ interaction
with the sample was also reflected by nitrogen signal N 1s in
XPS spectra of samples (iii), (iv), and (v). Evidently, N, mol-
ecules are present in (or close to) the APPJ and they interact
with activated PVC surface. The relative N concentration is
the highest for sample (iii) which can be explained by stronger
plasma—surface interaction. It can be seen from Fig. 2 that
OES signal from N, molecules is significantly intensified with
respect to all other observed lines when APPJ interacts with
the PVC. The presence of nitrogen in PVC APPJ-treated sur-
faces indicates a surface grafting of reactive species [63, 64].

The surface roughness of polymers treated with low-
temperature plasma is generally increased due to a compo-
sitional change of the surface induced via two mechanisms
of etching [65—67]. The first mechanism is etching induced
by oxidation, and it can be ascribed to cases (iii)—(v) as in
all those cases increased concentration of oxygen is
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observed by XPS. The other mechanism is etching via
oxidation of AuNPs, and it can be ascribed to (v) case
only. That can explain why roughness is extremely in-
creased in (v) case where contribution of those two mech-
anisms combines. It is supported with XPS results where
certain oxidation level of AuNPs is revealed (formation of
Au-oxide-like species).

Generally, when PVC is treated by APPJ, the sample sur-
face becomes rich in C-O (C2 peak), C=0, and N-C=0 groups
(peak C3) with respect to untreated sample (i) [68]. The sur-
face of PVC is oxidized, i.c., functionalized with oxygen-rich
functional groups due to incorporation of oxygen atoms onto
the PVC surface. It was found that as long as the temperature
of polymer is low, the concentration of oxygen-rich functional
group is constant but when oxidation became severe and the
heating of the sample increases, the oxygen-rich functional
group concentration decreases [69]. In our case, a heating of
material is well below glass transition temperature (which is
85 °C) and significantly below degradation (240 °C) and melt-
ing temperatures (280 °C) (as can be seen from Fig. 2b) [70].
There was no effect of heating on untreated sample surface as
well as no change in contact angle of untreated sample surface
which would be expected if heating plays a role. Therefore,
the role of thermal effects on the APPJ-treated PVC surface
properties are neglected and morphological change may be
ascribed solely to etching via mentioned oxidation
mechanisms.

4 Conclusion

A novel method to impregnate AuNPs onto the PVC surface is
proposed. It is based on either APPJ pre-treatment of PVC
surface and then drop-coated with AuNPs or on APPJ post-
treatment of AuNPs colloidal drop-coated PVC surface. In
both cases, surface roughness significantly increases while
roughness value far prevail the size of applied AuNPs making
them mechanically tightly confined within the ripples of the
rough surface. APPJ-assisted PVC impregnated with AuNPs
synthesized by LAL technique is mechanically stable and re-
sistive while the AuNP distribution onto the PVC surface is
relatively homogeneous at microsized scale due to increased
hydrophilicity (roughness).

The proposed method should further allow wide variety of
polymers to be impregnated with different types of nanopar-
ticles as no thermal damage occur using APPJ. It makes pro-
posed method a versatile tool for nanoparticle impregnation
into the polymer surfaces for various applications. Further
mitigation, scratch, and tribological testings are planned.
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3.2 Improving Sensing Properties of Entangled Carbon
Nanotube-Based (Gas Sensors by Atmospheric Plasma

Surface Treatment

Gas sensors are used in many different industries and their fabrication mainly depends on
the desired application. This subchapter focuses on the effect of APPJ treatment on the
surface of CNT-based gas sensor that we produced. APPJ surface treatment allows surface
functionalization and defect generation of carbon nanostructures simultaneously. Those
modifications can be controlled by choosing appropriate plasma parameters. A thorough
study was conducted on the effect of plasma treatment on electrical conductivity, surface
properties and chemical functionalities of carbon nanostructures.

To improve the gas sensor properties, the surface itself was treated with a He- and Ar-
operated APPJ, while OES was used for monitoring changes in plasma processes. Surface
analysis revealed that plasma treatment did not make significant morphological changes;
a result supported by OES as it showed no considerable changes in emission spectra. On
the other hand, we showed that plasma-treated sensors possess higher sensitivity than non-
treated sensors. We concluded that plasma induced defects in the sensor that led to
enhanced sensing capabilities.

Regarding my contribution: 1 performed OES measurements of plasma discharge and
scanning electron microscopy (SEM) for morphology analysis of the gas sensors. I co-wrote
the interpretation of all results and prepared an original draft of the manuscript.
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Entangled multi-walled carbon nanotubes (MWCNTSs) on polyurethane (PUR) after Ar plasma-treatment and He
plasma-treatment have been tested as gas sensors for ethanol sensing. It was found that plasma-treated sensors
exhibit higher sensitivity compared to the non-treated samples along with different ethanol concentration. Non-
treated sensors exhibit similar sensor response with the increase in ethanol concentration, while Ar plasma-
treated sensors displays ~5 times improvement and He plasma-treated sensors show ~3 times improvement
with an increase in ethanol concentration. The sensitivity of the plasma-treated sensors is also stable for fol-
lowing two-weeks after the preparation compared to the non-treated sensor. Entangled nanotube network ex-
hibits a significant shift in the baseline resistance after both plasma-treatments. The response time of the sensor
was increased after the plasma-treatment, while the recovery was rather quick. Surface analyses revealed that
plasma-treatment did not make any significant morphological changes. Thus, the improvements in stability and
sensitivity after plasma-treatment are attributed to the plasma-enhanced surface modification and formation of

functional bonds on the surface of nanotubes, which are sensitive to the ethanol vapour.

1. Introduction

A gas sensor is a device that detects a particular concentration of
gases in its environment. Fabrication of gas sensors mainly depends on
the application, mostly on the type of gas that should be detected, its
concentration and environment. In general, gas sensors should satisfy
many requirements such as high stability, selectivity, good responsivity
and quick recovery time [1]; at the same time the product should be
low-cost, made from non-toxic and easy to use materials. Besides this, a
sensor that operates at room/low temperatures is in high demand since
heating of a sensor is more complex and expensive [2]. However, the
main challenge for sensors operating at low temperatures remains due
to their slow recovery after the sensor response. Along with the re-
quirement for sensors operating at low temperatures, there is a con-
tinuous need for high sensitivity, which is dependent on the active
surface that the sensing gas can occupy [1,3-7]. Recent studies exhibit
that improving sensing performance at low temperatures can be done
by using nanostructures [8-10], by layering materials [11-13] and by
modifying surface or inducing hybrid structures [14-16]. Unique

properties of nanostructures such as gas adsorption capacity due to high
surface-to-volume ratio, high structural and thermal stability, high
modulation of the electrical charge upon gas exposure, and the possi-
bility of changing the electrical properties by surface modifications can
be used for improving the stability and sensitivity of the sensors [17].
Mostly, nanomaterial-based gas sensors are made of metal oxides,
carbon nanotubes and graphene. Among them, CNTs possess quick re-
sponse time, high sensitivity, good reversibility and stability [18].
CNTs are composed of graphene layers rolled into cylindrical geo-
metry, which is classified as single-walled carbon nanotubes (SWCNT)
composed of a single layer of graphene and multi-walled carbon na-
notubes (MWCNT) composed of multiple layers of graphene with the
same central axis [1]. Depending on the tube diameter and chirality,
SWCNT can either be metallic or semiconducting in which case they are
p-type semiconductors [17]. However, pure crystalline SWCNTs are
inert to some volatile organic gases. In the case of MWCNT gas ad-
sorption happens on the outer surface where a molecule connects with
the sensor with Van der Waals forces. The molecule changes the elec-
trical charge flow in the sensor, which can be measured as the change in
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the sensor resistivity [19]. In the case of adsorption of oxidising gas
molecules on sensors surface, the electric resistance of CNT decreases
with the number of adsorbed gas molecules, due to the creation of
additional positive holes as an electric current carrier and vice versa
[20]. Moreover, sensor response or other sensor properties can be im-
proved by modifying the structure and morphology of the CNTs by
combining with different nanostructures [17,21-23], by adding a
transition metal [22], by plasma-treatment [19,24-27], etc. Compared
to other surface modification techniques, plasma-treatment gives the
possibility of defect generation and surface functionalisation of CNTs
simultaneously, which can be controlled by plasma and treatment
conditions. Research done with the plasma-enhanced surface mod-
ification of CNTs suggests that both, low and atmospheric pressure
plasma can be used for the surface treatment to improve the stability
and sensitivity. Depending on the sensor material, one can choose
proper plasma type and plasma parameters for the surface modification.
These treatment techniques allow changing the chemical composition
of the CNT surface without destructing the morphology. Besides the
functionalising gases, plasma generated by inert gases such as helium
and argon provides higher ion bombardment and creates defects on the
CNT surface due to the plasma-assisted etching. Furthermore, plasma-
treatment can introduce free electrons to the sensor structure or
creating free bonds inside the material, thus making them more sensi-
tive when exposed to analyte vapours.

A variety of CNT based gas sensors are already reported to detect
alcohols, where the sensing properties are improved by depositing
metal oxides, metals and organic molecules. Among all the alcohol-
based sensors, ethanol gas sensors are of considerable interest. Ethanol
(C2HsOH) is a volatile, flammable, colourless organic compound (VOC)
detrimental to the environment, plants, organisms and people [18,23].
Additionally, detection of ethanol fumes is essential in industries, al-
cohol storage facilities, fruit transportation, and many more. Ethanol is
reductive, and when adsorbed on CNT surface, its electrons occupy
positively charged holes and consequently increase the resistivity of the
material [23,28-31], which results in the p-type sensor response.

In this work, we have designed a simple sensing device using en-
tangled COOH-functionalised MWCNTs for the detection of ethanol at
room temperature. Additionally, the effect of atmospheric pressure
plasma-treatment on the CNTs using inert gases for improving the
sensing properties were investigated. Also, we presented a systematic
study on the changes in response and recovery time of the sensors by
the effect of plasma-assisted surface modification. The gas sensors were
prepared by simple vacuum filtration of MWCNTs on polyurethane
(PUR) membrane to form entangled MWCNT sensor, and then they
were treated with Ar or He plasma generated at atmospheric pressure.
Changes in sensitivity of all sensors were measured by two-point elec-
trical measurements while using ethanol vapours as the target gas.
Stability of all prepared sensors was investigated by repeating all the
measurements after two weeks. Structural and morphological analysis
were obtained by Raman spectroscopy and scanning electron micro-
scopy (SEM) analysis. Changes in the functional entities of the sensors
were investigated using Fourier Transform Infrared (FTIR) spectro-
scopy. Finally, all the results were considered to explain the effect of
inert gas plasma-treatment at atmospheric conditions on the sensing
properties of entangled MWCNTSs.

2. Experimental methods
2.1. Gas sensor preparation

Preparation of bucky paper (BP) was done by a vacuum filtration
technique and reported elsewhere [32]. A surfactant solution of
pH = 10 was prepared with 46.2 g sodium dodecyl sulphate (Sigma-
Aldrich), and 0.14 M water solution of pentanol (Alfa Aesar) in 300 ml
deionised water. Separately, 0.8 g of 8% COOH-functionalised MWCNT
(Sigma-Aldrich, average diameter x length is 9.5 nm X 1.5 pm) was
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weighed out and mixed with 250 ml deionised water. The above-pre-
pared surfactant solution and MWCNT-water suspensions were mixed
and sonicated for 1 h at room temperature to ensure the fine dispersion
of MWCNTs. The suspension was vacuum filtrated through a PUR
membrane (GSM 3 g/m?, Pardam Nanotechnology, Czech Republic) to
achieve a flat homogeneous sheet of entangled carbon nanotubes with a
thickness of 0.03 + 0.02 mm, also called the BP (Fig.S1 (a)). To re-
move the impurities, BP was washed several times with ethanol and
distilled water. Prepared BP was left to dry overnight at room tem-
perature. Finally cuts 1.5 X 1.5 cm from prepared BP to fabricate the
gas sensors.

2.2. Plasma-treatment

Since the PUR membrane is a temperature-sensitive material, low-
temperature atmospheric pressure plasma jet (APPJ) was used for the
surface treatment to improve the sensitivity. APPJ system consisted of a
single copper electrode without grounding and was powered by a kHz
high-voltage signal source. This system allows smooth operation and
produces low-temperature plasma, which is suitable for the tempera-
ture-sensitive sensors. Inert gases such as argon and helium were used
to generate plasma. Compared to mono-functional specific grafting
using specific gases like NHs, O, or Np; atmospheric pressure plasma-
treatment using inert gases allows the possibility of surface functiona-
lisation by the functional groups present in the atmosphere [33,34].
Surface treatment was carried out with a gas flow rate of 100 sccm for a
fixed time of 3 min. The distance between the sensor and the exit of the
APPJ's orifice was fixed at 2.5 cm, meaning that the sensors were
treated in the after-glow region of the plasma. Plasma dissipated over
the surface, and uniform treatment is assumed.

2.3. Electrical and gas sensing characterisation

[-V characteristics of the sensors were measured by an easy two-
point method. We forced a voltage (0-10 V) and measured the current.
The gas sensor properties were determined by measuring the change in
resistance of sensor during the sensing experiment by a two-point
method using a Keithley 2460-high current source meter at a constant
input current of 10 mA. Ethanol (ACS reagent for analysis) was used as
the sensing gas for investigating the effect of plasma surface treatment
on the gas sensor sensitivity. 5 ml volume of ethanol was measured and
transferred to a conical flask of 250 ml capacity, and the rest of the flask
was filled with ambient air, The sensor was placed to the saturated
vapour above the ethanol liquid during the sensing cycle (gas in phase)
and placed to an identical conical flask of 250 ml filled with air during
the recovery process (gas off phase). The gas in and gas off during the
sensing measurements were assigned with an interval of 180 s. The
measurements were performed at different temperatures, starting from
the room temperature (20 = 2 °C), then at 35, 50 and 65 °C. The
sensor response was calculated using the following equation:

R; — R,

Sensor Response =
R, @

where R, is the resistance of a sensor after inserting ethanol and R, is
the resistance of the sensor in air. The concentration C,, of ethanol,
inside the sensing chamber was controlled by heating the ethanol vo-
lume to different temperatures. Since the sensing chamber is filled with
a mixture of gases (air and ethanol vapour), Dalton's law was used for
the estimation of volume-based concentration of ethanol as per the
following equation:

Det = DProt Cat 2)
where p,, is the vapour pressure of ethanol, p,,, is atmospheric pressure
(101,325 kPa) and c,, is the volume-based concentration of ethanol.

Calculation of ethanol vapour pressure is well researched, and the va-
lues for specific temperatures can be obtained from many databases. In
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this study, we have used the vapour pressure described in Dortmund
Data Bank (http://www.ddbst.com/en/EED/PCP/VAP_C11.php) for
the calculation of ethanol concentration. The volume-based con-
centration of ethanol is estimated as 5.71% at 20 °C, 13,58% at 35 °C,
29,1% at 50 °C, and 57,68% at 65 °C. The concentration is increased by
approximately 50% from room temperature to the highest temperature,
which opens up an opportunity to explore the influence of ethanol
concentration on the sensing measurements. Schematic diagram of the
experimental setup was shown in Fig. S1(b). The stability of the pre-
pared sensors was investigated by conducting all the measurements
after two weeks.

