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Resumo

Os plasmas frios a pressao atmosférica (CAPs) sdo um caso particular de
plasmas nao-térmicos compostos principalmente por espécies reactivas de
oxigénio e azoto (ROS e RNS, respectivamente), radiacdo ultravioleta (UV) e
particulas carregadas. Nos ultimos anos, tem-se vindo a investigar o tratamento
indirecto de liquidos com CAPs tendo em vista a sua utilizagdo no campo da
oncologia. Estes tratamentos indirectos tém sido alvo de grande atengao, uma
vez, que demonstraram possuir uma capacidade de destruir as células
cancerigenas com uma efectividade semelhante a irradiacao directa por CAPs.
Além disso, tétm a vantagem de evitar os efeitos da radiagao UV e os campos
electromagnéticos presentes nos plasmas, estando os seus efeitos apenas
relacionados com a quantidade de espécies reactivas que sdo originadas em

meios tratados por CAPs.

Para um melhor entendimento dos mecanismos envolvidos nas interac¢oes
entre os meios tratados, os CAPs e as células, procedeu-se, neste trabalho, ao
desenvolvimento de um dispositivo de jacto (Jet) de plasma frio, para posterior
estudo da vulnerabilidade de quatro linhas celulares humanas (SCC-15, Met-1,
HGF-1 e HaCaT) a meio de cultura previamente exposto a CAPs. Foram também
caracterizados os meios expostos ao plasma em termos de quantificagao das

concentragoes de peroxido de hidrogénio (H20), nitrato e nitrito, com base em

xi



métodos colorimétricos e cromatografia ionica, respectivamente. De modo a
comprovar que os efeitos da exposicao a CAPs sao dependentes do dispositivo
utilizado para a sua produgao, realizaram-se estudos de espectrometria de
massa, para comparar os espectros do dispositivo desenvolvido com o da
KINPen09. Com base neste estudo, foi possivel investigar a oxidagao dos grupos
tiol numa solucdo de cisteina. A cisteina foi escolhida por se tratar de um
aminoacido que actua como biomarcador dos danos oxidativos. Com o intuito
de completar estes resultados, realizou-se ainda o estudo da degradacao do fenol
e da adigao de scavengers aos meios tratados. De acordo com os resultados
obtidos, pode-se observar que as linhas celulares cancerigenas (SCC-15 e Met-1)
sao mais vulnerdveis aos liquidos expostos a CAPs do que as linhagens nao-
cancerigenas (HGF-1 e HaCaT). Os efeitos dos CAPs aquando da utilizagao do
dispositivo desenvolvido no ambito deste trabalho, pareceram estar
essencialmente relacionados com os mecanismos induzidos pelas espécies RNS,
enquanto que no caso de tratamentos realizados com a kINPen09, se verificou
uma maior taxa de oxida¢do, dada a elevada concentracdo de ROS presente,

principalmente H2O..

Palavras-chave: Plasma em medicina; CAPs; espécies reactivas de oxigénio

(ROS) e azoto (RNS)
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Abstract

Cold atmospheric plasmas (CAPs) are a specific type of non-thermal plasmas
mainly composed of reactive oxygen and nitrogen species (ROS and RNS,
respectively), UV radiation and charged particles. In the last years, liquids
treated by CAPs (indirect CAPs treatments) have attracted attention in oncology
due to its ability to destroy cancer cells with an effectiveness similar to direct
irradiation of cells by CAPs. Moreover, these indirect treatments offer the
advantage of avoiding the effects of UV radiation and of the electrical fields
present in plasmas being their effects mainly dependent on the reactive species

produced in CAPs treated medium.

To better understand the mechanisms behind the interaction between
CAPs, treated medium and cells, in this work, a plasma jet device was engineered
for study the vulnerability of four human cell lines (SCC-15, Met-1, HaCat, and
HGF-1) to the culture medium previously exposed to CAPs. Besides that, also the
characterization of the liquids exposed to plasma was done, by quantification of
the concentration of H20, nitrate, and nitrite, using colorimetric assays and ion
chromatography, respectively. To prove that the effects of exposure to CAPs are
dependent on the used device, mass spectrometry studies were carried out in
order to compare the spectra obtained using the developed device with that of

the kINPen09. Based on this study, it was possible to investigate the oxidation of
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thiol groups of a cysteine solution. Cysteine was chosen since it is an amino acid
that acts as a biomarker of oxidative damage. To complete these results, the study
of phenol degradation and the addition of scavengers to the treated medium
were also evaluated. According to the obtained results it could be observed that
the cancer cell lines (SCC-15 and Met-1) in study are more sensitive to the liquids
treated by CAPs than the non-cancer ones (HGF-1 and HaCat). The CAPs effects,
in the case of the developed jet, seem to be mainly related to the mechanisms
induced by RNS species, while in treatments performed using kINPen(9, a
higher oxidation rate was observed, due to the high concentration of ROS species,

mainly H20..

Keywords: Plasma Medicine; CAPs; jet devices; skin cancer; ROS; RNS.
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General Introduction

Nowadays, mainly due to the change of behaviour of the population favoring a
greater and inadequate exposure to solar radiation, an increase in the incidence
of skin cancer has been registered. According to statistics of the World Health
Organization, one in each three diagnosed cancers corresponds to skin cancer.
The most common types of skin cancer can be separated into melanoma and non-
melanoma skin cancer (NMSC), the last representing the most common form of
cancer in Caucasians. Depending on the type of skin cells from which the cancer
cells are originated, NMSC can be divided in Basal Cell Carcinoma and
Squamous Cell Carcinoma (SCC). The SCC arises from dysplastic epidermal
keratinocytes and represents 20-30% of the reported cases of NMSC, and when
compared to malignant melanoma they have an incidence about 20 times higher.
The risk of developing SCC through life is about 15% for light-skinned
individuals, which are more conducive to the onset of sunburn and it is twice
more common in men than in women. It is also more likely in individuals who
have received an implant (immunosuppressed), particularly kidneys, compared
to control individuals of the same age'*. With the increase of the average life
expectancy, an increase in the incidence rates of SCC is expected, since in 2050

approximately 32% of the population will be over 60 years®.

Given the high complexity of cancer, it is difficult to find treatments that

successfully induce the killing of cancer cells, without damage to the
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surrounding healthy tissue. This fact, coupled to the possibility of tumors
develop drug resistance during chemotherapy treatments, highlights the need to
discover more effective, accurate and minimally invasive treatment procedures.
It was in this context that cold atmospheric pressure plasmas (CAPs) have started
to be investigated as a possible complement and/or alternative to common cancer
therapies. CAPs are a near-room temperature plasma, generally produced in
laboratory conditions, by applying an external source of energy to a neutral gas
up to a critical point, at which electrons dissociate from atoms. The resulting
ionized gas will be mainly composed of a mixture of reactive oxygen and
nitrogen species (ROS and RNS), ultraviolet (UV), visible and infrared light,
electromagnetic fields, electrons, and ions. It is important to note that, since these
plasmas are laboratory-generated, their properties, such as their energy and
charged particles density, will be dependent on the features of the used set-up:

applied power and its type, and of the feeding gas.

While the first established electro-surgical techniques using plasmas in
medicine, such as plasma coagulation, were mainly based on their bio-
destructible effects, over the past decade, CAPs have emerged worldwide as an
independent field of high relevance in biomedical sciences and in medicine, since
they can be directly applied to living cells and tissues offering the possibility of
a minimally invasive surgery. CAPs are the only plasma sources that may be
applied to living cells since biological applications require that the discharge
occurs at atmospheric pressure®®. It was demonstrated in the literature that CAPs
lead to selective eradication of cancer cells in vitro and to the reduction of tumor
size in wvivo. Also, ROS metabolism and oxidative stress-responsive gene
deregulation have been detected after CAPs treatments’. However, the full
mechanism of action between CAPs and living cells or tissues remains not
completely understood, the reason why further studies must be carried out to
establish CAPs as a solid treatment on medicine fields. There are already some
CAPs devices approved for use in medical applications, specifically in
dermatology. It is thought that the CAPs effects on living cells are mainly related
with the reactive oxygen and nitrogen (RONS) species produced in the gas phase
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of the produced plasma. These species will interact with the surrounding
ambient air, in a multitude of reactions that will result in the production of more
reactive species, such as hydroxyl radicals, and long-lived species as hydrogen

peroxide (H20z).

Although conventionally CAPs have been directly applied to cancer cells
and tissues over the last years, many investigation studies have emerged using
CAPs irradiated medium (indirect CAPs treatment) as a possible method of anti-
cancer therapy, instead of direct irradiation by CAPs. These indirect treatments
have demonstrated similar effects to direct treatments with the advantage that
the treated medium can be injected into the body and therefore can reach tissues
inaccessible through direct irradiation. Additionally, indirect treatments also
have the advantage of avoiding the electrical fields and UV radiation present in

CAPs.

Considering this, the main goals of this work were the development and
optimization of a CAPs jet device, and the study of the interactions between the
produced CAPs and living cells, particularly skin cancer and non-cancer cells.
Additionally, the interactions between CAPs and aqueous media were
investigated with the special focus on hydrogen peroxide, nitrite, and nitrate
production. Since it is known that ROS and RNS can induce oxidation and
nitrosation, respectively, the chemistry of the plasma produced by the developed
jet was also studied and compared with the chemistry of kINPen09, a well-

characterized plasma jet device with CE approval for medical use.

1.1. Dissertation structure

The present dissertation is divided in eight chapters.

Chapter 1: General introduction
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The present chapter intends to give a general framework of the work developed
along this dissertation, as well as the summary of the main goals and an overview

of the dissertation structure.
Chapter 2: Theoretical Fundamentals

This chapter aims to provide the theoretical concepts necessary to understand

the themes addressed in this dissertation.
Chapter 3: Experimental concepts and methodology

In this chapter, the fundamentals of the instrumental techniques used to perform
this work are described. The chapter is divided into three sub-chapters. In the
first one, the technique Optical emission spectroscopy (OES) used for plasma
characterization, i.e., for the evaluation of the species generated in the gas phase
of the produced CAPs is explained. Then, in the second sub-chapter, the cytotoxic
assay (Resazurin assay) used for the study of cellular viability after exposure to
CAPs and CAPs treated liquids is presented, as well, as the flow cytometry
principles, since this technique was employed to investigate the mechanisms of
cell death induced by CAPs. Finally, in the last sub-chapter the fundamentals of
the techniques used to examine the reactive species that are formed in liquids
due to plasma exposure, namely, colorimetric assays for H.O: detection, mass

spectrometry, and ion chromatography, are exposed.
Chapter 4: Development and Characterization of the plasma jet device

Here, the developed CAPs jet device is depicted as well as the characteristics of
the custom-made power supply. The characterization of the produced gas-phase

plasma, by OES, is also presented in this chapter.
Chapter 5: Plasma treatment conditions affect cell viability

This chapter summarizes the most important results regarding the in vitro
susceptibility of different skin cancer and non-cancer cells to liquids treated by
CAPs. It also presents the cell lines that were used during this work, as well as
the procedures carried out during cell culture experiments, and the way how

plasma treatments were performed. The procedures followed for cytotoxicity
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and flow cytometry studies are also shown in this chapter, just like the obtained
results. A small discussion of the obtained results after all the performed in vitro
assays, and the influence of using different working parameters during plasma

treatments is also done in this chapter.
Chapter 6: Liquid characterization

This chapter addresses the characterization of liquids after plasma exposure. In
this sense, the procedures followed for the determination of temperature and pH
changes after CAPs exposure, and for identification and quantification of the
species produced due to CAPs treatments are presented and discussed.
Moreover, the addition of scavengers after CAPs treatment is also investigated
in order to have a better idea of which species are the main responsible for
plasma-liquid-cell interactions. The main conclusions and results of this part of

the work are summarized in the last section of the chapter.

Chapter 7: Comparison between the developed plasma jet device and the well

characterized kINPen(9

Here, the cysteine amino acid and the phenol compound are used to investigate
the plasma-derived liquid chemistry induced using two different set-ups: the
developed jet, named Jet, and the kINPen09, in order to evaluate if with this
model a fingerprint of the used devices can be obtained. The evaluation of the
biological effectiveness of in vitro treatments done with both set-ups is also
performed, and the influence of using different gas compositions is analysed. The
quantification of the long-lived species deposition is also presented in this
chapter, with the followed procedures and the obtained results being presented
and discussed. Once again, a summary of the main conclusions about the work

described in this chapter is done.
Chapter 8: Conclusions and future work

In this section, the main conclusions of the thesis are presented, together with a
discussion regarding the future work perspectives. Additionally, the

publications resulting from the developed work are presented.






Theoretical Fundamentals

2.1.Plasma

The term plasma comes from an ancient Greek word meaning “something
molded”. In physics, it was first identified in a Crookes tube, in 1879, and
described by Sir William Crooke, who at the time called it radiant matter!®. The
term plasma as we know it was coined to Irving Langmuir in 1928, when he was
investigating the electron transport from thermionic filaments, and developed
the plasma sheaths theory in analogy to the liquid portion of blood (blood
plasma), which serves as a medium of transport for delivering nutrients to the

cells of the different parts of the body'.

Nowadays, plasma is considered the fourth state of matter'2. As the
temperature increases, molecules become more energetic and transform the
states of matter in the sequence: solid, liquid, gas and plasma. Plasmas can be
found in nature (e.g. plasmas created in stars, polar aurora, lightning), and can
be generated in laboratory conditions by applying an external source of energy
to a neutral gas up to a critical point, at which electrons dissociate from atoms.
The resulting ionized gas will be mainly composed of ions, electrons, UV photons
and highly reactive chemical species, such as reactive oxygen and nitrogen
species (RONS), ozone (Os), visible and infrared light and electromagnetic fields,

all of them moving in random directions as Figure 2.1 depicts. Therefore, the
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overall ratio between positive and negative particles is such that the produced
plasma is considered electrically neutral'>-.

Neutral particles
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Figure 2.1 Schematic representation of the plasma composition adapted from's.

In a general way, plasmas can be divided into two major categories: thermal
and non-thermal plasmas!. Thermal plasmas are those in which ions and
electrons are in thermodynamic equilibrium, meaning that all the present
particles have the same temperature. To note, that as in any gas, the temperature
of the plasma reflects mostly, that of the ions, heavy particles or neutral
molecules, and not that of the electrons. Thus, since the mass of an electron is
much lower than the mass of a heavy particle, many collisions are needed to
achieve a state of thermal equilibrium, which implies quite long discharge times.
Contrariwise, non-thermal plasmas, also known as cold plasmas, are
characterized for having electrons at a higher temperature than the ions and
neutrals, which are close to room temperature®?'. These two types of plasmas
can be found not only in the laboratory but also in nature. An example of non-
thermal plasma in nature is the solar aurora, while the solar plasma is an example

of thermal plasma in nature.

Within the non-thermal plasmas, there is the specific case of Cold

Atmospheric Pressure Plasmas (CAPs), which have gained interest in terms of
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biomedical applications since they can operate stably under open atmospheric
conditions and have successfully shown its potential in wound healing, medical

sterilization, dermatology, and cancer treatments!?2%,

2.1.1. Generation of Cold Atmospheric Plasmas?

In direct current discharge systems, gas breakdown starts in a stationary electric
field created between two different electrodes. In the absence of an electrical field,
the total charge of the electrons and protons, atoms or molecules in gases is equal.
However, when an external field is applied, a difference of potential between the
cathode and the anode is created, and as consequence a very weak current is
produced, and the voltage starts to increase??. As a result, energy is imparted to
the electrons, which can gain enough kinetic energy to produce secondary
electrons, through collisions with the electrodes and the neutral gas atoms, in a
process known as the avalanche breakdown or Townsend mechanism. In the case
of low pressures, the electron mean free path is high and the avalanche process
is observed until the plasma extends across the entire region between the

electrodes??7.

To facilitate the understanding of the Townsend mechanism, a direct current
system of two parallel electrodes?, separated by a distance d to which a V voltage
is applied, providing an electric field E is considered (Eq 2.1)*:

E=2 2.1)

According to Townsend discharge model, each primary electron produced
near the cathode drifts to the anode generating positive ions by collision with the
species supplied to the system, that are moving in the opposite direction as
depicted in Figure 2.2. These, in turn, will contribute to the extraction of the

electrons from the cathode due to the emission of secondary electrons.

aThis sub-chapter is based on a chapter of the book CIBB 2018: Pereira S., Pinto E., Ribeiro P.A.,
Sério S. (2020) Non-thermal Atmospheric Pressure Plasmas: Generation, Sources and
Applications. In: Raposo M., Ribeiro P., Sério S., Staiano A., Ciaramella A. (eds) Computational
Intelligence Methods for Bioinformatics and Biostatistics. CIBB 2018. Lecture Notes in Computer
Science, vol 11925. Springer, Cham.
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Figure 2.2 Representation of the electron avalanche mechanism, adapted from?.

Although Townsend was the first researcher to develop a model to explain
the breakdown of gas molecules in the presence of an electrical field, it was F.
Paschen who first studied the breakdown conditions at different gas pressures.
The main outcome of the Paschen studies is the well-known experimental
Paschen curve, that relates the applied voltage Vpwith the product of gas pressure
and electrode separation (pd)”*. The experimental Paschen curve for different
gases is represented in Figure 2.3, where all curves present a minimum voltage

point, corresponding to the most favorable breakdown condition.
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Figure 2.3 The experimental Paschen curve , reprinted with permission from?.
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This relationship between the applied voltage (V) and the product between

the gas pressure and electrode separation (pd) can be expressed by equation 2.2:

C1(pd)

"~ C,+In (pd) (2.2)

B

where C1 and C: are constants that depend on the used gas.

According to this, to the left of the Paschen minimum, at low pd values,
the electrons mean free path is high and the frequency of ionizing collisions is
small. Consequently, a higher voltage is needed to produce ions in number and
with energy enough to regenerate, over the cathode, the electron flow that
generated these ions. On the other hand, for small distances between electrodes
(small d), the extension of the ionizing trajectories will be limited to d. Together,
this means that decreasing the frequency of ionizing collisions and the extension
of the electronic trajectories, a higher voltage is needed to initiate a self-sustained
discharge. At higher pd values (right side of Paschen curve), the electron mean
free path is smaller and the frequency of the collisions is higher. However, as d is
also higher, the increase in electron energy between collisions is lower due to the
decrease of the electric field. The excitation collisions dissipate energy, compete
with the ones of ionization, and consequently, a higher voltage is needed, to
generate a number of ions able to produce enough electrons over the cathode.
Still in this situation, at higher pressures, the mean free path is lower, and the
ions lose energy in the gas due to inelastic collisions and resonant charge-
exchange. Consequently, to provide more energy to the ions higher voltage is

needed.

2.1.2. Cold atmospheric plasma sources for biomedical and plasma

medicine applications

Since the first dielectric barrier discharge (DBD) reactor was designed in the 19t
century by W. von Siemens, several different sources for CAPs production have
been developed. Nowadays, in the field of plasma medicine research, two
different configurations are being widely used for CAPs production: the DBD

and the non-equilibrium atmospheric pressure plasma jets (jets). The typical

11
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layout of a typical DBD reactor is shown in Figure 2.4620233334 Plasma jets are
generally composed of two different electrodes and a nozzle through which the
gas flows. The two electrodes, usually a sharp point and a hollow cylindrical, are
normally mounted in a coaxial arrangement. The plasma, formed inside the tube,
is transported to the outside through the gas flow®. Different power driving
methods can be used, including DC, RF and microwave power. The DBD uses
plate electrodes covered by a dielectric (such a glass). The plasma is generated in
the space between the electrodes by application of a high sinusoidal voltage.
When compared to DBDs, plasma jets have the advantage of allowing more
localized treatments, since the plasma can be conveniently transported to the
target at a more remote location and away from the main plasma generation
area?3, Moreover, jets present greater inherent stability once the gas flow can
be controlled more readily’. The DBDs, on another hand, allow the treatment of
larger areas and often do not require a gas source, once most of these devices can
work using only atmospheric air. However, in this last situation, the stability of
the DBDs will depend not only on factors such as the distance between the
electrodes and the conductivity of the tissue to be treated but also on the ambient

air humidity335%,
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Figure 2.4 Schematic representation of a DBD and a plasma jet device adapted from?.

2.1.2.1. The atmospheric pressure argon plasma jet KINPen(09

In this section, special attention will be given to the kINPen09, since nowadays it
is one of the most used devices in plasma medicine research, and it was used in

a part of the work of this thesis.
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The kINPen is a commercially available atmospheric pressure plasma jet,
Figure 2.5, developed in Leibniz-Institute for Plasma Science and Technology,
INP Greifswald, Germany. It has the CE mark which certifies that the product
meets EU consumer safety, health, and environmental requirements. The device
consists of a pin-type powered electrode in a dielectric ceramic tube with a
grounded outer electrode, being operated using a power supply and a gas supply
unit. The centered driven electrode has a diameter of 1 mm and is sharpened to
a tip. The distance from the tip to the nozzle exit is about 3.5 mm. The inner and
outer diameter of the ceramic capillary are 1.6 mm and 2 mm, respectively. The
KINPen can be operated with noble gases (especially argon), with (up to 2%) or
without molecular admixtures, such as oxygen and nitrogen. The gas flow
typically lies in a range from 3 to 5 standard liters per minute (slm). The plasma
is generated by applying a sinusoidal voltage (2-6 kVpp) with a frequency of 1.0-
1.1 MHz applied to the central electrode. Power dissipation inside the plasma of
0.3-3.5 W has been reported at these operating conditions. Depending on the used
parameters, the plasma effluent displays a length of 7 to 15 mm, with
approximately 1 mm of diameter®. The plasma is generated from the top of the
central electrode and expands to the surrounding air outside the nozzle. The
physical and chemical aspects of kINPen09 have been already extensively
investigated. High spatial and optical resolution have shown that the produced
plasma propagates in a bullet-like manner3. Typical reactive species generate by
KkINPen include ions, electrons, RONS, electric and magnetic fields, UV, visible
and infrared light and neutral particles. It is estimated that hundreds of different
reactions take place in the plasma gas phase!®*4, It is known that KINPen09 does
not produce significant amounts of nitric oxide (NO) but produces significant

amounts of ozone3¥4,

13
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Figure 2.5 a) Schematic representation and b) image of the kINPen09 adapted from*.

