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1. INTRODUCTION

1.1. Redox signalling in cells: Sources, targets and antioxidants
Reactive oxygen species (ROS) are highly reactive oxygen containing reactive

chemical species, formed by electronic excitation or by redox reactions. ROS can be
classified into two groups, non-radical, which are chemically reactive, but do not
contain free electrons and free radical species with one or more unpaired electrons [1,
2]. Moreover, ROS can react with other molecules referred to as reactive nitrogen
species (RNS), in order to form oxidants. Both ROS and RNS are involved in signal
transduction in living cells [3, 4]. Depending on the concentration, RONS can promote
or supress cellular proliferation, growth, differentiation, or induce an irreversible

oxidative damage activating cell death signalling [1, 5].

Examples of the selected biologically relevant RONS are combined in the
Table 1, together with their source, cellular targets and functions (Table 1). However,
the term reactive oxygen species does not represent the chemical compound or
molecule, but rather “it is a collective term for a number of related molecules with
vastly divergent reactivity” [2]. Thus, it is needed to specify the particular RONS type

wherever possible.

Table 1: Major types of reactive oxygen and nitrogen species involved in the

biological systems signalling.

Designation Cellular Functions Source Ref.
Targets
Hydrogen Signal transduction NOX, [1, 2]
Peroxide Proteins Cellular proliferation, mitochondria
(H202) Pr-(Cys)-S— differentiation,
migration,
Angiogenesis
Inflammation
Growth arrest and
Cell death
Singlet DNA Defence mechanisms  Reaction catalysed by [6]
molecular (guanine), used by phagocytic Myeloperoxidase/
- oxygen ('0») Unsaturated  cells against pathogen Lipoxygenases
g lipids Lipoperoxidation H,0; with
: Proteins process or O3 with HOCI
E Cell death biomolecules



Free radicals

Pr-(Met)/

(His)/(Trp)
Organic hydro- DNA
peroxides Proteins
(ROOH) Lipids
Ozone (O3) Lipid
Proteins
Hypochlorous DNA
acid and Proteins
hypobromous Pr-
acid (Met)/(Cys)
(HOCl and
HOBr)
superoxide anion Proteins
radical Pr-[4Fe-4S]
(027)
Hydroxyl radical Proteins
(-OH) Pr-(Cys)-S—
Lipids
Peroxyl radical Proteins
(ROO") Lipids
Nitric oxide DNA
(NO) Proteins
Pr-(Tyr)
Peroxynitrite DNA
(ONOO-) Lipids
Proteins
Pr-(Tyr)

Signal transduction

Signal transduction
Immune response

Feroptosis

Immune response
Cell death and
inflammation

Oxidative stress in

lungs

Immune response

Wound healing

Microorganisms’

deactivation

Signal transduction

(From proliferation to

cell death)

Lipid peroxidation

Signal transduction

Lipid peroxidation

Vasodilatation

Signal transduction

Immune response

Regulation of nervous

system

Nitrosylation

Pathogen deactivation

Oxidative damage

Cell death

Photosensitization

reactions

Form in lipid [2]
peroxidation
from
polyunsaturated fatty
acids (PuFas) and
sterols

Air pollution [2,7]
Some atmospheric
conditions
White blood cells

From H,0, by [2, 8]
myeloperoxidase in

the phagocytic

vacuoles of the

neutrophils

NOX, 2]

mitochondria

Fenton reaction [2]

from [2]
polyunsaturated fatty
acids (PuFas)
from L-arginine by
NOS
(eNOS, nNOS, iNOS)

[2-4]

diffusion-limited [2-4]
reaction of NO- with

(o7



From the Table 1, one can clearly see that RONS are participating in a number
of cellular processes, ranging from cellular proliferation and death, to immune
response and pathogen deactivation. However, before discussing the functions in more

details, we have to reveal where are the ROS coming from.

Mitochondria

NADPH oxidase

Endoplasmic reticulum

Figure 1 Schematic illustration of exogeneous and endogenous sources of ROS. The various

factors can influence the ROS levels in the cells. On the left side, to the exogeneous sources
belong air pollution and heavy metals, drugs, tobacco smoke, ionizing radiation, UV, X-ray
and lifestyle. On the right side, the major endogenous sources represent the mitochondria,
NOX localized to cellular membranes and the endoplasmic reticulum. Created with
BioRender.com

RONS can be produced inside the cells as a by-product of the cellular aerobic
metabolism [1] (Fig.1). It is widely accepted that primary intracellular source of ROS
are mitochondria and their electron transport chain (ETC). In ETC, electrons from
nicotinamide adenine dinucleotide phosphate (NADPH) and flavin adenine
dinucleotide (FADH?2) flow through series of carriers, complexes I, II, III, IV, V,
cytochrome ¢ and ubiquinone. This results in the reduction of 4 electrons of O2 to H>O»
during oxidative phosphorylation. Concomitantly, protons are moved from the
mitochondrial matrix to the intermembrane space forming the electrochemical gradient
across the inner membrane [5]. Electron leakage, as a result of insufficient reduction

or in a controlled manner under physiological conditions, leads to the formation of



H>0; and Oz+— and its subsequent conversion to other ROS [1, 5]. Moreover, ROS
can be produced in endoplasmic reticulum during oxidative protein folding. Another
important source of ROS are NADPH oxidases (NOXes), enzymes localized to cellular
membranes. NOXes are key component of the phagocytic cells used for pathogen
killing during the immune response [5]. Additionally, ROS can be produced as
secondary products of some biochemical reactions, such as activity of superoxide
dismutases, myeoloperoxidases, in prostaglandin synthesis by cyclooxygenases,
during B-oxidation of fatty acids in peroxisomes, by detoxification of drugs by
cytochrome P450 or by Fenton reaction [1, 2, 5, 9] (Table 1). Moreover, reactive
oxygen and nitrogen species can be generated and subsequently accumulated as a
result of the exposure to a number of environmental factors, including the air pollution,
tobacco smoke, ionizing radiation, UV, X-rays, heavy metals, drugs and even certain

psychological stressors [5](Fig.1).