2.4. Characterisation techniques

Surface morphology of the gas sensors was characterised by SEM
analysis (JSM-7600F and JSM-5800, Jeol Inc.), operating at an accel-
eration voltage 10 kV. Chemical and phase composition of the samples
were analysed by transmission electron microscope (TEM, JEM-2010F,
Jeol Inc.) operating at 200 kV. The micrographs were recorded by a
slow-scan CCD camera (Orius SC1000, Gatan). Raman spectra of the
sensors were recorded using NTEGRA confocal Raman spectrometer at
an excitation wavelength of 633 nm with an incident power ~ 3 mW
and objective of 20X at a spot size of 10 um. The spectrum was re-
corded at three different spots of each sensor to eliminate the variations
and investigated the structural changes after the plasma-treatment.
FTIR spectrum was recorded to analyse the changes in the functional
entities of the sensors before and after plasma-treatment using
Spectrum GX FTIR spectrometer by Perkin Elmer that was equipped
with a photoacoustic detector with 64 scan runs average at 8 cm L. All
the analysis was done right after the sensor preparation and repeated
two weeks later to monitor the ageing effect.

3. Results and discussion
3.1. Resistance measurements

The resistance of the as-prepared sensor was measured as
(1041 + 5) Q. However, the resistance of the sensor is decreased to
(702 *+ 7)Q after He plasma-treatment and to (553 + 10) Q after Ar
plasma-treatment. In addition to the decrease in the resistance, the
stability of the resistance after the plasma-treatment should also be
noted. Fig. 1 (a) exhibits the steadiness of the resistance of both the
non-treated and plasma-treated sensors at the room temperature
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(20 = 2 °C). The significant change in the resistance might be due to
the surface modification either by plasma-enhanced etching or by the
functionalisation of CNT surface. Typical current-voltage (I-V) char-
acteristics of the non-treated and plasma-treated sensors at room tem-
perature are presented in Fig. 1 (b). The linear I-V relationship confirms
the ohmic nature of the sensors.

The repeatability of the sensing cycle of the sensors was checked at
different concentration of ethanol by heating at different temperatures
as 20 °C, 35 °C, 50 °C and 65 °C, and the stability of the sensor was
investigated by repeating all the measurements after two weeks. The
sensor response measurements are presented in Fig. 2, which suggests
that the plasma-treated sensors acquired more stable sensor response
than the non-treated sensor. The non-treated sensor possesses an un-
stable response at room temperature, which slightly turns into a stable
response with an increase in temperature. Nevertheless, the change in
the sensor response with temperature is not significant. In the case of
both plasma-treated sensors, the sensor response became stable and
increased with the temperature. He plasma-treated sensors possess si-
milar sensor response at low-temperature, which increases with the
temperature and attained ~3 times improvement at 65 °C. Whereas Ar
plasma-treated sensors exhibit a substantial improvement of sensor
response (~5 times) even at low-temperature and increase with the
temperature. A higher concentration of analyte after heating makes the
sensor more stable during the sensing cycle. However, the stability
studies after two weeks indicated that the maximum response of all the
sensors were decreased, especially for non-treated and He plasma-
treated sensors.

Average of maximum sensor response was calculated to understand
more about the response and repeatability of the sensors changing with
temperature. This response is presented in Fig. 3, where the average
response of the sensors at different concentration of ethanol (at each
temperature calculated using Eq. (2)) at as-prepared and two weeks
later conditions. At higher concentrations of ethanol (increase with the
elevation of temperature), plasma-treated sensors show better response
than the non-treated sensor. Among all the tested sensors, the non-
treated sensor exhibits a constant sensor response for all concentrations.
For He plasma-treated samples, the response was almost similar to the
non-treated sensor but slightly improved with higher concentrations.
The highest sensor response was shown by Ar plasma-treated sensor,
which could be attributed to the greater extent of surface modifications
done by the Ar plasma. However, the stability studies on the average
response after two weeks suggest that the maximum sensor response of
all the sensors become lower than the as-prepared conditions. In the
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Fig. 1. (a) The stability of the resistance of the prepared sensors at room temperature, (b) I-V characteristics of the non-treated and plasma-treated sensors.
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Fig. 2. The repeatability of vapour detection on (a) non-treated and (b) He plasma-treated and (c) Ar plasma-treated sensors; and corresponding measurements of
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treated and (f) Ar pl

treated sensors.

case of non-treated and He plasma-treated sensors, the sensor response
was negligible after two weeks, even when the ethanol concentrations
increased. On the other hand, Ar plasma-treated samples disclosed a
stable response after two weeks and the sensor response increases with
increasing the ethanol concentration.

The response and recovery curve of the sensors are presented in
Fig. 4. The gas in and gas off during the sensor measurements are as-
signed with an interval of 180 s. The results show that the Ar plasma-
treated sensors have higher sensor response, and the recovery to the
initial resistance is quicker for the non-treated and He plasma-treated
sensors. These results indicate that Ar plasma-treatment has made sig-
nificant changes in the properties of sensor. Moreover, Ar plasma-
treated sensors appear to be the most stable in both response and re-
covery even after two weeks. On the contrary, the non-treated sensor
displays a behaviour where the response drops instantaneously to the
value below the initial resistance and then recovers to the original value
after the gas off. The response and recovery appear to be better after

two weeks, which could be explained by the surface interaction with
the surroundings. However, He plasma-treated sensors have much
longer recovery time than the response time. Since the change in sensor
response is minimal, it implies that the capability of the sensor to ad-
sorb ethanol vapour is comparatively low even after the plasma-treat-
ment. During the recovery, the resistance falls below the original value
and then recovered to the initial value similar to non-treated sensor.
However, the response curves after two weeks displays similar beha-
viour as the initial response.

A comparison between the response and recovery times of all the
sensors at the room temperature is given in Fig. 5. The response time
Tres, Of the sensors, was defined as the time taken to achieve 90% of the
maximum change in resistance. In contrast, recovery time T.. was
calculated as the time taken to recover to 90% of the initial resistance
from the maximum resistance change occured during the sensing cycle.
A schematic explanation for the calculation of T and Tpe. from our
results is shown in Fig. S2. It was observed that the as-prepared He
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Fig. 3. The average sensor response compared to the concentration of ethanol for all the sensors (a) as-prepared and (b) two weeks later.
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Fig. 4. The response curve for the first sensing cycle of the sensors at different temperatures: (a) non-treated, (b) He plasma-treated and (c) Ar plasma-treated; two
weeks later: (d) non-treated, (e) He plasma-treated and (f) Ar plasma-treated sensors.

plasma-treated sensor had the fastest response time of 114 s, whereas
the highest response time of 152 s was observed for Ar plasma-treated
sensor. On the other hand, in the case of recovery, Ar plasma-treated
sensor had the fastest recovery time of 40 s, where the non-treated
sensor was displayed the slowest recovery time of 152 s. After two
weeks, the non-treated sensors took the longest time to respond as well
as to recover (156 s and 142 s respectively). He plasma-treated sensor
had the fastest response of 88 s and Ar plasma-treated sensor demon-
strates the fastest recovery time of 79 s. These results are indicating that
the different plasma-treatments using inert gases are causing different
effects on the surface of sensors, which allows tuning the gas sensing
properties.

Since both the electrical resistance and sensing properties of the
sensors change with plasma-treatment, which also varies after two

weeks of repeated measurements, sensors required a detailed in-
vestigation of the structural and morphological changes. Thus, the
surface of sensors was analysed with different characterisation techni-
ques to get a better insight into the effect of plasma surface treatment.

3.2, Morphology analysis

To analyse surface modifications of all non-treated and plasma-
treated samples, SEM was used, and the results are presented in Fig. 6.
Nanotubes did not seem to be affected by plasma, and no visual da-
mages were observed on the entangled structure (Fig. S3 and S4), which
means that the surface of sensors is the same before and after the
plasma-treatment.

Detailed TEM and HR-TEM analysis were done to get an insight into
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Fig. 5. Comparison of sensor (a) response time and (b) recovery time of non-treated, He plasma-treated and Ar plasma-treated sensors at the room temperature.
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Fig. 7. Overview and high-resolution TEM micrographs of carbon nanostructures and intensity profile from the marked area of the (a) non-treated, (b) He-treated and

(c) Ar treated sensor.

the changes that occurred on the surface of BPs after plasma-treatment
(Fig. 7 (a—c)). The individual nanotubes are multi-walled with an
average diameter of 10-15 nm. The surface of the nanotubes is covered
with a wrinkled amorphous layer of carbon. The diameter of the na-
notubes in the non-treated sensor was 12.57 + 3 nm, and it was re-
duced to 10.9 * 3 nm after He plasma-treatment and 9.6 * 3 nm
after Ar plasma-treatment. This slight reduction in the diameter can be
ascribed to the plasma-enhanced etching effect, which also affects the
thickness of the carbon layers. The intensity profile obtained from the

carbon layers (Fig. 7 (a—¢)) is indicating that the layer thickness is also
slightly decreasing with plasma-treatment, which can be due to the
removal of the top layer. Additionally, the continuous amorphous
wrinkled layer visible on the non-treated sensor is completely removed
after He plasma-treatment and partially removed after the Ar plasma-
treatment. These effects can improve the conductivity of the BPs after
the plasma-treatment and enhance the interaction of the carbon layer
with ethanol vapour during the sensor cycle, which in turn improve the
response of the sensor.
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3.3. Raman spectroscopy

Raman spectroscopy was used for the qualitative characterisation of
structural defects in CNTs, by comparing the ratio between the in-
tensities of the defect and graphitic bands. The results of this analysis
are presented in Fig. 8. The Raman spectra of the non-treated sensor
display two well-distinguished peaks approximately at 1343 cm ™! and
1587 em ™!, D and G peak, respectively, which are the typical char-
acteristics of graphitic carbon. The D peak is induced by the disorder or
defect due to the distortion of graphite lattice [35-37] and the G peak
forms due to the crystallite graphite [38]. There was no 2D band
(around 2675 em ') observed in the Raman spectrum of the non-
treated sensor, which is the second-order two-phonon process in a
graphitic sp? material and indicates that the disordered graphene layers
were overlapped with plenty of oxygenated functional groups. Lack of
this peak indicates that the non-treated sensors possess more amor-
phous behaviour than the treated ones. The Raman characteristics of
sensors were changed both with He and Ar plasma-treatments. The D
peak is shifted to 1338 cm ™! and 1336 cm ™! after He and Ar plasma-
treatment, respectively, which could be due to the formation of reactive
edges on CNTs caused by plasma etching [39]. The evolution of a 2D
band that was observed after He and Ar plasma-treatment around
2678 cm ™! and 2673 cm ™! indicates that the plasma-treatment causes
the removal of amorphous carbon from the surface and progression of
more graphitic behaviour. There was an additional shoulder peak ob-
served along with the G peak at 1618 cm ! after the Ar plasma-treat-
ment, which is known as D' peak, a disorder peak frequently seen in
microcrystalline graphite usually produced from the thin edges of
graphitic layers.

Comparison of the Ip/Ig ratio of different sensors exhibits the
change in structural quality. The Ip/I¢ ratio for the as-prepared sensor
was 1.1, which slightly decreases to 1.09 after He plasma-treatment and
further decreases to 1.03 after Ar plasma-treatment. These results imply
that the defect density of CNTs decreases with the plasma-treatment by
the etching of disordered carbon atoms. There is no significant change
observed in the Raman spectrum after two weeks, which means there is
no substantial change in the structure of the sensors. Considering the
changes observed in the TEM micrographs and Raman characteristics of
the sensors, the improvement in sensor properties can be explained as
the improvement in graphitic behaviour of sensors after the plasma-
treatment.

3.4. Fourier-transform infrared spectroscopy

FTIR analysis was carried out to understand the effect of plasma-
treatment on the functional entities (Fig. 9). All the spectra exhibit si-
milar characteristic behaviour with akin vibrations of functional enti-
ties. The distinct peak around 3301 cm ™! refers to the O—H stretching
of the hydroxyl group, that may arise from the oscillation of the car-
boxyl group. The peaks at 2926 cm ~ ! and 2856 cm ™! can be associated
with the symmetric and asymmetric stretching of C—H group. The peak
observed at 1647 cm ™! can be due to the stretching of the carbon na-
notube backbone [40]. The peak signal formed at 1540 cm ! was due
to the stretching of C=C group in the CNTs [41]. A weak peak observed
at 1090 cm ™! could be assigned to O—H bending deformation mode of
the carboxyl groups [42]. The peak intensities of functional groups
increased after the plasma-treatment, which indicates the increased
surface functionalisation. Additionally, a peak at 2360 c¢m ™! was ob-
served after the plasma-treatment, which corresponds to the stretching
of carbon dioxide. A small peak at 2245 cm ™! appeared only in the Ar
plasma-treated sensor and is attributed to the stretching of nitrile or
alkynes groups. Also, the change of different weak peaks is observed in
the range of 1500-1100 cm ™! for plasma-treated sensors that could
arise because of the bending of alkane and aldehyde groups attached to
the CNT network. However, the intensity of all the peaks from the He
plasma-treated sensor decreased after two weeks, which shows that the
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stability of the sensor changed with time. Whereas, the intensity of the
Ar plasma-treated sensor did not change significantly, which implies its
better stability. Since all the sensors show almost similar infrared
spectrum, the difference observed in the sensor response after plasma-
treatment is mostly associated with the vibrations of either improved
graphitic behaviour or O-terminated and H-terminated functional
groups, which can enhance the sensitivity of the prepared sensors.

4. Mechanism of ethanol sensing and the influence of plasma-
treatment

The non-treated sensor shows a poor and irregular sensor response
that improved and stabilised after the plasma-treatment, which may be
due to the interaction of plasma-activated species with the surface of
carbon nanotubes. Atmospheric pressure plasma surface treatment
causes the removal of amorphous carbon, the formation of H/O-ter-
minated groups and dangling bonds, all of which are improving the
absorption of ethanol molecules to the surface of the sensor. No sig-
nificant morphological changes observed from SEM images confirm the
capability of plasma-treatment for improving the performance without
any structural damage. Detailed analysis by TEM is suggesting that the
plasma-treatment leads to the removal of amorphous wrinkled struc-
tures from the nanotube surface, which eventually improves the crys-
talline behaviour of the carbon nanostructures. Raman and FTIR spectra
analysis are also confirming that the plasma-treatment mainly improves
the graphitic behaviour of the CNTs rather than causing significant
chemical modification. Improvement in the graphitic characteristics
can be attributed to the plasma-enhanced etching by creating vacancies
with the removal of amorphous carbon, which finally improves p-type
conductivity of the sensor. Moreover, removal of the amorphous
structures from the outer layer of the individual nanotube surface can
enhance the adsorption of ethanol to the carbon nanotube and they
donate electrons to the conduction state, which increases resistance.
The removal of the amorphous structure is more prominent after Ar
plasma-treated sensors, in which higher ethanol vapours were adsorbed
to the nanotubes and shows higher response compared to other sensors.
The other possible reason for the increase of resistance is the change of
contact resistance between individual nanotubes and increases the
macroscopic resistance of the sensor. The sensor performance after Ar
and He plasma-treatment is vividly different and indicating that plasma
surface modification using various inert gases at atmospheric condi-
tions is also considerably different. Considering Ar and He as inert
gases, the surface functionalisation is only carried out by the excitation
of functional groups present in the atmospheric conditions. There is no
considerable change in FTIR spectra, suggesting that state of functio-
nalisation after the plasma-treatment is similar before and after plasma-
treatment. Thus, the significant factor that influences the surface
modification is the bombardment of plasma species on the CNT surface,
which affect the electrical conductivity of the sensors. Compared to
helium, argon is much heavier and carries more reactive species to the
surface of the sensor and creates severe surface modifications by
plasma-enhanced etching which results in the formation of more con-
ductive channels. Also, the stability measurements of the sensors show
that the changes made by Ar plasma-treatment are persistent even after
two weeks but not in the case of He plasma-treatment. Based on the
analysis of the experimental data, we can conclude that plasma-treat-
ment makes the sensors more sensitive to the environment. Moreover,
the stability of the sensors after plasma-treatment can be recognised as
the formation of stable defect channels facilitating the ethanol vapours
to access all parts of the sensor. In plasma-treated samples, the dangling
bonds, which are formed by the plasma-treatment, might be responsible
for the enhanced sensing properties.