2.1.3. Plasma medicine: state of art

Plasma medicine is a relatively new scientific field that grew from the research
of the application of CAPs in bioengineering. In the mid of the 1990s, the first
experiments involving the use of plasma in the biomedical field were conducted
showing that these plasmas can be successfully used to inactivate bacteria®. At
the time, these results were widely disseminated in literature and conferences
attracting attention to the possible application of CAPs in different areas of

biomedical engineering and even medicine.

The first application of plasmas in medicine relied essentially on its thermal
effects for the purpose of tissue removal, sterilization of medical devices and
cauterization. Although, since these thermal plasmas have temperatures above
the 40°C, their application is limited given the possibility that when in contact

with living tissues may cause adverse effects such as skin irritation and burns.

In the early 2000s, due to the increased knowledge about non-thermal
plasmas, and specifically about CAPs, this field of research was extended for
application of CAPs on eukaryotic cells. These studies revealed that CAPs are
able to increase phagocytosis, accelerate fibroblasts proliferation, allow cell death
detachment without necrosis, and induce apoptosis. The first CAPs sources
approved for medical use appeared in the late 2000s. In 2008 the US FDA
approved the Rhytec Portrait®, a plasma jet, for use in dermatology. In 2013, in
Germany, the medical device certification class Ila was given to the kINPen®, also

a plasma jet, being the first CAPs device getting authorization for clinical trial for

14
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wound healing, and to the PlasmaDerm® device (a DBD device). Today, there are
other CAPs devices with authorization for use in medical applications as it is the
case of the Bovie J-Plasma®, the Canady Helios Cold Plasma, and the Hybrid
Plasma™ Scapel®#. Nowadays, the kINPen is probably the most used plasma

device in plasma medicine.

The field of plasma medicine is constantly increasing, with investigations
regarding the application of CAPs being performed in areas as different as
sterilization, disinfection, decontamination, wound-healing, dentistry, cancer
(plasma oncology), pharmacology and treatment of implants for enhancement of
its biocompatibility. Igor Alexeff and Mounir Laroussi?® were some of the first
researchers to employ CAPs for sterilization, while Eva Stoffels® can be

considered the pioneer of the direct application of CAPs discharges in cells.

2.1.3.1. Plasma interaction with eukarvotic cells

The effects of CAPs on eukaryotic cells after treatment have been studied in
different cell types, including, fibroblasts, keratinocytes, and different tumor cell
lines. Two clinical applications are in focus in plasma medicine: wound healing

and plasma oncology.

Regarding wound-healing studies, Arjunan et al.** have shown that CAPs
treatment induces a stimulating effect in endothelial cells by promoting
angiogenesis through reactive oxygen species, while Ngo M. H. T et al.* observed
that CAPs treatments enhanced fibroblasts proliferation rate, by increasing the
release of growth factors. Besides the in vitro studies, also some in vivo and ex vivo
animal studies (conducted in pigs, rats, mice, dogs, and cats) showed the
potential of CAPs in wound treatments, with no histological skin damage being
observed after the treatments, while at the same time the wound healing
improved*2. Also, Keidar et al.®® have demonstrated that the heat that is
dissipated by CAPs can lead to an increase in skin temperature only up to 2°C,

which is not enough to cause thermal damage.

In the field of plasma oncology, the studies of Arndt et al.>* showed that it

is possible to induce pro-apoptotic changes in melanoma cells, such as
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phosphorylation of the p53 tumor suppressor gene, and the cytochrome c
through exposure to cold plasmas. These changes mainly block the cell cycle at
checkpoint G2/M as represented in Figure 2.6, with higher selectivity to cancer
cells. Yan et al.%® determined that the plasma generated reactive species, oxygen
(O2) and hydrogen peroxide (H20:), were the main responsible for apoptosis
induction in tumor cell lines after CAPs treatments. Many other studies
demonstrating that the CAPs treatments induce apoptosis were performed,
showing that generally, apoptotic signaling events involve the p53, but also the
extracellular regulated kinases (ERK), the c-Jun N-terminal kinase (JNK), and/or
the p38 mitogen-activated protein kinases (MAPKSs)**8. Volotska et al.* have
demonstrated that the results obtained after CAPs treatment depends not only
on the treatment duration and the chemical composition of the plasma effluent
(helium-plasmas was used on this experiment) but also of the number of cells
that are in the S-phase of the cell cycle at the moment of the treatment. The S-
phase is that in which Deoxyribonucleic acid (DNA) replication occurs®. The fact
that the cancer cells are mostly on this phase (about 40-50% of them, and only 10-
15% of the non-cancer cells) due to the high proliferation rate that they present,
makes them more susceptible to CAPs treatment than the non-cancer ones®-%2,
Other in vitro studies using U87 gliomas and cutaneous melanoma were also

successfully treated with CAPs®-%,
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Figure 2.6 Schematic representation of the eukaryotic cell cycle and its regulation adapted from®®.
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A small number of clinical studies in humans have also been carried out.
The results of these studies demonstrated that CAPs significantly improved the
healing in 40 patients subjected to skin transplantation®” and of the bacteria

decontamination of hair follicles®s.

2.2. Molecular events in cell biology

As referred before, CAPs are a specific type of cold plasmas that are generated at
atmospheric pressure and when in contact with the ambient air a large amount
of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) are
produced. These reactive species are known for having a key role in altering cell
biochemistry, inducing mechanisms like oxidative stress, cell death, and DNA
damage. As one of the goals of this work is to explore the mechanisms of
interaction between cold plasmas and cells, a brief introduction to the

mechanisms underlying the cellular behavior is done in this sub-chapter.

2.2.1. Oxidative stress

The concept of oxidative stress was first formulated in 1985 at the introductory
chapter of the book entitled Oxidative Stress and was defined as a “disturbance in
the prooxidant-antioxidant balance in favor of the former”. This imbalance between
the free radicals (ROS and RNS) and its neutralization by antioxidant®
mechanisms may conduce to disturbances in the normal redox state of cells. This
causes toxic effects through the production of peroxides and free radicals that

damage all cell components, including proteins, lipids, and DNA®7,

Reactive nitrogen and oxygen species (RNOS) are well recognized for
playing a dual role as deleterious and beneficial species” 7”2 They are harmful if

in excess but up to some point they are necessary for important cellular functions,

b Antioxidants are molecules that can donate an electron to a free radical without turning
themselves unstable. This causes the free radical to stabilize and becomes less reactive.
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being involved in a variety of different cellular processes ranging from apoptosis
and necrosis to cell proliferation and carcinogenesis. Molecular events, such as
induction of cell proliferation, decreased apoptosis and oxidative DNA damage
have been proposed to be involved in carcinogenesis”. ROS can modify several
intracellular signaling pathways including protein phosphatases, protein
kinases, and transcription factors’>”*7. Therefore, suggests that the effects of ROS
are caused by their action in signaling pathways instead via non-specific damage
of macromolecules’”. However, how oxidative stress promotes tumor

formation is still under investigation.

In cases of small perturbations, a cell can overcome the imbalance between
ROS and antioxidants and regain its original state, with the RNOS species being
required for cellular process as wound healing, angiogenesis, and cell signaling®-
8. In a balance cell state, intracellular reactive species are produced as a
byproduct of cellular metabolism in the respiratory chain. In a general way, as
more adenosine triphosphate (ATP) a cell requires, more oxygen is metabolized,
and more ROS are formed by accident®#. In normal conditions, the superoxide
dismutase (SOD), dismutates the superoxide radical (03) to hydrogen peroxide
(H202), which later is converted to water (H20) by glutathione peroxidase, that
also detoxifies lipid hydroperoxide products®-. Besides, SOD and glutathione
peroxidase, also catalase, present in mitochondria, acts as a cellular antioxidant
by scavenging the produced H:0.0%%. Likewise, the endogenous sources of
ROS, cells are also exposed to a large variety of ROS from exogenous sources like
UV radiation, food, drugs, pollutants, and electrophysical phenomena including
non-thermal plasma and photodynamic therapy®'. This can lead, to a very high
ratio between the RNOS and antioxidants, and consequently, the cells are unable
to inactivate the effects of the excess of RNOS, with damage being caused®”02, If
this damage is irreparable, then injury, mutagenesis, carcinogenesis, accelerated
senescence, and cell death can occur?®. In humans, oxidative stress is being
linked, for example, to diseases as Parkinson’s, Alzheimer’s, atherosclerosis,
autism, depression, sickle-cell disease, myocardial infarction, and allergic and

inflammatory skin diseases®".
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Thus, since cancer cells have a lower antioxidant capacity than non-cancer
ones, exogenous RNOS produced by CAPs can be used to selectively induce

oxidative damage and cell death (by apoptosis or necrosis) in cancer cells.

2.2.2. Cell death

Cell death can occur essentially by two mechanisms: necrosis and apoptosis.
Necrosis is primarily provoked by an external stimulus such as trauma or
infection. It is morphologically characterized by loss of mitochondrial,
peroxisomal and lysosomal membranes integrity, leading to swelling of
organelles, dilatation of the nuclear membrane and increased cell volume. This
culminates in the eventual rupture of the plasma membrane and consequent
release of the intracellular content into the extracellular space®. The released
cell contents are often toxic to the adjacent cells or can act as an alarm, preparing
the injured tissue to fight infection by inducing a strong inflammatory

response’®1%,

In turn, apoptosis is a sequence of molecular events that lead to the
controlled breakdown of the cell in a “suicide” mechanism, involving the
degradation of cellular constituents by a group of cysteine proteases (caspases)'®’.
Apoptosis is characterized by morphological changes, like membrane bleeding,
nuclear fragmentation, chromatin condensation, and chromosomal DNA
fragmentation!®. It can be activated through intrinsic or extrinsic pathways. The
intrinsic apoptotic pathway is characterized by loss of mitochondrial membrane,
potential leading to its permeabilization and consequent release of pro-apoptotic
proteins in the cytoplasm as, cytochrome ¢ which activates caspase 91%-1%. The
extrinsic pathway is triggered by the binding of death-signals to dead receptors,
leading to the activation of caspase 8'%17, The activated caspase 8 then activates
the caspase 3, which induces the mitochondrial release of apoptotic factors!%1%,
Several studies have shown that apoptosis can be induced by oxidative stress,
while antioxidants and thiol reductants, such as N-acetylcysteine, and the
endogenously produced protein B-cell lymphoma 2 (Bcl-2), can block or delay it

by antioxidative mechanisms!®!l. The use of CAPs, for example, induces
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extracellular signals that converge in the mitochondria, increasing its membrane
potential and conducing to a state of oxidative stress, with consequent release of

pro-apoptotic factors and caspase activation.

2.2.3. DNA damage

Although DNA is a stable, well-protected molecule, DNA damage is a
continuous process that happens as a result of different factors such as
intracellular metabolism, DNA replication, and exposure to genotoxic agents,
such as ionizing radiation!>1®, Metabolism releases RONS species, reactive
carbonyl species, lipid peroxidation, and alkylating agents, that are responsible
for inducing natural DNA oxidative damage® 1%, which in humans arise at least
10 000 times per cell per day'*. Oxidative DNA damage can produce more than
50 different types of modified purine and pyrimidine base modifications,
including the addition of hydroxyl groups, and ring-opening, that can lead to
DNA single breaks or base deletion!". To note, that not all ROS can cause DNA
damage, with the hydroxyl radical being the main responsible for oxidative DNA
damage, since it can easily modify the nucleobases of DNA. It must be noted, that
although H20: and superoxide do not lead to damage in their biological
concentrations, they may lead to the production of more hydroxyl radicals, via
the Haber-Weiss reaction!''*!”. Additionally, superoxide can react with nitric
oxide, which is a gaseous signaling molecule that plays an important role as a
biological messenger, leading to the formation of peroxynitrite that can easily

cause DNA damage similar to the one caused by the hydroxyl radical''-1%.

DNA damage via exogenous factors occurs both directly by ionization of
the nucleotides or indirectly by increasing the ROS concentration and/or through
the formation of DNA crosslinks. Ionizing radiation, as CAPs'?, might induce
DNA double and single-strand breaks and oxidize purines and pyrimidines!®.
The most of DNA damage, approximately 80%, resulting from ionizing radiation
is thought to be caused by radiolysis of water molecules. This process results in
an increase on the concentration of ROS, by formation of hydroxyl radicals, due

to the splitting of ionized water molecules, and possible reactions with hydrated
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electrons formed by ionized radiation, that can reduce the hydroxyl radicals into
superoxide. These hydroxyl radicals can, then, be dismutated to hydrogen

peroxide with possible extra production of hydroxyl radicals!?122,

2.3. Squamous cell carcinoma (SCC)

Cancer is a disease that corresponds to an abnormal cell growth with the
potential to invade or spread to other parts of the body. In a non-disease
situation, cells are able to multiply and later dye by apoptosis (a mechanism of
programmed cell death), in a process of constant cell renewal. However, in cases
of cancer, this process of cell renewal does not happen as consequence of genetic

mutations that greatly increase the rate of cell division.

The squamous cell carcinoma, also known as epidermoid carcinoma,
comprises many different types of cancer that result from an abnormal growth
of squamous cells. These cells are responsible for the protection of what lies

beneath them, reason why they can be found in all parts of the human body!23-1%,

In the skin, this cancer is usually not life-threatening and tends to grow
slowly. However, it may have different manifestations and may range from
superficial tumors, which are relatively easy to treat, to deep/infiltrating tumors
that easily metastasize. In this last situation, the cancer can injure nerves, blood
vessels and anything else in its path becoming life-threatening. It can vary in its
appearance, but usually, it begins as a scaly or crusty patch of skin, with a dome-

shaped bump, red inflamed base, that can easily bleed if scraped.

The most common cause for the onset of skin SCC is an inadequate
exposition to ultraviolet (UV) radiation that will increase the production of ROS,
which change the chemical structure of DNA, start lipid peroxidation and can
cause unrepaired abnormalities in the cellular metabolism. SCC can also develop
in skin damaged by a burn, persistent chronic ulcers, wounds and old scars. The

diagnosis is always performed by biopsy! 1212,
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2.3.1. Treatment

Nowadays, there are different treatment possibilities regarding the disease
progression, size and location of the tumor, associated risk or recurrence and the
existence or not of metastasis. For example, in superficial cases, ablative
solutions, like electrodissection and CO: laser can be efficiently used, but in
invasive situations, techniques that allow greater depth of treatment, as well as
histological control of the tumor margins, are needed. In this case, if detected in
an early stage, SCC of skin can be completely removed through excision without
major complications. One of the most used excision techniques is the
micrographic Mohs surgery, which consists in cutting out the cancer spot and
some healthy skin around it, with the posterior inspection of the excised skin in
a microscope, aiming the reduction of the amount of healthy tissue that is

removed!27-129,

Other alternative treatments include curettage and electrocoagulation,
cryosurgery, photodynamic therapy, and radiotherapy!!'*. Curettage and
electrocoagulation is a repeated and phased procedure in which a part of the
tumor is removed and an electrical scalpel is used to cauterize the tumor zone.
This phased procedure is employed in order to destroy any possible residual
tumor cells and control the bleeding, having success rates close to the ones of the
excision'. In cryosurgery, the tumor tissue is destroyed by freezing it with liquid
nitrogen. It is a non-invasive and non-bleeding procedure that may need to be
repeated a few times during the same session to ensure that all tumor has been
destroyed. Cryosurgery is an inexpensive technique; however, it has successful
rates much lower than the other surgical techniques™!. Photodynamic therapy is
a form of phototherapy involving light and a photosensitizing chemical
substance that is applied to the skin being then activated by exposure to a specific
light, or even daylight, or sometimes with intense pulsed light!32-13,
Radiotherapy is a process in which X-rays are directed to the tumor. The biggest
disadvantage of this technique is that it does not provide precise control over the
removal of the tumor cells affecting simultaneous cancer and non-cancer

CeHSlOS’BS’l%.
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All these possibilities have disadvantages either in terms of success rates
and consequent tumor eradication, or because they carry side effects or even
because they are invasive, painful and expensive. All these factors contribute to
the increase necessity of a new technique for cancer treatment able to combine
high success rates with high selectivity for cancer cells. On this sense, CAPs are
emerging as a potential alternative to the aforementioned common anti-cancer
therapies, since in vitro and in vivo experiments have successfully showed their
ability to selectively kill cancer cells in a non-invasive way, without harming

normal surrounding tissue’!314192223137.138 and without causing thermal damage®.
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Experimental concepts and methodology

Different diagnostic and characterization techniques have been used during
this work. This chapter describes the general concepts behind the techniques
used for the characterization of the plasma plume and of the treated liquids,
as well as for the evaluation of the cell cytotoxicity and the mechanisms of cell
death. It is worth to mention that the detailed description of the used devices
and procedures (details about concentrations, distances, and time of plasma
exposure, among others) only was done in the respective chapter in order to

avoid information repetition.

3.1. Plasma plume characterization

Cold atmospheric plasma applications are mainly based on their enhanced
plasma chemistry'®. Chemically active plasma is a multi-component system that
is highly reactive due to a large concentration of charged particles, excited atoms,
molecules, radicals, and UV photons'¥. Investigation of the species generated by
the plasma expanding into the ambient air is of great importance in biological
and medical applications, since it allows the understanding of the mechanisms

behind the interactions between these plasmas, liquids and living cells?.
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Due to the high reactivity of these plasmas, optical emission spectroscopy
which can be performed without physical contact with the plasma has become a

very popular tool for the diagnosis of the reactive species present in plasmas.

3.1.1. Optical emission spectroscopy (OES)

OES is a relatively simple and non-invasive technique widely used for plasma
diagnostics, to get an overview of plasma characteristics even if its information
value is restricted to excited and radiant species®. Optical emission spectra can be
observed when transitions of the outer energy level electrons occur within an
atom. Notwithstanding an electron in an atom has a definite amount of energy,
when energy is applied, electrons are transferred from low energy to high energy
levels as depicted in Figure 3.1. After a short time interval, the electrons in the
high-energy levels undergo transitions into states of lower energy, being the

resulted energy difference emitted in the form of electromagnetic radiation!14,
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Figure 3.1 Energy-level diagram showing electronic transitions. (A) Ground-state conditions. (B)
Excitation. (C) Emission, adapted from'!.

In the case of atmospheric plasmas, when electrical energy is supplied to a
CAPs jet device, a cold plasma is generated at the central electrode and driven to
the outside of the jet by a gas flow. The plasma plume will then interact with the
ambient air species generating high amounts of reactive oxygen and nitrogen

species, by electron impact. In this case, emission spectroscopy exploits the fact
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3.1 Plasma plume characterization

that plasma emits light, examining the wavelength of the photons emitted by the
formed reactive species (atoms, molecules, ions) during their transition from the
excited state to the lower energy level. The wavelength of the emitted photon,
Figure 3.2, is given by the energy difference between these two levels. Since the
energy of a transition is characteristic of a particle, by the observation of the
central wavelength of the emission lines present in the emission spectrum,

unambiguous identification of the species existent in plasma can be done!#>143,
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Figure 3.2 Representation of an obtained peak and the correspondent wavelength of the emitted
photon, adapted from.

3.2. Characterization of plasma-treated cells

3.2.1. In vitro cytotoxic assays

Cytotoxic assays are the basis of several in vitro studies, being the cytotoxicity
one of the most important indicators for the evaluation of a cell population’s
response to external factors. One of the most common ways to measure cell
viability of eukaryotic cells, through cytotoxicity assays, is assessing cell
membrane integrity, since compounds that are toxic to the cells can compromise

the cell membrane integrity 4414,
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The resazurin assay, also known as Alamar Blue assay, is a widely used
colorimetric assay to monitor the reducing environment of a living cell, using
resazurin (7-Hydroxy-3H-phenoxaxin-3-one 10-oxide) as the active ingredient.
Resazurin is a water-soluble compound, stable in the cell culture medium, non-

toxic and permeable through cell membranes!#147,

This assay is based on the ability of metabolically active cells non-reversely
reduce resazurin into a highly fluorescent pink resorufin (7-Hydroxy-3H-
phenoxazin-3-one) product, that is freely released from cells'*$1%  This
irreversible reduction process is associated with the mitochondrial metabolic
activity via mitochondrial reductase’®’, but may also be mediated by intracellular
diaphorase enzymes!#, which are probably responsible for the transference of
electrons from the reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH + H) to resazurin!6147151152, according to the reaction depicted in Figure
3.3. The amount of resorufin produced can be monitored by measuring
fluorescence or absorbance, and correlated with the number of viable cells in the
sample!®1l, Background contributions of wells containing medium with
resazurin alone must be subtracted from all samples. The incubation time needed
to generate an adequate signal is usually between 1 and 4 hours, in dark, at 37°C
in a humidified atmosphere of 5% CO-, and it is dependent on the cell line, cell
concentration, and the concentration of the used solution. Assays should be
carried out at an uniform temperature to ensure reproducibility of all wells and

between plates.

NADH/H* NAD*/H,0 N

>
HO o o Viable cells O (o) OH
Blue low Pink high
fluorescent fluorescent

Figure 3.3 Reduction of resazurin to resorufin.

Compared with other viability assays, specifically with tetrazolium
reduction assays, resazurin, has the advantage of being slightly more sensitive,

non-toxic to cells at low concentrations, and needs shorter incubation periods

28



3.2 Characterization of plasma treated cells

149155154 Moreover, resazurin can be dissolved into physiological buffers and in

the cell culture medium, reason why it can be directly added to the cells!414%1%,

3.2.2. Investigation of cell death mechanisms by flow cytometry

Flow cytometry is a powerful technique widely used to characterize single
particles or cells as they move in a liquid stream across a laser/light beam through
a sensing area'*®. Its significance can be summarized as the measure (-metry) of
the optical properties of cells (cyto-) transported by a liquid sheath (flow) to a

light source excitation (usually a laser)®”.