ROS are very reactive and can reversibly or irreversibly modify the different
range of biomolecules, including DNA, proteins and lipids, and thus alter their
functions. The thiol-based modification of target proteins is the main mechanism by
which RONS regulate redox signalling in cells [2, 10]. A closer look at the data
combined in the Table 1 indicates that proteins containing cysteine residues are very
susceptible to oxidation. ROS can cause cysteine modifications, such as
glutathionylation, nitrosylation, persulfidation or formation of intramolecular and
intermolecular disulphide bridges that affects the protein functions [2, 10]. Besides
cysteine thiols, residues of other amino, such as tyrosine, methionine, arginine, lysine,
proline and iron-sulphur (4Fe-4S) clusters are ROS interaction targets [2, 5].
Additionally, excessive oxidative stress, induced by ROS mediated fatty acids
peroxidation, changes the integrity of lipid bilayer and subsequently leads to cell death.
Moreover, DNA functionality and stability can be greatly affected by ROS activity.
Especially, the oxidation of guanine and adenine have an influence on the DNA

methylation, telomere length and can contribute to the ROS-triggered tumorigenesis

[5].

Mitochondria are complex double-membrane, semiautonomous organelles
involved in many crucial cellular functions (64-66,74)[11-14]. Mitochondria consist
of the outer membrane (OMM)), intermembrane space, inner membrane (IMM), cristae

structures, which are formed by protrusion of IMM and matrix (Fig.2). The main role

4



of the mitochondria is the ATP production in the process of oxidative phosphorylation
and generation of NADH in tricarboxylic acid cycle (TCA). Oxidative
phosphorylation takes place on IMM, whereas the tricarboxylic acid cycle occurs in
the mitochondrial matrix [15]. Besides its function in energy conversion, mitochondria

also regulate the redox homeostasis, calcium signalling and cell death[11-13, 15, 16].

Intermembrane space Cytochrome ¢

Complex IV
Complex I '

Mitochondrion

Complex I Complex III

Matrix ATP synthase

Figure 2 Schematic illustration of electron transport chain of mitochondria. Created with
BioRender.com

Mitochondria are dynamic structures that can change their shape and
morphology during cell cycle, depending on metabolic state or in a response to various
stimuli in the processes called fission and fusion [16, 17]. Under normal physiological
conditions, mitochondria are tubular and continuously divide and fuse. However,
under stress stimuli, especially under oxidative stress, mitochondria become roundish,
forming giant spheres or hyperfused structures [17]. The balance between fission and
fusion is crucial for maintenance of the normal mitochondrial homeostasis. These
processes are tightly regulated by specific proteins, e.g., Drpl, Mff, Fisl,
MIEF1/MiD51, MIEF2/MiD49 (regulate fission) and OPA1l, Mfnl, and Mifn2
(regulate fusion) [16]. Moreover, mitochondrial dynamics is associated with
mitochondrial quality control mechanism. It has been shown that the mitochondrial
fusion results into renewal of impaired mitochondria by joining of compartments of
healthy and damaged mitochondria [18]. However, when the damage is extensive,
dysfunctional mitochondria are removed from the cells in the process known as
mitophagy, mitochondrial autophagy [19, 20]. It is worth noting that recently new
mitochondrial quality control process has been described in migrating cells, known as
mitocytosis [21]. During mitocytosis, damaged mitochondria are transported to the

periphery of the cells and released in vesicles called migrasomes [21].



Moreover, mitochondrial fission is associated with segregation of mitochondria
during cell division [14] and also with cell death activation [11, 16, 22]. In general,
mitochondria are crucial regulators of the intrinsic apoptotic pathway. The
mitochondrial outer membrane permeabilization (MOMP) driven by proteins BAX
and BAK of B cell lymphoma 2 (Bcl-2) protein family is required for the apoptosis
execution. This leads to cytochrome c release from mitochondria to cytosol and its
binding to adaptor molecule apoptotic peptidase activating factor 1 (APAP1) and
formation of complex called apoptosome. Further, apoptosome cleaves the caspase-9,
which activates the executioner caspases 3/7 and triggers the apoptosis [22]. Besides
their function in apoptosis, mitochondria are also involved in the other types of
regulated cell death, such as necroptosis, ferroptosis and pyroptosis [22].
Dysregulation of mitochondrial homeostasis and changes in their function are linked
with development of different types of diseases, including diabetes, neurodegenerative
disorders, heart failure, changes related to aging and cancer [23, 24]. Especially,
excessive ROS production and oxidative stress, MOMP and formation of mitochondria
permeability transition pore (MPTP), impairment of calcium homeostasis and
inflammation are contributing to the majority of pathologies [23, 24]. Thus, it is not
surprising that, recently, several therapeutical approaches have been developed for
selective targeting of mitochondria [25]. Nevertheless, despite the extensive research

in this area there is still a number of challenges that has to be solved[25].

ROS act as double-edge sword in cells, at low levels can positively regulate
cellular proliferation and growth. However, the increase in the ROS production and
subsequent decrease of the scavenger molecules impair the cellular redox balance and
induce oxidative stress, that may result into the cell death [2, 9]. In order to maintain
cellular homeostasis, eukaryotic cells developed several mechanisms to regulate ROS

generation and their levels at physiological concentrations (Table 2).

Table 2: Enzymatic and non-enzymatic antioxidants involved in the ROS regulation.

Antioxidant Function Ref.
@ Catalase Decomposition of H,O, to water [26]
‘§ .§ and oxygen
g‘ :g Glutathione peroxidase Reduction of H,O; to water [27]
= é (GPx) Reduction of lipid peroxides to
alcohols




Superoxide dismutase Dismutation of O,*— to H,O, and [28]

(SOD1, SOD2, SOD3) to oxygen
Thioredoxin (Trx) Redox signalling control [29, 30]
Restoration of eNOS function
Heme oxygenase (HO) Degradation of heme to CO, [31]
biliverdin/bilirubin,

free ferrous iron

Peroxiredoxins Reduction of peroxides [29, 30]
(Prx)

- Glutathione Maintain the redox balance in [30]
,:l% cells
g Glutathionylation
E Uric acid ROS scavenger [29]
"E Bilirubin ROS scavenger [31]
E* Vitamin C and E ROS scavengers [29]
m: N-acetylcysteine ROS scavenger [32]
2 Precursor of Glutathione

In a series of reactions, RONS are reduced to more stable and less reactive form
by antioxidants [29]. The knowledge of antioxidants action is crucial in order to reveal
the subcellular mechanism of ROS. As it is seen from the Table 2, there are two
subtypes of antioxidants, enzymatic or non-enzymatic involved in the ROS
scavenging. Enzymatic antioxidants, such as catalase, glutathione peroxidase,
superoxide dismutase, thioredoxin, heme oxygenase and peroxiredoxins act

selectively and convert the specific ROS into less reactive product [33, 34].