5. Conclusion

It was found that the sensitivity to ethanol vapours of the entangled
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COOH-functionalised MWCNTs networks was improved by the atmo-
spheric pressure plasma-treatment using inert gases. The resistance of
the sensors was decreased after the plasma-treatment. All the sensors
were able to detect the ethanol vapour, whereas the non-treated sensor
exhibits an inferior sensing ability. Sensor response and stability of the
He plasma-treated samples were improved by 3 times, and that of Ar
plasma-treated samples were improved by 5 times with an increase in
ethanol concentration. Evaluation of response time and recovery time
shows that the time of response increased after the plasma-treatment
due to the higher sensor response while the time of recovery was fast.
Surface morphology analysis confirms that the plasma-treatment did
not destroy the tubular structure of CNTs. Raman spectra and TEM
analysis confirm the improvement of graphitic behaviour after the
plasma-treatment. Infrared spectrum suggests similar bond vibrations
for all the sensors, but the presence of additional peaks after plasma-
treated sensors indicates the improved functional entities in the CNT
network. It is evident that the plasma-treatment improves the graphitic
nature of nanotubes, the formation of defects, and the presence of
functional groups of the sensors, which is enhancing the sensing
properties. Exploring the selectivity of the prepared sensor towards
different gases needs to be investigated for the future applications of the
entangled carbon nanotube-based sensors.
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Supporting Information
Improving sensing properties of entangled carbon nanotube-based gas
sensors by atmospheric plasma surface treatment

OES was conducted for the plasma treatment of Bucky paper used as a gas sensor. The
spectrometer used for optical emission analysis was a broad-range spectrometer, model
LR1, from company ASEQ Instruments, Vancouver, Canada. Spectra were obtained with
an exposure time of 500 ms at a distance of 3 cm from the plasma plume (length was 2

mm) at the end of jet’s glass tube.
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Figure 1. OES of He APPJ recorded for plasma with (blue) and without (black) Bucky
paper substrate. Enlarged spectrum highlights observed nitrogen lines.
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Figure 2. OES of Ar APPJ recorded for plasma with (blue) and without (black) Bucky
paper substrate.



Chapter 4

Monitoring Treatment of Biological

Substrates

This chapter provides an implementation of OES for monitoring cold APPJ treatments of
biological samples, such as bacteria and mouse skin cells in vivo and in vitro. Atmospheric
pressure plasmas are used for various treatments of surfaces, especially biomaterials, due
to their beneficial effects like disinfection, stimulation of cells, apoptosis of cancerogenic
cells, wound healing or topical introduction of drugs through the skin. Their application to
tailoring biological surfaces is extensive. However, aggressive plasmas or too long exposure
can lead to uncontrolled damage of biological materials, like cells, bacteria or tissue. The
goal of this chapter is to present results for monitoring the formation and recombination
of reactive species produced by APPJs in contact with substrates on the gas—surface
interface. The role of the specific substrates (bacteria suspended in liquids, cells on a wet
substrate or in vivo mouse skin) on the plasma parameters was investigated.

The gas—surface interface was diagnosed in detail with different techniques. A thorough
analysis of the plasma’s electrical properties and ionization processes was made to gain
insight into the connection between reactive species production in the gas phase and the
generation of reactive species in the plasma treated liquid/sample. These experiments
showed different ways to utilize atmospheric pressure plasma properties with varying
success. For some biomedical applications, the used plasma setups were too aggressive.
But, in some cases, we proposed simple methods to reduce plasma-inflicted damage.

This chapter includes implementation of the optical diagnostics into treatment of different
biological materials and is divided into these subchapters:

Error! Reference source not found. Error! Reference source not found.
4.2 Analyzing Mouse Skin Cell Behavior Under a Non-Thermal kHz Plasma Jet

4.3 Atmospheric Pressure Plasma Jet — Mouse Skin Interaction: Mitigation of Damages
with Liquid Interfaces or Gas Flow Dynamics

This chapter addresses thesis Objective 2.
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4.1 Helium APPJ Parameters and Their Influence on

Deactivation of Bacteria in Medium

Bacteria are widespread organisms found in almost any habitat. They are vital in many
natural processes, but some bacterial strains can be very harmful for humans. Even though
different sterilization techniques are very efficient in bacteria inactivation, some strains
become resistant to those methods. It is necessary to improve currently used sterilization
techniques and propose new ones that might have certain advantages. We used an APPJ
and showed it is capable of elimination of four different bacterial strains in a short amount
of time. The research focused on finding optimal plasma parameters for this purpose.

To better understand obtained optimal parameters we did a thorough optical and electrical
plasma jet diagnostics, including a detailed liquid chemistry analysis. We found a link
between bacteria deactivation with higher discharge powers and gas flow rates, generation
of RONS and medium solvate charges. OES helped unravel formation of gas-phase reactive
species and their influence on the medium.

Regarding my contribution: 1 performed detailed power source and plasma diagnostics. I
analyzed all data and prepared a manuscript with co-authors.
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Abstract. Atmospheric pressure plasmas are becoming relevant in local microbial deactivation and other
combined effects of plasmas on living organisms. For this reason, our research was focused on
optimisation of atmospheric pressure plasma jet (APPJ) parameters to complete the deactivation of
different bacteria strains in a medium. Different helium APPJ treatments with different discharge
parameters were used, such as input voltages and gas flows. To better understand plasma properties
behind complete bacteria deactivation at optimised discharge parameters, optical and electrical plasma jet
diagnostics were performed, including electrical characterisation of the plasma source, optical emission
spectroscopy of the plasma plume and intensified charged coupled device imaging of the discharge
behaviour for every set of plasma parameters. Then, the resulting plasma liquid chemistry was assessed
to establish the connections between reactive species generated in the gaseous and liquid phases. The
most efficient deactivation was found for higher discharge powers and gas flow rates, and that was linked
to higher densities of reactive oxygen and nitrogen species, especially peroxide and medium solvated
charges.

1. Introduction

It is well known that some microorganisms, such as bacteria, fungi and viruses, act as pathogens and
induce various diseases. Moreover, microorganisms can cause food spoilage and damage to materials
such as corrosion of plumbing systems. For this reasons, several conventional sterilisation techniques
which lead to complete microbial deactivation or removal have been developed, including heating,
filtration, chemical liquid agents and radiation. However, a disadvantage of these sterilisation techniques



62

Chapter 4. Monitoring Treatment of Biological Substrates

is that they can be used only on thermally resistant and chemically inert substrates, as those techniques
can influence substrate properties [1].

In recent years, non-thermal atmospheric pressure plasmas have been proposed as an alternative to
conventional sterilisation techniques. Most frequently reported is sterilisation with atmospheric pressure
plasma jets (APPJs) due to their low operating temperatures and cost-effective operation[2]-[5]. APPJs
are suitable for selective treatment of specific substrates as they contain more known inactivation agents
without the downsides of conventional sterilisation techniques. Research suggests that reactive oxygen
species play the biggest role in bacteria inactivation, but UV radiation, electric field, other reactive
species and charged particles also contribute to the process [5]-[8]. In this way, APPJs represent one of
the most promising discharge candidates for different biological applications, including complete
deactivation of bacteria [8]-[11].

This research tested the efficiency of a constructed APPJ on four different bacteria: Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, and Bacillus stearothermophilus. B.
stearothermophilus and B. subtilis are spore-forming bacteria and the most commonly recognised and
widely used biological indicators for monitoring the effectiveness of sterilisation processes. Spores are
dormant bacterial structures, highly resistant to disinfectants and sterilising agents. Spore-forming
bacteria are commonly found in processed foods and dairy products [12]-[14]. These bacteria were
tested in order to seec how an APPJ affects spore-forming bacteria. Additionally, E. coli and S.
aureus, the most common pathogens in humans and widespread in nature (in hospitals and working and
living surroundings), were selected. They are commonly found in different environments, contaminating
various items, medical tools and food, and can cause hospital infections and food poisoning, as well as
medically severe and sometimes fatal infections [15]-[18]. Moreover, these bacterial strains are known
to be multidrug-resistant [19], [20]. In addition, these bacteria tend to form biofilms where bacteria are
well protected from the outside agents. It has been shown that plasmas may sterilize even the biofilms
as well as planktonic samples [21].

There have been many reports on atmospheric pressure plasma induced bacteria deactivation and
decontamination [22]-[26] However, there is a knowledge gap in optimising plasma parameters so that
complete bacteria deactivation in a medium can be achieved in the shortest (optimal) times. Therefore,
this research focuses on finding the most efficient parameters of a non-thermal helium APPJ as one of
the most frequently used sources for deactivating bacteria. For this purpose, various combinations of
input DC power unit voltages and gas flows were tested and the corresponding diagnostics.

2. Experimental setup
2.1. Preparation of bacteria samples

The deactivation effect of an APPJ, operated with helium as a working gas, was investigated on four
different types of bacteria: B. stearothermophilus (ATCC No. 7953, B. subtilis (ATCC No. 6633), S.
aureus (ATCC No. 25923) and E. coli (ATCC No. 25922). Bacterial cultures were grown overnight on
Columbia (COS) agar plates (bioMérieux SA, Marcy I’Etoile, France) at 55 °C for B.
stearothermophilus and 37 °C for B. subtilis, S. aureus and E. coli. bacteria were picked up with a loop
and resuspended in sterile saline to obtain 0.5 McF (1-2 x 10® CFU/ml) initial bacterial suspension. The
concentration was constant in all experiments. 100 ul of these initial 0.5 McF bacterial suspensions were
evenly transferred to a 96-well plate with a flat bottom. Bacterial suspensions were exposed to the He
APPJ at a constant distance for different exposure times. The samples were treated each time in
triplicates.
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To determine viable counts and evaluate plasma treatment effects, the Miles and Misra viable count
technique on COS blood agar plate (bioMérieux SA, Marcy I’Etoile, France) was used. A 20 pl properly
diluted plasma-treated bacterial suspension, as well as a positive (untreated bacterial suspension) and
negative control (sterile saline) were placed onto the blood agar plate. This procedure is depicted in Fig.
1. Measurements of the reactive species and pH were also conducted. Reactive species concentrations
of NO2" and H>O; were measured by a spectrophotometer (UV VIS Lambda 25) via colorimetric assays
in sterile saline. The pH measurements were performed by a pH-meter (Sentron®) also in saline.

Miles Misra count technique

Plasma treatment

Bacteria —
* B. subtilis
L 4 4 L4
Agar plate R
Saline with
bacteria

Fig. 1 Schematic representation of the experimental protocol procedure.
2.2. APPJ system

A small-size APPJ powered by a kHz high-voltage signal source was used for the treatments of a liquid
medium with bacteria. The high-voltage unit was powered by a low-voltage DC source facilitating
portability of the device. The APPJ consisted of a teflon casing that holds a glass tube with concentrically
positioned copper wire that serves as a powered electrode. The casing has gas and electrical connections.
Measurements with the needle-type APPJ were conducted with He as a working gas at a fixed distance
of 15 mm between the end of the jet nozzle and the bottom of the 96-well plate with bacteria suspension.
Bacteria were treated with different gas flows (0.5, 1, 1.5 and 2 slm) and several DC power unit voltages
(3, 4.5, 6,9 and 12 V). The DC power supply that gave different DC voltages was Voltcraft SPS12-
12W-A. Gas flows were kept constant using mass flow meter Bronkhorst Mass-View MV-194. Detailed
characterisation of the plasma source was performed employing optical measurements and electrical
characterisation.

Optical characterisation comprised optical emission spectrometry and plasma imaging by using an
intensified charged coupled device (ICCD) camera. Optical emission spectroscopy was performed with
an Andor Shamrock 500i spectrometer equipped with iXon Ultra 897 as a detector. An optical fibre was
used to receive the emission from the plasma plume and direct it to the entrance slit of the spectrometer.
The fibre was positioned at a distance of 5 cm from the jet tube axis to gather the light coming from the
whole channel volume. Recording of the spectra was performed for exposure times of 100 ms and with
averaging of 10 spectrum acquisitions. Thus, obtained results represent space- and time-averaged
emission from the plasma. Plasma imaging was performed with an Andor iStar ICCD camera DH334T-
18U-03 equipped with a photographic objective. Images were taken in single-shot mode with an
exposure time of 20 ms. Furthermore, electrical characterisation was performed by measuring the
average power given to the jet. Voltage and current on the powered electrode were measured before the
APPJ with an oscilloscope (Rigol DS1102E), high voltage probe (Rigol RP1018H) and current monitor
(Pearson 8590C).
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Estimation of saline solution evaporation during treatments was performed to evaluate changes in the
treatment conditions throughout the experiments. For the longest treatment times, the highest DC supply
voltages and He flow of 2 sIm, the evaporated solution volume from the 96-well plate was not more than
50 mm®. This change in volume caused a maximum liquid level reduction of 1.2 mm, thus increasing
the distance between the plasma jet and the liquid surface. However, these changes did not drastically
influence plasma properties, and these maximum values were reached only for the longest treatment
times and plasma powers. For most treatment conditions, volume changes fell within the experimental
error of transferring the liquid volume into the plate.

3. Results and discussion

3.1. Bacteria deactivation

At first, bacterial suspension control samples were exposed only to helium gas flow with rates of 0.5, 1,
1.5 and 2 slm, without plasma and with no voltage applied, for the same duration as required for
deactivation using the plasma. The obtained results exhibit no difference in bacteria viability (Fig. 2)
compared to the untreated samples (positive control; PC), which confirms that helium alone is
insufficient for bacteria deactivation. The effects of the APPJ were then further tested for all bacteria
and analysed with a quantitative and informative approach, which involved dynamical studies of
bacterial growth after treatments. Typically, survival curves were determined as the numbers of colony-
forming units (CFUs; surviving culturable bacteria as a function of plasma treatment time). However,
to limit the presentation, only complete bacteria deactivation, achieving sterility of the medium, is shown
in Fig. 3.
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Fig. 2 Effect of gas flow-only (no plasma) treatment of bacteria (a) B. subtilis, (b) B.
stearothermophilus, (c) E. coli and (d) S. aureus exposed to 0.5, 1, 1.5 and 2 slm compared to the
positive control (PC) by Miles and Misra plate counting.