Once inside the device, the liquid is focused in a way that ideally the cells
flow one after the other in the sample stream, which passes through different
lasers subsequently mounted in modern cytometers. As the cells pass through
the lasers, light is scattered in all directions, being the light scattered proportional
to the size of the cell or particle in study!*®. Moreover, the light may enter the cell
and be refracted by the nucleus or other cell components, being the 90° light
scattering (side scattering) considered proportional to the cell granularity. It must
be noted that some of the emitted light is not scattered light but fluorescence,
since several cells (and particles in general) have natural background (auto-)

fluorescence, that can be detected by the cytometer!®.

Particles with and without auto-fluorescence are often labeled with
antibodies conjugated with specific fluorochromes or stained with fluorescent
dyes' !, to make non-fluorescent compounds visible to the cytometer. A
fluorescent dye is characterized for absorbing light of a specific color, losing
energy before emitting light of a different color. This is based on vibrational
states, being energy and light inversely correlated, and therefore, the emitted
light is usually of a longer wavelength than the absorbed one (Stoke’s shift)!®.
The scattered and the fluorescent light are then collected by appropriately
positioned lenses. A combination of optical mirrors and filters steers the scattered
and the fluorescent light to the appropriate detector based on the different

wavelength bands, and the emission intensities are recorded by photomultiplier
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tubes that amplify photon signals via electron dissipation!®. Finally, an analog-

to-digital converter allows the signal to be displayed, analyzed and compared.

It must be noted, that the use of fluorescent dyes used for staining cells need
to be appropriate to the cytometer, requiring knowledge about the wavelength
of the illuminating light, the wavelength specificities of the filters in front of the
instrument’s photodetectors, and of the absorption and emission characteristics

of the dyes themselves's.

One of the major advantages of using flow cytometry is its ability to
integrate hundreds of thousands of events into one single analysis, which allows
separating populations by defining their boundaries of distribution using gates.
The use of gates allows the analysis of subsets of cells within a mixed
population!®, permitting for example, to differentiate between live, early and late
apoptotic cells. All these aspects make flow cytometry a powerful technique to
characterize different cell types, and therefore, the key method used in this work

to study the mechanisms of cell death following plasma treatment.

3.3.Identification and quantification of reactive species in liquids

Low-temperature plasmas are sources of high concentrations of energetic and
chemically active species. At ambient conditions, humidity can influence the
resulting species chemistry forming hydroxyl radical (-OH), which interacts with
air ambient species generating further reactive species®. Many of these species
have short lifetimes (e.g. O, N, H) and in case of plasma treatment of liquids may
not efficiently diffuse/dissolve into the liquids'®!. The resulted long-lived species

usually include hydrogen peroxide, nitric acid (HNOs) and nitrous acid (HNOz2).

When treating liquids, these species together with molecular species (e.g.
OH, NO, HOz, NO2) will interact between them and with the species present in
the liquid phase, and consequently, -OH radicals, H20:, superoxide anions
radicals, nitrate, and nitrite, are some of the species that can be detected in the

treated liquid®.
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3.3.1. Quantification of hydrogen peroxide (H20:)

Among the reactive species produced in CAPs, H202is the most stable and has
the particularity of being able to efficiently diffuse into the liquid medium and
hence more easily to be measured!¢12, It is an oxygen-dependent killing agent,
with a well-known role in both intra and extracellular toxicity, since it contributes

to the oxidation of proteins, lipid membranes and DNA through the peroxide

ionsl40,151,161.

In this work, the H:0: quantification was done according to the
manufacturer’s instructions using the Fluorometric Hydrogen Peroxide assay (MAK
165, Sigma-Aldrich) kit and the Pierce Quantitative Peroxide assay (Pierce™
Quantitative Peroxide Assay kit, Thermo Scientific, Rockford, USA).

The Fluorometric Hydrogen Peroxide assay kit provides a simple and
reproducible colorimetric method to quantify H:0: levels, using horseradish
peroxidase (HRP) to catalyze the reaction. Most of the oxidation reactions

catalyzed by HRP can be described through the following reactions 3.1 to 3.3,

E + H,0, = E, + H,0 (3.1)
EI+AH2 —)E”+AH (32)

where AH: and AH: represent a kind of reducing substrate and its free-radical
product, respectively, E the original enzyme (HRP), E: and Eu are its

intermediates!63164,

The kit also uses a red peroxidase substrate, which is a specific probe for
H:O: but not for superoxide. In the presence of HRP, this substrate reacts with
H:0O:to produce a red fluorescent oxidation product (resorufin, Aexe=570 nm, Aem
= 590 nm) that can easily be measured. The produced fluorescent product is
highly stable and presents a H2O2 dose linear response. However, for high H20:
concentrations (> 100 uM)¥, this linear response is lost, and the fluorescent

product is converted again into a non-fluorescent compound'®?. This fall in
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fluorescence also occurs with time and usually indicates that the H20: release is
beginning to exceed the substrate concentration!®?. Thus, precise control of the
incubation time must be done, and to ensure reproducibility all the

measurements must be performed after the same incubation time.

In its turn, the Pierce Quantitative Peroxide assay is an aqueous-compatible
peroxide kit that detects peroxides based on the oxidation of ferrous to ferric iron
in the presence of xylenol orange dye. The kit's formulation also includes
sorbitol, which provides sensitivity enhancement. The biggest advantage of this
kit is that most proteins do not interfere with the assay reactions, however, some
metal chelators may require the use of a blank (i.e. control) to mitigate possible

side effects.

3.3.2. Mass spectrometry

Mass spectrometry (MS) is an analytical technique used to quantify different
atoms and molecules constituents of a sample by converting them into ions, to
identify unknown compounds within a sample and to elucidate the structure and

chemical properties of the different molecules.

Spectrometry had its origin in 1898 when Wilhelm Wien demonstrated that
a positive ion beam could be deflected using electric and magnetic fields. In 1912
Sir Joseph J. Thomson verified the existence of two neon isotopes using a simple
magnetic deflection instrument, being credited as the precursor of mass
spectrometry. In the 1940s mass spectrometry was a highly developed
technology as it played a very important role in the Manhattan project and in the

oil industry©0165,

Mass spectrometric analysis is based on the principle that gas-phase ions of
a compound in study can be produced and posteriorly fragmented, being all the
formed ions separated in the mass spectrometer according to their mass-to-

charge ratio (m/z), and detected in proportion to their abundance!¢®1661¢7,

There are different types of mass spectrometers, all of them composed of

three essential components: an ignition source, a mass analyzer, and a detector.

32



3.3. Identification and quantification of reactive species in liquids

The mass spectrometer must also be connected to a computer system to process
and record the data, and to a vacuum pump to control the pressure within the
mass spectrometer'®s. In the ignition source, also known as ionizer, a neutral atom
or molecule is electrically charged, with a portion of the sample being converted
into ions.!%%1%, Jons are used in MS since unlikely to neutral species, they are easy
to experimentally manipulate and detect. Atoms may be positively or negatively
charged, but when negatively charged only a few atoms may accept more than
one electron. On the contrary, any number of electrons can be removed. The most
common ionizer types include electron impact ionization, chemical and thermal
ionization, and must be chosen according to the desired degree of ionization and

fragmentation, and with the properties of the sample!¢716170,

After ionization, the resulted ion beam is focused and directed into the mass
analyzer, where the ions are separated into their characteristic mass components
according to their mass-to-charge ratios The most common mass analyzers are
the quadrupole, the ion trap, the time-of-flight (TOF) and the Fourier transform-
ion cyclotron resonance analyzer!®s. In the case of this work, a time-of-flight
instrument was used. TOF analyzer uses an electric field to accelerate the ions
through the same potential and then measures the time they need to reach the
detector. If the particles have the same charge, their kinetic energy will be the
same, and their velocities will only depend on their masses. Consequently, the
lighter ions of the same charge in the same potential field, will reach the detector
first!®”171, A mass spectrum of the molecule is then produced, displaying the
obtained result in the form of a plot of ion abundance in function of the mass-to-
charge ratio (m/z). However, even particles with the same m/z can arrive at
different times if they have different initial velocities. This broadens the peaks
depicted in the obtained mass spectra, but generally does not change the central
location of the peaks, since the average initial velocity of ions relative to the other
analyzed ions is usually centered at zero'”. In order to fix this problem, delayed
extraction systems are coupled to TOF-MS (TOF mass spectrometers). This
results in a mass resolution improvement due to the correlation between velocity

and position of the ions. Ions with higher initial velocity, during the delay time,
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move closer to the extraction electrode before the accelerating voltage is applied
across the target, while the slower ions stay closer to the target when the
accelerating voltage is applied. Therefore, the slower ions start to be accelerated
at a greater potential compared to the ions farther away from the target (the faster
ones). So, with the proper delay time, the slower ions will receive extra potential
energy to catch the faster ones after flying some distance from the acceleration
system, and consequently, ions of the same m/z will this way drift through the

TOF at same time!72-174,

3.3.3. Ion chromatography

Ion chromatography (IC), also known as ion-exchange chromatography, is an
analytical technique that separates ions and polar molecules based on their
affinity to the ion exchanger'’>'”. Several ion equilibrium mechanisms use
different solid stationary phases and mobile phases (eluent), which allows the
analysis of almost any kind of molecules, including large proteins, amino acids,

peptides, and small nucleotides!””17%,

The most widely used IC method combines high-performance liquid
chromatography (HPLC) technology with ion exchange capabilities'”. In Figure

3.4, a diagram of a typical IC instrument is presented.

Stationary phase Data

Eluent [ | Pump | | S il
| (column) HElECiof | Station

Figure 3.4 Diagram of a common IC instrument.

There are two different types of IC, the anion-exchange and the cation-
exchange. Anion-exchange chromatography is used when the molecule of
interest is negatively charged. The molecule is negatively charged because the

pH for IC is higher than the isoelectric pointc (pl). In this type of chromatography,

< Isoelectric point (PI) is the pH at which a molecule carries no net electrical charge or is
electrically neutral in the statistical mean.
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the stationary phase is positively charged and the negatively charged molecules
are loaded to be attracted to it. On the contrary, in cation-exchange
chromatography, the molecule of interest is positively charged (pH for IC is
lower than the pI), while the stationary phase is negatively charged!”*'”. In both
IC types, the charged molecules undergo electrostatic interactions with opposite
charges, forming ionic bonds with the insoluble stationary phase, which is an
ion-exchange column, consisting of ionizable functional groups. In addition to
these interactions, other types of binding can occur, but these effects are very

small and mainly due to van der Waals forces and nonpolar interactions!7617°-181,

In general, the basic process of IC using ion-exchange can be described in five
main steps. The first step is the equilibration of the stationary phase (column) to
the desired initial conditions. When in equilibrium all stationary charged groups
are bound with exchangeable counter ions (present in the eluent in order to
achieve electroneutrality). The pH and the ionic strength of the initial eluent must
be chosen to ensure that when the sample is loaded the molecules of interest will
bind to the ionic functional groups of the column, while the present impurities
do not bind. Then, a defined volume of sample is injected onto the column, being
there separated in its components (analyte ions). These analyte ions bind to the
ionic groups on the column surface of opposite charge, becoming concentrate.
Uncharged molecules, or those with the same charge as the ionic group, pass
through the column at the same speed as the eluent, eluting during or just after
sample application. After all the sample is loaded, the column is washed with the
initial eluent, and the bound molecules are eluted. This can occur by increasing
the ionic strength of the eluent (salt concentration) or by changing the pH. As
ionic strength increases the salt ions compete with the bound molecules for

charges in the column surface!76179180,

The competition for charged sites on the column (S) between the eluent ion
(counter ion, H) and the analyte ion (A) can be expressed by reaction 3.4, which
represents the equilibrium for an ion exchange process involving a cation

exchange:

35



Chapter 3 Experimental concepts and methodology

STH*+ A* & STA* + H* (3.4)

According to this, ions present in higher concentration will take greater
portion of the ion exchange sites. The molecules with the lowest net charge will
be the first ones to be eluted from the column. The separated sample components
flow then through the detector, and data is collected on a data station, where the

quantification of the analyte is performed and stored!”®.

Several methods of detection are available for IC. In this work, the
conductivity method, which has the major advantage that all ions are conductive,
was used. Two different modes of conductivity can be used in IC: direct and
indirect, being direct detection the most common approach. In a general way,
direct detection is used when the limiting ionic conductance of the analyte is
much higher than the one of the eluent and an increase in conductance is
observed when the analyte passes through the detector. Indirect detection
requires a high conductive eluent, with a decrease in its conductivity being

observed when the analyte is detected!®2.
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plasma jet device

In this chapter, the developed argon jet device and the custom-made high
voltage power supply are described. The characterization of the cold
atmospheric plasma (CAPs) produced by the developed jet is also presented.
Regarding the power supply, the used circuit diagrams are shown, as well as a
brief explanation of its operation parameters and of the results obtained after
its construction. With respect to the CAPs device itself, the different
configurations that were tested until the final set-up was reached are reported

here.

Since this research project was mostly based on the development and
optimization of the plasma jet device, special attention was given to its design,

in order to allow the user to point precisely the jet on a specific area.

4.1. High-voltage power supply and its components

For proper sizing and implementation of the power supply, it was necessary to
define the minimum operating requirements. To determine the minimum output
voltage to be implemented, it was necessary to use the Paschen Law, which
relates the disruption voltage (V) of a gas with the product of gas pressure, p,

and electrode separation, d (pd)*'%. According to Paschen Law, the disruption
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voltage can be calculated by equation 4.1, resulting in the Paschen curve
represented in Figure 2.3 (see chapter 2), with the minimum voltage point of each
curve representing the most favorable breakdown condition:

_ Bpd
- In(Ap d)—ln[ln(l—é)]

Vg (4.1)

where, I is the breakdown voltage in volts (V), B is related to the excitation and
ionization gas energies, p is the pressure in pascal, d is the distance between the

electrodes in meters (m), A refers to the saturation ionization in the gas at a
particular % (electric field/pressure), and y,, is the secondary-electron-emission

coefficient.

For example, at the atmospheric pressure and with an electrode separation
of 1 mm, the breakdown voltage of argon (the gas used in this work) is
approximately 3 kV. Although, the electrode separation of the developed argon
plasma jet device is higher than 1 mm it was decided to develop a DC power
supply up to 20 kV and able to support a current of 20 mA, allowing it to work

in a wide range of conditions.

The developed DC high-voltage power supply is based in a variable
amplitude oscillator circuit, also known as ZVS — Zero Voltage Switching,

connected to a flyback transformer. The electrical scheme is shown in Figure 4.1.

Power source ZVS = 0 _é%kv Vout
L 1 =

Figure 4.1 Schematic representation of the developed DC high voltage power supply. It consists
of a variable DC power supply, connected and producing a variable continuous
output voltage. This source powers the ZVS oscillator circuit that is coupled to the
primary winding of a line transformer (flyback), L1. On the right, it is represented the
secondary winding of the flyback, L2, which is connected to the rectifier, responsible
for converting the alternated output voltage of the flyback into a continuous voltage
(DQ).

“)-

The ZVS oscillator is powered by a variable power supply, based on the
integrated circuit LM317, according with the scheme of Figure 4.2. The integrated
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4.1 High voltage power supply and its components

circuit LM317 device is an adjustable three-terminal positive-linear voltage
regulator able to provide an output-voltage range between 1.25 and 37 V DC and
adapted to ensure a maximum current of 15 A. The three terminals are: input
(INP), output (OUT) and adjustment (AD]). The variation of the output voltage
of the LM317 is done through a fixed-resistance and a potentiometer, as indicated

in Figure 4.3. The specifications of the LM317 are summarized in Table 4-1.

T
4x 4700uF / 63V DC

4x 2N3055

" }outpu)

220V

P1
Sk

=\~

4x 56R / 10W

cs !qu Q4

Figure 4.2 Diagram of the built high voltage DC power supply. The power supply aims to
produce a variable DC voltage that supplies the ZVS oscillator and the flyback
transformer to produce the high voltage.

LM317
Vi —{INPuT  OUTPUT Vout
ADJUST
R2
Ry

Figure 4.3 LM317 circuit for voltage regulation. The circuit has three pins: adjacent (adjust), the
input (Vi) and the output (Vou) pin. R1 and Rz are responsible for regulating the output
voltage. Adapted from166.
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Table 4-1 LM317 specifications.

Symbol Parameter Value Unit
Vout Output voltage range 1.25-37 \4
Vout- Vout Voltage differential 3-40 \
Tj Operating junction temperature range 0-125 C
L (max) Maximum output current 15 A
IL (min) 3.5 mA typical, 12 mA mA

Minimum load current .
maximum

In the case of the developed power supply, the adjustment pin was
connected to the ground, and consequently the output pin delivers a regulated
voltage according with (Equation 4.2):

Vout = Vrer (1 + %) (4.2)

2

where Vs corresponds to the voltage difference between the OUT pin and the
ADJ pin, being typically 1.25 V; and R; and R, to the variable and fixed
resistances, respectively, being chosen according to the desired output voltage

range, Equation 4.2.

It was used, R; = 5 kQ and R, = 270 (), resulting in an integrated circuit

output voltage between 1.25 and 24 V.

It must be noted that the dimensioning of the DC voltage source, regulated
by the LM317 was made for 24 V instead of 20 V, to count with the losses that
inevitably happen along the circuit, and considering that when tested in “no-
load” it provides higher output values than when the load is added (in this case

the oscillator and the flyback transformer will be added).

4.1.1. Amplitude oscillator circuit (ZVS) and flyback transformer

The ZVS circuit is responsible for “driving” the flyback. Its function is to provide
the flyback with a high-frequency pulsed input signal, allowing it to work. The

schematic of the oscillator circuit used is shown in Figure 4.4.

40



4.1 High voltage power supply and its components
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Figure 4.4 Oscillator circuit and flyback diagram (represented by L2 and L3). The oscillator
circuit is directly connected to the flyback and is responsible for its operation.

In general, when a voltage is applied at +V terminal, current starts to flow
through the 470 Q resistances to the MOSFETs (Metal Oxide Semiconductor Field
Effect Transistor, IRFP250 N) gates activating them. These 470 () resistances limit
the MOSFETs gate (G) current preventing them from being damaged. However,
since two MOSFETs are never perfectly alike, one of the MOSFETs is activated
first allowing more current to flow through it. Consequently, current flowing
through the non-active MOSFET gate is consumed by the activated MOSFET
with the diode (D1 or D2) blocking the gate of the non-activated one.

As can be observed in Figure 4.4, the circuit has capacitors (Ci1 and C2) in
parallel with the coil L, resulting in a resonant circuit responsible to do the drain
(D) of the inactive MOSFET reach 0 V. These capacitors are responsible for
sinusoidally changing the voltage, preventing the current from constantly rising
until it saturates and damage the MOSFETs. When the voltage of 0 V is reached,
the active MOSFET starts to discharge through the diode (D1 or D2) connected to
the drain of the opposite MOSFET, turning off the active one. When the first
activated MOSFET is turned off the other MOSFET is activated, and so on.

The Zener diodes (Ds and Ds) in this circuit act as protection systems for

MOSFETs ensuring that the gate voltage never exceeds 12 V (voltage of the used
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diodes). The central coil (L1) serves to protect the circuit from possible current

surges that could damage it.

Since the circuit is a resonant oscillator, its oscillation frequency is
determined by the capacitors (Ci1 + Cz, since they are in parallel) and by the
inductance of the central coil (L:1) being given by (Equation 4.3):

1
f_Zn'\/E

(4.3)

where L represents the inductance of the central coil Li, and C the equivalent
capacitance of the capacitors. For a L = 47 uH and C = 0.66 uF, an oscillation
frequency of approximately 25 kHz was obtained.

The flyback primary winding has 6 turns on each side, Figure 4.5, resulting
in an output voltage of the secondary winding 103 times higher than the one at
the input. Moreover, the flyback embodies a diode which rectifies, the AC voltage
supplied by the ZVS into a DC voltage.

6 turns 6 turns

Secondary
winding

Gnd Output

Figure 4.5 Schematic representation of the line transformer. [llustration of the ground and output
pins (HV, high voltage) and the primary winding made with 6 turns per side.

Once all the parts of the power supply were connected, values between 1.5
and 20 V were obtained at the output of the ZVS DC power supply, resulting in
a variable DC output voltage up to 20 kV. In Figure 4.6, it is possible to observe
the values that were obtained at the flyback output, when the voltage of the
power supply was changed. Through the analysis of this figure, it is possible to
confirm the existence of linearity between the obtained input and output signals

and the 1:1000 ratio between the primary and the secondary windings of the
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4.1 High voltage power supply and its components

flyback. Moreover, it could be observed that the ZVS only is activated for input
voltages around 5 V. The final scheme of the custom-made DC high voltage
power supply can be found in Figure A.1 of Appendix.

y=103x —0.08
R? = 0.99

Output voltage (V)
IS
1

T T T T T T T T T
0 2 4 & 8 10 12 14 16 18 20
Input voltage (V)

Figure 4.6 Representation of the obtained DC output voltage as function of the voltage supplied
by the DC power supply, which can be modified by regulation of the potentiometer.

4.2.Plasma jet device

The developed cold atmospheric plasma (CAPs) jet consists of a hand-held unit
composed by a borosilicate capillary with an outer diameter of 6.93 mm and an
inner diameter of 3.76 mm, with two metal electrodes, and a gas supply inlet as
shown in the scheme of Figure 4.7. Borosilicate was used since it is resistant to
both, heat and chemicals, and has a low expansion coefficient. The jet operates at
an argon (99% purity, Air Liquide) flow rate of 3 slm (standard liters per minute)
controlled by a flowmeter (Dynamal Argon 0-15 L(min, Air Liquid), which
ensures a vigorous mixing of the medium during the plasma treatments and
drives the plasma stream from the top of the pin-type electrode to the

surrounding air, outside the borosilicate tube.
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Feed gas

Borosilicate capillary
on [ off —woc Pin-type electrode
G "
HV Gnd
° o
T i Copper electrode

Figure 4.7 Schematic representation of the developed CAPs jet device connected to the custom-
made DC high voltage power supply.