1.1.1. Role of oxidative stress in progression of different pathological
conditions
The increased production of RONS together with reduced capacity of antioxidant

system may lead to disruption of redox signalling and induction of oxidative stress. It
is widely accepted that oxidative stress is associated with pathophysiology of many
diseases, including cardiovascular and neurodegenerative diseases, ischemia-
reperfusion injury, many metabolic disorders and cancer [1, 2, 9, 35, 36]. Indeed,
cancer cells display higher rate of aerobic glycosylation accompanied with oxidation
of pyruvate in mitochondria, known as the Warburg effect [37]. Moreover, due to
transformation in metabolism and signalling, cancer cells have endogenously higher

levels of ROS in comparison with normal cells [1] (Fig.3). As noted above, certain



ROS levels may alter the structure and function of cellular macromolecules and thus
induce the mutations leading to initiation and progression of cancer. However,
compelling evidence suggests that, excessive ROS levels can suppress the tumour

growth and metastasis spreading [38, 39].

Cell death
A Threshold l
A
ROS =
o
level =
Sl B=
ENe
E 5 .__* Anti-oxidants
" Pro-oxidants
NOII‘)I:EIHFCESOX ROS prOduCtiOn [: Endogeneous ROS
Normal cell Cancer cell - Exogeneous ROS

Figure 3 Comparison of the redox status in normal and cancer cells. Adapted from ref.[1]
Created with BioRender.com

Number of factors regulates the reprogramming of the redox signalling and
metabolism in cancer cells. Because of the increased rate of proliferation, cancer cells
require more extensive ATP production, that leads into higher ROS accumulation. In
order to manage the oxidative stress, cancer cells need to adapt the antioxidant system
[1]. Keap1/Nrf2 pathway is one of the major regulators of the redox homeostasis [40].
Under normal conditions, Nrf2 binds to Keapl and is localized in cytosol, where it is
ubiquitinated and degraded in proteasome. Contrary, during oxidative stress cysteines
of Keapl are oxidized, which leads to Nrf2 dissociation from Keapl and its
translocation into the nucleus [41]. In the nucleus, Nrf2 binds to antioxidant responsive
elements (AREs) and triggers the expression of genes involved in the detoxification
and oxidative stress scavenging, e.g. glutathione and thioredoxin [40]. Due to Nrf2
function in redox balance maintaining, it has been widely accepted that Nrf2 act as
tumour suppressor [42]. However, recent studies have shown that the Keapl/Nrf2
pathway is contributing to cancer metabolic rewiring and progression [43, 44]. It is
worth noting that many cancer types possess different mutations in KEAPI and NRF?2
genes, that supports their association with tumorigenesis [45-47]. Moreover, the most
frequently mutated gene in human cancer is 7P53, occurring in almost half of all

tumours [48]. The vast majority of the mutations are missense, localized in the DNA-



binding domain, resulting into the expression of dysfunctional protein [49]. Normal
wild type of p53, besides its function as genome guardian, is involved in redox
homeostasis[50]. Depending on the conditions in the cell, p53 may trigger the
expression of anti-oxidant genes, such as GPx1, GLS2, TIGAR, p21 and SESN2, or
pro-oxidants genes, such as Puma, Bax, Noxa, PIG3, FDXR, and SCO2 [50]. On the
other hand, mutant p53 (mutp53) stimulates the cancer progression and promotes
metastasis and chemoresistance [49]. Further, in cancer cells, mutp53 raises the
glucose uptake and shifting the cellular metabolism towards aerobic glycolysis[51].
Moreover, to induce the transcription of antioxidant molecules, mutp53 has the ability
to interact with Nrf2 protein and thus protect the cancer cells from oxidative stress and
cell death [49, 50]. It is worth mentioning that mutated p53 is very often connected
with poor patients’ prognosis in many cancer types, including hepatocellular

carcinoma[52].

1.1.2. Oxidative stress and liver pathology
The liver is an important organ, responsible for the detoxification of xenobiotics, drugs

and alcohol. ROS production is a typical by-product of such detoxifications as a result
of series of oxidative reactions. In the liver, RONS are produced by mitochondria and
cytochrome P450 in the hepatocytes; and by activation of NADPH oxidases in
neutrophiles and Kupfer cells [53]. Malfunction of physiological processes of the liver
may lead to redox imbalance and oxidative stress. It is widely accepted that oxidative
stress disrupts the normal liver function and largely contributes to the development of
many metabolic and proliferative liver diseases [53]. Correlation between liver
damage and impaired redox homeostasis has been shown in many reports involving

patients with different diagnosis [54, 55].

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic
liver conditions in Western nations [36]. The main cause of NAFLD is the increased
triglycerides accumulation in the liver. Moreover, recent studies suggest that oxidative
stress, especially ROS produced by fatty acid oxidation, B- and ®- oxidation are
contributing to the NAFLD development [56]. Under certain conditions, NAFLD can
be transformed into more aggressive non-alcoholic steatohepatitis (NASH), which is
accompanied with inflammation, liver injury and fibrosis [56]. Different factors are
contributing to the NASH progression, including lipogenesis, insulin resistance,

mitochondrial accumulation of cholesterol, endotoxemia, oxidative stress and others