Furthermore, Fig. 3 presents the time needed for deactivation of E. coli,S. aureus, B.
stearothermophilus and B. subtilis within a medium, exposed to a He APPJ generated with different DC
input powers and gas flows. If there are no data shown for a specific set of parameters (usually 3 V and
0.5 slm), the bacteria were not completely deactivated (all microbiological life is killed as a result of the
sterilization process) within the maximum treatment time of 240 s used in experiments. In most cases,
it was found that E. coli was deactivated faster than other bacteria, proving to be a less plasma-resistant
strain. In this case, the highest treatment time was 180 s for deactivation under the lowest gas flow of
0.5 slm, which typically did not prove very efficient. B. stearothermophilius strains proved the most
resistant to plasma treatments. Surprisingly, the lowest flow rate deactivation curves for 0.5 slm are very
similar for all types of bacterial strains, except a small deviation with E. coli. This indicates that the
APPJ generated at these conditions and its consequent reactive oxygen and nitrogen species (RONS)
chemistry within the medium are similar (although, moving to higher flow rates, the chemistries and
deactivations changed significantly). The trend follows the same patterns, where 0.5 slm is the least, and
2 slm is the most efficient, which are plasma properties connected to its subsequent interaction. The
exception to this general rule is B. stearothermophilius, the most thermally stable and resistant strain,
which seems to deviate from the rule. In this case, the most efficient chemistry for deactivation is at 1
slm. Chemical analyses of the medium chemistry elucidate the reasons for this behaviour in the
following paragraphs.

From the perspective of the DC input voltage parameter used for jet discharge, the general rule is: the
higher the energy input into discharge, the faster the deactivation of bacterial strains. However, it seems
there is a minimum level at which the jets are efficient. It was found that an input DC voltage of 3 V
was not sufficient to deactivate most bacteria strains even for the highest gas flow and treatment times
because the plasma plume was the shortest and was not in direct contact with the substrate. If
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deactivation of the bacteria strain was achieved, then the treatment time was significantly prolonged.
Therefore, the results indicate that He APPJ is most efficient at bacteria strain deactivation with higher
applied power and higher gas flows, considering marked limits in discharge parameters and
experimental constraints. We do not reach conditions where additional heating would produce thermal
necrosis (40°C) in the covered range of powers. While increasing efficiency with power is expected as
for the flow, one could expect that beyond some point, further increasing of the flow may reduce

efficiency by affecting the chain of plasma chemical events needed to produce the radicals that cause
sterilization,
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Fig. 3 Points of complete bacteria deactivation (a) E. coli, (b) S. aureus, (c) B. subtilis and (d) B.
stearothermophilus exposed to He APPJ generated with powers of 3, 6, 9 and 12 V, and flow rates of
0.5, 1, 1.5 and 2 slm.

3.2. Chemical analysis of reactive species of saline medium treated by APPJ

To explain the obtained results for bacterial deactivation in a medium, the initiated medium chemistry
was investigated, determining RONS species, especially H2O> and NO»™ concentrations of the APPJ
treated saline solution. Immediately after treatments we performed measurements of pH changes. These

parameters are known to influence the viability of bacterial strains significantly, as marked by numerous
reports [27]-[30].
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pH measurements were made under the same conditions as for reactive species measurement. The
influence of different He plasma parameters (different gas flow rates of 0.5, 1, 1.5 and 2 sIm and different
input DC powers of 3, 4.5, 6, 9 and 12 V) on pH value was systematically measured. A pH value decrease
was observed during the plasma treatment for most cases (Fig. 4). These decreasing trends featured an
initial drop and then a steady decrease. An exception was 1 slm, which had an increasing pH trend for
input DC voltage of 3 V. This could be explained by the fact that the plasma jet did not touch the surface
of the liquid, and in this case, the chemistry of the medium was different than in other cases.
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Fig. 4 pH values of He APP]J treated saline for gas flow of (a) 2 slm, (b) 1.5 slm and (c) 1 slm.

Reactive species concentrations of NO,™ and H»O» were determined after plasma treatment of saline, 50
ul of sterile saline was placed in the 96-well plate with a flat bottom. The distance between the bottom
of the well and the APPJ orifice was 15 mm, as for the treatment of bacteria, and was kept constant
during the treatment. The results are presented as a supplementary in Fig. S1 as they are obtained with
only the parameters yielding the most efficient plasma treatment - input voltage of 12 V and a flow rate
of 2 slm. An expected, steady increase of H,O: concentrations was observed for increasing treatment
time. In contrast, the concentration of NO; increased until 30 s, where it reached its maximum value
and then started decreasing. The concentration dropped to zero after 120 s. This could be explained
through decreasing of the pH value during the treatment. NO5"is very sensitive to low pH values, which
is the cause of its decomposition or transformation into other compounds [31].

3.3. Diagnostics of the plasma source

In order to analyse properties of the plasma used for treatments, we performed diagnostic experiments
at the same conditions as when treating media with bacterial strains. Due to safety, a saline medium was
used without bacteria for these measurements.

Power measurements were made via electrical characterisation, where the average power (P.,;) input
into the jet was measured. This was calculated over 30 periods of current and input voltage as:
Pavg = % & fttlz P(t)dt,

where T is oscillation period, and P(7) is instantaneous power in every moment 7 calculated as I(t) *
V(t) from the beginning ¢; and end #2 of 30 periods. The measurements were performed on the electrode
before the plasma jet coming out of the tube and at two gas flow rates of 1 and 2 slm. The calculated
values present an average power that the power source gives to the plasma jet (Fig. 5) and represents the
‘real’ power input into plasma. It was observed that the power was not influenced by the gas flow rate
but was instead dependent on the DC input voltage and provided powers in the range of 0.1 to 1.5 W.
The power that is transferred from plasma to the treated samples is somewhat lower than calculated
power since part is always lost but we have made the measurements in such a way to limit the losses.
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Fig. 5 Average input power to the plasma jet for He gas flows of (a) 1 slm and (b) 2 slm.

Optical emission spectroscopy was used as a plasma diagnostic tool. A typical spectrum of He discharge
of an APPJ at gas flow rate of 2 slm where a jet was positioned above the distilled water target is
presented in Fig. 6. The spectrum was recorded in a wide range of wavelengths, between 300 nm and
800 nm. The characteristic spectrum of excited species has already been assessed for this kind of plasma
jet [32]-[34]. The most intense lines came from the molecular OH (A-X) band, atomic lines of He and
0, and molecular bands of N»; the second positive system (SPS) and the first positive system as well as
from the nitrogen ion — the first negative system (FNS) [35], [36]. Excited He atoms were produced
from the ground state neutrals in the working gas used in the system. At the same time, OH and N, bands
and atomic O lines and Ho line were present since the experiments were conducted in an ambient air
(with some humidity) and in contact with the distilled water. Neutral species from the surrounding air
were mixed with the helium flow and therefore participated in gas phase reactions induced by plasma
[37], [38]. Additionally, a spectrum of the APPJ operated under the same conditions but in contact with
saline solution was also taken. In contrast to the case where solid NaCl was treated [39], the spectrum
obtained with saline did not show any differences compared to distilled water, i.e. no additional lines
from Na (or Cl) were observed. This suggests that these species were not excited in the gas phase above
the water for the plasma source to excite them.
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Fig. 6 Optical emission spectroscopy of the He APPJ with a characteristic spectrum generated
during the treatments above the liquid medium.

Additional analysis regarding line intensity was performed on specific atomic and molecular lines for
different DC input voltages used in the experiment (3, 4.5, 6,9 and 12 V) at two gas flows (1 and 2 slm).
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The intensities at different discharge parameters with two emission lines from N> SPS (337.1 nm and
315.9 nm), head line from FNS N»* (391.3 nm), the strongest molecular OH line (309 nm), Ha (656.6
nm) and O atom line (777.4 nm) are presented in Fig. 7, while He line (706.5 nm) intensities are depicted
in Fig. 8. All line intensities are normalised to the same recording conditions, thus allowing direct
intensity comparison between different lines. The position of the jet and the distance to the bottom of
the 96-well plate were the same as for the treatments of bacteria. There was an increase of intensities
for all observed lines when the source power (DC voltage) was increased. The increase of He flow had
a minor influence on line intensities, resulting in a somewhat higher line intensity. In all cases, there
was a stronger or weaker ‘jump’ between the emission intensities recorded for 6 V and 9 V. This change
in peak values occurred due to the change in plasma regime since, as observed with the naked eye, the
plasma channel did not connect to the surface of the saline until the 9 V were reached [40]. Therefore,
the intensities recorded for voltages below 9 V can be regarded as free-standing jet cases, while for the
voltages of 9 V and 12 V, plasma plume was in contact with the liquid surface.
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Fig. 7 Optical emission spectroscopy: intensities of certain atomic and molecular lines of nitrogen ((a)
for 1 slm and (b) for 2 slm), and hydrogen, oxygen and hydroxyl (c) for 1 slm and (d) for 2 slm).

The highest line intensities belong to the mainline of N> SPS, and these intensities have pronounced
increments between 6 V and 9 V input voltage (Fig. 7 (a) and (b)). The second strongest line of the same
band has a much lower increase in intensity. However, excitation of both of the excited levels in N2
probably happened through electron collisions with the ground state or excited N2 molecules [34], [41].
The increasing line intensity tendency is in accordance with the dependence observed with similar jet
configurations [33]. The intensity of the strongest of FNS Ny* lines at 391.3 nm also increased with DC
voltage, yet much less than the 337.1 nm line (Fig. 7 a) and b)). This line comes from the excited state
of N>" ions that were efficiently produced in the Penning ionisation process, involving He metastables
[42] and the direct electron impact ionisation process [41]. Consequently, an increase in He flow made



70

Chapter 4. Monitoring Treatment of Biological Substrates

the emission of the 391.3 nm line rise. On the other hand, lines from the OH band and Ho came from
dissociation of water vapour molecules in plasma [34], [43]. In this jet configuration, the amount of
water vapour present in the surrounding air was sufficient to produce several excited species of OH and
H visible in the emission spectrum. An increase in the He flow and discharge voltage resulted in the
increase of OH emission intensity (Fig. 7 ¢) and d)), which has been observed before [33], [44]. The
atomic O (777.4 nm) line exhibited similar behaviour. Production of both OH and O species is important
when it comes to the treatment of bacteria.
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Fig. 8 He 706.5 nm line intensities for different gas flow and voltages.

The intensity trend of the He line at 706.5 nm was similar to that of other spectral lines, and is presented
in Fig. 8. As expected, an increase was observed with the flow, and plasma plume intensity was also
generated by increasing DC input power with supply voltage. This presented He line is the most intense
compared to other lines observed in the spectrum (Fig. 8).

Discharge imaging gives insights into the plasma plume, showing how it forms streams and initiates
more charge into the liquid. For this, ICCD imaging was employed with time-averaged images of the
streamer structure obtained for all He flows and DC input powers. Typical results are presented in Fig.
9 for 1 slm and 2 slm, at only the lowest (3 V) and highest (12 V) DC voltages used in the experiments.
Similar to optical emission measurements, the jet position and its distance to the liquid surface in the
96-well plate were the same as for bacteria treatments. For all conditions, a ball-shaped bright plasma
was visible on the tip of the pin electrode with a plasma plume extending towards the target. For the
lowest DC voltage employed, a weak plasma channel existed only for the 2 slm flow of He. Obviously,
for Vpc =3 V and 1 slm of He, the field attained at the electrode with these power supply conditions
was not enough to achieve sufficient ionisation in the whole volume between the jet and sample surface.
At the highest power, i.e. DC voltage of 12 V, a streamer-like plasma channel with strong emission
bridged the distance from the electrode tip to the liquid surface. After processing all images recorded by
subtracting the background intensity level, it was determined that in all applied conditions, except for 3
V at 1 slm, the plasma plume reached the liquid surface, meaning that streamer length in this range of
conditions did not depend on either voltage or helium flow. On the other hand, streamer thickness varied
from 0.7 mm for 3 V up to 1.9 mm for 12 V, though it also did not depend on flow. At lower DC
voltages, some plasma plume flickering was noticeable at the liquid surface. This indicates that the
medium chemistry of bacteria deactivation depends on streamer forming behaviour, which almost
doubles the procedure's efficacy.
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Fig. 9 Images of the discharge structure at different flows and DC voltages from the power supply. A
thin vertical line represents a pin electrode protruding from the body of the jet (rectangle shape). The
horizontal line in the lower part of the images signifies the upper edge of the 96-well plate.

4. Conclusion

To optimise bacteria deactivation in media and obtain sterilisation with plasmas, a parameter study
involving a large number of experiments using different plasma conditions was performed. It included
monitoring the viability of different bacteria strains with respect to several plasma diagnostics
measurements. This research clearly shows non-thermal helium APPJs ability to deactivate four
standard strains of bacteria used in such experiments. The deactivation effects of the plasma jet were
significant and dependant on the bacterial strain, exposure time and plasma configuration (gas flow
rate and input DC power unit voltage). The obtained results are expected and indicate that E. coli is
deactivated faster than other strains. Generally, all bacterial strains — E. coli, S. aureus, B.
stearothermophilus and B. subtilis — follow the same deactivation trends. The only discrepancy is in
the optimal parameters for deactivation of B. stearothermophilus, where optimal deactivation is
reached at lower flow rate levels. This must be because of the bacterial strain’s properties and its
response to the changing environment by interacting plasma. The interaction of plasma and bacteria
suspension (saline) was twofold — it changed the concentration of reactive species and pH in the
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solution with bacteria. This RONS species (He, O, N, H, photons) generated in the gas phase and high-
energy electrons and ions were interacting with the liquid. As a result of the combined action of
produced reactive species and chemical reactions, which also influenced the pH in the liquid phase,
increased bacteria deactivation efficacy. Combining all the chemically initiated processes managed to
sterilise given bacterial strains in a medium in fairly short treatment times, maximum efficacy was
observed at high flow rates and DC input powers. More power transferred into the plasma shortens the
deactivation process. Increasing the flow rate from 0.5 to 2 sIm also shortens the inactivation process
as reactive species concentration in the gas phase rises.

Supplemental material.
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Fig. S1 Concentration of reactive species: (a) H2O; and (b) NO;™ with respect to treatment time.
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4.2 Analyzing Mouse Skin Cell Behavior Under a Non-
Thermal kHz Plasma Jet

One possible biomedical application of a cold APPJ is exploring cell viability behavior. In
this paper, we investigated the suitability of a kHz-driven APPJ for L.929 murine fibroblast
treatment. The research was focused on in witro direct plasma treatment of mouse skin
cells and was complemented with thorough gas-phase and liquid-phase analysis of plasma
and plasma-treated medium. Additionally, a detailed plasma source diagnostic was
conducted, which included electrical characterization and discharge imaging. The results
showed that our plasma jet treatment was very destructive and even for short treatment
times apoptosis occurred. An attempt was made to compare with other results in order to
position us within the related experiments. However, certain issues emerged. One of the
problems was the diversity of plasma systems, which makes them extremely hard to
compare. There are a lot of plasma jet setups and power sources one can choose, and most
are applicable for treatments of biomedical material. In addition to the diversity of plasma
systems, another significant problem was non-standardized plasma diagnostics. In the end,
we proposed monitoring plasma processes with OES as a first step to standardized
diagnostics.

OES was complemented with a thorough electrical characterization of the power source
along with ICCD imaging of the plasma plume. By investigating reactive species, we gained
insight into the interaction of the gas and liquid phases of the experiment, and made
presumptions on pathway for cell apoptosis. Further research is needed to tailor plasma
properties for targeting specific cells.