The electrode on the inside of the capillary is a stainless-steel needle with 2
mm diameter, while for the outer electrode (connected to the DC high voltage
power supply) three different configurations were tested: a copper ring, a
titanium ring and one made from enameled copper wire, Figure 4.8. In order to
choose the electrode that produces a more stable and less energetic plasma,
spectroscopic analysis of the plasma plume obtained using each one of the
referred electrodes was performed. According to the obtained results, presented
in section 4.2, it was chosen to develop the jet using the configuration of a coiled
copper wire around the capillary (Figure 4.8 (c)). The copper wire coil used has 1

mm of thickness and 7 mm of high, corresponding to seven turns.

(a)

Figure 4.8 Tested electrodes: (a) copper ring, (b) titanium ring, and (c) copper wire.

Two different configurations of the borosilicate tube were also tested, to

identity if its configuration has influence on the species generated in the plasma.
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4.2 Plasma jet device

The jet was tested with a cylindrical and with a tapered tube at the lower end as
shown in Figure 4.9. However, no plasma formation could be achieved using the
tapered tube, reason why this option was discarded, and the normal cylindrical

tube was used.

1) = &= b)

U

Figure 4.9 Scheme of tested borosilicate tube configurations: a) cylindrical lower end; b) tapered
tube at lower end.

Once the optimal configuration in terms of stability was achieved, the
device was coated in order to facilitate safe handling and system automation,
Figure 4.10. The covering was designed in Autodesk®Tinkercad® online software.
When sizing, it was necessary to dimension and print a piece that would allow
the device to be coupled to the positioner. This part is shown in Figure 4.11. The
material used to print both pieces was Polylactic acid, (PLA) which is used in
some medical devices due to its high rigidity, strength and melting temperature

between 150 and 160 °C.

6.8 mm

7.3 mm

162 mm

Figure 4.10 Layout and dimensions of the device-sized enclosure.
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67.31 mm

v

49.76 mm
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Figure 4.11 Scheme and dimensions of the extender sized to attach the device to the positioner.

A digital caliper was incorporated into the positioner and the aluminum
plate to allow the precise set position of the jet probe. The probe layout is shown
in Figure 4.12. To determine precisely the distance between the jet device and the
wells at the time of treatment, the caliper was set as zero when the bottom of the
borosilicate tube touched the upper edge of the well where the treatment was
performed. This way, any subsequent displacement made by the vertical
positioner will be indicated by the caliper, always with reference to the defined

zero position, allowing to know the exact distance between the jet and the well.

Figure 4.12 Final device configuration, where: 1) digital caliper; 2) Aluminum plate; 3) Extender;
4) Argon input; 5) Inner electrode; 6) Outer electrode; 7) Vertical positioner; and 8)
Acrylic holder.

46



4.2 Plasma jet device

The device is attached to the extender by an M8 thread, having on its side
the argon inlet and on the top the connections for the two electrodes. The central
thread corresponds to the stainless-steel electrode (inner electrode), which is
connected to the ground, while the wire corresponds to the copper electrode
(outer electrode), where the high voltage output of the DC high voltage power

supply is connected.

The plasma plume begins to be obtained at voltages around 7 kV, being
used throughout all this work a voltage of around 8 kV. As expected, when the
argon disruption occurs and the plasma starts to be produced, the voltage
decreases considerably to values around 2 kV. This demonstrates that once the
breakdown voltage is reached, the produced plasma will trigger a series of
interactions with the surrounding ambient air, as well in case of liquid
treatments, with the liquid being treated. During the assays performed in this
work, a voltage around 2 kV was used during the plasma treatments resulting in

a plasma plume with a length of approximately 7 mm.

4.2.1. Characterization of the plasma plume by OES

The emission of UV radiation by CAPs is a well-known phenomenon. The UV
radiation can be divided into UV-A, UV-B, UV-C, and vacuum UV (VUV). They
decrease in wavelength from A to VUV but increase in energy. VUV photons
have energy enough for breaking the chemical bonds in biological cells. UV-C
photons possess a larger penetration depth and have sufficient energy to cause
lethal damage to organic tissues, being able to induce mutagenesis and

photochemical oxidation processes in cells!.

Spectral characteristics of plasma generated UV radiation can be affected by
several factors, as for example, the feeding gas used and its purity, the addition
of different gases, and the electrodes used'®. To investigate which species are
being generated by the plasma expanding into the ambient air, and whether the

plasma produced using the three different outer electrodes tested (copper ring,
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titanium ring, and copper wire) would have the same composition, the emission
spectrum of the plasma effluent was recorded using an optic fiber (FC-UV600-2,
Avantes) spectrometer (SPEC STD, Sarspec’s). The size of the spectrometric
quartz glass lens covered the whole length of the effluent and was kept at
approximately 5 mm perpendicular to the plasma plume. The instrument has a
resolution of 1.7 mm and emission intensities on the range 180-1100 nm were
recorded’®. Addition of molecular gases was done using a mass flow controller,
and peak intensities were obtained as an average of ten consecutive

measurements.

The optical emission spectrum of the Ar plasma discharge (3 slm), in the
wavelength range from 200 to 900 nm, for the three tested outer electrodes is
shown in Figure 4.13. Although no changes in composition could be observed
between the emission profiles obtained for the three referred electrodes, some
small differences were found regarding the relative intensities of the obtained
emission peaks. Specifically, for the copper wire, comparing the peaks
corresponding to the radical (-OH) and to the nitrogen, higher intensities were
registered for nitrogen, with the opposite being observed when using the copper

and the titanium rings.

Regarding the composition, all the obtained emission spectra show an
emission peak belonging to reactive hydroxyl radical in the UV-B region at 308
nm and some emission peaks between 330 and 400 nm corresponding to the
nitrogen (N2) emission, in UV-A range. Since neither oxygen nor nitrogen are
present in the working gas used, the appearance of these emission bands can be
attributed to the interactions between the generated plasma and the species
present in the surrounding ambient air®!'®. According to Lukes et al.'¥’, the -OH
radical in the gas phase discharge appears as a consequence of the electron
impact of H2O molecules in the water vapor above and near the liquid surface.
The near-infrared (700-900 nm) emission peaks mainly represent excited
molecules of argon. No detectable emission peaks were found in UV-C range
meaning that possible biological damages due to UV-C irradiation can be

excluded.
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Figure 4.13 Optical emission spectrum of the plasma plume for three different electrodes,
obtained using an Argon flow of 3 slm.

It is known that the plasma plume emission profile is dependent on the
working gas used. To evaluate the influence of the gas used, admixtures of
oxygen (O2), nitrogen (N2), and nitrogen-oxygen (N202) to pure argon were
performed and the emission profiles were recorded. The obtained spectra are
shown in Figures 4.14 to 4.16. The study of the influence of the gas admixture

was only performed using the copper wire as the outer electrode.
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Figure 4.14 OES spectrum obtained after addition of 0.5% O: to the working gas (Ar), for
wavelengths from a) 200 to 420 nm, b) 420 to 1000 nm.
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Figure 4.15 OES spectrum obtained after addition of 0.5% N2 to the working gas (Ar), for
wavelengths from a) 200 to 420 nm, b) 420 to 1000 nm.
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Figure 4.16 OES spectrum obtained after addition of 0.5% N20, for wavelengths from a) 200 to
420 nm, b) 420 to 1000 nm.

As can be observed by analysis of Figures 4.14 to 4.16, differently to what
happens when using pure Argon, the addition of O: and N: to the working gas
produces some nitric oxide (NO) in the UV-C region (from 200-280 nm). The NO
production is attributed to the electron-impact dissociation of the Oz and Nz, with
oxygen and nitrogen working as NO'precursors*!. Despite the NO production
could sometimes be explained by ozone (Os) absorption, in the case of the
developed jet, this hypothesis can be excluded. For this jet, the admixtures of Oz
and N: to Ar flow, lead to a significant increase of the NO emission, but almost

no differences were found between the intensity of the different NO bands
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indicating that Os absorption is not the main factor explaining the NO excited

level enhancement.

4.3. Summary

CAPs are a near-room temperature plasmas, usually produced in laboratory by
applying an external source of energy to a neutral gas up to a critical value, in
which electrons dissociate from atoms®3 On last decade, they have gained great
interest in terms of biomedical applications, including cancer therapies because
they can stably operate under open atmospheric conditions and have low
working temperatures'3!*. However, the properties of the produced plasma will
depend on the applied power and its type and the feeding gas used. For this
reason, it was decided to develop a dedicated cold plasma jet device and
investigate the mechanisms behind cold plasmas and living cells, specifically

skin cells.

The CAPs jet device developed in this research work was designed and
entirely constructed in our laboratory (Plasma and Applications laboratory,
CEFITEC, Portugal). It consists of a hand-held unit composed of a borosilicate
capillary and two different electrodes. The jet is coupled to a custom-made high
voltage power supply able to work up to 20 kV through a copper wire electrode.
Copper was used since it has good strength and is a very good electricity

conductor.

The jet operates at a gas flow of 3 slm, which was chosen based on previous
studies that will not be shown in this thesis. Here, different gas admixtures were
tested. It was observed that when O2 and N2 were added to Ar, NO starts to be
produced. NO is a gaseous signaling molecule present in several physiological
and pathological processes, having also roles as a neurotransmitter, and
vasodilator agent, among others. It is a member of both reactive nitrogen species
and reactive oxygen species. Attention must be given to the fact that NO is
formed in the gaseous phase of plasma, being able to rapidly react with the

oxygen to yield NO.. For this reason, and once the final goal of this project is to
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study the killing specificity of CAPs for cancer cells, the addition of Oz and N2 to
argon feed gas needs to be evaluated in terms of cell cytotoxicity. This allows to
confirm if its addition will not increase the toxicity of the developed jet device to

levels also toxic to non-skin cancer cells.
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viability*

The final goal of this work was to prove that plasma treatments induce a
selective response in cancer cells compared to non-cancerous ones. So, one of
the main questions regarding this work was: how is plasma affecting skin cells
viability? To answer this question two different approaches of plasma
treatments in vitro were tested: direct and indirect. In direct treatments, cells
were directly exposed to the cold atmospheric pressure plasma (CAP), while in
indirect treatments, first the liquid was irradiated by CAP, and only after that,

the treated liquid was transferred to cells.

It must be noted that in vitro assays are used to decrease the number of
in vivo studies, once they allow a more detailed analysis that cannot be done
in in vivo due to the high complexity of the living organisms, being used as a
first approach to collect information about the biological mechanisms of action
and the variables in study. The in vitro assays must be done according to the

3R’s principle: replacement, reduction, and refinement, which was proposed

4 This chapter is based on the article: Pereira, S., Pinto, E., Ribeiro, P. A. & Sério, S. Study
of a Cold Atmospheric Pressure Plasma jet device for indirect treatment of Squamous Cell
Carcinoma. Clin. Plasma Med. 13, 9-14 (2019)
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by Russel and Burch in 1959, in their book “The Principle of Humane
Experimental Technique”'®. This principle is increasingly being incorporated
into legislations, guidelines for toxicity testing, such as the guidelines
developed by the Organization for Economic Co-operation and Development,
and into test guidelines applicable for safety assessments/toxicity evaluations.
Briefly, replacement refers to the substitution of living animals for insentient
material; reduction to any strategy that will result in a lower number of
animals being used to obtain enough data to answer the research question, or
maximizing the information obtained per animal; and refinement refers to the
modification of the animal experiments procedure, to minimize the pain and
distress of animals used in science, since the time of it is birth until its

death! 1%,

In the specific case of this work, in vitro assays were used to test the
cytotoxicity of the developed plasma jet device and to help to optimize the
parameters of plasma treatments. All the in vitro procedures regarding cell
manipulation were carried out in certified cell culture laboratories, in

dedicated laminar flow chambers in sterile conditions.

5.1. Materials and methods

Plasma properties depend on the applied power and its type (e.g. AC, DC, RF,
etc), the feeding gas used and on the working parameters®. For this reason, to
investigate the effects behind the interactions between cold plasmas and living
cells, the working parameters of the developed plasma device were

systematically investigated.

5.1.1. Cell lines and cell cultures

Since one of the main goals of this work was to study the effects of CAPs, and
CAPs treated liquids into Squamous Cell Carcinoma (SCC), three different cell

lines were used during this study. One non-cancerous cell line, namely, HGF-1,
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and two cancer cell lines, SCC-15 and Met-1 cells. The non-cancerous cell line was
used to prove that the killing effects of plasma are more effective when applied

to cancerous cells.

Met-1¢ is a keratinocyte cell line, that has been derived from a primary and
invasive SCC excised from the back of the hand. This cell line was purchased
from Ximbio (153539, London), and was maintained in complete DMEM
[(Dulbecco’s Modified Eagle’s Medium, Sigma, D5030), supplemented with 1.0 g/L
D-glucose (Gibco, 15023-021), 3.7 g/L sodium bicarbonate (Sigma-Aldrich,
S5761), 1% GlutaMAX™ (L-alanyl-L-glutamine dipeptide, Life Technologies,
35050-038), 1% sodium pyruvate (Gibco, 11360039), penicillin (100U/mL) and
streptomycin (100 pg/mL) (Invitrogen, 15140122), and 10% FBS (Fetal Bovine
Serum, Invitrogen, 10270106)].

SCC-15!is also a squamous cell carcinoma line, but it was derived from the
tissue of a human tongue, and purchased from American Type Culture
Collection (ATCC, LGC standards, Barcelona). It was maintained in DMEM-F12
(Dulbecco’s Modified Eagle’s Medium: nutrient mixture F-12; ATCC® 30 2006™)
supplemented with 10% fetal bovine serum (FBS, Sigma, 102710), 1% antibiotic
Penicillin/Streptomycin  (Pen/Strep, Sigma, A5955) and 400 ng/mL of
hydrocortisone (Sigma, H0888).

HGF-1¢ cells are a class of well-characterized fibroblast cells obtained from
a human gingival biopsy, purchased from ATCC, and maintained in complete

DMEM as Met-1 cells.

All the used cell lines are adherent and were cultured in 75 cm? filter cap
cell culture flasks (43061U, Corning), at 37°C in a humidified atmosphere 5% CO:
(standard conditions), and passaged by an enzymatic method, twice a week. For

that, cells were incubated at standard conditions with 5 mL of Tryple™

eAdditional ~ information  regarding Met-1 cells can be found in
https://ximbio.com/reagent/153539/met1-scc-cell-line

fAdditional  information regarding SCC-15 cells can be found in:
https://www .lgcstandards-atcc.org/products/all/CRI.1623.aspx?geo _country=pt#documentation

8 Additional information regarding HGF-1 cells can be found in https://www.lgcstandards-
atcc.org/products/all/CRL-2014.aspx?geo _country=pt#
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(12604021, Gibco), or 3-4 mL of Trypsin 0.25% solution (T4049, Sigma-Aldrich),
during the necessary time to become detached from the bottom of the flask.
About 2 mL of culture medium was then added to the flask to inactivate the
enzymatic solution. The cellular suspension was collected to a sterile 15 mL
falcon (62.554.001, Sarstedt) and centrifuged for 10 minutes at 1100 rpm and 4°C.
The supernatant was then discarded, and the pellet resuspended in the

corresponding cell culture medium.

5.1.2. Plasma treatments

To determine how plasma treatments, affect cell viability and which factors
influence cell-plasma interactions, plasma treatments were performed under

several conditions and cell viability was assessed by the resazurin assay.

Two different approaches of plasma treatment were tested: direct and
indirect plasma treatments. In direct plasma treatments, cells cultured with a
confluence of 5 x 10* cells/mL were directly exposed to plasma. On the other
hand, in indirect treatments, the plasma jet device was used to vertically irradiate
the medium in different wells of a 12-well plate, and only then the treated
medium was transferred to the previously cultured cells. In both cases, cells had
to be cultured in the day before the plasma treatments, and incubated at 37°C,

with 5% of CQO..

As can be observed in Figures 5.1 a) and b), the results obtained in this part
of the study demonstrated that although after direct plasma exposure the cell
viability reduction was slightly higher, no significant differences were found,

meaning that cells react in a similar way to both types of plasma exposure.
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Figure 5.1 Relative cell viability of: a) SCC-15 and b) Met-1 cells, after direct and indirect plasma
treatments.

In this context, this work was based only on the study of the effects of
indirect plasma treatments and their parameters. Another reason for the
exclusion of direct treatments was the fact that indirect plasma treatments have
the advantage of avoiding the effects of UV radiation and of the electric
discharges present in CAPs!*-1%2, Moreover, liquids treated by plasma can easily
be combined with other cancer therapies and be injected into the body reaching

tissues inaccessible through direct irradiation!®1%,

As referred before, for indirect plasma treatments, the plasma jet was placed
vertically to a 12-well microplate at a fixed distance of the upper edge of the wells
containing the medium to be treated and it was kept at this position until the end
of the treatment as schematized in Figure 5.2. The treated liquid was mixed by a
gas flow of 3 standard liters per minute (slm) controlled by a flowmeter
(Dynamal Argon 0-15 L/min, Air Liquide). Since, CAPs cytotoxicity is dependent
on the concentration of the reactive species produced during liquid irradiation
(mainly from reactive nitrogen and oxygen species, RNS and ROS respectively),
it is important to understand how treatment parameters, such as the distance
between the end of the plasma device and the upper edge of the well where the
treatment was performed (gap), the cell concentration, the volume of medium

and the working gas used, influence the cell viability.
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Figure 5.2 Scheme of an indirect plasma treatment procedure. First, the liquid is exposed to
plasma in a 12-well plate during the desired time. Then, 100 or 150 uL of the plasma-
treated liquid is transferred to different wells of a 96-well plate.

In this sense, in order to determine the conditions that allow the
optimization of the indirect treatments performed with the developed jet device,
the indirect plasma treatments were done alternating the following conditions:
gap (2, 7 and 9 mm), time of exposure (between 2 and 9 minutes), cell
concentration (2 X 10%, 3.5 x 10* and 2 x 10° cell/mL), volume of medium to be
treated (1 and 2 mL) and the volume of treated medium transferred to the cells
(100 and 150 pL). It must be noted that all the tested cell concentrations, as well
as the volume of treated medium, and the volume of medium transferred to the
cells, were chosen according to the characteristics of the used microplates. At the
end of the treatments, the treated medium was immediately transferred to the
previously cultured cells, in sextuplicate. Before this step, the medium which has
been used to culture the cells overnight was discarded and the cells were washed
with 200 puL of Phosphate Buffered Saline (PBS) without calcium and magnesium.
After that, the cells were incubated under standard conditions for further

evaluation of the cell viability.

When performing indirect plasma treatments, the cells were cultured in 96-
well plates on the day before the treatments. As mentioned in the previous
section, the cells were washed with PBS, detached from the 75 cm? flask, and
seeded in the 60 inner wells of a 96-well microplate in the desired cell
concentration. A positive control of cells in untreated medium was used in all the

realized experiments.
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Of note, that not all the aforementioned parameters were tested for the three
referred cell lines, since one of them (Met-1) was acquired later and at the time
some conditions were already optimized. In table 5-1, are summarized the

different conditions that were evaluated during the development of this study.

5.1.3. Cell cytotoxicity assay

As previously referred, after plasma treatments, the cells were incubated under
standard conditions for further evaluation of cell viability by resazurin assay.
These conditions allowed stabilizing the pH in carbonate-buffer solutions, as it is
the case of the cell culture medium used in this work. The chosen incubation
times were 48 and 72 hours. Tests longer than 72 hours were not performed
because several toxic products of aerobic respiration are accumulated in the cell
culture medium over incubation time, which can contribute to cell death and

possibly influence the obtained results!®>-1*7.

Table 5-1 Different working parameters tested during the development of this work.

Cell line Confluence Gap (mm) Volume of medium
(cell/mL) . to be treated (mL)
2 x10* 9 1
2 2
SCC-15 3.5 x 10* / i
? 2
2 x 105 9 1
2 x10* 9 1
2 2
HGF-1 3.5 x 10% g i
§ 2
2 x 105 9 1
2 2
Met-1 3.5 x 10% g i
i 2

After each incubation period, the medium in the wells was discarded, 100

uL of resazurin (final concentration of 100 uM, Alfar Aesar, USA) was added,
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and the plates were incubated. As mentioned in Chapter 3, resazurin can freely
penetrate the cell membranes being reduced to its fluorescent product, resorufin,
by metabolically active cells. Four hours after incubation, the absorbance was
measured in a microplate reader (BioTec, ELX800), using a wavelength of 570 nm
and a reference wavelength of 600 nm. Background fluorescence of wells
containing medium with resazurin alone (without cells) was subtracted from all

samples.

5.1.4. Flow cytometry

First, the medium used to previously culture the cells was collected for a 15 mL
falcon. After this, the wells were washed with PBS, and the used PBS was
collected for the same 15 mL falcon. Subsequently, Tryple™, an animal origin-
free recombinant enzyme used for dissociating adherent mammalian cells, was
added to all the wells, only during the necessary time to observe cell detachment.
Then, cell culture medium was added to all wells to stop the Tryple™ reaction
and all the content was collected to the same 15 mL falcon. The falcon was
centrifuged at 1500 rpm for 10 minutes. The supernatant was discarded, and the
cells were resuspended in 185 uL of PBS with calcium. 5 uL of APC AnnexinV
and 10 pL of 7-Aminoactinomycin D (7AAD) were added, and the cells were
incubated in the dark for 10-15 minutes. At the end of these steps, the results

were read on the cytometer.