[53, 56-58]. Moreover, drug misuse or overuse may lead to drug-induced liver injury
(DILI) [59]. Further, NASH may develop into cirrhosis and eventually hepatocellular
carcinoma (HCC) [57]. The liver cancer is the sixth most frequently occurring cancer
worldwide [60, 61]. 90% of all cases are hepatocellular carcinoma with different
aetiology. There are many risk factors that are contributing to the pathophysiology of
HCC, such as genetic predisposition, cirrhosis, alcohol, obesity, diabetes mellitus,
metabolic-related NASH or hepatitis B (HBV) and hepatitis C (HCV) virus infections
(Fig.3)[60, 61]. During the HCC progression, hepatocytes gather different
chromosomal aberrations and DNA mutations. The most common are the mutations in
TERT promoter leading to telomerase activation. In addition, mutations accumulate in
genes involved in the cell cycle control, proliferation and metabolism regulation, e.g.,
TP53, PTEN, Wnt—f- catenin signalling pathway, AKT-mTOR and MAPK pathways
[52]. It is worth noting here that hypoxia promotes the tumour growth, angiogenesis,
survival, spreading and invasiveness of cancer cells [53]. Specifically, the production
of hypoxia-induced mitochondrial ROS may lead to activation of NF-«xB and HIF-1a
[62, 63] and thus contribute to the cancer progression. On the other hand, excessive
ROS generation post glutathione depletion may shift hypoxia from a pro-survival to a
pro-death by activating necrosis [64]. Additionally, changes in cholesterol
metabolism, especially cholesterol accumulation in mitochondria, support the solid
tumour growth by shifting cancer metabolism towards aerobic glycolysis [63] and
contribute to the resistance to chemotherapy[65]. Moreover, malfunction of iron
metabolism and its accumulation in the liver is associated with oxidative stress in
hereditary hemochromatosis and other liver diseases[66]. Understanding the specific

signaling pathway is essential for the successful development of therapeutic approach.
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Fig. 4 Different stages of liver pathology. Arrows indicates progression of liver damage.
Different factors contributing to the HCC. Created with Biorender.com.

1.1.3. Redox balance modulation as a therapeutic approach
We may conclude from previous chapters, that ROS and oxidative stress play crucial

role in both normal functions of cell and different pathological conditions. Therefore,
it i1s not surprising that ROS-mediated signalling and redox modulation are being
utilized in certain therapeutic strategies [1, 39]. For example, cancer cells possess
higher basal level of ROS and impaired redox state (Fig.3). Hence, the use of
exogeneous antioxidant may inhibit the tumour growth and stop the cancer spreading.
It has been shown that the vitamin E supplements may potentially decrease the liver
cancer risk [67]. However, other studies indicate that antioxidants action contribute to
the tumorigenesis and development of drug resistance [68, 69]. Alternatively, the
depletion of ROS may lead to cell death inhibition and tumour progression [68]. It is
worth noting here that in order to adapt to redox changes, cancer cells may induce the
activation of redox sensitive pathways, such as Nrf2, NF-kB, HIF1, c-JUN and thus
increase endogenous levels of antioxidant and pro-survival molecules [1]. Thus, the
elevation of oxidative stress by exogenous ROS-producing agents simultaneously with
antioxidant system inhibition might be an effective therapeutic strategy in selective

killing of the cancer [1].
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Currently, there is a number of agents modulating the redox system of cancer
cells under the investigation in clinical trials or already approved by the FDA and used
in clinic (Table 3). Moreover, as the research is progressing, new promising
therapeutic approaches have emerged, such as non-thermal plasma treatment and

photodynamic therapy [70, 71].

Table 3: Selected therapeutic approaches used for cancer treatment modulating the

redox system.

Treatment entity Type of Cancer Mechanism of action Ref.
5-fluorouracil (5- FU) Colon, rectal and head- Elevation of O, level [72]
neck cancer Incorporation into DNA/RNA

Anthracyclines Various types of cancer Generation of free radicals via [73]

(Doxorubicin, ETC and Fenton reaction

daunorubicin or Inhibition of telomerase 11

epirubicin)
NOV-002 HER2-negative breast Changes in glutathione [74]
cancer homeostasis
Sulfasalazine Pancreatic and lung Inhibitor of cysteine/glutamate [75,
cancer transporter XCT 76]
Cisplatin Ovarian cancer Changes in ETC activity [77]
Non-small lung cancer Production of ROS
2-methoxyestradiol Neuroblastoma Generation of free radicals [78]
(2-ME) Loss of mitochondrial membrane
potential
G202 Prostate cancer Increased level of ROS and [79]
calcium
Celecoxib Prostate cancer ER-mediated ROS production [80]
Inhibition of cyclooxygenase 2
(Cox2)
Bortezomib Head and neck squamous ER-mediated ROS production [81]
cell carcinoma
Arsenic trioxide Myeloma, Leukemia Generation of free radicals [82]
Inhibition of cellular respiration
Ionizing Irradiation Various types of cancer Breakage of the chemical bonds [83]
by irradiation
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Generations of free radicals and
ROS
Non-thermal Plasma Various types of cancer ROS generation [70]
Photodynamic therapy Various types of cancer Effects of light and [71]
(PDT) photosensitising molecule

Currently, physics-based treatment modalities represent provocative and
leading-edge developments of novel therapeutic strategies [84, 85]. From Table 3 one
can clearly see that there is a number of physics-based approaches aimed to modulate
redox balance. In following chapters, we will overview actively researched external
physical cues intended to be applicable as therapeutic strategies for modulation of
redox balance, i.e., non-thermal plasma and laser irradiation. We selected those
physical cues because they are actively researched and hold great opportunities for the
development of future therapeutic modalities. However, those approaches need to
prove their effectivity in evidence-based medicine (EBM) controlled health care

systems.

1.2. Nonthermal plasma interaction with cancer cells

1.2.1. Generation and characterization of non-thermal plasmas
In 1879, William Crookes described the plasma as forth state of matter for the first

time [86]. With increased energy, the form of matter converts from solid to liquid, to
gas and to plasma (Fig.4). The term plasma has been introduced into field of physics
by Langmuir and Tonks in 1929 [87]. Plasma is defined as quasi-neutral ionized gas,
consisting of charged particles and atoms. Depending on the temperature of the
particles, plasma can be classified into high-temperature (HTP) and low-temperature
(LTP). Further, LTP can be subdivided into thermal and non-thermal [88]. The thermal
plasma can reach the thermodynamic equilibrium because the temperatures of heavy
particles and electrons are very similar. In non-thermal plasma the temperature of
heavy particles is lower in comparison with the electron temperature [89]. Thus, the
temperature of whole system is less than 40°C. This type of plasma has been applied
for various biomedical applications (e.g., wound healing, bacteria eradication, dental
hygiene, blood coagulation, angiogenesis suppression, cancer treatment [86, 90-92]

due to treatment of living cells or tissues without inducing the thermal injury [86].
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Figure 5 Four states of matter. From the left solid, liquid, gas and plasma. Created with
Biorender.com.