Regarding my contribution: 1 performed all experiments except liquid-phase analysis and
cell viability. Also, I prepared the original draft of the manuscript along with visualizations.
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Abstract: Plasma jets are extensively used in biomedical applications, particularly for exploring cell
viability behaviour. However, many experimental parameters influence the results, including jet
characteristics, secondary liquid chemistry and protocols used, slowing research progress. A specific
interest of the presented research was skin cell behaviour under a non-thermal kHz plasma jet—a
so-called cold plasma jet—as a topical skin treatment. Our research was focused on in vitro mouse
skin cell direct plasma treatment with argon as an operating gas. The research was complemented
with detailed gas-phase diagnostics and liquid-phase chemical analysis of the plasma and plasma-
treated medium, respectively. The obtained results showed that direct plasma jet treatment was very
destructive, leading to low cell viability. Even with short treatment times (from 35 s to 60 s), apoptosis
was observed for most L929 murine fibroblasts under approximately the same conditions. This
behaviour was attributed to plasma species generated from direct treatment and the types of cell lines
used. Importantly, the research exposed important points that should be taken under consideration
for all further research in this field: the urgent need to upgrade and standardise existing plasma
treatment protocols of cell lines; to monitor gas and liquid chemistries and to standardise plasma

discharge parameters.

Keywords: atmospheric pressure plasma jet; cell viability; plasma-treated media; reactive species;
optical emission spectroscopy

1. Introduction

Non-thermal atmospheric pressure plasmas (APPs) are widely used for various ap-
plications. They show great potential in the field of medicine [1-3] because of properties
such as low gas temperature, high generation rate of reactive species, affordability and
simple setup compared to low-pressure plasma systems. Different frequencies can ignite
plasma. The most widely used configurations are simple kHz driven jets [4-9], but mi-
crowave [10] and radio frequency [11,12] driven jets have also been reported. This type of
plasma contains short-lived free radicals, charged species, neutral species, reactive oxygen
and nitrogen species (RONS), UV radiation, and electric fields; all of which can influence
biological samples [9].

Assuming RONS influence living cells the most out of all plasma components, their
production is of interest for this research [13]. In the gas phase, plasma ionises and excites
species from the ambient air which recombine into RONS. These then reach the cell culture
medium and interact with liquid components. Gaseous RONS quickly recombine, leading
to the formation of other species, such as nitrites (NO; ), nitrates (NO3 ™), hydrogen
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peroxide (H20;) and peroxynitrite (ONOO™), of which NO, ™ and H;O; are the easiest to
detect and quantify.

Based on their presence in a given liquid medium, some assumptions about RONS
dynamics can be made. Depending on the dosage of nitrite (NO, ~) and hydrogen peroxide
(H205,), one can obtain both positive (cell proliferation, cell differentiation, angiogenesis)
and negative (apoptosis, necrosis, growth arrest) effects on cells [1,2,9,14]. Both positive and
negative effects can be useful in different applications. For example, in cancer treatment, it
is useful to induce damage to target cells, but in open wound treatment, cells should not be
damaged at all.

Depending on the required result, there are different approaches to treating cells:
direct and indirect. The direct approach involves direct plasma treatment of biological cells
while they are inside the cell culture medium. Indirect plasma treatment means that a liquid
medium is treated with plasma (a plasma-treated medium (PAM)) and is subsequently
added to the cells. One difference between these approaches is the species—produced
in the gas phase—that reach and interact with the cells [15]. In the case of direct plasma
treatment, both short- and long-lived species will interact with cells. In contrast, with an
indirect approach, only long-lived species produced in the gas phase will interact with cells.
However, this does not imply that there are no short-lived species inside the liquid; they
form again when long-lived species decompose and recombine. Both direct and indirect
plasma treatments influence cell processes and morphology changes [16].

This research aimed to create a simple single-electrode, kHz-driven plasma jet and
examine its effect on L929 murine fibroblast cells. The motive was to explore this type of
plasma jet’s usability for topical skin treatment—and consequently for wound healing or
gene delivery—and then compare this source with other similar approaches and investi-
gations. To do so, we chose argon plasma, which is relatively unexplored, for direct cell
treatment on healthy mouse skin cells. Direct plasma treatment was chosen in order to
shorten the procedure, as indirect plasma-treated cells must be incubated in PAM for at
least 24 h. Argon was chosen over helium gas because of its affordability and processing
sustainability. Moreover, under the same conditions, argon plasma has higher electron
density but lower electron temperature, which was considered an advantage for direct cell
treatment [17].

2. Materials and Methods
2.1. Plasma Jet Configuration and Power Source Characterisation

A non-thermal APP in the form of a jet (powered by a kHz source) was used for
this research. The plasma jet was constructed as a single electrode jet with no additional
grounding. Therefore, a plasma plume could be formed inside a 2 mm diameter glass tube.
Depending on the gas type, flow could reach up to 1.5 cm in length, measured from the end
of the glass orifice outward. A schematic representation of this setup is shown in Figure 1.
Diagnostic measurements (optical emission spectroscopy (OES) and I-V characterisation)
were conducted while the plasma operated over a non-grounded distilled water target.
This target was chosen to allow the gas-phase diagnostics to be taken closer to the cell
treatment, as the cells are dispersed inside a liquid medium. Distilled water was placed
in a cylindrical container of 6280 mm? volume at 2 cm distance from the end of the jet’s
glass tube.

The jet was powered by a 20 kHz power source (Amazing PMV500, Information
Unlimited, Amherst, NH, USA). Based on preliminary tests, parameters were fixed at
a maximum frequency and 60% power input in low operating mode (0.24 W). These
conditions produced the most stable argon plasma. Current and voltage were stable
sinusoidal waves without any arbitrary peaks.
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Figure 1. Schematic representation (left) and photograph (right) of the simple plasma jet system and setup for an in vitro

cell treatment.

The voltage and current of the power source were monitored in real time, just before
the jet. For this purpose, an HV probe (Tektronix P6105A, Tektronix Inc., Beaverton, OR,
USA) and a current monitor (Pearson 2877, Pearson Electronics Inc., Palo Alto, CA, USA)
were coupled with an oscilloscope (Picoscope 3204d, Pico Technology Ltd., Cambridgeshire,
UK). Waveforms were monitored to ensure they were stable under the experiments’ condi-
tions but were not monitored throughout the experiments on the cell culture medium.

2.2. Gas-Phase Diagnostics

Diagnostics of plasma in the gas phase is important for monitoring the excited species’
production and understanding the principles behind plasma ionisation. For this pur-
pose, both OES and time-resolved ICCD (Intensified Charged Couple Device) imaging
were used.

For OES measurements, we used broad-range, spatially-resolved and time-resolved
spectroscopy. The broad-range spectra provided insight into the species that were excited
in plasma, whereas the spatially-resolved spectra enabled monitoring of excited species’
intensities produced in plasma, with respect to the distance from the jet. The time-resolved
spectra exposed information about how chosen species form throughout one period. To
obtain the broad-range and spatially-resolved spectra, an Avantes spectrometer (Avantes
BV, Apeldoorn, The Netherlands) with 0.05 nm resolution was used. For time-resolved
spectroscopy, a 0.75 m Zolix spectrometer (Zolix Instruments Co., LTD, Beijing, China)
with a grating of 1200 grooves/mm (blazed on 500 nm) was used.

ICCD imaging was utilised to gain an insight into ‘bullet’ formation and propagation
within the waveform, along with filament production. For these measurements, a Hama-
matsu ICCD camera was used (Hamamatsu Photonics K.K., Naka-ku, Hamamatsu City,
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Japan). Imaging was time-resolved, and it covered the whole period. Images were obtained
with an exposure time of 100 ns and at one integration.

2.3. In Vitro Cell Experiments

To investigate the effects of a kHz plasma jet on biomedical samples with a focus on
skin treatment, in vitro experiments were performed with L929 murine fibroblasts. The
discharge parameters were constant throughout all experiments. The argon flow rate was 1
SLM, and the source’s power was fixed at 60% of the maximum available power. Different
treatment times were used; more precisely, 10 s, 35 s and 60 s. The distance between the
plasma jet and cell medium was 10 mm, 15 mm and 20 mm, respectively, measured from
the end of the jet’s glass tube to the surface of the well plate (marked as d in Figure 1).
This distance was measured from the jet to the top of the well plate rather than the liquid
surface, for easier monitoring. Another 7 mm should be added to these values to denote
the distance from the point plasma exists in the glass tube and mixes with the ambient
air to the surface of the cells dispersed in the culture medium. The distances were chosen
based on the position of the plasma plume, which was either touching the surface of the
substrate or its immediate or far afterglow region.

Since all in vitro cell experiments required a controlled sterile environment, they were
conducted inside a laminar cabinet (Iskra PIO M12V). Laminar is essentially a large metal
box, and it influences plasma intensity by acting as a grounding electrode under the sample.
To mitigate this effect, a 10 cm tall dielectric was placed under the well plate. Additionally,
single well treatment was assured by a barrier plate with a circular hole which was placed
on top of the well plate. This provided full control over jet species in the far afterglow
region and prevented their expansion to neighbouring wells. Both the dielectric under a
sample and the barrier placed on top of the well-plate are shown in Figure 1.

2.4. Cell Lines

The L929 murine fibroblasts (American Type Culture Collection, ATCC, Manassas, VA,
USA) were cultured in an advanced minimum essential medium (AMEM) (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 5% fetal bovine serum (FBS;
Gibco), 10 mL/1 L-glutamine (GlutaMAX; Gibco), 100 U/mL penicillin and 100 pg/mL
streptomycin (Pen-Strep, Sigma-Aldrich, Merck, St. Louis, MO, USA) in a 5% CO, humidi-
fied incubator at 37 °C.

Cell Viability Assay

For cell viability assay, L929 cells were trypsinised and counted. Prior to treatment,
cells were resuspended in the cell medium (MEM (Minimum Essential Medium) with-
out phenol red, Gibco) and 1000 L929 cells/well were placed in 96-well plates (Corning
Incorporated, Corning, NY, USA) in a 0.1 mL cell culture medium. Immediately after
the cell suspension was placed in plates, plasma treatment was performed as described
above. Cells were incubated at 37 °C in a 5% CO; humidified incubator for up to three
days. 24 h and 72 h after treatment, 10 uL of Presto Blue® viability reagent (Thermo Fisher
Scientific, Waltham, MA, USA) was added to the wells, and 1 h later fluorescence intensity
was measured by a microplate reader (Cytation 1, BioTek Instruments, Winooski, VT, USA).
The percentage of viable cells was calculated and normalised to the untreated control
group. Three replicates were used for each experimental group; each experiment was
repeated three times. For statistical analysis, GraphPad Prism Software (version 9.0.0) was
used. Data are presented as the arithmetic mean (AM) =+ the mean standard error (SE).
One-way ANOVA followed by the Tukey test for multiple comparisons was used for the
determination of significant differences (p < 0.05*, p < 0.01 **, p <0.001 **, p < 0.0001 ****)
between groups.



4.2. Analyzing Mouse Skin Cell Behavior Under a Non-Thermal kHz Plasma Jet

Appl. Sci. 2021, 11, 1266

50f 12

400,000

300,000

200,000

Intensity (arb.un.)

100,000

2.5. Liquid-Phase Chemistry Analysis

Plasma-induced modifications and the liquid chemistry of culture medium MEMs
were analysed using different analytical techniques. Identical plasma treatment conditions
were employed as in the case of in vitro cell experiments. Immediately following treatments
(0 h), the treated MEM’s pH and conductivity were measured with PC 52+ DHS® (XS
instruments, Italy). To obtain more information about the dynamics of the plasma-induced
liquid chemistry, colourimetric tests were performed to evaluate the presence of NO, ~ and
H,05 using a plate reader in UV-VIS spectrometry mode (Spark 10M, Tecan, Switzerland) at
0h,24hand 72 h after the treatments. The presence of NO, ~ was determined with standard
Griess reagent assay (Griess reagent system; Promega, Madison, WI, USA) measuring
absorbance values at 540 nm. H;O, concentrations were tested with a ferric-xylenol
orange complex (xylenol orange, sorbitol and ammonium iron sulphate; Sigma-Aldrich),
which was added to the treated MEM. Following the chemical reaction, the absorbance
of the solution was measured at 560 nm. Tests were performed in multiple independent
experiments and results replicated. The obtained results were statistically analysed with
2-way ANOVA (GraphPad Prism, San Diego, CA, USA).

3. Results
3.1. Gaseous Plasma Characteristics

Broad-range spectra (Figure 2a) confirmed the presence of the usual species for an
APP generated within argon gas; excited argon species from the ionisation of the working
gas, and the reactive species of nitrogen (second positive band—C3IT, — B3Hg), along with
OH groups coming from the ambient air filled with water vapour. Given that the OH peak
did not overlap with other lines, it was used to determine plasma gas temperature with
LIFbase Database and spectral simulation programme (Version 2.1) [12]. The temperature
measured was 318 K while plasma was in contact with a water target as described in
Section 2.2.

(a)

2 postve band Ny

Current (mA)
Voltage (V)

J i

-4000

400 500 600 700 800 6 0 5 10 15 20 25 30 35 40 45 50 55[ Curend
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Wavelenght (nm) 8-0H

ght (nm) Time (us) g

Figure 2. Broad-range emission spectrum of Ar plasma operated above a non-grounded water target (a) and time-resolved
optical emission spectroscopy (OES) during one period (b).

Spatially-resolved spectra were measured at the exit of the glass tube and the plasma
plume’s end; approximately 1 cm apart. This distance was also the length of the used
plasma plume under all experimental conditions. The spectra exhibited no specific dif-
ference when the intensity was normalised to 1 (presented in the supplementary file).
Intensity normalisation allowed spectra intensity comparison, and did not influence the
line intensity ratio within each recorded spectrum. Based on this result, we were confident
that excited species from the gas phase delivered to the cell medium were similar at each
distance used for direct cell treatment.

Intensities of OH (309 nm), N (391 nm) and Ar (696 nm) were monitored throughout
one period by time-resolved spectroscopy. These data were paired with I-V characteristics
in Figure 2b. Our power source operated at an average maximum value of 3.4 kV and
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2.8 mA at chosen discharge parameters. One period lasted for 50 us, where maximum
voltage values were fixed at 0 and 50 us. All monitored plasma species exhibited similar
behaviour. Their excitation intensity increased as the voltage dropped, and later decreased
as the voltage reached its minimum value. A subsequent increase in the intensity started
when voltage rose. However, Ar time-intensity more than doubled compared to the
intensities of OH and N,. This behaviour is connected to plasma ‘bullet’ streamer and
filament formation and propagation, which ICCD images highlight in Figure 3 [18-20].
Plasma streamer formation starts around 12 ps when the voltage changes from positive to
negative, and propagates until the voltage reaches its minimum value. Then, the ionisation
shifts and at around 37 ps filaments start to appear, gaining their maximum intensity
soon after. Time-resolved OES indicated that Ar plays the most important role in filament
formation, with OH and N, in secondary roles.