5.1.5. Statistics

Statistical analysis was performed with Excel. All data are expressed as
mean * standard deviation of at least three independent experiments. The
statistical significance of the differences was evaluated using the ANOVA and it
was recognized as * p < 0.05, ** p< 0.01 and ** p < 0.005. To better illustrate the
influence of plasma treatment parameters on cell viability, all the results have
been normalized, i.e., the data from experimental groups were divided by the

data corresponding to the control group and relative values were obtained.
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5.2. Results

5.2.1. Influence of plasma treatment conditions on cell viability

To understand the relationship between plasma treatments and cytotoxicity, the
treatment conditions were modified. This included the change of the distance
between the plasma jet device and the upper edge of the well where the treatment
was performed (gap), the cell confluence, the treated volume, and the time of
plasma exposure. The addition of molecular gases (O: and/or N2) to argon was
also investigated. For the assays, it was decided to use only DMEM without
sodium pyruvate, since some authors claim that sodium pyruvate could act as a
scavenger for hydrogen peroxide, which is considered one of the main agents
responsible for the effects of CAPs on cells'®'*. Indeed, such scavenging effect
was also experimentally observed in some preliminary investigations performed

with this jet device (data shown in Chapter 6).

First, distinct cell confluences were tested, namely, 2 x 10%, 3.5 x 10* and
2 X 105 cells/mL for SCC-15 and 2 x 10% and 2 x 10° cells/mL for HGE-1 cells. In
both cases, indirect plasma treatments were performed under the same
conditions (gap=9mm, 1 mL of DMEM w/o sodium pyruvate) during 3, 6 and 9
minutes. From the obtained results of Figure 5.3 a) and b), it was clear that cell
viability decreases as the treatment time increases, and for the same treatment
time increases as the cell seeding confluence increases. These findings are in
accordance with the studies of Dayun et al.2%, who observed that the anti-cancer
capacity of plasma treatments is determined by the dose of plasma acting on a

unit cell instead of the whole treatment dose55200-202,
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Figure 5.3 Influence of the cell seeding confluence on cell viability results after indirect plasma
treatments: a) for SCC-15 and b) HGF-1 cells. Results are presented as mean+SD of
three independent experiments performed in sextuplicate. The significance compared
to the first bar (for each time, cell confluence of 2 X 10° cells/mL) is indicated as *
p<0.05, ** p<0.01 and ***p<0.001.

By analyzing Figures 5.3 a) and b), it can also be detected that SCC-15 cells
are more sensitive to indirect CAPs treatments than HGF-1 cells. For example,
after 3 minutes of plasma exposure using a cell confluence of 2 x 10* cells/mL
the relative cell viability® of HGF-1 cells remains almost unaffected (=~ 0.98),
while the one of SCC-15 cells decreases for approximately 0.28. These differences
in the relative cell viability between SCC-15 and HGF-1 cells remain significant
for longer treatment times and different cell confluences. This seems to prove the
higher vulnerability of cancer cells to plasma treatment as well the ability of
CAPs to kill cancer cells leaving the non-cancer ones almost unaffected. For the
next assays, it was decided to work only with the cellular confluence of 3.5 x 10*
cells/mL since it seems to be the one to conduce to a moderate response to plasma

treatments.

Then, to understand how the chosen gap can affect cell viability, for a cell
confluence of 3.5 x 10* cells/mL, 2 mL of DMEM w/o sodium pyruvate were
plasma treated for 2 and 3 minutes, using different gaps: 2, 7 and 9 mm. Results

shown in Figures 5.4 a) and b), and in Figure 5.5 indicate that independently on

h Relative cell viability can be defined as the viability compared to the control group. It
represents the number of living cells after the plasma treatments normalized to the control
(untreated cells).

62



5.2 Results

the plasma exposure time, and on the used cell line, the viability of the cell lines
increases as the distance from the plasma jet increases. This means that the
proximity of the jet enhances its killing capacity, and for this reason, the gap used

to perform the treatments must be carefully chosen.

By the analysis of the significances indicated in Figures 5.4 a) and b), it was
found that the differences in cell viability decrease for longer treatment times.
This could mean that the influence of the gap as a parameter of plasma treatments
is related to the possibility or not of the produced plasma interact with the

surrounding ambient air.

For example, since many of the active species produced by plasma have a
short life span, for shorter treatment times, if the used gap is to small the plasma
will directly interact with the cell culture medium, and almost no interactions
between the plasma and the species present in the ambient air will occur. In this
case, the active species may immediately interact with the medium components,
like amino acids and proteins, leading to the production of long-lived reactive
hydroperoxides, that may induce lipid peroxidation and cell membrane damage,
and/or may bind to cell membrane receptors activating intracellular signaling
pathways?%-20%. As can be observed in Figure 5.5, the gap also influences the
viability of non-cancerous cell lines. Therefore, to assure that the treated liquid is
not too toxic and at the same time that the effects on cell viability will not be
strongly influenced by the surrounding ambient air, a compromise between the

used gap and the time of plasma exposure must be achieved.
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Figure 5.4 Gap influence on Met-1 and SCC-15 cells viability, after a) 2 minutes, and b) 3 minutes
of plasma exposure. Results of three independent experiments, presented as
mean+SD. The significance compared to the first bar (gap of 2 mm) is indicated as *
p<0.05, ** p<0.01 and ***p<0.005.
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Figure 5.5 Gap influence on relative viability of HGF-1 cells, after 2 and 3 minutes of plasma
exposure. Results of three independent experiments, presented as mean+SD.

Regarding the volume of the medium to be treated, to understand if the
killing capacity of treated liquids is volume dependent the influence of using 1
or 2mL of DMEM w/o sodium pyruvate for the CAP treatment was investigated.
For that, SCC-15, Met-1, and HGF-1 cells were seeded with a confluence of
3.5 x 10* cells/mL in different wells of a 96-well microplate and cultured as
previously referred. 1 and 2 mL of DMEM w/o sodium pyruvate were vertically
irradiated in wells of a 12-well plate for 2 and/or 3 minutes, using a gap of 9 mm.

After that, the cells were cultured in 100 uL of treated medium and incubated
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under standard conditions for 48 hours. By the analysis of Figures 5.6 a), b), and
c), it can be seen that independently on the cell type and time of plasma exposure,
the killing capacity of plasma-treated medium decreases when larger volumes of
medium were treated. According to the literature, such results can be explained
by the dilution of the reactive species?®%72%8 (ROS and RNS) that are generated
during the CAPs treatments in either gaseous and/or aqueous phase, when
primary plasma species (ions, electrons, and other dissociated molecules) interact

with the ambient air and the liquids being treated®.
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Figure 5.6 CAPs anti-cancer capacity dependence with the volume of medium. Results of three
independent experiments, presented as mean+SD, performed using: a) SCC-15, b)
Met-1, and c¢) HGF-1 cells. The significance compared to the volume of 1 mL is
indicated as * p<0.05, ** p<0.01 and ***p<0.005.

Besides this, also the influence of transfer 100 or 150 puL of treated medium
to the cultured cells has been investigated (for SCC-15 and Met-1 cells).
Concerning this study, the killing capacity of CAPs treated medium was found
to be higher when cells were cultured in 100 uL of the treated medium.
According to this finding, the optimized anti-cancer capacity of CAPs indirect
treatment can be achieved when cells are surrounded by a few medium as it can

be inferred from Figure 5.7.
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Figure 5.7 CAPs anti-cancer capacity dependence with the volume of treated medium transferred
to the cells. Results of three independent experiments, presented as mean+SD,
performed using SCC-15 and Met-1. The significance compared to the volume of 100
uL is indicated as * p<0.05, ** p<0.01 and ***p<0.005.

To confirm the time dependence of plasma treatments, for Met-1, HGF-1,
and SCC-15, using a gap of 7 mm, and a cell confluence of 3.5 x 10* cells/mL, a
volume of 2 mL of DMEM w/o sodium pyruvate was plasma treated for 15, 60,
120 and 180 seconds. These conditions were chosen, based on the previously
presented results, since they seem to be the ones that induce a reduction of
approximately 50% on the viability of the studied cancer cells. As can be observed
in Figure 5.8, for all the tested cell lines, the relative cell viability decreases as the

time of exposure of the liquid (plasma treatment time) increases.

For SCC-15 and Met-1 cells after 120 seconds of plasma exposure, the cell
viability was already reduced to less than half of the control group (0.49, 0.44,
respectively). When analyzing the results obtained for HGF-1 cells, differently to
what happens with SCC-15 and Met-1 cells in neither of the tested treatment

times, the relative cell viability showed a reduction near 50%.

Hence, it can be concluded that CAPs effectiveness is very dependent on
treatment time, being much more effective in killing SCC-15 and Met-1 cells than
HGF-1 (only a small percentage of these cells is affected). Accordingly, to the
literature!#3200209  this occurs due to the increase of the concentration of H20:,
nitrites and nitrate present on the treated medium as the treatment time

increases. This assumption will be investigated in the next chapter.
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Figure 5.8 CAPs anti-cancer capacity dependence with time of plasma exposure. Results of three
independent experiments, presented as mean+SD.

Until now, the obtained relative cell viability results for all the tested
parameters (cell number, gap, medium volume, treatment time) were obtained
48 hours after plasma treatments, and all of them have evidenced that indirect
plasma treatments can be a good alternative to common anti-cancer treatments
for skin cancer, such as conventional laser surgery, which is mainly based on

thermal interactions and therefore often leads to accidental cell death®2.

5.2.2. Effects of CAPs on cell viability after an incubation period of 48-

and 72-hours after plasma treatment

In this work, it was also decided to study how long plasma-treated liquids can
influence cell viability. Therefore, 2 mL of DMEM w/o sodium pyruvate was

CAPs irradiated by 15, 20, 120 and 180 seconds, with a gap of 7 mm.
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Figure 5.9 Relative cell viability of: a) HGF-1, b) Met-1, and c) SCC-15 cells, after 48 and 72 hours
of plasma exposure, using a cell confluence of 3.5 x 10*cells/mL, a gap of 7 mm, 2 mL
of medium, and 100 uL of treated medium.

According to the results depicted in Figure 5.9, the relative cell viability of
the cancer cell lines (Met-1 and SCC-15 cells) in study continues to decrease 72
hours after plasma exposure. Interestingly, comparing the results obtained for 48
and 72 hours for HGF-1 cells, an increase in cell viability was registered for all
the tested exposure times for the longest incubation time. This could mean that
72 hours after plasma treatment cancerous cells continue to be sensitive to liquids
treated by plasma, while the non-cancerous ones seem to be able to adapt to the

presence of the treated medium.

5.2.3. Influence of the working gas composition in cell viability after

plasma treatments

To identify if the working gas composition influences the results of indirect
plasma treatments, the addition of 0.5% oxygen, 0.5% nitrogen and 0.5% oxygen-

nitrogen to argon gas were conducted. According to literature, an explanation
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can be the electron attachment, quenching of argon metastable states and
quenching of UV-C photons by the added nitrogen and oxygen?. It must be
noted that when exposing cells to plasma-treated medium, the effects of radiation

and short-lived species on cells must be excluded.

This study was performed for the three cell lines in the study, and all the
plasma treatments were performed in the same conditions (3.5 x 10* cells/mL, 7
mm gap, 2 mL of DMEM w/o sodium pyruvate, incubated for 72 hours under

standard conditions for further evaluation of relative cell viability).

It is expected that the addition of nitrogen to the working gas leads to an
increase in the generation of RNS whereas the addition of oxygen leads to the
production of more ROS species in the gas phase, which probably contributes for
a rising in the free nitrogen and oxygen radicals in the liquid phase,

respectively?!’.

As can be observed in Figure 5.10, when operating in the open air, the
admixture of nitrogen and oxygen has nearly no impact on the viability of all the
tested cell lines. Comparing with the results obtained for treatments performed
using Ar alone, significant differences were found only for SCC-15 cells in
medium treated during 1 minute with ArN (p<0.005), as it can be inferred from
Figure 5.10 a). In this case, the effects of plasma treatment were weaker than it
was expected. Interestingly, SCC-15 and Met-1 cells have responded in the same
way to oxygen, and nitrogen-oxygen admixtures. When in contact with medium
treated by plasma for 1 minute, both cell lines have shown to be more vulnerable
to treatments performed with 0.5% oxygen-nitrogen admixture, and less
sensitive to 0.5% of nitrogen admixture, but the registered differences in cell
viability were not significant. Contrary to the expected behavior, no significant
decrease in cell viability due to the increase of free oxygen radicals when O: was
present in the working gas was observed. This can be related to the fact that a
high oxygen gas flow influences the generated plasma, contributing to a decrease
in the number of radicals formed due to the electron attachment to oxygen inside
the nozzle¥. Although in an indirect way, these findings, confirm the interaction

between the produced plasma and the surrounding ambient air.
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Figure 5.10 Influence of the working gas used on the relative cell viability of a) SCC-15, b) HGF-
1, and c) Met-1 cells. To note that the dash lines are only represented to allow a better
visualization of the obtained results and not as an indicator of a linear relationship.

5.2.4. Cell death mechanisms induced by CAPs in cancer cells

Since cell viability was compromised after plasma treatments, and one of the
most relevant mechanisms of action of anti-cancer drugs is the apoptosis
induction, it was decided to investigate whether after plasma treatments cells are

dying through necrosis or apoptosis.

Apoptosis is a non-inflammatory type of cell death, characterized by
specific changes in cell morphology, as membrane asymmetry (caused by
translocation and exposure of phosphatidylserine on the external leaflet of the
plasmatic membrane), nucleus and cytoplasm condensation and internuclear
DNA cleavage'®2™2, It is defined as a mechanism of programmed cell death, in
which cellular disintegration occurs as a regulated process, that can be signalized
by external factors involving the activation of specific proteins (caspases) or by
an internal mechanism initiated by the release of pro-apoptotic factors by

mitochondria’21.
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In contrast to apoptosis, necrosis is a mechanism of traumatic cell death
resulting from acute cellular damage, being characterized by an immediate loss

of membrane integrity following direct physical insult?421,

As shown in Chapter 3, flow cytometry is a technique that uses light
scattered from cells for the identification of its physical properties. It is often used
to study the mechanisms of cell death, with the cells being labeled with
fluorescence markers so that light is first absorbed and then emitted in a range of

wavelengths.

In this work, flow cytometry was used to investigate the mechanisms of cell
death by combination of Annexin, a staining of phosphatidylserine, with the
staining of DNA in the cell nucleus with 7-Aminoactinomycin D (7ADD), which
does not readily pass through intact cell membranes. This double-staining allows
to distinguish between early-, late-apoptotic and necrotic cells. Briefly, during
the early phase of apoptosis, phosphatidylserine is exposed on the outside of the
membrane with the cellular membrane remaining intact excluding nucleic acid-
binding fluorescent dyes as 7AAD, but staining to Annexin-V. In later stages of
apoptosis, the membrane starts to lose its integrity and cells stain positive for
both AnnexinV and 7AAD, while necrotic cells only bind to 7AAD due to the

complete loss of membrane integrity.

To identify which cell death mechanism is being induced by plasma
treatments, first 7 x 10* cells/mL (SCC-15 and Met-1, separately) were cultured
in a 12-well plate and incubated under standard conditions overnight. On the
next day, the medium used to culture the cells was discarded and the cells were
washed with PBS. 2 mL of DMEM w/o sodium pyruvate were plasma treated for
different times (3, 6, and 9 min) and transferred to the cells. 24 hours after
incubation with the treated medium cells were stained with AnnexinV and

7AAD and the flow cytometry results were evaluated.

According to Figure 5.11 a) and b), it can be seen that both cell lines in the
study, SCC-15, and Met-1 cells stained positive for apoptosis after plasma
treatments, with the percentage of apoptotic cells increasing as the treatment

time increases. To facilitate the comparison and the understanding of the results,
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the number of live and dead cells is presented as a percentage of the total (100%).
For example, 24 hours after incubation of SCC-15 cells with medium exposed to
CAPs for 3 minutes (see Figure 5.11 b)), only 13.44% of the treated cells have died,
meaning that 86.56% of the cells treated under these conditions remain alive.
Among the dead cells, 0.88% of them died by necrosis, 1.67% by late apoptosis
and 10.89% by early apoptosis.
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Figure 5.11 Flow cytometry results. Percentage of live and death cells detected 24 hours after
plasma treatments of a) Met-1 and b) SCC-15 cells.

In accordance with the previously performed cytotoxicity assays, the
percentage of dead cells increases as the plasma treatment time increases. Both,
the percentage of early-apoptotic and late-apoptotic cells increase, as well as a
slight increase in the percentage of necrotic cells also occurs. Despite the rise
observed on the number of necrotic cells, no significant differences compared to
the control group (untreated cells) were found for any of the evaluated treatment
times, as well as between the tested times. This way, necrosis induction after
plasma exposure (in the tested conditions) can be considered negligible for both
cell lines. Heat shock was used as the positive control, to confirm that cells are
staining for 7AAD, with statistically significant differences being found when

compared with all the evaluated treatment times.

These results show that plasma exposure induces programmed cell death
in cells (apoptosis) probably through changes in cell cycle due to oxidative and/or
nitrosative stress. They further evidence that when the time of plasma exposure

is not adequately chosen, with the cells being exposed to plasma treated liquids
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for very long periods, there is the possibility that the liquid will become too toxic
for the cells. This can induce necrosis due to the high concentration of RNOS

species in the liquid phase, which may contribute to DNA strand breaks?!3216-218,

Additionally, through the analysis of flow cytometry results, it was also
found that the autofluorescence of Met-1 cells changes due to plasma exposure.
When neither AnnexinV nor 7ADD was added to the cells (only cells), comparing
graphs of fluorescence obtained for the untreated cells (negative control) with the
ones obtained for cells with treated medium, the appearance of a new peak can
be observed. Moreover, the intensity of this peak increases as the time of plasma
exposure increases, see Figure 5.12. This can be due to the activation of an
adaptative response increasing cell robustness to severe stress, as reported by
Surre J. et al.? . Eukaryotic cells usually respond to stress situations, by
increasing the production of energy, through the increase of their respiratory
activity, leading to an enhance of adenosine triphosphate (ATP) and also of the
ROS production. Consequently, the expression of the genes encoding
flavoproteins, which is a fluorescent cellular structural component involved in
energy production and ROS detoxification, will increase, leading to the

autofluorescence rise.
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Figure 5.12 Autofluorescence of Met-1 cells as a function of the plasma exposure.
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5.3. Summary

The applicability of cold plasma treatments has evolved rapidly in the fields
of plasma medicine. These plasmas show huge potential in several medicine
areas as sterilization, wound healing and cancer treatment. In this work, its
applicability to skin cancer cells was investigated not to try to find a de novo
treatment for skin cancer, but to try to understand how plasmas interact and

influence human skin cells.

Here, two different plasma treatment approaches were tested: direct and
indirect, and a similar behavior between them was found. This evidenced that
the direct contribution of UV radiation, local heating, and electrical fields, to
plasma cytotoxicity, are very unlikely. Moreover, when considering direct
plasma treatments special attention must be given to the gas flows, since high
gas flows can lead to cell detachment, especially of cancer cell lines. These cells,
have smaller and fewer adhesion complexes compared to non-cancer cells?20-2%,
making them more sensitive to direct CAPs treatments, which can mask the
results of cell viability after plasma treatments. Based on this, it was decided to
proceed only with indirect treatments, since they offer the advantage that treated
liquids can be directly injected into the tissues or integrated into drug delivery
systems in order to prevent tumor growth and reaching tissues which would be

inaccessible by another way.

To find the conditions that allow an optimization of the anti-tumor capacity
of the plasma-treated medium, in this study, the influence of different working
parameters used to perform the in vitro CAPs indirect treatments was evaluated.
In summary, an adequate gap and a smaller volume of the medium being treated
seem to induce few toxic effects, leading to a stronger killing capacity of CAPs
treated medium. Skin cancer cells, specifically SCC-15 and Met-1 cells have
shown to be more vulnerable to indirect plasma treatments than the non-cancer

cell lines used in this study (HGF-1).

It was also shown that plasma treatments are time-dependent, with its

killing ability increasing as the treatment time increases. Moreover, the
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admixture of other molecular gases to argon seems to not induce significant
differences in the interaction between the treated medium and cells. This is
probably due to the fact that the plasma is being produced at open-air, and
consequently, interactions between the atmospheric oxygen and the generated

plasma are always occurring.

The mechanisms of cell death after plasma exposure were also investigated,
being found that for longer treatment times the percentage of cells that died by
late apoptosis and necrosis increases, suggesting that the cell membrane integrity
is affected by plasma. By the analyses of the flow cytometry results, it was also
found that the auto-fluorescence of Met-1 cells rises after plasma exposure
probably due to a change in cell metabolism, as a response to the stress provoked
by plasma, which can be related with the increased expression of the genes
encoding flavoproteins. More studies are needed to better understand this

relationship.

In short, the impact of plasma on cells will depend on the composition of
the treated medium, the cell type, and concentration, as well as the parameters
chosen to perform the treatment. So, a compromise among all the involved
factors must be found. It is important to point out that high treatment times could
promote several reactions between the plasma, the ambient air and the liquid
being treated, and consequently the treated medium could become toxic also to

non-cancerous cells.

75






Liquid characterization

Since in vivo cells are surrounded by aliquid environment it was an early idea,
in the fields of plasma medicine research, to investigate the role of liquid

phase for the transmission of the biological effects of plasma to the cells.

As shown in Chapter 5, plasma-treated medium has an anti-cancer ability
so effective as direct plasma irradiation. These treated liquids have the
advantage of avoiding the effects of UV/Vis radiation and electric fields
present in plasmas. Consequently, its biological effects seem to be mainly
connected with the reactive oxygen and nitrogen species (ROS and RNS,
respectively) generated in or transferred into the liquid phase, being the
concentration of these species directly related to its effectiveness on killing

cancer cells.

However, know what species are active in plasma-treated liquids remains
a challenge, since the results will depend on the atmospheric pressure plasma
device and the working gas (e.g. argon, helium or gas mixtures containing
oxygen and/or nitrogen) used, and also on the composition of the treated
liquid.

In this chapter, the characterization of the indirect plasma-treated cell
culture medium (DMEM w/o sodium pyruvate) used in this work, is presented

and the obtained results discussed. To the understanding of plasma-treated
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liquid-cell interactions, must be noticed that cell culture medium is an
aqueous solution containing in its composition several salts, proteins, glucose,
and amino acids, among other components, that can react with plasma (via
reactive species) being transformed in their oxidized state. So, in this work, the
temperature and pH of the used cell culture medium were measured before
and after treatments, as a standard procedure for liquid analysis. The
concentration of H:0:, NO;and NOj;produced was investigated, and the
addition of scavengers to the treated medium was tested, to verify if other
reactive species than those mentioned above, influence the results of plasma

treatments.