Ionization, the process of ions formation, by which the neutral atoms loss or
gain the electrons, is needed for plasma generation. Neutral gas is ionized by using
various forms of energy e.g., thermal or electrical energy, UV light, gamma or X-ray
electromagnetic radiation[93]. Different methods of non-thermal plasma generation
have been developed for biomedical applications. The most commonly used methods
are dielectric barrier discharge (DBD) and atmospheric pressure plasma jet (APPJ)
[88]. Briefly, DBD consists of two metal electrodes that are covered by dielectric
material. Gas is ionized to plasma in between high voltage electrode needed for the
discharge and the grounded one[86]. Nowadays, many different configurations and
device settings have been developed for NTP generation. One of them is so called
floating-electrode DBD (FE-DBD), where the second electrode is replaced by living
tissue or another sample allowing direct application [94]. DBD devices have shown
promising results in effective blood coagulation and bacterial decontamination[94,
95]. However, it is worth noting that direct application of high voltage to the cells or
tissue may alter their functionality. This issue is prevented in APPJ, another regularly
used plasma device in biomedical applications [88, 89, 96]. The main advantage of
APPIJs is the scalability of the jet, which enables changes in size, working gas or in
physical parameters (e.g., voltage) [97]. Despite the huge variability of settings,
principle stays relatively the same; plasma is generated between two electrodes and
carried in a gas flow to the desired area. Many different types of APPJs have been
developed, from small plasma needles and pencils to big plasma torches [98, 99].
Scalable size of APPJs enabled their effective use in treatment of small areas and
cavities and also in large-scale treatments using multiple jets approach [99, 100]. Ar-
based kINPen, the most studied APPJ device, showed a great potential in wound

healing, bacterial decontamination and tissue regeneration [70]. It is worth noting that
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kINPen MED received CE certification as a medical device for the treatment of wound

and skin diseases associated with pathogens in 2013 [70].

1.2.2. Possible mechanisms of action
As noted above plasma is a chemical cocktail consisting of uncharged particles, ions,

UV photons and reactive oxygen and nitrogen species. Nowadays, there is a consensus
in scientific literature that complexity of plasma and synergistic effect of active
particles are responsible for plasma mechanism of action [70, 88, 89, 101]. However,
it is worth mentioning that the settings of physicochemical parameters of plasma
devices greatly affect biological outcomes of NTPs. Among those parameters are
values of voltage, frequency, input power working gas, flow rate, mode of plasma
generation and exposure time [89, 90, 102-104]. Additionally, the used cellular or
animal model also play crucial role in studies assessing the plasma effects. Despite the
fact, that number of studies have shown the positive effects of NTP in various
biomedical applications, the precise mechanism of action remains elusive. Based on
previous studies we can conclude that there are 3 major factors involved in the plasma-
cell interactions, namely UV radiation, RONS and charged particles [89, 90, 102-104].
It is worth noting that, effects of UV radiation and charged particles are minimal by

NTP treatment of eukaryotic cells [105].

Bactericide properties of UV light have been used for sterilization in
biomedicine over decades [106]. It is generally known, that UV radiation at 260 nm
may cause irreversible damage in DNA structure by formation of pyrimidine dimers.
Moreover, longer exposure to higher doses of UV may lead to increased rate of
mutations and eventually to cell death. Thus, it was logical to explain the plasma
induced bacterial damage as a result of UV radiation[ 107]. We and others have shown
no or only a minor impact of plasma derived UV photons on microorganisms’
decontamination [108, 109]. It is worth mentioning here that it is challenging to
generate UV light with energy sufficient to induce any harmful effects by atmospheric
pressure plasma production[86]. Power measurements of NTP generated UV revealed
that the power density of the emitted UV light is 3 + 1 pW/cm? for He-based NTP and
lower than 1 pW/cm? for air-based NTP when using discharges lower than 10kV [104,
110]. To induce any effect on living cells or tissues we would need to use UV radiation
with at least one order of magnitude higher values [111]. On the other hand, other

studies highlighted the UV as major agent inducing bacterial cell death post NTP
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treatment [112]. This brings us to the main challenge in the plasma field, which is the
huge variability of device settings used for plasma generation, what makes the direct

comparison of results very difficult.

Another important aspect, especially in plasma-induced bacterial
decontamination is the electrostatic disruption of bacteria wall and accumulation of
charged particles on surface of bacteria [113]. Ions excessively accumulating on
surface of bacteria may cause the physical disruption of bacterial wall resulting in
leakage of the internal compartments and subsequent cellular death [89, 113, 114].
Such effect of charged particles may be particularly advantageous by direct NTP
treatment. Direct plasma treatment mode showed higher antimicrobial efficiency over

indirect plasma treatment [115].

Reactive oxygen and nitrogen species are other important components of
plasma affecting the biomolecules [116-119]. The most abundant RONS in non-
thermal plasma are superoxide, hydrogen peroxide, ozone, singlet oxygen, hydroxyl
and organic radicals, nitric and nitrogen oxides, and peroxynitrite [70, 120]. It must be
noted that RONS composition of plasma is very complex and can be extremely
various. It has been shown that there are more than 96 chemical reactions in the air
NTP with additional number of RONS, generated by plasma interaction with liquid
environment [121]. In general, RONS can be classified as long-lived (O3, H2O2, NO>™
NOs",) and short-lived (*OH, O, Oz, 10%, NO+, NO*). Yet, the lifetime of long-lived
species does not exceed the range of milliseconds [105, 120, 122, 123].

Further, the penetration depth of NTP is quite low, up to 2 mm in vitro and only
up to ~400 um in in vivo models[105]. Moreover, the penetration depth of plasma is
strictly dependent on the treatment time and other physical parameters [105, 122].
Thus, the mechanism of action of plasma-mediated ROS has been proposed as a
combination of several follow-up events [105]. Due to the relatively short lifetime and
high reactivity, plasma- mediated ROS interact with biomolecules and form ROS
intermediates. Further, ROS intermediates act as signalling molecules inside the cells

and are primarily responsible for redox system modulation induced by NTP [105].

The majority of the studies agrees that plasma generated RONS are significant
contributors to the eukaryotic cell's response to NTP treatment [116-119]. This is not

surprising because RONS are involved in many cellular processes, from cell
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proliferation, growth to activation of cell death [1, 91, 124-126]. It is worth mentioning
that the outcome is dependent on the RONS concentration and exposure time[2, 9].
The low dosage of compound (RONS) has positive effect and stimulates cell
proliferation whereas the higher dosage induces toxic effects followed by cell death.
This phenomenon is called hormesis [105, 127]. Various studies described the
hormetic response to plasma mediated ROS in different cell lines [105]. Moreover,
Privat-Maldonado et al proposed hormetic response as a reason for NTP utilization in

different areas, from wound healing to cancer treatment [105].