T=50us

| 46.5ps

Figure 3. Plasma ionisation process. Propagation of a plasma bullet type of ionisation (left), from
12 ps to 25 ps, and formation of filaments (right), from 37 ps to 50 us.
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3.2. Plasma-Liquid Chemistry

To fully understand the plasma jet impact on cells in a liquid culture medium, the
potential plasma-induced modifications in liquid chemistry need to be evaluated in detail.
Firstly, as the liquid culture medium’s pH is one of the most important factors that signifi-
cantly influence cell viability, the pH of MEM was measured immediately after exposure
to plasma. The results demonstrated no significant discrepancies from the non-treated
sample’s values or control (Figure 4). Thus, it was concluded that the pH level was not a
contributing factor. Along with pH, conductivity was measured. As in the results obtained
from pH measurements, conductivity exhibited similar stability. Data are presented in the
supplementary file.

8.38 T T T T
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8.32 1
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8.26 4

8.24

8.22

8.20

8.18

T T
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CTRL 10 35 60
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Figure 4. pH of plasma treated MEM measured right after treatment. Results are presented as mean
values & SEM (two-way ANOVA, Dunnett’s post-tests; n = 3).

In contrast to the findings obtained for pH and conductivity measurements, the
plasma treatments induced a slight increase in the concentrations of NO,~ and H,0,.
Figure 5a displays the concentrations of NO, ™ obtained immediately after treatment.
As demonstrated from the results, the concentrations gradually increased with shorter
distances between the plasma ignition point and MEM surface and longer exposure times.
The maximum NO,~ value (i.e., 10.5 uM) was measured at a distance of 10 mm after
60 s of exposure. Long distances led to negligible increases in NO, ™ concentrations.
Similar trends were also observed for results obtained 24 h and 72 h after treatments
(Figure 5c,e), where, generally, a small increase in NO, ™ concentration was noted. The
shortest treatment distance and longest exposure time also led to the formation of the
highest H>O, concentration directly after plasma treatment (Figure 5b). A 60 s exposure
of MEM to plasma at 10 mm distance resulted in the generation of 25.9 uM of H,0;. In
contrast, concentrations of 19.5 uM and 6.3 uM were recorded at treatment distances of
15 mm and 20 mm, respectively. Unlike NO, ~, H,O, concentrations significantly shrank
or completely disappeared after 24 h and 72 h (Figure 5d,f).
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Figure 5. Concentration of NO; ~ (left) and H,O, (right) in PAM measured (a,b) 0 h, (c,d) 24 h and (e,f) 72 h after plasma
treatment. Results are presented as mean values &= SEM. * p < 0.03; ** p < 0.002; *** p < 0.0002; *** p < 0.0001 (two-way
ANOVA, Dunnet’s post-tests; n > 3).

3.3. Cell Viability

Cell viability is represented as the percentage of viable cells normalised to the control
group (Figure 6) and is highly dependent on chosen parameters. As the cells were treated
via direct plasma treatment, it was expected that the closest distance of 10 mm—where
the plasma was in contact with the cell culture medium—would have the biggest effect
on cell viability. Results show that less than 60% of cells are still viable after just 10 s of
plasma treatment, and there are almost no viable cells as treatment time increases further.
Consequently, greater distances, e.g., 15 mm and 20 mm, leave more viable cells in well
plates. However, after just 60 s of plasma treatment, the number of viable cells dropped
below 20% at a distance of 20 mm, and none were viable for shorter distances.
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Figure 6. Cell viability test for 10 mm, 15 mm and 20 mm distance (a) 24 h and (b) 72 h after treatment. Results are presented
as arithmetic mean =+ SE. * p < 0.05; ** p < 0.01; *** p < 0.0001 (one-way ANOVA, Tukey test).

4. Discussion

Experimental results revealed that treating mouse skin cells with an atmospheric
pressure kHz argon plasma jet affects cell viability. Our plasma system, used as a direct
treatment, is very destructive towards L929 murine fibroblasts, highlighted by the fact that
most of the cells are not viable after just 35 s of plasma treatment.

To understand what exactly causes this behaviour requires comparison with other
studies and plasma systems. However, a comparison of plasma effects on cell viability
with other plasma sources is extremely difficult, due to plasma source variances, plasma
parameters, types of treated cells, types of plasma treatment and different approaches
to the assessment of cell viability. Another problem connected to this research is re-
peatability, since not all researchers follow the same procedures and protocols. Similarly,
researchers may not investigate all aspects needed to explain plasma effects on the treated
biological samples.

Nevertheless, a comparison of approximately similar plasma systems, presented in
Figure 7, highlights our plasma system'’s toxicity to cells. All selected sources operated in a
kHz regime (20 or 40 kHz), except kINPen 09 [16], which operated in the MHz regime and
was chosen as the most widely used plasma source for biomedical applications. For ease of
reference, different plasma sources were given different symbols in Figure 7. The circle rep-
resents kINPen [16] (1.1 MHz, 2-6 kV, Ar—1.9 slm), the triangle represents a jet [7] (40 kHz,
4.9 kV, Ar—4 slm), the square represents a plasma torch [5] (20 kHz, 7 kV, He—5 slm), and
the star represents our system. Each cited study focused on slightly different applications,
so different types of cell lines were used (mHepR1, A431, HEK293, 1929, LNCap, PC3
and P69). The direct approach is marked as a flat line, and the indirect approach as a
dashed line. Results were selected where the distance between plasma and cell medium
was 10 mm or less, and viability measured 72 h after treatment. The comparison indicates
that our plasma treatment was very aggressive and the most destructive in the shortest
treatment time.

To explain our jet’s destructive nature on the treated cells, we must first look at the gas-
phase diagnostics. OES did not show any deviation from expected species present in such
plasma. The observed plasma was very stable and produced typical species for atmospheric
pressure argon plasma at the beginning and end of the plasma plume (glow region) [17].
The gas temperature (measured as 318 K) is acceptable for in vitro biomedical applications
and comparable to other plasma systems (e.g., KINPen 09 operates at 319-323 K [21]). Both
time-resolved OES and ICCD images confirmed a regular ionisation process for a kHz-
driven plasma source with the formation of pulsed streamers and filaments throughout the
waveform [18-20].
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Figure 7. Comparison with other plasma sources: percentage of cell viability to direct (flat line) or
indirect (dashed line) plasma treatment. Symbols represent different studies, so the circle is [16], the
triangle is [7], the square is [5] and the star represents our system.

Since the gas-phase plasma parameters seem to be in accordance with other plasma
sources used in cell treatment, the chemistry of the plasma-treated cell culture medium
was explored. First, we made sure that the cell medium’s pH and conductivity did not
influence cell viability. Results were stable for all distances and treatment times. Then, we
measured concentrations of NO, ™ and H,O; inside the cell medium. Both concentrations
were relatively low, and the NO, ~ concentration remained almost constant even 72 h after
plasma treatment. In contrast, H>O5 concentration gradually decreased and was negligible
72 h after treatment. Comparison of H,O, production with similar plasma sources is
presented in Figure 8. Our results were compared to other sources that operate in the kHz
region: 39.5 kHz (marked as a circle [22]), 30 kHz (marked as triangle [9]) and 17 kHz
(marked as square [4]). Here, other concentrations are quite high compared to our system.
One possible reason for this difference in H,O; concentrations could be various cell culture
media that were used; MEM was used in our research, DMEM (Dulbecco’s Modified Eagle
Medium) was used in [9] and RPMI 1640 was used in [22]. However, the results show
that inside the same medium (DMEM), different concentrations of hydrogen peroxide can
be obtained—almost a threefold difference for the longest treatment time of 60 s. Thus,
we conclude that the generation of H,O; is not the main source of our plasma source’s
destructiveness towards the 1.929 murine fibroblast cells. Instead, this destructiveness is
thought to stem from the plasma characteristics of the argon jet used in the direct treatment
conducted on these cell lines. Despite this, the argon jet is generally more aggressive
towards cell lines in direct treatments than indirect ones, and as such, it should not be used
for direct treatments of skin cells such as L.929 murine fibroblasts.
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5. Conclusions

A non-thermal kHz argon plasma jet and its actions towards skin cells—[.929 murine
fibroblasts—was investigated. Although we followed reported protocols, we observed
very aggressive behaviour of the jet towards the cells during direct treatment. However,
neither gas-phase diagnostics nor liquid-chemistry characterisation provided a definitive
answer as to why our plasma system behaved much more destructively than other sources
reported. One possible reason is that such research has never been done specifically on
L929 murine fibroblasts. However, there are several other possibilities for the obtained
results. Firstly, plasma and its species can influence different types of cells in completely
different ways. Research conducted on mHepR1 cell lines demonstrated that cell viability
is higher after indirect plasma treatment than the direct approach [16]. Therefore, research
must be expanded to include the indirect plasma treatment of L929 cell lines, along with
additional research on other types of cells, in order to gain a deep understanding of cell
behaviour. Secondly, because of the consistency of the liquid chemistry and its stability
over time, it is likely that reactive species produced in the gas phase have a greater impact
on cells. This is also supported by the fact that there were no major changes in viability
after 24 h, from which we conclude that all cell death occurs before that time. Therefore, to
gain a better insight into the timeframe for cell viability, cell viability tests—immediately
or within a few hours after plasma treatment—have to be added to standard protocols. It
seems that direct and short-lived plasma species could have a more extended role in cell
viability than previously reported. Since this field of research is highly attractive—with
many potential applications in biology and medicine—the protocols for observation of
cells under plasma interaction have to be upgraded and modified.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-3
417/11/3/1266/s1. Figure S1: Spatially-resolved OES with intensity normalised to 1, Figure S2:
Conductivity of PAM measured right after treatment.
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4.3 Atmospheric Pressure Plasma Jet — Mouse Skin
Interaction: Mitigation of Damages with Liquid

Interfaces or Gas Flow Dynamics

The presented research addressed effects of a cold APPJ on mouse skin. Even though
plasma jets are often presented as a safe option for treatment of biological material, mostly
because of their low gas temperature, we showed otherwise. The challenge was to reduce
primary and secondary sin tissue damage induced by plasma jets. We tried to understand
how and to what extent skin tissue damage can be inflicted by a kHz plasma jet generated
in Ar or He. Different approaches — based on minor jet modifications through to gas flow
dynamics, gas mixtures or liquid interfaces — were tested with varied but significant success.
In order to investigate the cause behind plasma-inflicted skin damage, diagnostics of the
power source and plasma discharge were performed. They showed that plasma was stable
during the experiments, with some changes occurring when plasma breached the mouse
skin. OES detected more species after the mouse skin was breached or the plasma regime
became uncoupled. This difference was more prominent for Ar than He plasma, which also
proved to be more harmful to the skin.

After assessing plasma induced skin damages, we proposed a few approaches to reduce the
damage. Those approaches proved to be simple methods that can dramatically lessen
primary skin tissue damage and, in some cases, completely avoid formation of secondary
skin tissue damage. These findings are important as they will improve the safe use of cold
APPJs in further research on skin treatment.

Regarding my contribution: I interpreted obtained results and prepared the original draft
of the manuscript along with visualizations.
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The possible benefits of an atmospheric pressure plasma jet skin treatment have been tested
in vivo on mouse skin. Many studies have been conducted in vitro on mouse skin cells, but
few in vivo, where plasma can, in certain cases, cause severe damages. For this reason, we
investigated how kHz plasma generated in a jet that is known to inflict skin damage,
interacts with mouse skin and explored how we can reduce skin damage. First, the focus
was on exploring plasma effects on skin damage formation with different plasma gases and
jet inclinations. The results pointed to a perpendicular orientation of a helium plasma jet as
the most promising condition with the least skin damage. Then, skin damage caused by a
helium plasma jet was explored, focusing on damage mitigation with different liquid
interfaces applied on the treatment site, adding nitrogen to the gas mixture, or alternating
the gas flow dynamics by elongating the jet’s glass orifice with a funnel. All these
mitigations proved highly efficient, but the utmost benefits for skin damage reduction were
connected to skin temperature reduction, reduction of reactive oxygen species, and increase

of reactive nitrogen species.
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. INTRODUCTION

Plasma medicine has been developing into an innovative and growing medical
research field during the last few years. Aside from established applications of plasma for

sterilization of materials and devices '™

, a potentially transformative application is in
cancer therapy *>* or dermatology and aesthetic surgery, with the aim to improve tissue
regeneration and healing of infected or chronic wounds 3. Although a growing number
of atmospheric pressure plasma sources for biomedical applications are described in the
literature and evaluated in in vitro studies, only limited research has been conducted so far
in in vivo conditions, exploring the safety aspects of plasma treatment. Even if topical
plasma treatment is mostly considered a safe and harmless approach for the skin 17, it

could cause noticeable skin malformations, as we demonstrated in a previous study 2.

The extent of skin damage after atmospheric pressure helium plasma jet treatment
is time and flow rate dependent. Besides the high concentrations of reactive oxygen and
nitrogen species (RONS) and the increase of skin temperature, key discharge parameters
characterized for tissue damage were shown to be gas flow dynamics, plasma jet properties,
and electrical coupling of plasma and mouse skin. In the first part of this study, the aim is
to explore in detail the effects of an atmospheric pressure plasma jet (APPJ) on direct and

indirect skin damage formation, with an emphasis on plasma gas selection 2?2 skin

23-25 26

temperature measurements , and jet orientation “°. With an evaluation of different

plasma parameters, the boundaries of plasma destructiveness are set, which opens the
possibility of controllin
with a helium plasma jet. With the obtained parameters to minimize tissue damage , the
second part of the study aims to evaluate and control the extent of skin damage caused by
helium jet treatment by administrating liquids with different modalities at the treatment

2729

site, adding nitrogen impurity into the gas flow and regulating the gas flow dynamics

3 We hypothesize that by regulating crucial parameters of the helium jet, the extent of
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skin damage will be reduced, leading to APPJ’s improved safety and accelerating its rollout

in clinical applications.

Il. EXPERIMENTAL
A. Reagents

Four kDa fluorescein-isothyocianate (FITC) labelled dextran (Sigma-Aldrich, St.
Louis, MO, USA) was used as an indicator of direct skin damage caused by plasma
treatment since FITC labelled dextran does not leach into the area of indirect skin damage.
The preparation of FITC labelled dextran for the purpose of topical administration has been
described elsewhere 2°, To evaluate the effect of liquids applied topically on plasma-treated
skin, 70% ethanol (prepared from ethanol absolute anhydrous, Carlo Erba Reagents,
Chaussee du Vexin, France), 10% acetic acid (prepared from Acetic acid Glacial, Merck,
Kenilworth, NJ, USA), phosphate-buffered saline (PBS), and saline (NaCl 0.9%, B. Braun,
Melsungen, Germany) were administered to the treated skin surface prior to plasma

treatment.

B. Animal and skin preparation

All procedures were performed in compliance with EU directive (2010/63/EU)
guidelines for animal experiments and with the permission of the Veterinary
Administration of the Ministry of Agriculture, Forestry and Food of the Republic of
Slovenia (permission no. 34401-4/2012/4). 8-12 week old female Balb/c mice (Envigo,
Udine, Italy) were used in the experiments. All mice were housed in pathogen-free
rovided food

a a
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plasma treatment, mice were shaved on the left flank, and depilatory cream (Veet®
Sensitive Skin, Reckitt Benckiser, UK) was applied to remove any remaining hair. At the
end of the experiment, treated mice were humanely sacrificed by cervical dislocation or

inhalation of CO2.
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C. Plasma system and plasma treatment

Plasma system. The plasma system was an atmospheric pressure plasma jet (APPJ)
with a single inner electrode connected to a commercial 25 kHz high-voltage AC power
supply from Conrad Electronic. The system was described in detail in our previous
publication 2. Additionally, a glass funnel was used to minimise ambient air influence and
helped to deliver RONS directly to the mouse skin. Two different funnels were applied,
both with the same dimensions; 2 cm height, an outer diameter of 10 mm, and an inner
diameter of 7 mm. In addition, the second funnel had six holes at the bottom, with a height
of 2 mm and width of 1 mm, and was in contact with the mouse skin during the

experiments. Different plasma treatments performed in this research are depicted in Fig. 1.