6.1. Materials and methods

6.1.1. Cell lines and cell cultures

In the last part of the work, besides the three cell lines in study, the HaCaT cell
line, a non-cancerous cell line, was also investigated. HaCaT is a spontaneously
transformed aneuploidy immortal keratinocyte cell line from adult human skin
that was kindly given by Dr. Kristian Wende from ZIK plasmatis group, Leibniz

Institute for Plasma Science and Technology, INP Greifswald, Germany.

To carried out the assays, MET-1, HGF-1 and HaCaT were cultured in 75
cm? flasks (Corning®, 4314640) with complete DMEM [(Dulbecco’s Modified Eagle’s
Medium, Sigma, D5030), supplemented with 1.0 g/L D-glucose (Gibco, 15023-
021), 3.7 g/L sodium bicarbonate (Sigma-Aldrich, S5761), 1% GlutaMAX™ (L-
alanyl-L-glutamine dipeptide, Life Technologies, 35050-038), 1% sodium
pyruvate (Gibco, 11360039), penicillin (100U/mL) and streptomycin (100 pg/mL)
(Invitrogen, 15140122), 10% FBS (Fetal Bovine Serum, Invitrogen, 10270106)].
SCC-15 cells were maintained in DMEM-F12 (Dulbecco’s Modified Eagle’s
Medium: nutrient mixture F-12; ATCC® 30 2006™) supplemented with 10% fetal
bovine serum (FBS, Sigma, 102710), 1% antibiotic Penicillin/Streptomycin
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(Pen/Strep, Sigma, A5955) and 400 ng/mL of hydrocortisone (Sigma, H0888).
When reaching confluence, the cells had to be transferred into new flasks by an
enzymatic method. The four cell lines are adherent cell lines that have to be
maintained under 37°C in a humidified atmosphere of 5% CO: (standard

conditions).

6.1.2. Temperature and pH measurements

2 mL of DMEM w/o sodium pyruvate were plasma treated as described in
Chapter 5. Immediately after the treatment the pH of the treated medium was
measured using a pH-meter (SevenEasy, Mettler-Toledo, Switzerland), and the
change in temperature was estimated using a multimeter associated with a k type

thermocouple’ (123-1938, RS, Portugal).

6.1.3. H:0: quantification and H:O:rich medium preparation

The quantification of H2O: was done according to the manufacturer’s instructions
using a Fluorometric Hydrogen Peroxide Assay kit (Sigma-Aldrich, MAK165). The
samples were plasma treated and transferred in triplicate to wells of a black 96-
well microplate (50 uL/well). As control, 50 puL of non-treated sample was also
added in triplicate to wells of the same plate. 50 uL of a previously prepared
master mix (assay reaction solution) was added to all the wells in study (samples,
standards, and controls). The plate was then incubated at room temperature for
30 minutes protected from light and the fluorescence intensity was measured at
Aexcitation=040 nm and Aemission=590 nm using a fluorescence plate reader (Tecan

infinite 200). Final concentrations were calculated using a H20O: standard curve.

For the study of the effects of H2O2rich medium, H20:zsolutions of different
concentrations were prepared by mixing a 30% w/w H20: solution (Sigma) into
complete DMEM without sodium pyruvate. The prepared H20: rich medium
was then transferred to the previously cultured cells (3.5 x 10* cells/mL, SCC-

i The k type thermocouple is a nickel-chromium/nickel-alumel thermocouple available in
a wide variety of probes (-270 to 1260 °C) with a sensitivity of approximately 41uV/°C.
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15, HaCaT, HGEF-1, and Met-1, in a transparent flat-bottom 96-well microplate) in
sextuplicate. Before this step, the medium that has been used to culture the cells
overnight was discarded and the cells were washed with PBS. The cells were
incubated for 48 hours under standard conditions, and only then the cellular
viability was assessed. A positive control of the cells in untreated DMEM w/o

sodium pyruvate and without H.O2 was used in all the realized experiments.

6.1.4. Scavengers addition

2 mL of DMEM w/o sodium pyruvate were plasma treated as indicated in section
5.1.2. Immediately after plasma exposure, the desired concentration of the
scavenger was added to the treated medium. The tested scavengers and the

respective concentrations are summarized in Table 6.1.

Table 6-1 Tested scavengers.

Scavengers Concentration Reference
D-mannitol 100 pM M9647, Sigma
Superoxide dismutase 20 U/mL 59697, Sigma
Sodium azide 10 mM 58032, Sigma
Catalase 10 U/mL C1345, Sigma
Uric acid 100 uM A13346, Alfa Aesar

6.1.5. Ion chromatography (IC)

Ion chromatography (ICS-5000, Dionex Corp., Sunnyvale, USA) was used to
detect nitrite (NO;) and nitrate (NO3) ions. An IonPac® AS23 pre-column (2 X
50mm, Thermo Fisher Scientific Inc., Waltham, USA) coupled to an IonPac® AS23
anion exchange column (2 X 50mm, Thermo Fisher Scientific Inc.,, Waltham,
USA) was used for separation in an isobaric mobile phase (4.5 mM Na,C05 /

NaHCo3) regime with 250 uLmin! flow rate. The analytes were detected through
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conductivity and UV detection (210 nm). IC principles were described in Chapter
3.

6.1.6. Statistics

Statistical analysis was performed with Excel. All data are expressed as
mean * standard deviation of at least three independent experiments. The
statistical significance of the differences was evaluated using the ANOVA and it
was recognized as * p < 0.05, ** p< 0.01 and *** p < 0.005. To better illustrate the
influence of plasma treatment parameters on cell viability, all the results have
been normalized, i.e, the data from experimental groups were divided by the

data corresponding to the control group and relative values were obtained.

6.2. Results

6.2.1. Temperature and pH changes due to plasma treatments

Temperature and pH are essential parameters that must be considered for
biomedical applications, to exclude possible thermal damages and poisoning due

to the acidification of the treated medium.

Regarding the pH of the treated culture medium, a slight increase could be
observed as the time of plasma exposure increases as shown in Figure 6.1. This
increase can be explained by the degassing effect of the carbonate buffer sodium
bicarbonate, present in the treated medium?*?%, due to the argon flow of the
plasma jet. In chemistry, degassing is the name given to the procedure in which
an inert gas, like argon, is bubbled through a liquid, leading to the removal of
dissolved gases, such as oxygen and carbon dioxide. In the case of this work, the
degassing effect resulted in the loss of carbon dioxide leading to the observed

increase in pH.
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The longest plasma exposure of 270 seconds yielded a pH value of 8.55
compared to a pH value of 8.16 of the untreated medium (0 seconds of exposure).
Student t-test was performed, and the significance compared with the first bar
(pH of untreated medium) being indicated as * for p<0.05, ** for p<0.01 and ***
for p<0.005.

By the analysis of the obtained results, no significant differences were found
between the pH value of the untreated medium and the one registered for the
different tested exposure times, as indicated in Figure 6.1. Nevertheless, these
small differences are not statistically significant, as demonstrated by
Bundscherer et al.??, an increase in extracellular pH can lead to a parallel rise in
intracellular pH, and consequently to changes in signal transduction and cell
death pathways due to the increase of alkaline stress. However, the registered
change in pH is so reduced (0.39) that it can be concluded that it does not play a
key role in plasma-induced apoptosis.
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Figure 6.1: pH values as a function of time of plasma exposure. Results of 3 independent

measurements of pH of the treated culture medium expressed in terms of mean # std.

The change in pH was also measured for plasma-treated Milli-Q-water. In
this case, the acidification of the treated liquid was observed. The initial
registered pH value, corresponding to untreated Milli-Q-water was 5.93, but
after a plasma treatment of 180 seconds, this value decreases to 4.37. This may

indicate that significant amounts of excited nitrogen species and their end
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products (NO,, NO3), as well as H2O2, which is a weak acid, and also singlet

oxygen were produced during plasma exposure.

In terms of temperature, the longest plasma exposure of 270 seconds
yielded a temperature of 31°C, Figure 6.2. The cellular tolerance without thermal
damage is around 40°C, reason why it can be concluded that this increase in
temperature is not enough to cause thermal damage on its own%. This evidences
that the results obtained after the cellular assays are not a consequence of the
thermal effects caused by plasma treatments, but rather due to the oxidative
stress caused by the presence of some reactive species formed during the plasma
treatment of liquids.
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Figure 6.2 Temperature of DMEM w/o sodium pyruvate as a function of plasma treatment time.
Results of three independent experiments presented in terms of mean+SD. To note
that the solid line is only represented to allow a better visualization of the obtained

results.

6.2.2. Hydrogen peroxide

Among the plasma generated ROS, hydrogen peroxide is being pointed as the
main reactive species responsible for the selective effects of CAPs, due to its high

stability and role in a variety of multiple cellular pathways!>219422,

H:0: is a very important reactive oxygen species in plasma medicine, as it
can be produced by exposure of liquids to cold plasmas, and it is also present on

living cells. Hydrogen peroxide is a viscous liquid, that in concentrations from
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10 to 100 uM is toxic to many cells, inducing senescence and apoptosis, while at
lower concentrations it can promote the proliferation of certain cell types, and at
higher levels induces necrotic cell death?”. The H20: can react at the gas phase,
at the liquid surface and in the bulk target solution with solute, since it is
completely soluble in water and in vivo can readily cross through membrane

water channels (aquaporins).

Three different mechanisms have been proposed to explain the H20:
generation in plasma-treated liquids. The first points that H20: can be produced
from the dismutation of superoxide anion; the second that it is produced through
recombination of atomic oxygen with water molecules, and the third considers
that H202 can be generated through recombination of water molecules with
excited water molecules®?®. In all these processes, the H2O: production is
independent of the pH values in the range from 6 to 9. Another, possible
explanation for the detection of H2O: in the liquid phase can be related to its
relative high Henry’s constant. This means, that for example, in the presence of
a humidified feed gas, H202 can be mainly formed in the plasma/gas phase and
then be dissolved in the liquid phase instead of being formed inside the liquid*®.
The main mechanism of H:0O: cytotoxicity involves penetration into cells and the
generation of hydroxyl radicals through interactions of H>O: with intracellular
transition metals (Cu* and/or Fe?*) by the Fenton’s reaction, forming more

damaging reactive species such as hydroxyl radicals (Equation 6.1):
H,0, + Fe** —» OH™ +Fe®*" +-OH (6.1)

Despite ‘OH accounts for almost all the damage done to DNA in H20:
treated cells, H20: can also interact with haem proteins causing oxidative

damage.

In this work, to investigate the importance of H:O2in plasma treatments,
the concentration of H2O: produced during CAPs treatments, in DMEM w/o
sodium pyruvate, was measured. Additionally, to investigate whether if it is the
sole factor causing the cell death, it was decided to study the response of four cell
lines (Met-1, SCC-15, HGF-1, and HaCaT) to H:O2rich medium and compare the

obtained results with the effects of plasma-treated medium.
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6.2.2.1. Effectiveness of H2 O produced in CAPs and H>O:>rich
medium

Regarding the study of the effects of HxO: rich medium, up to a H:0O:
concentration of 2.34 uM, the growth of the four cell lines presents an alike
concentration-dependent response to the H:O: rich medium, as it can be
observed in Figure 6.3. Moreover, similarly, to what happens with indirect
plasma treatments, while the H2O2 concentration in DMEM w/o sodium pyruvate
is relatively low (<9.38 uM) non-cancer cells show stronger resistance to H2O:
rich medium than the cancerous ones. For H2O: concentrations higher than 9.38
uM, a reduction on HaCaT cells viability becomes also evident (see Figure 6.3)
which is not surprising since high doses of H20O: induce cell death!62212226251,232,
Inquiringly, HGF-1 cells have shown to be almost unaffected by the H2O: rich
medium. In terms of values, an ICs = 11.2 uM and ICso= 24.7 uM of H20: were
calculated for Met-1 and SCC-15 cells, respectively, while an ICso= 23 pM and
ICs0= 184 uM of H20», were calculated for HaCaT and HGF-1, respectively. It is
important to note that the real concentration of H20: rich medium is different
than the one calculated for the preparation of the solutions (being lower) since
H:O: reacts with the proteins present in the medium, for example via Fenton’s
reaction®?. When the H>O: concentration in the referred culture medium is higher
than 9.38 uM, HaCaT and SCC-15 cells share a similar response, which is proved
by the obtained ICsovalues. This behavior is quite different from the one observed
for indirect plasma treatments, in which cancer cells (SCC-15 and Met-1) are more

sensitive to plasma-treated medium, for all the tested exposure times.

On the case of indirect plasma treatments, an ICso of approximately 8.25 yM
of H2O2was obtained for Met-1 cells and SCC-15, corresponding to 90 seconds of
plasma exposure, and an ICso of 56.97 uM of H20: was obtained for HGF-1 and
an ICso of 18.99 uM for HaCaT (medium treated by approximately 10 and 4

minutes, respectively).

According to these results (summarized in Table 6-2), it is clear that the

response of the four cell lines under study to the CAPs medium is different from

i ICs0 is defined as the concentration of a chemical which reduces cell viability to 50%.
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the response to the HxO: rich medium, with the four cell lines being more
sensitive to the presence of CAPs medium instead of the H20: rich medium. For
example, a reduction of 50% on SCC-15 cells viability was found in the presence
of a H20: solution in DMEM w/o sodium pyruvate with a concentration of 24.7
uM of H202. However, when considering indirect plasma treatments, 90 seconds
of plasma exposure of DMEM w/o sodium pyruvate, corresponding to a H20:

concentration of 8.25 uM, is enough to cause the same reduction on cell viability.
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Figure 6.3 Vulnerability of Met-1, SCC-15, HGF-1 and HaCaT cells to H20: rich medium. Results
are present as mean+SD, and the significance compared to the first bar (concentration

of 0.59uM) is indicated as * p<0.05, ** p<0.01 and **p<0.005.

Table 6-2 Summary of the H20: concentrations that conduce to a reduction of

50% in cell viability.
Cell line [H202] in rich medium (uM) [H20:] in CAPs medium (uM)
HaCaT 23.00 18.99
HGF-1 184.00 56.97
Met-1 11.20 8.25
SCC-15 24.70 8.25
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Additionally, observing the values obtained for the quantification of H20O:
produced in CAPs treated medium, it can be observed that H2O2 concentration
increases as the time of plasma exposure increases, indicating a dose-dependent

response.

All these results demonstrate that H20: has an important role in plasma-
induced chemistry, and consequently in the interactions between treated
medium and cells. However, the differences observed between H:0: rich
medium and the H2O: concentrations measured in CAPs treated medium
indicate that it is not the only reactive species responsible for the anti-cancer
effects of CAPs treated medium, supporting the idea that other reactive species

also have a key role in indirect plasma treatments.

6.2.3. Scavengers addition

The addition of scavengers can be used to non-quantitatively investigate the
different reaction pathways occurring in plasma-treated liquids. This technique
blocks certain chemical pathways, being useful to check different reaction
mechanisms. In this work, different scavengers were added to the treated
medium to facilitate the identification of the different reactive species created by
the developed jet device (Jet) and to analyze its effects on Met-1, SCC-15, and
HaCaT cells viability.

The addition of D-mannitol (100uM, M9647, Sigma) as a hydroxyl radical
scavenger did not change the biological impact of plasma-treated medium (see
Figure 6.4). Also, no effect on cell viability was observed after the addition of
superoxide dismutase (20 Units, SOD, S9697, Sigma), which seems to indicate
that the effect on cell viability is not dominated by the superoxide radical. The
addition of sodium azide (10 mM, NaNs, S8032, Sigma) as a singlet oxygen
quencher was also tested. A significant change in cell viability after plasma
treatment was observed by its addition when compared with the positive control
(1 min of plasma exposure). However, this difference was based on a decrease in
cell viability and not in an increase as it was expected. This could mean that

maybe sodium azide has a synergetic effect with the plasma-treated medium
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instead of working as a scavenger. It should be noted that the use of scavengers
is not always specific. This is the case of sodium azide which could be used not
only as an 'O: scavenger but also, as referred by Wende et al.%” to scavenge

possibly present NO, according to the reactions indicated in 6.2 and 6.3:
NO; + H,0, + H* - NO; + H,0 + H* (6.2)
3NO~ + NO; +4H* - 5N, + 2H,0 (6.3)

The addition of catalase (10U/mL, C1345, Sigma), which is expected to react
with H20: to form water and molecular oxygen was also evaluated. Despite, no
significant difference was found, a slight increase in cell viability was observed
by its addition. This seems to be in accordance with the results presented in the
previous section, indicating that H20O: is active in treated medium, but it is not

acting alone, otherwise, a complete rescue in cell viability would be observed.

As can be observed in Figure 6.4, a significant increase in cell viability was
achieved by the addition of uric acid (100uM, A13346, Alfa Aesar). Uric acid is a
scavenger for peroxynitrite anion (ONOO™), which can be produced by (i) the
reaction of nitric oxide and superoxide anion radicals (reaction 6.4); (ii) the
reaction of the nitrite anion with hydrogen peroxide (reaction 6.5); and (iii) the

reaction of NO, with an -OH radical (reaction 6.6)%%72%:

03+ NO - ONO; (6.4)
NO;+H,0, » 0 = NOO™ + H,0 (6.5)
.OH + NO;, - 0 =N00™ + H* (6.6)

Special attention should be given to the second mechanism since it is known
that a significant amount of H2O;, nitrites, and nitrates are produced in gas-liquid
plasma interactions. The first reaction is more likely to occur in cancer cells, since
they have shown to be more responsive to plasma-mediated NO production than
non-cancer cells?. In this work, the scavengers’ study was done using DMEM
w/o pyruvate as the liquid phase, in alkaline conditions (pH>7). In these
conditions, peroxynitrite formed in the liquids during plasma exposure can react

with the lipids present in the membranes of living cells contributing to the
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oxidative stress, and consequently causing cell wall damage®3. Moreover,
peroxynitrite as the ability to diffuse through several cell diameters and cell
membranes entering in the cells, where the pH is around 7, and the ONOO"reacts

with the CO: present inside of them?® via reaction 6.7:
ONOO~ + €0, - ONOOCO3; (6.7)

which has a lifetime of only 1 us and spontaneously decomposes into nitrogen

dioxide (NO,) (reaction 6.8):
ON0O0OCO; - CO3 + NO, (6.8)

It is important to note, that peroxynitrite has a very short lifetime (around
1 s under alkaline conditions) and the radicals produced as the result of the
ONOO~ reactions inside the cells recombine almost immediately forming nitrate
and carbon dioxide, with only a small part being able to react with other
molecules. For this reason, the role of ONOO™ in plasma treatments can be mostly
related to its ability to generate nitrate, as an end product of the reactions inside

the cells.

The influence of all the referred scavengers on cell viability is represented

in Figure 6.4.

Additionally, the addition of sodium pyruvate, which is also considered a
scavenger for hydrogen peroxide, to the cell culture medium was also
investigated. This study was only performed for SCC-15 cells and as expected
different results were obtained in its presence. While DMEM w/o sodium
pyruvate treated for 3 minutes results in a reduction of SCC-15 cells viability for
0.50+0.19 (a.u.), treating DMEM with sodium pyruvate during the same time of
exposure and in the same conditions only reduces SCC-15 cells viability for

0.91+0.18 (a.u.). These results confirm the scavenging effect of sodium pyruvate.

Concluding from the scavenger study, H20, nitrate, and peroxynitrite seem
to be the main active species and/or the precursors that cause a reduction in

viability principally of cancer cells in the case of the developed plasma jet device.
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Figure 6.4 Influence on cell viability of the tested scavengers. Results are present as mean+SD,
and the significance compared to the first bar (1 min of plasma treatment) is indicated

as * p<0.05, ** p<0.01 and **p<0.005.

6.2.4. Nitrite and nitrate detection

The nitrite and nitrate concentrations are often used as a measure of the plasma-
induced reactive nitrogen species produced within the treated liquid. DMEM
w/o sodium pyruvate has ingredients that contain nitrate, as it is the case of ferric
nitrate monohydrate (Fe(NOs):9H:0), reason why the changes in nitrate
concentration induced by plasma are extremely difficult to measure in this cell
culture medium. For this reason, and also because of interferences of the
detection reactions with the dissolved salt components, in this work, to have an
idea how plasma treatments affect the concentration of these reactive species, it
was decided to investigate the behavior of nitrate and nitrite produced after the
plasma exposure in Milli-Q-water instead of in cell culture medium. In Chapter
7, the production of these reactive species will be studied again using mass

spectrometry complemented with IC.

According to the obtained results, the concentration of nitrite in the liquid

decreases with the increase of the treatment time, while the nitrate concentration
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presents the opposite behavior, as depicted in Figure 6.5. This happens, because
when performing plasma treatments in water a small decrease in pH occurs,
which favors the disproportionation of nitrites into nitrate and nitric oxide

according to reaction 6.9:
3NO; +3H" - 2NO + NO3 + H;07 (6.9)

The formation of nitrate may also occur via liquid-phase reaction of NO,
with -OH radicals to form peroxynitrous acid or its conjugate base peroxynitrite,
through reaction 6.10, in a neutral or basic medium, as it is the case of the cell
culture medium DMEM w/o sodium pyruvate. Then, the produced unstable

moiety isomerizes to the nitrate anion, according to reaction 6.11.
OH + NO,(aq) »[0=N—-00H]->0=N-00"+H" (6.10)

0=N-00">NO; (6.11)
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Figure 6.5 The formation of nitrites and nitrates in 2 mL MilliQwater treated with the jet
developed during this work at a distance of 7 mm of the upper edge of the well where
the treatment was performed using a gas flow of 3 slm of Argon as a function of
plasma treatment time. Results of three independent experiments. To note that the

solid lines are only represented to allow a better visualization of the obtained results.