1.2.3. Plasma- cancer cells interaction
During last three decades, non-thermal plasma effects have been demonstrated on

various types of prokaryotic and eukaryotic cells [103, 104, 106] [116-119][112, 128-
131]. NTP may alter cellular signalling on different levels, from inhibition of
proliferation to inducing distinct types of cell death [116-119]. Moreover, growing
number of studies showed that NTP may preferentially kill cancer cells without
damaging the surrounding cells and tissue [131-133]. Overview of selected studies
showing the NTP effects on different cancer types in vitro and in vivo is summarized

in the Table 4 (Table 4).

Table 4: Summary of NTP interaction with cancer models in vitro and in vivo.

Type of Working gas Voltage Cancer Model Signalling events  Ref.
device
DBD Helium with Vp-p~28kV hepatocellular Signs of apoptotic  [134]
0.25% of oxygen carcinoma cells and necrotic cell
Bel7402 deaths
5-FU-resistant
Bel7402/5FU
Spray- Helium and 2kV head and neck Apoptotic cell [135]
type oxygen minimum cancer cells FaDu death via
AP 13kV and SNU1041, MAPK-mediated
NTP maximum SCC, SNU899, mitochondrial
system HN9 ROS
APPJ Air 2kV blood cancer cells Apoptotic cell [136]
U937, THP1, death
RAW264.7
APPJ Argon N.A. 36 tumour cell lines Correlation of [137]
cell metabolism




APPJ

DBD

DBD

DBD

DBD

APPJ

APPJ

APPJ

DBD

APPJ

Argon

Helium

Synthetic Air and
Oxygen

Air

Oxygen

Argon

Argon

Oxygen or nitrogen

Argon

Argon
Argon/Oxygen
Helium

Helium/Oxygen

2-6 kVpp

Inpute voltage

5V

13 kVpp

Inpute voltage

10kV

29 kV
N.A.
a sinusoidal
voltage with a
frequency of
1 MHz

24 kV

17 kV

N.A.

Glioblastoma cells
U87, U251 and
LN229

17 tumour cell lines

Melanoma and
pancreatic cancer
cells
PANC-1, Hmell
MM, HBL MM
triple negative
breast cancer cells
MDA-MB-231
MDA-MB-453 and
normal cells
MCF10A
THP-1, A549 in co-
culture

Jurkat, U-937

C57BL/6 mice
Pancreatic cancer

cells

CD2F1 and
C57BL/6 mice
Melanoma cancer
cells  C57BL/6J

mice

Melanoma cancer

cells C57BL/6 mice
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to resistance to
NTP
Decreased
viability post
plasma- activated
PBS
Apoptotic cell
death in p53-
mutated cancer
cells

ICD

Apoptotic cell
death in cancer

cells

ICD

Apoptotic cell
death
Apoptotic cell
death in tumour

tissue
Inhibition of

tumour growth

ICD

ICD

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]



The selectivity of treatment is crucial for setting up an efficient and safe cancer
treatment. Different hypothesis has been suggested to clarify greater susceptibility of
cancers towards plasma (Fig.6) [131, 133, 148-150].

Cholesterol l

NOX/DUOX | Aquaporines | Plasma irradiation

Figure 6 Schematic illustration of the potential mechanism of non-thermal plasma in
cancer cells. Scheme was created with Biorender.com

As noted above, cancer cells display altered energy metabolism and changes in
redox signalling. Specifically, cancer cells possess higher basal level of ROS in
comparison to normal cells [1]. Thus, different studies postulated that using of ROS-
generating agent, such as non-thermal plasma, would result in selective cancer killing
[148, 149]. However, this turned out not to be always the true, because cancers are
very heterogeneous and may adapt to oxidative stress by enhancing their antioxidant
systems [1]. Another possible explanation of plasma selectivity towards cancer cells
is based on different expression of catalase and aquaporins in cancers[148]. Some
cancer cells possess elevated expression level of aquaporins, i.e., transporters of H>O»
and water[151]. During the NTP treatment, plasma-derived HO, may penetrate into
cancer cells at higher rate in comparison with normal cells and thus may potentially
induce higher oxidative damage [148]. Particularly, it is notable in the cancer cells
with decreased anti-oxidant enzyme expression, such as catalase. However, the levels
of catalase expression in cancer cells may greatly vary among different cancers [152].

Similarly, it has been proposed that higher expression of redox enzymes, such as
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NADPH oxidases (NOX) and dual- oxidases (DOUX), on cancer cell membrane is
contributing to higher sensitivity of cancers to NTP, by enhancing the toxic effects of
NTP-mediated ROS [150]. Recently, Bekeschus et al revealed in their study by using
36 cancer cell lines that neither the aberrant expression of aquaporins nor redox-related
enzymes could explain the cancer cells susceptibility towards plasma treatment [137].
Contrary, they observed higher resistance to NTP- treatment. However, the major
limitation of this study is that they compared just the absolute expression levels of
aquaporins and enzymes, not their activity. In addition, Bekeschus et al proposed
another hypothesis, that the decreased cholesterol content of tumour cell membranes
may provide a gateway for sensitization of tumours to plasma-mediated oxidation and
resultant cytotoxicity [ 137]. Surprisingly, the study found correlation of the cholesterol

level and metabolic activity with NTP treatment resistance of cancer cells [137].

This brings us to the conclusion that despite the years of research, biochemical
and cellular foundations of NTP action remain still not fully understood.
Understanding the precise molecular mechanisms of action of drug or treatment is

crucial for successful implementation into clinical practice [153, 154].