(a) (b)

Glass
tube

(c)

Plasma
jet with
liquid

1,5 .
b15mm interface

Electro
d4mm
liquid

K

Fig. 1. Schematic representation of different plasma treatments. First, plasma operated in

100 pm

ambient air without a liquid interface (a) or with it (b). Second, plasma was 'contained'

inside a funnel without holes (c) and in the funnel with the holes (d).

Plasma treatment. Mice were initially anaesthetised with inhalation anaesthesia in
the induction chamber using a 2% isoflurane (Nicholas Piramal India, London, UK)
mixture with oxygen. Mice were placed on a flat surface, with their snout in the inhalation
tube to remain anaesthetised during the procedure. Prior to the plasma treatment, 100 uL
of liquid (ethanol, acetic acid, PBS, or saline) was applied to target skin tissue on the

mouse’s left flank. Immediately after the liquid application, mice were treated with helium
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or argon plasma, with a fixed distance of 2 cm between the generator and the target tissue
(Fig. 2). Plasma conditions were assigned based on the results of our previous study %, i.e.,
mice were treated with an applied gas flow rate of 1-5 L/min and a delivery time of 4 min.
The used gases were helium and argon, both of purity 5.0 (Messer Slovenija, Ruse,
Slovenia). Optical emission spectroscopy (OES) was conducted with spectrometer Avantes
AvaSpec 3648 with a nominal spectral resolution of 0.8 nm. All spectra were obtained with

the same exposure time and under the same fibre—plasma distance for easier comparison.

Immediately after plasma treatment, a patch soaked with 100 uL of FITC labelled
dextran was applied to the treated skin tissue. After 1 h, the patch was removed, and

fluorescence imaging was conducted.

1 Exchangeable
Microscope | plasma He jet
| glass tube
|

3

Fig. 2. Photographs of the plasma treatment (a) and distances of the plasma and

diagnostic tools from the treatment surface (b).

D. Fluorescence microscopy for evaluation of skin damage

Skin damage was assessed using a Zeiss Stereo Lumar. V12 (Zeiss, Jena, Germany)
fluorescence stereomicroscope equipped with an MRc.5 digital camera (Zeiss). Mice in the
experiments were first anaesthetised with inhalation anaesthesia in the induction chamber
(2% isoflurane in oxygen). They were then placed under the microscope with their snout

in the inhalation tube to remain anesthetized during the measurement procedure. At each
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time point, images were taken under fluorescent light (RGB images) or under visible light
(VIS images). The first image was taken 1 h post-treatment, the rest followed at 3, 24, and
48 h post-treatment. The areas of total (VIS images) and direct (RGB images) skin damages
were analyzed with image analysis software AxioVision (Zeiss). The percentage of indirect
damage was calculated from the total and direct skin damage, details of which are presented

in %,

E. Monitoring mouse skin surface

The thermal effects of plasma on the mouse skin were monitored with infrared (IR)
imaging using a FLIR SC500 (FLIR Systems, Inc., Wilsonville, OR, USA) camera. Images

recorded the surface of the mouse skin as described in our previous publication %,

In order to control the liquid interface, it was important to measure the evaporation
rate of liquids under plasma treatment. All the liquids — ethanol, saline, deionized water,
PBS, and acetic acid — were treated with plasma in a cuvette on an analytical balance for
240s. Every 15 s, the weight of the liquid was measured, and later the evaporation rate was
calculated. The balance that was used was Radwag AS 220.R2 (Radwag UK Ltd,
Macclesfield, UK).

F. Statistical analysis of plasma-induced cell damage

For statistical analysis, Sigma Plot software (Systat Software, London, UK) was
used. Mean and standard errors were calculated for each treatment group. Comparison
between groups was done using a one-way analysis of vari

Holm-Sidak test. A value p < 0.05 was considered statistically significant. The values were

expressed as arithmetic mean (AM) =+ standard error of the mean (SEM).

lll. RESULTS AND DISCUSSION
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Results are presented in two parts. First, we present an evaluation of the effects of
plasma on the mouse skin and the direct and indirect damage it caused. The second part
focuses on results for controlling and reducing the extent of skin damage produced with
helium plasma by adding different liquids on the treatment site, adding nitrogen into the
gas mixture, or changing the plasma flow dynamics via a funnel connected to the glass

tube.

A. Evaluation of helium and argon APPJ effects on mouse skin

1. @Gas flow dynamics and characterization

For biomedical applications, it is very important to use a stable plasma system. To
monitor plasma source stability during the treatment, voltage and current measurements
were measured before and during the treatments. /-V characterization is presented in Fig.
3, where the free or uncoupled jet (b) waveforms and coupled jet with skin (c), where the
streamers are generated, can be seen. The waveform was uniform with constant maximum
values of current and voltage of 2.2 mA and 3.8 kV in cases when a jet is not coupled to
mouse skin, which typically happens at low flow rates, low powers, or when mouse skin is
breached and an underlayer is exposed. However, after the plasma coupled with skin and
the streamers were formed, the waveform changed, which manifested as an additional
period of 0.4 ms width in which values of current and voltage rose from 0.8 mA and 0.2

kV to their maximum values 4.3 mA and 1.5 kV, respectively.

Discharge’s electrical characteristics are complemented with OES, which reveals

excited species in plasma and gives an insight into the presence of the reactive species

resent in thy

w
(L]
e

p 3(d)). As observed from the s
plasma jet in the non-coupling mode, only a few lines from a second positive band of N»
were detected. Lack of helium emission lines indicates that helium species recombined
very fast and were undetectable with this setup. After the streamers were generated, more
energy was transferred to the mouse skin surface and detected emission lines were more

prominent. Along with the nitrogen lines from the air present at the beginning of the
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experiment, additional nitrogen lines appeared in the same band, particularly the prominent
nitrogen molecule ion line at 391.3 nm. Furthermore, the helium line at 706.5 nm started
to appear, although it was barely observable. In the argon plasma jet in non-coupling mode,
some lines from the second positive nitrogen band were observed along with Ar I lines in
the range 695-915 nm. Moreover, the intensity of all emission lines increased after the
streamers formed. The spectra include 309 nm OH line partially overlapping with 315 nm
N2 line, emission lines in the range 315-380 nm from second positive nitrogen band, lines
in the range 390-435 nm from the first negative nitrogen molecule band, 777 nm oxygen
line, and many Ar I emission lines in the range 695-925 nm. Both experiments showed a
rise in the number and intensity of observed emission lines after the streamers formed,
which implies severe and fast recombination processes occurring during mouse skin
plasma treatment. More excited species appeared after the mouse skin was breached or the
regime became uncoupled, especially in the argon plasma. However, the presence of
hydrogen and oxygen emission lines was not detected in any spectra which in combination
with the rise of nitrogen lines, could suggest a high production rate of biologically
important reactive species such as H2O2, NO2", NO;5™ at the non-coupling stages of the

experiment *!.

Fig. 3. Photograph of the procedure and plasma jet (a), I-V characterization of He plasma
discharge without (b) and with streamers (c), and corresponding OES of He and Ar

plasma (d).
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2. Influence of helium and argon plasma on mouse skin tissue

The early effects of the plasma jet on treated mouse skin were observed
immediately after treatment. These effects were noticed as skin burns at the site where the
plasma jet was in contact with mouse skin and were considered as direct skin damage 2.
To evaluate temperature-related direct skin damage, IR imaging was applied (Fig. 4 and
5). The results indicate that argon plasma was significantly more harmful to skin tissue
than helium plasma. Under the same flow rate of 1 L/min and treatment time of 4 min, the
maximum detected temperature at the treatment site was 36 °C in the case of helium
plasma, while the temperature increased to 103 °C with argon plasma. It caused severe skin

burns, observed instantly after treatment.

He
1 L/min
4min

Fig. 4. Photographs of skin damage induced by helium or argon plasma taken 1 h, 3 h,
and 24 h after the experiment, along with temperature measurements of the skin taken

during the experiment.

Since the increase of skin temperature and observed skin damage were minimal
after treatment with 1 L/min helium plasma, the flow rate was then increased to 4 L/min,
and IR imaging was applied at different time points during the treatment. As presented in

Fig. 5, the temperature rose with increased treatment duration, resulting in notable early

10
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direct skin damage. Here it is worth noting that in the case of argon plasma, the high skin
damage that occurred could also be due to the higher concentration of reactive oxygen
species (ROS) inside the plasma. It is known that ROS play an important role in biological
processes, but when their concentrations rise, they can induce more damage 3-*°. The

influence of oxygen concentration on skin damage is further discussed in Section 3.2.3.

¥ (mm)

500 600 700 800 900 1000 1100 1200 %0 000 T 000 900 W00 1100 1200
X (mm) X (mm) X (mm)

Fig. 5. Example of IR imaging of helium plasma during in vivo treatment (a) without
plasma and just an impinging He jet, (b) at the beginning when the plasma is turned on,

and (c) towards the end of the experiment. The gas flow rate was 5 L/min.

Besides the early effects of skin heating, additional skin damage was noticed 24—
48 h post plasma treatment as oedema around the treated area. Oedema was ascribed to
RONS formation at the plasma—surface interface and late effects of plasma treatment and
is considered as indirect skin damage *%7. As already presented in the previous study 2°,
indirect skin dam
is not perpendicularly oriented to the treated skin, the extent of indirect skin damage is
more severe. Results presented in Fig. 6 show that a smaller inclination broadens the
indirect skin damage. For helium plasma with a reduced inclination of 45°, the damaged
area grew by 2—14 times depending on the treatment time compared to a 90° inclination.

See supplementary material at [URL will be inserted by AIP Publishing] for photographs

11
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of helium and argon plasma induced skin damage areas under different jet inclinations.
This is attributed to the larger contact surface area that the plasma had with the skin, which
enabled a higher bombardment rate of reactive species and led to broader skin heating.
Additionally, argon plasma inflicted greater damage to the skin when it was directed
perpendicular to skin comparing to helium plasma: a 440 times larger damaged skin area.
For this reason, no further in vivo experiments were done with argon plasma in the

presented study.
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Fig. 6. Temperature profile distribution of mouse skin with a 90° (a) and 45° (b) inclined
He plasma jet. (c) Time evolution of skin temperature in the centre during the plasma
treatment (top — Ar plasma, bottom — He plasma at flow rate 1L/min). (d) Evaluated
damaged skin area for different plasma jet inclinations and its central part where the skin

was bridged.

B. Minimizing skin tissue damage

12
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1. Application of the liquid interface

Due to the large extent of direct and indirect damages from both gases, we had to
find new ways to control or prevent them. The first approach to skin damage reduction is
the addition of different interfacial liquids, which could add some beneficial properties,
such as a high evaporation effect for cooling the treatment site, antiseptic ability, and
maintaining constant pH. Thus, liquids (ethanol, acetic acid, PBS, or saline) were applied
to the mouse skin prior to plasma treatment. Following plasma exposure, areas of direct
skin burns and the presence of indirect skin damage were evaluated (Fig. 7 and 8(a)).
Results indicate that skin damage could be ameliorated if ethanol was applied to the
treatment site prior to plasma treatment. Plasma treatment with the ethanol pre-treatment
resulted in minimal direct skin damage, whilst indirect damage was not observed. In
contrast, pre-treatment with acetic acid, PBS, and saline led to extensive skin burns at the
site where the plasma jet was in contact with mouse skin. Additionally, after 48 h post-
treatment, severe indirect plasma jet effects were noticed, especially in the case of saline

application.

A factor that could interpret demonstrated differences is that the plasma system was
not connected to any ground. As a result, the mouse skin and used liquids took over the
function of a ground electrode, leading to coupling. This effect was demonstrated by I-V
characterization in Fig. 3(b) and (c), where different waveforms are observed. Similarly,
adding a liquid to the mouse skin before treatment impacted the conductivity of the treated
mouse skin and consequently modified the ‘electrode’ properties and thus plasma—mouse
interactions. The electrical conductivity of liquids is dependent on the concentration of the
ionized chemical species in the solution. Among all the liquids used in this study, PBS
possesses the highest electrical conductivity (10.6 S/m %), followed by 0.9% saline (1.45
S/m *%), and 10% acetic acid (0.2 S/m *°). Ethanol and deionised water are not electrically
conductive; however, after the plasma treatments, their conductivity was modified due to
the addition of plasma ionised species and their diffusion into the liquid. As plasma-
induced skin damage cannot be explained only with electrical conductivity, thermal effects
must also be considered. Since plasma was heating the skin, liquid evaporation and gas
flow produced a cooling effect. Volume loss measurements reveal (Figure 8(b)) that all

liquids had roughly the same linear evaporation rate, except ethanol, the only liquid that

13
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evaporated completely after 240 s of plasma treatment. The proposed conclusion is that

ethanol's cooling effect and low electrical conductivity greatly reduce skin damage.

Therefore, ethanol represents the best intermediate liquid stage for minimizing skin

damages during plasma treatments. However, even more efficient skin damage control was

obtained in gas mixtures, where nitrogen gas was added to the He gas flow, as detailed

below.

Skin directly

Ethanol

Acetic Acid

Saline He + 6% N2

Fig. 7. Photographs of skin damage after 3 h and 48 h without and with different

liquid interfaces after 4 min of the most severe helium plasma treatment at a gas flow rate

of 5 L/min. The liquid interface on the skin was ethanol, PBS, acetic acid, and saline.

Additionally, plasma damages with a mixture of He 6% and N are presented.
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Fig. 8. (a) Numeric representation of direct skin damage for different liquid
interfaces and gas mixtures observed 3h after the treatment. (b) Volume loss at the liquid
interface for ethanol, PBS, acetic acid, saline, and deionized water under the plasma

treatment.

2. Combining He and Nz plasma minimizes the extent of skin
damage

In order to minimize skin tissue damage, a mixture of helium and 6% nitrogen was
used as the plasma gas. At a gas flow rate of 5 L/min — the most severe condition for He
plasma treatment — this was the maximum concentration of nitrogen we could add to the

plasma system and still ignite the plasma jet.