Another possible explanation for the decrease of nitrites and the increase of

nitrates may be the presence of ozone, which it is known to be produced in a
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significant amount during plasma treatments, contributing to the oxidation of

nitrites into oxygen and nitrates (reaction 6.12):
NOj; + 03 - NO3 + 0, (6.12)

For the formation of nitrite and nitrate, both nitrogen and oxygen, are
required. Beyond the treatments performed using 3 slm of argon also admixtures
of other gases, specifically 0.5% oxygen, 0.5% nitrogen and 0.5% nitrogen-oxygen
were also tested, Figure 6.6. The results show an active RNS chemistry
independently from the working gas used. As can be seen in Figure 6.6 b), the
lowest nitrite concentrations were found for treatments performed adding 0.5%
nitrogen. This happens because in this situation there is almost no oxygen from
which nitrite species can be produced. Low nitrite concentrations were also
found when using 0.5% oxygen as gas admixture. In this case, this is due to the

fact that almost no RNS species are being produced in the jet effluent.
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Figure 6.6 Representation of the a) nitrate and b) nitrite concentrations as function of plasma
exposure for different working gases. To note that the solid lines are only represented

to allow a better visualization of the obtained results.

According to all these results, it can be concluded that there is a strong
interaction between the reactive species produced by the plasma jet and the ones
present in the ambient air. Otherwise, no nitrite would have been detected in
treatments performed using only argon as the working gas as inferred from

Figure 6.5. Moreover, the trend for the nitrite and nitrate concentrations in
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function of the treatment time is similar for all the tested working gas mixtures
as it can be observed in Figure 6.6, and no significant differences were found
between the nitrite and nitrate concentrations measured. All these results
indicate that the working gas composition almost no affects the total number of
RNS produced in treatments performed with the Jet, and nitrate seems to have
an important role in the cell-killing capacity of the liquids treated by the
developed plasma jet. However, it should be noted that in the case of treatments
performed with DMEM w/o sodium pyruvate, no pH reduction was observed
after plasma exposure, indicating that the transformation of NO; into NO3, that
it is accelerated by acidic conditions, cannot be the only responsible for the
reduction in cell viability after plasma exposure. This suggests a synergy between
all the reactive species (ROS and RNS) generated during plasma exposure, and
also between pH and reactive species as pointed by Oehmigen K. et al** who
wrote that "the action of plasma-based reactive species could cause a higher susceptibility

of microorganisms against pH stress”.

6.3. Summary

In order to understand the mechanisms behind the interactions between plasma-
treated medium and the cells, the characterization of the cell culture medium
exposed to plasma was performed in terms of pH, temperature, and ROS and
RNS production. According to the obtained results, possible effects of thermal

damage can be excluded.

Regarding pH, no significant change in pH was found after treating DMEM
w/o sodium pyruvate, the medium used to perform the viability assays reported
in chapter 5. So, acidification of the medium is not the answer for the decrease in
cell viability. However, when treating Milli-Q-water acidification occurs,
indicating that probably significant amounts of excited nitrogen species and their
end products (NO,, NO3), H202, and also singlet oxygen are being produced

during plasma exposure. For that reason, measures of the H202, NO; and NO3
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produced by plasma exposure were done. It was found that H20: was formed
during treatments however it is not acting alone. By the analysis of the IC results
it could be concluded that the liquids treated by the developed jet present a
strong RNS chemistry, with nitrite being converted into nitrate over time. The
only problem it is that the IC measurements were performed in Milli-Q-water,
reason why at this moment only an idea of the behavior of these species can be
highlighted, since their quantification in DMEM w/o sodium pyruvate was not
performed. The results of scavengers addition also point out to the major
influence of RNS species (by addition of uric acid) and H20: (addition of catalase
and sodium pyruvate) on cell viability. It was noted that ONOO~, which is the
most reactive and potentially injurious RNS, having powerful oxidizing and
nitrating actions, is likely to be abundant in the cell culture medium treated using

the Jet.

Until now, it can be concluded that the developed jet has a strong RNS
chemistry and this illustrates the importance of the RNS species in cell viability
reduction. However, more studies need to be performed to fully understand the

ROS/RNS chemistry induced by plasma treatment of liquids.
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device and the well-characterized Kinpen09

CAPs are under investigation in several research fields, such as surface
modification and medical applications. Regarding the last one, it was already
shown that they can assist in wound healing, skin disorders, and cancer

treatment62244184,

As already referred in this thesis, besides the direct application of
plasmas, also the treatment of liquids, which are subsequently applied to the
biological target has been successfully investigated in the field of plasma
medicine. Recently, the injection of plasma-treated medium showed
promising results in a peritoneal carcinomatosis model in mice, inducing the
apoptosis in cancer cells and reducing tumor size'*. These in vitro and in vivo
studies strongly indicate that the reactive species (ROS/RNS) produced in
plasmas and deposited in the treated liquid interfere with the cellular and
intercellular redox signaling processes being essential players in the biological
effects of plasmas’'’?7, For example, proteins and several amino acids are
assumed to be susceptible to plasma-derived oxygen or nitrogen species. Due
to the reactivity of the sulfur atom, thiols are potential targets for plasma-
derived reactive species and may undergo a number of oxidative and
nitrosative modifications with potential bioactivity>. However, the origin of

these reactive species and its biochemical potential are yet under investigation,
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due to the high complexity and diversity of plasma sources and treatment
conditions, which often impedes the direct comparison of experimental and

clinical results from different plasma devices.

In this chapter, two different plasma sources were investigated: the
developed plasma jet device (Jet) and the well-characterized Kinpen09. The
Kinpen09 was developed at the Leibniz-Institute for Plasma Science and
Technology, INP Greifswald, Germany, place where the work presented in
this chapter was developed. A physiological buffer solution containing the
amino acid cysteine was treated using both set-ups, with and without
molecular gas admixtures, and the resulting product pattern was identified via
high-resolution mass spectrometry. Cysteine, under controlled conditions, is a
sensitive and reactive amino acid, that can be found in almost every
biologically-relevant macromolecules from nucleic-acids (DNA and RNA) to
lipids and proteins, which makes this amino acid an ideal tracer compound to
discriminate between the chemical potential of different plasma sources and
working gas mixtures?*?¥, Similarly, to cysteine, also phenol was used to
study the interactions between plasma and liquids being treated due to its
well-known aromatic form?!2%2, Additionally, long-lived species (NO;, NO3)
were quantified by ion chromatography and Pierce™ Quantitative Peroxide
Assay kit (H,0;). The cell viability was also evaluated using Alamar Blue

assay.

7.1. Materials and methods

7.1.1. Cell culture

SCC-15 cells were maintained in DMEM-F12 (Dulbecco’s Modified Eagle’s
Medium: nutrient mixture F-12; ATCC® 30 2006™) supplemented with 10% fetal
bovine serum (FBS, Sigma, 102710), 1% antibiotic Penicillin/Streptomycin
(Pen/Strep, Sigma, A5955) and 400 ng/mL of hydrocortisone (Sigma, H0888).
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Met-1 and HaCaT were kept in DMEM (Dulbecco’s Modified Eagle’s
Medium, Sigma), supplemented with 10% FBS, 1% antibiotic Pen/Strep and 1%
L-Glutamine. HaCaT as Met-1, being keratinocytes, presents a high capacity to

differentiate and proliferate in vitro, being very easy to manipulate.

All cell lines under investigation were maintained under standard
conditions (37°C in a humidified atmosphere of 5% CO:), and to sub-culture cells
twice a week they were washed with PBS and trypsinized with 0.025%
trypsin/EDTA. To determine the number of cells, a sample was lysed, and the
nuclei counted using a Buerker counting chamber. For perform the assays, the

cells were collected following the same procedure.

7.1.2. Plasma source

The kINPen(09 (kINPen, neoplas GmbH, Germany), an atmospheric pressure
plasma jet using argon as main working gas and the jet developed under this
project were investigated in parallel. The kINPen consists of a high-voltage
needle electrode located in the center of a ceramic capillary with 1.6 mm
diameter. The working gas is driven by a radio frequency of around 1 MHz, with
an average power of 1.1 W34, The cold atmospheric plasma (CAP) jet device
developed in this research was designed and constructed in our laboratory
(Plasmas and Applications laboratory, CEFITEC, Portugal), and it consists of a
hand-held principal unit composed by a borosilicate capillary with an outer
diameter of 6.93 mm and an inner diameter of 4.94 mm, with a stainless steel
electrode in its center (2 mm diameter) and a copper ring around it. The copper
ring electrode is connected to a custom-made DC high voltage power supply (2.5
mA, 20 kV).

For the experiments, a gas flow of 3 slm was kept constant and either pure
argon was used or 1 % of the feed gas was replaced with Oz or N202(0.3% O: and
0.7% Nz2). The gap of 7 mm was used in all the treatments performed with both
set-ups. To note that in both devices the plasma propagates out of the nozzle, and
consequently the atmosphere has an impact on the plasma-induced chemistry of

both jets.
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7.1.3. Sample preparation and plasma treatments

The cysteine model solution was freshly prepared by dissolving cysteine (L-
cysteine, 658057, Sigma-Aldrich) in 5 mM phosphate-buffered saline with pH 7.4,
for a final concentration of 300 uM before each analysis, to minimize cysteine
spontaneous oxidation. When necessary, a 300 uM phenol solution (Phenol, 108-
95-2, Sigma-Aldrich) was also freshly prepared in 5 mM phosphate-buffered

saline.

A volume of 2 mL of the desired solution was then treated for different
times (15 s, 60 s, and 180 s) in 12-well plates with a fixed distance of 7 mm from
both plasma devices to the upper edge of the wells were the treatments were
performed. To finalize, the treated samples were divided into aliquots and

subjected to subsequent analysis.

7.1.4. Mass spectrometry

The cysteine and phenol derivatives produced by the plasma treatment were
analyzed by direct injection into a high-resolution mass spectrometer
(TripeTOF5600, Sciex Ltd., Darmstadt, Germany). Isotopically labeled cysteine or
phenol, depending on the solution being analyzed, served as internal standard
at a fixed concentration of 300 uM. For the mass spectrometry analysis, each
sample (control and treated solutions) was diluted 1:1 with 0.3% ammonium
hydroxide in methanol (both Sigma, MS grade), to improve negative electrospray
ionization. A flow of 10 uLmin' was infused by a syringe pump into an
electrospray ion source (Turbo Spray V, Sciex Ltd., Darmstadt, Germany),
running on 4 kV. The following experimental parameters were used: capillary
temperature 150°C, 35 slm curtain gas, 20 slm N2z ion source gas 1, and 25 sIm N2

ion source gas 2.

The spectra were acquired in a mass range from 50 to 400 m/z (cycle time of
275 ms, accumulation time of 250 s). Fragmentation spectra (MS/MS) of each peak
were acquired to identify the derivatives on the base of its fragmentation pattern

(collision energy +24 eV, declustering potential -10 kV).
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7.1.5. Cell viability assay

Cell viability was assessed using the resazurin assay based on the ability of the
dehydrogenase enzyme, reduce the resazurin (7- Hydroxy-3H-phenoxazin-3-one
10-oxide) blue dye into a pink-colored and highly red-fluorescent resorufin (3H-
phenoxazin-3-one) product. 3500 cells per well were cultured in the inner 60
wells of a 96 well plate, 24 hours prior to each experiment. After this, the medium
was removed, the cells were washed with PBS and 100 uL of the treated medium
was transferred onto the cells. As control 100 uL of untreated medium was used.
To assess cell viability 72 hours after plasma treatments, the medium in the wells
was discarded and 100 pL of resazurin (Alfa Aesar, Germany) was added to all
the wells in study. The fluorescence intensity was measured at an excitation
wavelength of 535 nm and 590 nm emission using a microplate reader. No-cell
controls were used to determine assay background and the cell viability was

calculated as a percentage of the control.

7.1.6. Quantification of stable reactive species

Hydrogen peroxide was determined for the selected conditions using the xylenol
orange assay (Pierce Quantitative Peroxide Assay kit, Thermo Scientific,
Germany) according to the manufacturer’s protocol. Optical density was
recorded at 595 nm (Tecan Infinite M200 Pro, Tecan) and the calibration curves

determined using authentic hydrogen peroxide (0-150 uM H20y, in triplicate).

Nitrite and nitrate were determined using a Dionex ICS 5000 ion
chromatography system. After treatment, all the treated solutions were diluted
threefold by adding ultra-pure water (MilliQ, MilliQ® Merck kGaA, Darmstadt,
Germany) before injecting 10 uL onto an IonPac AS23 anion exchange column
(2x250 mm, Thermo Fisher Scientific Inc., Waltham, USA). An isocratic mobile
phase (4.5 mM Na2COs5/0.8 mM NaHCO:s) regime and 250 pLmin™ flow rate was
used. The analytes were detected by conductivity and UV detection (210 nm).
The instrument was weekly calibrated using the Dionex 7-anions standard

(Thermo Fisher Scientific).
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7.1.7. Statistics

Values are expressed in terms of mean+SD of three independent experiments
carried out at least in duplicates, except for viability assays in which the results
were obtained after three independent experiments in sextuplicates. The
statistical analysis of the differences was done with ANOVA using Excel, and it

was recognized as * p <0.05, ** p<0.01 and *** p <0.005.

7.2. Results

7.2.1. Determination of cysteine derivatives

A way to analyze the biochemistry of CAPs is to monitor the reactions between
the species deposited into the treated liquid and small organic molecules, that
can be used as chemical traps?%2%, In this study, high-resolution MS was used to
analyze cysteine modifications on a molecular level at different treatment times
and gas admixtures. Cysteine is an amino acid with the chemical formula
C3H,;NO,S that is present in body fluids and cell culture media, e.g. DMEM. It is
an important amino acid in proteins, since it undergoes reversible
oxidation/reduction under biological conditions, controls proteins function and
serves as a biomarker of oxidative damage?4?%. Additionally, cysteine has shown
a strong reactivity through RONS due to the presence of a thiol moiety in its
structure?:245246_ A]l these characteristics make this amino acid an ideal model
compound to compare and standardize plasma-discharges, since various
covalent cysteine derivatives are produced by the impact of plasma-generated
reactive species?”. Moreover, unlike more complex models, like DNA, cysteine
has the advantage that it contains each chemical group: amino (R — NH,),
carboxyl (R — COOH) and thiol (R —SH) only once, which enables a more

detailed analysis of the modified groups02,

Independently on the device and the working gas used, while in untreated

cysteine samples only few signals of unmodified cysteine, its homo-dimer
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cystine, and some minor impurities are found, after plasma treatments cysteine
is consumed and subsequent production of its derivatives occurs. Table 7-1

shows details of the identified major cysteine derivatives.

Table 7-1 Most abundant compounds, and their respective chemical formula and mass-to-charge

ratio.

Compound Chemical formula m/z
Cysteine C3H,NO,S 120.0119
Cystine CeH12N7 045, 239.016
Cysteine sulfinic acid C3H;NO,S 152.0017
Cysteine sulfonic acid C3H;NO5S 149.0021

Regarding the kKINPen09, most of the observed cysteine products include
the oxygen dominant oxidation of the thiol group, with cystine and cysteine
sulfonic acid being the most abundant derivatives produced after CAPs
exposure, followed by cysteine sulfinic acid, which is in good agreement with
previous experiments?24324824 and shows the oxidative nature of this jet device.
This is also in accordance with the findings of Zhou et al., who have identified
cystine and cysteine sulfonic acid as the major products resulting from cysteine

oxidation due to plasma treatments*®.

The change in peak areas normalized to the control group (untreated
cysteine solution) is represented in Figure 7.1, where it is visible that the major
production of oxidized stable derivatives occurs for longer treatment times and
preferably in the presence of oxygen in the used gas, with exception of cystine

whose higher production was observed when pure argon was used.
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Figure 7.1 Relative quantities of prominent cysteine (Cys) derivates produced through different
gas admixtures and treatment times, with focus on cystine (Cys-Cys), cysteine sulfonic
acid (Cys-SOsH) and cysteine sulfinic acid (Cys-SO2H) using kINPen(9.

Treating the cysteine solution with the developed jet (Jet) led to a lower
oxidation of cysteine (Table A-1 of Appendix). Similarly, to what happens with
KINPen09 the major consumption of cysteine occurs for longer treatment times
and when oxygen is present in the working gas, as inferred from Figure 7.1.
However, as can be observed in Figure 7.2, in the case of the developed jet the
consumption of cysteine registered identical values when O: and N:0: are
admixed to the working gas. This may indicate that in the case of the Jet, both
oxidation and nitrosylation of cysteine occur, with the plasma-derived nitrogen
and oxygen species having a similar role in the effectiveness of plasma-

treatments.

Comparing the results obtained for both plasma sources, it can be
concluded that cysteine consumption was higher when treatments were
performed with the kKINPen09 (Table A-2 of Appendix), and for both jet devices,
it was favored when using molecular gas admixtures. Interestingly, although
cysteine sulfonic acid and cysteine sulfinic acid were detected in all the studied

conditions, no traces of cysteine sulfenic acid, their precursor, were found, which
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probably is due to its chemical instability. Cysteine sulfenic acid has one of the
key roles in redox signaling, and it is rapidly oxidized to cysteine sulfinic acid
and cysteine sulfonic acid®*?*. Additionally, it may react with itself forming
oxidized forms of cystine such as di-sulfoxides (m/z=271.0056), which was found
for treatments performed with both set-ups but mostly, when kINPen(09 was
used (see Tables A-1 and A-2 of Appendix). To note, that besides the direct
oxidation of cysteine, also the oxidation of cystine and its oxidized disulfides
could generate cysteine sulfonic acid®!, which was found to be the most
produced cysteine derivative for treatments performed with both studied

devices.
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Figure 7.2 Relative quantities of prominent cysteine (Cys) derivates produced by using different
gas admixtures and treatment times, with focus on cystine (Cys-Cys), cysteine sulfonic
acid (Cys-SO3H) and cysteine sulfinic acid (Cys-SO2H) using the developed jet.

The reaction product S-nitrosocysteine was also found in some of the
investigated conditions, as it can be observed in Figure 7.3, with its production
increasing for longer treatment times. The appearance of this compound

confirms the presence of RNS species, once it is a cysteine derivative in which the
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sulfur atom carries a nitroso substituent (Figure 7.4) being formed as a product

of S-nytrosilation324,
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Figure 7.3 Relative quantities of the derivative S-nitrosocysteine produced by using different
gas admixtures and treatment times, using kINPen09 and the developed jet (Jet).

@] 0]
_NL
HS OH 0° 'S OH
N H2 NH2
Cysteine S-nitrosocysteine

Figure 7.4 Structure representation of cysteine and S-nitrosocysteine

S-nitrosocysteine is known for having a role as hematologic agent, as an
inhibitor of platelet aggregation and as a vasodilator agent. It also has a role in
the nitric oxide pathway, that makes it essential in wound healing and cancer
biology?*. The Figure 7.3 shows its relative quantities for both set-ups. Although
the oxidative modifications of the cysteine’s thiol group were dominant, S-
nitrosocysteine was only found in small quantities. This might be explained by
the direct reaction of plasma-derived RNS species, which facilitate the oxidation

but do not form covalent bonds between C or S and N243.248,
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Cysteine-S-sulfanate, an agonist of the NMDA (N-methyl-D-aspartate
receptor), which the activation leads to calcium influx influencing further cell
signaling®?, was also detected in all the analyzed samples including the
untreated cysteine. Despite a small increase was registered while increasing
plasma treatment time, its production is not significant when compared with the
other referred derivatives (see Tables A-1 and A-2 of Appendix). This is an
interesting result since the fact that both, cysteine-S-sulfanate and cystine,
appeared as products of plasma-treated cysteine solutions, and therefore may
indicate that sulfanation and the disulfide-bond formation occur at the same

time?%.

In short, it could be seen that regardless of the treatment conditions, several
products of cysteine and cystine were observed, which can be used as a
fingerprint to identify different plasma sources, with cysteine sulfonic acid being

a stable end-product of both devices investigated in this study.

7.2.2. Determination of phenol derivatives

Aromatic hydrocarbons include many organic compounds, such as phenol, that
have been treated by different electrical discharge plasmas in gas-liquid
environments. Despite that in most of these studies, the oxidation of phenol was
achieved through reaction with hydroxyl radicals, phenol may also react at a
slower rate by direct reactions with ozone, and with peroxynitrite?®*2%, For that
reason, phenol is an adequate compound to try to evaluate the nitrosative profile

of cold atmospheric devices.

After plasma exposure two different products resulting from phenol-
oxidation, that were not found in untreated phenol solutions, were found in all
the tested conditions and for both set-ups (Jet and kINPen09), namely, cis-cis-
muconic acid and 2-nitrophenol. Muconic acid has been reported as a result of
the oxidation mechanism by ozone through direct cleavage of the aromatic ring
of phenol®-%¢ as shown in Figure 7.5. While 2-nitrophenol is a result of the
chemical reactions between phenol and NO (phenol nitration)®3?*. A possible

explanation for the production of 2-nitrophenol is related to the attack of NO; or
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NO- radicals, through the formation of a phenoxy radical intermediate?'24%%7, as
demonstrated in Figure 7.6. Nitrosation of phenol also occurs, resulting in the
production of 4-nitrosophenol??2. Uppu et al.> have reported this compound as
the dominant product of the reaction between phenol and peroxynitrite at pH>8.
In the case of the treated 0.3 mM phenol solution used in this study, it was
prepared in a physiological buffer (pH 7.4) reason why the referred path is not
so likely, with the 4-nitrosophenol product probably being a result from the

interaction between the phenoxy radical intermediate and the nitric oxide

radical, Figure 7.6.
i OH 9 O
%w 0, f,cf”‘\rox -H;0 rc 0 0 Cc. OH
o) > | ] _
\:.Q/!, Rﬁ‘o/ . CH-OOH G- OH
E H OH 9]

Figure 7.5 Mechanism of ozone attack on phenol ring forming muconic acid.
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Figure 7.6 Nitration and nitrosation of phenol. 1 - Phenol, 2 -Phenoxy radical intermediate, 3 — 4-
nitrosophenol, 4-2-nitrophenol.