1.2.4. Biomedical applications of non-thermal plasmas
Over the years, non-thermal plasma has shown promising results in different areas of

biomedicine, ranging from microorganisms’ decontamination, wound healing, dental
hygiene, blood coagulation, medical devices sterilization to cancer treatment [ 70, 155].
Despite the wide range of biomedical applications of plasma, so far only pathogen-
based skin diseases treatment and wound healing found the real application in the
clinic [70, 156]. Positive effects of NTP treatment on chronic wounds of patients have
been shown in different randomized clinical trials [157, 158]. Especially, APPJ device
kINPen developed by the INP Greifswald, Germany is one the most used and studied
plasma devices in biomedicine [70]. In 2013, kINPen MED received CE certification
as a medical device for the treatment of wound and skin diseases associated with
pathogens [70]. Nowadays, there are more commercially available NTP devices used
in clinical research [70]. Besides this success, other potential applications of NTP in
biomedicine are currently under the investigation. In recent years, compelling evidence
proposed NTP as a new safe potential tool for targeted cancer treatment [ 155, 159]. It
has been shown that plasma treatment may induce the immunogenic cell death in

cancer cells[140, 142, 160]. However, it is worth noting that the vast majority of the
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studies showed the activation of damage- associated molecular patterns (DAMPs) only
in vitro, without direct validation in in vivo models [161]. Various pre-clinical studies
confirmed that NTP treatment may selectively target the tumour cells or reduce the
metastatic spreading [137, 162]. It is clear that synergistic effect of plasma mediated
RONS is responsible for the anti-cancer activity of NTP [148, 149]. Dysregulation of
redox status of the tumour cells showed promising results in targeted cancer treatment
[1]. Recently, several studies used NTP in combination with conventional
chemotherapy or with other novel techniques [163, 164]. Kaushik et al showed that
plasma treatment in combination with glycolysis inhibition induce cell death in blood
cancer cells [136]. Moreover, Rasouli et al proposed the combination of NTP with

specific nanoparticles as a potential cancer treatment [164].

Despite that substantial progress, there is still a number of questions needed to
be addressed. One of them is the delivery of plasma inside the body to the target place
[70]. Recently, plasma- treated solutions (synonyms plasma-activated solutions,
plasma-enriched solutions...) have gained increasing attention [138, 165]. However,
the composition, shelf life and generation of such solutions have to be carefully
evaluated [164]. Another big challenge, which we highlighted above, is the huge
variability of plasma devices used in biomedical applications. Standardization of the
protocol for plasma treatment will contribute to the faster transition towards potential
clinical application [166]. Even though, non-thermal plasma has shown potential in
cancer treatment, further research is essential in order to reveal the precise mechanisms

of action in specific tumour types.
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1.3. Laser-light interaction with living cells

1.3.1. Characterisation and production of light used in biomedicine
Light is a part of electromagnetic radiation (ER), ranging from gamma rays to radio

waves [167]. As one of the first, in 19" century, Niels Finsen showed the positive
effects of UV-induced phototherapy for treatment of lupus vulgaris [71]. Over the
years, a wide spectrum of electromagnetic waves has been routinely used for
diagnostic or treatment in medicine, from X-rays, gamma rays in computed
tomography (CT) to radio waves in magnetic resonance imaging (MRI) [71]. Thus, it
is not surprising that different applications of light, with its very low photon energy
(0.5-3eV) and non-ionizing properties, are under the investigation [71]. Three major
directions of light-based applications have been established, namely laser surgery,
optical diagnosis and light-activated therapy [71]. In this thesis, we will focus more
closely on photobiomodulation (PBM) or low-level laser (light) therapy (LLLT) and
lasers used in microscopic imaging. Of note, in a laser system, light is emitted in a
process of optical amplification involving stimulated emission of photons. This light
is characteristic by its temporal and spatial coherence [167]. In contrast to laser
surgery, where the photothermal effects are used, in LLLT the major effect is induced
by photochemical interactions [71]. However, it is worth noting that number of factors
may affect the desired outcome, including wavelength, source of the light, treatment
time, power density (irradiance), energy density (fluence), spot size, tissue absorption
characteristics [168]. In general, two categories of low power lasers (power of 0.001-
0.1W) have been used for photobiomodulation: low optical intensity (<10W/cm?) and
high optical density (>>10 W/cm? ~kW/cm?) lasers [71, 123, 167, 169, 170].
Moreover, different values of fluence, energy density, have been reported in various
studies, ranging from 1 to 50 J/cm? [168]. It has been shown that this level is adequate
for induction of photochemical effects [71]. Additionally, higher fluence will
substantially increase the temperature of the treated tissue. Thus, in order to prevent
the thermal damage, fluence lower than 1J/ cm? is used for biomedical applications
[71]. Another very important factor affecting the efficiency of the treatment is
penetration depth, which is directly dependent on the wavelength of used light.
Especially in the skin, the effective penetration depth at which the incident optical
density decreases to~37% is around 50-100um for the UV and blue light (400-450nm),
~ 200-800um for the green light (500-550nm) and 1-3mm for red and near infra-red
light (NIR) (600-1350nm) [71, 123]. It is worth noting that the penetration depth of
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infra-red light above 2000nm is around 50-100pum because of the high light absorption
by water [71, 123]. For this reason, the NIR light found utilization in many areas of

biomedicine.

1.3.2. Light-cells interaction
Light is directly involved in many important physiological processes, from vision,

colour perception, circadian rhythm, metabolism of vitamin D and others [71].
Especially, vision is a very complex process by which light stimuli are collected and
converted into electrical signal in the eyes and transmitted through optic nerves to the
brain. For this purpose, human eye has specialized cells (rods and cones) containing
specific photoreceptor proteins involved in the photons absorption [71]. However,
recent studies showed that even cells without photoreceptors cells might interact with
light non-specifically [171-178]. In general, photons of light are interacting with
biological tissue and cells by two processes classified as scattering and absorption [71].
As the light is absorbed, energy of photons is transformed into vibrational or electronic
energy of the absorbing molecule. The part of the energy which is emitted in the form
of luminescence. Moreover, the scattering might influence propagation path,
polarization and spectrum of incident light. Both light absorption and scattering are

used as a basement for optical imaging methods [71].

Over the years, it has been shown that low power light can affect cells on
different levels [169, 171-173, 179]. Overview of selected studies showing the effects
of low power light on different models in vitro and in vivo is summarized in the Table

().

Table 5: Summary of interactions of low power light on different biological models in vivo
and in vitro.

Properties of light source Model Main outcome Ref.