When adding 6% N2 to the helium gas mixture, only minimal tissue damage at the plasma
treatment site was observed (Fig. 7 and 8) without notable oedema, typical for the
development of indirect damage (Fig. 7). See supplementary material at [URL will be
inserted by AIP Publishing] for additional optical and fluorescence photographs of skin
damage under pure helium plasma and a mixture of helium and 6% nitrogen plasma.
According to the research, the addition of nitrogen as an impurity in helium plasma
influences the propagation of plasma and affects the generation and transport of reactive
species 142, Regardless of the lower ionisation energy of nitrogen compared to helium,
having higher nitrogen concentrations, such as 6% in our case, led to the reduction of the
total plasma ionization degree. In the gas mixture helium helps ionizing nitrogen, via
Penning ionization, leading to reduced concentrations of helium ions and augmentation of
nitrogen molecule ions 2. One of the main reasons behind skin damage mitigation might
have been the change of the reactive species delivered to the mouse skin. The addition of
6% nitrogen impurity modified the jet profile, producing a more uniform structure than
the pure helium jet plasma. With increasing nitrogen impurity, reactive nitrogen species’
intensity also rises, especially NO.
3. The extent of tissue damage controlled by regulating gas flow

dynamics

The third approach to regulating skin damages was to explore the potential of
turbulent flow dynamics. This was done by changing plasma jet design by adding a funnel

(Fig. 2) with or without holes at the treatment site. This enabled two benefits: a) limiting
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access of neighbouring air and generated air radicals, and b) using gas circulation within
the funnel with chaotic gas dynamics retaining ionised species for longer periods at the
treatment site. The glass funnel ameliorated the extent of skin damage, especially when
helium was combined with N (Fig. 9). Only minor direct skin damage was observed where
the funnel was in contact with the skin. When the funnel was applied, indirect damage was
absent. There was no significant difference in skin damage within measurement errors
when the funnel with holes was used compared to the funnel without holes (Fig. 10). Since,
in the case of the funnel without holes, the funnel itself could not be in complete contact
with the skin (due to the mouse shape and the necessity of a gas outlet), this result was
expected. However, the reason behind damage mitigation by funnel use (with or without
holes) could be that there is a smaller concentration of ROS because the funnel reduces the

amount of oxygen diffused to plasma from the ambient air.
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1h 3h 24h 48h
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He+6%N2 funnel
2 1/min, 4 min

Fig. 9. Optical and FTIC labelled dextran fluorescence photographs of skin

damage with two funnel types and nitrogen addition.

17



4.3. Atmospheric Pressure Plasma Jet — Mouse Skin Interaction: Mitigation of Damages with
Liquid Interfaces or Gas Flow Dynamics 107

(b)

Area of skin damage (mmz)
w

Area of skin damage (mm?)
™

| D Iﬁ P S ] |j
0 0 0 0
0 0
& &

& & R & & & & RN & & & &
%\\&‘ IL\\&‘ v:\\@\ W\\é“ q{\\é‘\ ,\}\@ '»‘\@\ "\\6“ '»\\6\\ %\\6“ & & & ¢
2 @ 9 g 9 2 99 @ 2 Y% 2 9% 2 4
Ny \’b a\n\\ q,‘z‘ ,\o‘\ Ny n\u‘; < \Q‘ ,\;\ Q:b g\o‘; Ny a\o‘\
¥ ¥ % & <S & ¥ ¥ e & < & 8
o & * & gt o o x o X
A N R . 2 )
K3 & &° 0(\0 K3 & S &
Q\)(\ y SS“\ Q‘) Q\)(\ v\(\(\ ‘("
\{X \“k\
& &
& &
SN AN
< X

Fig. 10. Summarized numerical representation of skin damage for all different
funnel combinations and gas mixtures: direct skin damage measured 1 h post-treatment

(a), and direct skin damage measured 24 h post-treatment (b).

IV.SUMMARY AND CONCLUSIONS

Mouse skin damage using a kHz plasma jet is highly dependent on gas selection
and jet inclination, which also influences direct and indirect skin damage. This damage
relates to immediate effects and skin penetration or additional subsequent effects after 48
h when RONS species diffuse into the skin. The extend of damages is larger
helium gas, which is attributed to much greater skin heating and production of ROS. The

damage was so severe that any further in vivo experiments with argon plasma were

discontinued. Surprisingly, even changing the jet inclination from 90° to 45° increased skin
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damage by 2-14 times, which was attributed to the larger surface area in contact with the
plasma.

For this reason, the subsequent experiments to control damages were conducted
only with helium plasma treatment. Damage control was explored via three different
approaches: adding a liquid interface, adding nitrogen into the gas flow, and regulating
flow dynamics with a funnel.

Liquids tested on the skin treatment site were ethanol, PBS, acetic acid, and saline.
The application of ethanol gave the best result, with more than two times less skin damage
compared to treatment without liquid, whereas other media contributed to even more severe
damages. Beneficial skin damage mitigation effects via ethanol application have been
attributed to ethanol's cooling effect and low electrical conductivity. The 6% addition of
nitrogen to helium gas resulted in even better damage mitigation — more than four times
less damage than direct helium plasma skin treatment. Finally, limiting the ambient gas
surrounding interaction with the plasma plume by adding a funnel at the end of the jet's
glass tube reduced damage by more than five times compared to the lone helium plasma
jet treatment. This was due to reduced oxygen content and lower production of ROS, which
reduced the plasma's negative impact on the mouse skin.

These results describe several promising routes to reducing skin damage caused by
plasma jets, and by further developing the reported approaches could help in designing

safer plasma skin treatments in clinical settings.

SUPPLEMENTAL MATERIAL
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(a)

Ar
1 L/min
4 min

(b)
He

1 L/min
4 min
90°

(c)
He
1 L/min
4 min
45°

Fig. S1. Photographs of plasma-induced skin damage under different plasma conditions:
(a) argon plasma perpendicular to the skin surface, (b) helium plasma perpendicular to
the skin surface, and (c) helium plasma with a 45° inclination to the skin surface. Pictures

contain marked inner damage and outer damage.
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Fig. S2. Optical and fluorescence photographs of skin damage under pure helium plasma

and a mixture of helium and 6% nitrogen plasma.
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Chapter 5

Conclusions and Future Outlook

The experimental results presented in this dissertation demonstrate that optical emission
spectroscopy (OES) is a convenient multipurpose diagnostic tool for monitoring and
controlling atmospheric pressure plasma jet (APPJ) characteristics and processes. OES was
chosen for its availability and ease of use. It is especially convenient for monitoring APPJs
as their plumes have small volumes and cannot be analyzed by any methods that would
induce changes in them. A simple setup is sufficient for analyzing emission spectra before
and during experiments along with temperature and density measurements. OES can also
be used for identifying spatial and temporal evolutions of specific energetically excited
species, which is beneficial for tracking plasma processes during plasma treatments of
different materials.

Further discussion regarding the results center on both stated objectives:
Objective 1: Tracking atmospheric pressure plasma jet surface modification

APPJ properties were used for surface modifications of thermally sensitive materials. We
presented two different applications — changing surface properties of a polymer in order to
prepare it for nanoparticle impregnation and consequently creating a polymer/nanoparticle
composite, and modifying surface properties of a carbon nanotube (CNT)-based gas sensor
to improve sensing properties. In both surfaces, properties of treated materials were
changed but the bulk was left intact, which was supported by spectroscopy. We took
emission spectra before the experiments to identify plasma species and parameters while
plasma operated in ambient air, and we tracked how emission changed during the
treatments. Comparison of two recorded spectra, before and during the experiment, showed
that APPJ systems used for these experiments did not have sufficient energy to burst out
any or enough (to be detected) volatile degradation products from the treated surfaces.
However, spectra changed by intensity, which implied there was an interaction between
discharge and the material. This was confirmed by surface analysis conducted on each
treated material. Moreover, a detailed analysis of substrates was conducted to see the effect
of the plasma treatments.

In the case of CNT-based gas sensors, besides conducting detailed electrical and sensing
characterizations, sensor surface morphology and chemical composition were analyzed with
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman
spectroscopy and Fourier-transform infrared spectroscopy (FTIR). We found that plasma
treatment did not change surface morphology on the macroscale, but TEM suggested that
the treatment led to the removal of amorphous structures from the nanotube surface, which
improved crystalline behavior and consequently sensing capabilities. Raman and FTIR
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analyses confirmed that plasma improved graphitic behavior of the CNTs, which was
attributed to plasma-enhanced etching by creating vacancies with the removal of the
amorphous carbon.

After gold nanoparticle (AuNP) impregnation into polyvinyl chloride polymer, the
polymer/nanoparticle composite’s surface morphology was analyzed by atomic force
microscopy, SEM and X-ray photoelectron spectroscopy. The results showed that surface
morphology and AuNP distribution was highly influenced by the treatment procedure,
which was especially noticeable in the changes of surface roughness and wettability after
plasma treatment. All analyses confirmed that plasma treatment only affected the
polymer’s surface and that nanoparticles became embedded into the ripples created by the
increased roughness on the surface of the composite.

If OES is used alone for tracking APPJ surface modifications, it can only give
information about the changes induced in the gas phase and not the ones induced in the
treated surfaces. However, when OES is complemented by a thorough surface morphology
analysis, the combined results very well explain the effect plasma has on the surface.

Thesis Objective 1 was addressed, and the goal to track changes in the process of plasma
surface modification was achieved in Chapter 3.

Objective 2: Monitoring treatment of biological substrates

One of the important applications of APPJs is studying various effects on biological
material, like bacteria, viruses, cells, tissue, etc. Biological systems can be very
sophisticated and their interaction with plasma is complex. This makes it important to do
all necessary diagnostics and analyses of the power source, plasma gas phase,
plasma/substrate interaction and substrate. Plasma treatment of biological matter is an
interdisciplinary field and often researchers focus on one aspect of diagnostics while ignoring
the complete setup. This makes comparison and consequently interpretation of the results
quite difficult. We proposed implementing a standard for plasma diagnostics by means of
OES, adding significant value to the research and allowing a better understanding and
faster improvement of this field. To support this goal, the results were presented with three
different applications — plasma treatment of bacteria, murine fibroblast and mouse skin
cells in vivo.

APPJ treatment of bacteria was successful and fast in deactivation. Different strands
of bacteria were sterilized in under two minutes for most plasma conditions. In order to
understand the processes that led to bacteria sterilization, a thorough analysis of every
step of the experiment was conducted. Diagnostics of the power source included electrical
characterization supported by gas-phase diagnostics that included OES and intensified
charged coupled device imaging. The results showed that the used plasma was not
energetically strong enough to ionize the volatile components of the treated saline in which
the bacteria were suspended. However, liquid-phase diagnostics indicated that the
generation of reactive species (hydrogen peroxide, nitrogen dioxide) was dependent on the
plasma treatment time and influenced by changes of pH. OES gave an important insight
into formation of active species and their influence on the formation of liquid-phase reactive
components.

Next, we analyzed mouse skin cell behaviour under APPJ treatment. For this purpose,
murine fibroblast cell line 1.929 was treated with an argon plasma jet. The results showed
that the used plasma jet was very aggressive, as short treatment times, from 35 to 60 s,
led to cell apoptosis; attributed to the used type of cell lines and to reactive species
generated by plasma. Since cells were treated inside culture medium Minimal Essential
Medium (MEM), a thorough analysis of the liquid-phase chemistry was conducted. In order



117

to find a connection between gas-phase generation of reactive species and formation of
reactive species in the liquid phase, we also conducted detailed gas-phase diagnostics.
Spatially resolved OES revealed that excited species from the gas phase are delivered to
the cell medium regardless of distance. Time-resolved OES appointed argon as the most
important factor in plasma filament formation, with OH and N»in secondary roles. All of
them influenced formation of reactive species inside the cell medium which, consequently,
played a role in cell apoptosis. However, all data implied that the reason behind such
plasma aggressiveness toward cells was the plasma characteristics of the argon APPJ that
was used for direct cell treatment.

Another example of possible plasma destruction was the effect a plasma jet had on
mouse skin tissue when experiments were conducted in vivo. Since we found that the used
plasma jet induced a lot of skin damages, both primary and secondary, the focus was on
understanding processes behind those damages and implementing additional steps that
would help reduce them. Monitoring the excited species, we concluded that an argon
plasma jet, which induced significantly more damage than a helium plasma jet, has a high
production of reactive oxygen species (ROS). Also, argon plasma induces greater skin
heating than helium plasma, which proved to be a contributing factor for skin damage.
However, it was easily avoided by addition of ethanol on the treatment site, which cooled
the skin. Optical diagnostics showed stable plasma with some changes occurring after the
mouse skin was breached — more excited species were detected. Again, OES served as a
great tool to gain a lot of information on reactive species formation in the gas phase, which
helped in understanding how those species interacted with the skin cells.

Thesis Objective 2 was addressed, and the goal to monitor plasma treatments of biological
substrates was addressed in Chapter 4.

5.1 Conclusions and Propositions for Future Work

This dissertation hypothesized that OES is an efficient method for monitoring parameters
of APPJs generated within inert gases, and can provide all necessary data on plasma
parameters and plasma conditions in order to understand physical and chemical processes
occurring on surfaces or during depositions. The results and discussions in this dissertation
confirmed the hypothesis. OES was identified as a feasible tool for monitoring plasma. OES
can give us spatial and temporal evolutions of excited species generated in plasma, help
measure temperatures and densities of plasma species, and identify elements involved in
plasma/substrate interaction. However, OES has its limitations, and therefore
complementary methods should be used in order to gain a full analysis.

For plasma treatments of material surfaces, emission spectroscopy alone was not enough
to investigate processes occurring at the plasma/substrate interface. Plasmas used in this
part of the dissertation proved to be energetically soft, in regard of surface modifications,
and OES did not manage to detect any influence treated material might have on plasma.
However, by supplementing gas-phase diagnostics with a comprehensive surface
morphology analysis, we managed to understand some of the processes that occurred on
the material surface due to the plasma treatment. We confirmed plasma did not influence
bulk material properties, only surface modifications were made. Depending on the material,
surface modifications included surface functionalization, roughness and wettability
alterations, and formation of nanoscale defects.

Monitoring plasma treatments of biological substrates with OES was successfully
implemented before and, when possible, during the experiments. Since most biological
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materials are suspended in a liquid medium, the interaction of plasma and medium is more
easily observed than in the case of solid material surface treatments. In these cases, OES
seemed more beneficial as it provided us with more information — identification of reactive
species, temperature, temporal and spatial evolution of species, gas temperatures, etc.
Indubitably, reactive species, especially reactive nitrogen species (RNS), play an important
role in biological processes. Since atmospheric pressure plasmas are a great source of RNS,
it was essential to investigate their generation. We concluded that reactive species produced
in the gas phase were not transferred into the liquid medium, but a secondary formation
of reactive species occurred. With a detailed liquid-chemistry analysis, we managed to track
the presence of reactive species and their reduction or stability over time. Moreover,
biological substrates, bacteria, murine fibroblasts and mouse skin were analyzed with
appropriate methods which completed the diagnostics.

To conclude, OES is a great sensoric tool for monitoring processes occurring in various
atmospheric presure plasma treatments, but should always be accompanied with
appropriate analysis on the treated substrates and additional media used within the
treatment process. There are some possibilities to upgrade proposed methods — addition of
comparable diagnostics techniques, enhanced versions of OES, merging of known diagnostic
techniques, modeling atmospheric pressure plasma processes and many more. The simplest
next step would be enhancing OES with optical laser diagnostics, like Raman and Rayleigh
scattering, to check and supplement current results and to overcome natural OES
limitations. As an extension to the current technique, OES can be upgraded as tomographic
optical emission spectroscopy that allows a three-dimensional representation of the non-
symmetric plasma jets [77]. Moreover, we could merge OES with Fourier-transform infrared
spectroscopy or ultraviolet—visible spectroscopy for in situ monitoring of plasma changes.
However, the most useful would be to improve the mathematical model of atmospheric
pressure plasmas so that it is on par with the model for low-pressure plasmas. This is quite
a challenge due to the vast number of parameters influencing plasmas at atmospheric
pressure, most of which are influenced by the environment in which those plasmas operate.
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