The production of all the referred phenol degradation products increases as
the time of plasma exposure increases and no apparent relation between the

indicated products and the used working gas could be defined. These may be
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due to the fact that these compounds are produced in the liquid phase and the
influence of the nitrogen and oxygen present in the used working gas cannot be
distinguished from that of the oxygen and nitrogen species present in the
ambient air®3%%2, Moreover, this also helps to explain the appearance of some
phenol derivatives such as oxi-phenol, hydroxy-phenol, and nitrosophenol in

untreated solutions.

It must be noted that although both, 2-nitrophenol and 4-nitrosophenol,
products of nitration and nitrosation of phenol, respectively, were found in
treatments performed with both set-ups (see Tables A-3 and A-4 of Appendix),
they were mostly produced when the Jet was used, which reinforces its

nitrosative profile.

7.2.3. Long-lived species deposition in the presence of cysteine

To obtain an idea of the deposition of long-lived species in the presence of
cysteine (0.3 mM), nitrite, nitrate, and H20: were quantified. To note that
quantification of H20: in the presence of cysteine was only performed for the
developed jet (Jet), since its characterization is the main focus of this work and
this quantification was already performed for the kINPen09 with the results

being extensively reported in the literature??2824,

According to Figures 7.7 a) and b), which show the nitrite and nitrate
profiles, respectively, it can be concluded that for both devices, regardless of the
working gas used, the concentration of both species increases for longer

treatment times.

107



Chapter 7 Comparison between the developed jet and the well characterized
KINPen09

a) b)
12 4 704
I INPen09 k\NPen09|
[ Jet [ lJet
104 €0
§_‘ T E: 50
= g a2
c c
o o
= = 40
o 6 <
5 |
s 8 30
s &
o 44 T o
A T e 20
=] o =
=z =z
24 _ 104 ”
0- | 0- _ L,
Ar30s Ar120s ArO30s ArO120s ANO30s ArNO 120s Ar30s Ar120s ArO30s ArO120s ArNO 30s ArNO 120s
Treatment conditions Treatment conditions

Figure 7.7 a) Nitrite deposition in phosphate buffer in the presence of cysteine. b) Nitrate
deposition in phosphate buffer in the presence of cysteine, both using different gas
admixtures and treatment times.

For the kINPen(09, the working gas composition seems to have a slight
impact on the variation of NO;and NO3; deposition, with the maximal

concentrations being found when pure argon is used.

In contrast, for treatments performed with the developed jet (Jet) the
deposition of these long-lived species seems to be independent of the working
gas used. Regarding nitrate, its deposition markedly increases for longer treated
cysteine solutions. Despite this increase, biologically its effects may remain
negligible, since no impact on cell proliferation can be observed up to a

concentration of 250 uM?¥.

One possible explanation for the relatively stable production of nitrite and
nitrate may be the fact that these species are predominantly produced in the gas
phase by the consumption of the molecular nitrogen and oxygen, and only then
are dissolved into the liquid being treated*. After generation, further liquid
chemistry will affect the final concentration of these species via secondary
reactions using reactive nitrogen and oxygen species. For example, the deposited
nitrite can contribute to the increase of nitrate concentration in the liquid phase.
This occurs via the formation of peroxynitrite by H2O: oxidation, and/or by

disproportion, forming nitrogen dioxide (NO2) and nitric oxide radical (NO)
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with the subsequent disproportion of NO: and oxidation of ‘NO by ambient air
or CAPs derived oxygen species?32, Moreover, nitrite itself can be directly

oxidized to nitrate.

In Figures 7.8 a) and b), the results obtained for the quantification of H.02
in the absence or presence of cysteine, respectively, after treatments performed
using the Jet are presented. As it is reported for kINPen09?¥, using the Jet, the
H>0: concentration in solution also increases as the treatment time increases, but
no significant differences in its concentration were measured in the presence or
not of cysteine, immediately after treatments. This is in accordance with the slow
direct reaction of H.O2 with cysteine at physiological buffer pH>%242%, As it was
concluded before, the working gas composition has no effects on the deposition

of H20: after treatments performed with the Jet.

Additionally, after one minute of treatment performed with both devices,
using 3 slm of pure argon as gas flow, the deposition of H2O: concentration in a
physiological buffer solution without cysteine, was investigated. This condition
was chosen since it was reported as the one in which the deposition of H:0:is
higher for treatments performed using kINPen(09%*-2¢3. A concentration of
2.55+0.47 uM of H:O: was measured for the Jef, while a concentration of
44.96x8.29 uM was determined when using KINPen(9. These results reinforce the
idea that KINPen09 has a more oxidative profile than the Jet.

a) b)

H,0, concentration (uM)

Working gas Working gas

Figure 7.8 H20: deposition after treatments performed using the Jet in a) absence and b) presence
of cysteine, both using different gas admixtures and treatment times.
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7.2.4. Influence of plasma treatment on cell viability

In chapter 5 it was observed that the cold plasma produced by the developed jet
induces killing-selectivity effects in skin cancer cells. These plasmas created by
electrical discharges are a source of a vast number of reactive species that can
affect eukaryotic cells through complex biochemical procedures?*. Here, the
effects of cold plasma treatments, performed using the Jet and the kINPen(9, on
Met-1, SCC-15, and HaCaT cells, using the same working parameters (gap,
volume, treatment time) were analyzed. In Figure 7.9, the reduction on the cell
viability of the referred cells compared to the control group (untreated cells) is
registered. Comparing the results obtained using both set-ups, shown in Figures
7.9 a), ¢), and e) and Figures 7.9 b), d), and f), corresponding to treatments
performed using the kINPen(09 and the Jet, respectively, it seems to be clear that
the effects of the plasma produced using the KINPen09 were strongly dependent
on the working gas used, while the same does not happen for treatments
performed with the Jet. A possible explanation for this could be related with the
fact that in both set-ups the plasma is produced inside the device and only then
driven to the outside. Although, in the case of the Jet the plasma is generated just
at 2 mm of the opening for the exterior, with this opening being larger than the
one observed in the kINPen(09. Consequently, contrarily to what happens with
the kINPen(9, the plasma produced using the Jet is more influenced by the

ambient air than by the admixtures used in the working gas.

By the analysis of the influence of the working gas on treatments performed
using the kINPen09 (Figures 7.9 a), c), and e)), it could be noticed that its killing
capacity was higher when pure argon or when small admixtures of oxygen were
used. On the other hand, when nitrogen was admixed to the working gas a slight

increase in cell viability was observed.

A reduction in cell viability as the treatment time increases has been
witnessed for both studied jets, with the steepest reductions being observed
when using KINPen(9. For example, when treating SCC-15 cells, after a treatment
time of 15 seconds using pure argon, the relative cell viability decreases for

0.75+0.19 (a.u.) using the Jet, as shown in Figure 7.9 d) and for 0.42+0.19 (a.u)
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using kINPen(9, Figure 7.9 c). When the time of treatment is increased for 60
seconds the relative cell viability decreases for 0.48+0.19 (a.u.), and 0.07+0.03
(a.u.), using the Jet and kINPen09, respectively. This could be explained by the
oxidative dominant profile of kKINPen(9, while the Jet induces both oxidation and

nitrosylation effects.

The Figure 7.9 also reflects the major vulnerability of cancer cells to CAPs
treatment. Regarding the cancerous cells in study, the highest drop in cell
viability was registered for SCC-15 cells for a treatment time of 60 seconds using
KINPen09 with pure argon used as the feed gas. The lower viability of HaCaT

cells was also registered in the referred condition.

All these results seem to indicate that the effects of the indirect plasma
treatments are strongly dependent on the used device, reflecting the necessity to
optimize the parameters chosen to perform the plasma treatments according to
the cell line in study and the device. For example, in the case of this study, the
working parameters used were the ones that conducted to a moderate cell
response to treatments performed with the Jet, leading to a strong impact on cell
survival using kINPen(09. So, a compromise between all the variables and

components involved in plasma treatments must be achieved.
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Figure 7.9 Relative cell viability by using different gas admixtures and treatment times of a) Met-
1, c) SCC-15, and e) HaCaT for treatments performed using the kINPen09 and of b)
Met-1, d) SCC-15, and f) HaCaT for treatments performed using the Jet.

7.3. Summary

Cold plasmas are of interest for the treatment of various medical conditions. Its
use is being extensively reported for wound healing treatments, the treatment of
pathogen-based and/or inflammatory skin irritation, and also in cancer therapy.
In this last case, several reports have shown promising results as CAPs can
interact with cancer cells by initializing programmed cell death in them, leading
to the reduction of tumor size or even to its complete removal. These seem very
promising results, as for example in case of large-scale tumor in which its
complete removal is practically impossible, CAPs treatments can be used in
combination with surgical tumor resections, by reducing the tumor size before

its removal.
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One of the biggest advantages of CAPs for biomedical applications is that
its active components, as RNOS, are locally produced and can be easily tailored
by alteration of the parameters used to perform the treatment (plasma source
engineering) or simply by using a different plasma source. As was seen in this
chapter, different plasma sources produce different ratios of ROS and RNS
species, conducting to different results in which regards to the effects of treated
liquids on cells. Small target molecules, such as cysteine, and phenol, are being
pointed as target molecules that can act as a sensor system for the study of the
plasma-induced chemistry in liquids. In this regard, in this study, it was decided
to compare two plasma jet devices, that differ in terms of applied power and its
type, in order to prove that these small molecules can be used as a fingerprint of
a plasma device. According to the results presented in this chapter, it was
apparent that both devices induce chemical modification, both in cysteine and
phenol. The intensity of cysteine oxidation, for both devices, increased as the
treatment duration increases, being favored when oxygen was admixed to the
working gas used. A range of cysteine derivatives was identified for both jets,
with cysteine-sulfonic acid being the most produced derivative in both cases. To
note, that treatments performed with kINPen09 result in higher production of
this derivative as well as higher consumption of cysteine. This indicates that both
jets have an oxidative profile with the one of kINPen09 being more effective. S-
nitrosocysteine was also found as a cysteine derivative, using both jets,

confirming the presence of RNS.

The decomposition of phenol, especially through phenol nitration and
nitrosation, was also successfully achieved with both jets, which allowed a better
understanding of the chemistry of RNS species. These results indicate that the Jet
has a RNS chemistry more active than the kINPen(09. This seems to be in
accordance, with the IC results, which indicate that both, the concentrations of
nitrite and nitrate, are higher in liquids treated using the Jet. Oppositely,
KINPen09 generates higher concentrations of H20s.

Regarding the in vitro treatments, it was shown that both devices are

effective in killing cancer cells, with the obtained results reinforcing the oxidative
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dominant profile of the kINPen(09, while the Jet seemed to induce both
nitrosylation and oxidation resulting in more moderate effects of CAPs

application on cells.

Briefly, the plasma effects are strongly related not only with the working
parameters but also with the device used to perform the treatments. Small
molecules can be successfully used to compare the plasma-chemistry induced in
liquids produced by different devices. All these results must be carefully
considered, since they point out that when translating these observations to in
vivo treatments, the application of these plasmas can lead to stronger oxidation

of protein thiol groups with subsequent changes in protein biochemistry.
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Concluding remarks and perspectives of

future work

In this section, it is intended to summarize the main conclusions of this thesis

and present some perspectives of future work.

8.1. Conclusions

The work of the present thesis was focused on the development and optimization
of a cold atmospheric plasma jet device (Jet), having as its ultimate aim the study
of the interactions between living cells and the generated plasma. In this sense,

human skin cancer and non-cancer cells were indirectly treated by the developed

Jet.

The first part of the work of this thesis consisted in the development of the
jet device and of the power supply to which it is connected. As it was shown in
chapter 4, the developed jet consists of a hand-held principal unit composed of a
borosilicate capillary with an outer diameter of 6.93 mm and an inner diameter
of 4.94 mm, with a stainless-steel electrode in its center and a copper ring around
it. The copper ring is connected to the developed DC high voltage power supply
(20mA, 20 kV), and usually operates at an argon flow of 3 slm. After the complete



Chapter 8 Conclusions of the work and future work perspectives

development of the Jet, it was necessary to evaluate the conditions that allowed
the induction of moderate plasma effects on cells. Based on the obtained results
it was found that moderate CAPs effects were achieved using a gap of 7 mm, for
treating a volume of 2 mL of medium, from which only 100 pL were transferred
to the wells where cells were previously cultured. It was also observed that the
plasma effects are time-dependent. At the time of these results, it was already
proven that SCC-15 and Met-1 cells (cancer cell lines) are more susceptible to
CAPs treatments than HGF-1 (a non-cancer cell line), with a treatment time of 2
minutes being able to reduce SCC-15 and Met-1 cells viability for less than 50%,
while the same reduction in HGF-1 cells only was found after 9 minutes of

plasma exposure.

Regarding the gas-phase of the plasma produced using the Jet, it was
observed that when pure argon was used as the working gas, only hydroxyl
radicals, nitrogen and argon species were detected by the OES analysis of the
gas-phase plasma. While, when small admixtures of Oz, N2, and N20O: were used
also nitric oxide, whose emission occurs in the UV-C range, starts to be produced.
Interestingly, the addition of molecular gases does not lead to significant
differences in the interaction between the cells and CAPs treated medium. This
probably happens due to the strong influence of the atmospheric air in the
generated plasma, with interactions between the produced plasma and the
atmospheric air constantly occurring. Additionally, the mechanisms of cell death
were investigated being found that in the chosen conditions, CAPs are mainly
inducing the death of cancer cells by apoptosis. It was also observed that the
number of SCC-15 and Met-1 cells in late apoptosis and necrosis increases as the
plasma exposure increases. Correlating this finding with the biologically relevant
reactive species that were identified in treated medium, it could be pointed that
CAPs treatment are driving to apoptosis through oxidative and nitrosative stress,
due the high concentration of ROS and RNS species that are formed in the
plasma-liquid interactions. The species identified in the liquid phase include
mostly long-lived reactive species, namely hydrogen peroxide, nitrite, nitrate,

and also the short-lived species peroxynitrite. The concentration of hydrogen
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peroxide, which has a key role in the oxidative stress and that is cytotoxic at
higher concentrations, was found to increase as the treatment time increases.
Although, the response of cells to H:20: solutions is different from the one
observed in the presence of CAPs treated medium. This reinforces the idea that
even though H>O:has a key role in the induction of oxidative stress and apoptosis
induced by CAPs treatments it is not acting alone. Furthermore, the
concentration of nitrate was found to increase for higher plasma treatment times,

while the one of nitrite decreases.

Besides the developed Jet also the well-known kINPen09 was studied in this
work. To note, that the referred jets differ in the applied power and its type. It
was observed that using the same working parameters (gap, volume of liquid,
cell concentration) the effects of kKINPen(9 are more toxic to cells than the ones of
the Jet, with higher concentrations of ROS being produced, including H20.. This
draws attention to the fact that the conditions used to perform the treatments
must be chosen in function of the utilized device, since the same parameters will
result in different effects depending on the used source. Moreover, also the
treated liquid and cell lines must be taken into account when choosing the

treatment conditions.

In the last part of this work, in order to prove that the CAPs effects are
dependent on the used plasma source the cysteine was investigated as a target
molecule, acting as a sensor system for the study of the plasma chemistry
induced by two different CAPs sources (kKINPen09, and Jet), in liquids. It was
observed that both jets led to chemical modifications in cysteine, with cysteine
oxidation being favored as the CAPs exposure increases, especially in the
presence of oxygen. Cysteine-sulfonic acid was the oxidation product most found
after treatments performed with both devices, being found in higher
concentrations in liquids treated with the kINPen09. This is in accordance with
the quantification of H>O, whose concentration was also higher in liquids treated
by kINPen(9. Together these results prove the stronger oxidative profile of
KINPen09 in comparison to the Jet. Besides cysteine-sulfonic acid, S-

nitrosocysteine was also detected when using the cysteine model, confirming the
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presence of RNS species. This species was achieved in higher concentrations in
liquids treated using the Jet, indicating that it has a more nitrosative profile than

kINPen09.

To confirm the nitrosative profile also the degradation of phenol was
evaluated, and it was revealed that it occurs mostly by phenol nitration and

nitrosation, being higher when the Jet was used.

In sum, all these results highlight to the high importance of the CAPs
generated reactive species in cellular biology, with the key roles being attributed
to long-lived species, such as H:0;, nitrate and nitrite. All of them, constitute
species of high importance in essential biological mechanisms, such as oxidative

stress, mitochondrial metabolism, and cell signaling.

8.2. Future work perspectives

Looking ahead, more studies need to be done to fully understand the
mechanisms behind cell-plasma treated liquids interactions and the plasma-

liquid interactions.

Regarding the characterization of the plasma plume some suggestions for

future work are:

e Perform a qualitative investigation of the plasma discharge during indirect
treatments by means of high-speed (HS) and iCCD imaging;

e Study the influence of the ambient air humidity in the generated plasma;

e Perform absorption measurements for the determination of the particle
densities;

e Investigate the temperature of gas-phase plasma.
Concerning the experiments to carried out in cells it would be interesting:

e Try to measure the levels of glutathione mitochondrial membrane

depolarization, the caspase-3 activation, the DNA fragmentation and the
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exposure of phosphatidylserine, in order to prove the induction of the
intrinsic apoptotic pathway;

Study the cellular oxidation, for example, by incubation of the cells with
redox-sensitive probes;

Study possible changes in cell proliferation and morphology after plasma
exposure;

Study the intracellular ROS and RNS generation;

Perform western blot analysis for identification of changes in protein

expression after plasma exposure.

Additionally, in terms of liquid characterization it would be interesting to

use Electron Paramagnetic Resonance Spectroscopy (EPR) to identify short-life

species as hydroxyl radical, superoxide anion, singlet oxygen, nitric oxide

radical, peroxynitrite, among others.

In vivo studies are also essential to better understand the effects of CAPs on

living cells.

8.3. Developed work

8.3.1. Chapters in books
Pereira S., Pinto E., Ribeiro P.A., Sério S. (2020) Non-thermal Atmospheric Pressure
Plasmas: Generation, Sources and Applications. In: Raposo M., Ribeiro P., Sério S.,
Staiano A., Ciaramella A. (eds) Computational Intelligence Methods for
Bioinformatics and Biostatistics. CIBB 2018. Lecture Notes in Computer Science,

vol 11925. Springer, Cham, Pages 309-318. DOI: 10.1007/978-3-030-34585-3 28;

S. Pereira, P. A. Ribeiro and S. Sério, Study of a Cold Atmospheric Pressure
Plasma jet device for indirect treatment of Squamous Cell Carcinoma. in

Clinical Plasma Medicine, (2019), Vol. 13, Pages 9-14. DOL
10.1016/j.cpme.2018.09.001
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8.3.2. Papers in international scientific periodicals with referees
S. Pereira, P. A. Ribeiro and S. Sério, Optimization of a Cold Atmospheric
plasma treatment to selectively affect the viability of skin cancer cells,

(2020), Pages 201-208. DOI: 10.5220/0009373802010208

8.3.3. International peer-reviewed publications in Conference
Proceedings

S. Pereira, P. A. Ribeiro and S. Sério, “Optimization of a Cold Atmospheric
plasma treatment to selectively affect the viability of skin cancer cells”, in
8% international conference in photonics, optics and laser technology, in
Valletta, Malta, 27-29 February 2020;
S. Pereira, E. Pinto, P. A. Ribeiro, S. Sério. Poster “Development and
characterization of DC Argon Plasma Jet Device”, at Rabbit Café at NOVA
Biophysica, Lisbon, Portugal, 4 September 2019;
S. Pereira, E. Pinto, P. A. Ribeiro and S. Sério, “Non-thermal atmospheric
pressure plasma: generation, sources and applications”. in 15" International
Conference on Computational Intelligence methods for Bioinformatics and
Biostatistics FCT/UNL, Caparica, Portugal, 6-8 September 2018;
S. Pereira, P. A. Ribeiro and S. Sério, “Cold Atmospheric Plasmas for
Biomedical Applications”, 6th Young Professionals Workshop on Plasma

Medicine, in Rostock, Germany, 23-26 October 2017.

8.3.4. Poster communications

S. Pereira, E. Pinto, P. A. Ribeiro, S. Sério. Poster “Development and
characterization of DC Argon Plasma Jet Device”, at NOVA Biophysica,
Lisbon, Portugal, 4-6 September 2019.

S. Pereira, E. Pinto, P. A. Ribeiro, S. Sério. Poster “Study of CAPs treated
medium as an in-vitro anti-cancer therapy”, at 3rd NOVA Biomedical
Engineering workshop, FCT/UNL, Caparica, Portugal, 9 May 2018;

E. Pinto, S. Pereira, P. A. Ribeiro, S. Sério. Poster “Development of a Cold
Atmospheric Plasma Jet Device for Medical Applications”, at 3rd NOVA

120



8.1 Conclusions

Biomedical Engineering workshop, FCT/UNL, Caparica, Portugal, 9 May
2018;

J. Bras, S. Pereira, P. A. Ribeiro, S. Sério. Poster “Floating Electrode Dielectric
Barrier Discharge for the Treatment of Squamous Cell Carcinoma”, at 3rd
NOVA Biomedical Engineering workshop, FCT/UNL, Caparica, Portugal, 9
May 2018;

S. Pereira, E. Pinto, P. A. Ribeiro, S. Sério. Poster “Development and
characterization of a custom-made Argon Plasma Jet Device for medical
application”, at EUSpec Cost Action MP1306: Modern Tools for Spectroscopy
on Advanced Materials, Final Whole Action Meeting in Lisbon, Caparica,
Portugal, 18-22 February 2018;

S. Pereira, P. A. Ribeiro, S. Sério. Poster “Study the effects of CAPs on skin
cells”, at 2nd NOV A Biomedical Engineering workshop, FCT/UNL, Caparica,
Portugal, 3 May 2017.
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Appendix

Figure A.1 Schematics of the developed DC power supply.
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