He—Ne laser 633 nm human lung adenocarcinoma Mitochondria-mediated

Fluence of 120 J/cm2 cells (ASTC-a-1) apoptotic cell death [180]
Output power 4.3 pW

LED light at 620 nm human umbilical cord Enhanced cell [172]

Fluence of 2 J/cm2 mesenchymal stem cells proliferation and

Output power N.A. (hUMSCs) osteogenic differentiation

LED light at 530 nm human orbital fat stem cells Enhanced OFSCs [173]

Fluence N.A. (OFSCs) migration
Output power N.A.
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Laser diode 655 nm
At power 1 mW power
density at a distance of

500 pm 18.7 kW/cm?

46 pW, the power density
was 0.8 kW/cm?
Fluence N.A.
Output power N.A.
Laser at 810 nm
Various irradiances
(W/ecm2)
Fluence N.A.

Output power N.A.
InGaAIP diode laser at

660nm, 30 mW
Fluence of
0.5J/cm?, 16 s

and 1.0 J/cm?, 33 s

Output power N.A.
GaAlAs laser diode at

810nm
Fluence of
0.3 J/em?, 3 J/ecm?, 30
J/em?

Output power N.A.
Diode laser at 810nm
power density at
1 mW/cm? -30 mW/cm?
Fluence of 0.003, 0.03, 0.3,
3 and 30 J/cm?
Output power N.A.
660nm fluence of 5 J/cm?,
and power density of 11.2
mW/cm?)
830nm fluence of 5 J/cm?,
and power density of 10.3
mW/cm?

Output power N.A.
LPLI at 810nm

Human hepatocellular

carcinoma cells Huh7

Human dermal keratinocytes
(HaCaT)
human normal oral
keratinocytes (NOKSI)
57BL/6NCr male mice
Human periodontal ligament

stem cells (hPDLSC)

hDSCs and a rodent pre-
odontoblast cells
Rats (Sprague-Dawley)
Mice C57B6/129SVIJ/FvBN

Murine embryonic fibroblasts

WS1 human skin fibroblast

cells

human oral cancer OC2

cells
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Low dose laser irradiation
led to apoptotic cell death
Higher dose led to CypD-

related necrosis

ROS and thermal damage
Endoplasmic reticulum -

mediated stress response

Enhanced proliferation

ROS production
Differentiation of cells in
vitro
Dentin regeneration in

Vivo

ROS production and

NF-kB activation

Increased diabetic wound

healing

ROS production

[169]

[175]

[171]

[174]

[176]

[177]

[178]



Fluence from 10 to 60 human gingival fibroblast Activation of cell death in

J/em? (HGF) cells cancer cells

Output power N.A.

Detailed analysis of the table 6 shows that studies using light sources with
lower optical density (<10W/cm?) reported various “positive” effects on tested models,
from stimulating of proliferation and differentiation to decreasing the cellular viability
and cell death activation in cancer cells [169, 171, 172, 178, 179]. On the other hand,
utilization of low power light with high optical density (>>10 W/cm2, ~kW/cm2)
induced phototoxic damage and ROS- mediated cell death [167, 169, 175, 176, 180].
One can see the big variability of the outcomes depending on the used parameters.
This brings us to the similar problems and discrepancies as in non-thermal plasma
field, namely variability in the used parameters, difficulties in direct comparison of the

outcomes and lacking precise mechanism of action.

1.3.3. Mechanisms of action of the non-specific laser light interaction
Many studies have shown that low power light may affect the cells and tissues on

molecular level[169, 171-176, 178-180]. However, it is worth noting that physical
parameters and the used cellular or tissue model can greatly influence the desired
treatment outcome [168]. Despite the years of research on low power laser light, the
precise mechanisms of action of nonspecific light interaction with cells are not fully
understood. Based on the current knowledge several hypotheses have been discussed

in the scientific literature (Fig. 7) [71, 167, 181].
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Figure 7 Scheme of the potential mechanisms of laser light non-specific interaction with
cells. Scheme was created with Biorender.com.

Low power light irradiation may trigger series of photochemical reactions in
the cells [71, 167, 182]. At the cellular level the photons of light are absorbed by
various endogenous chromophore molecules [167, 182]. Recently, numerous studies
proposed chromophores of mitochondria as the major sensor of low power light [167,
181]. In particular, complex IV known as cytochrome c oxidase (COX) has been
identified as the main photo-acceptor of LLLT by comparison of the absorption spectra
of mitochondrial complexes to the spectra of light used in PBM [183]. Indeed, COX
shows two absorption peaks, one in the blue spectral range about 380-420nm and
second one corresponding to the red spectral region about 600-660nm [71, 184]. In
fact, COX is a terminal enzyme of electron transport chain catalysing the reduction of
molecular oxygen to water [185]. It has been shown that photobiomodulation may
increase the ATP production, mitochondrial membrane potential, cyclin adenosine
monophosphate (¢CAMP) and ROS generation [167, 181].Especially, photodissociation
of nitric oxide (NO) from its binding sites on heme iron of cytochrome ¢ and copper
centres from COX caused by photons might be responsible for those effects [181].
Another hypothesis involves mitochondrial retrograde signalling as a possible
mechanism of light-cells interaction[186]. Number of signalling events are triggered
by increased generation of ROS, cAMP, Ca?’" and NO resulted from photons
absorption by COX in mitochondria [186]. ROS, cAMP, Ca®" act as signalling
molecules in the cell and activate transcription factors, which leads to the increased
expression of genes linked to cellular proliferation and migration [167, 181, 186]. On
the other hand, when higher fluence (120 J cm2) was used, light irradiation led to
COX inhibition, following by excessive ROS production and mitochondrial induced
cell death in cancer cells [187]. Additionally, it has been shown that Ca** dependent
“transient receptor potential” (TRP) channels are sensitive to light [184]. However, the

precise function of TRP channels in PBM is not completely understood [181].

1.3.4. Biomedical applications of light-based technologies
The ability of light to induce biological response led to development of light-based

biomedical techniques. Light-based technologies have shown promising results in
various clinical applications, ranging from imaging, diagnostics, surgery and treatment
of different diseases [71]. Nowadays, optical technologies are routinely used in

imaging and diagnostics allowing real-time visualization of cells or tissues at high
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resolution [71]. Number of optical techniques have been implemented into the clinical
practise, ranging from light microscopy, spectroscopy-based methods, flow cytometry,
endoscopy to usage of super-resolution confocal microscopes [71]. Additionally, laser
surgery has become a routine technique in different areas of medicine, including
ophthalmology, dermatology and aesthetic medicine, gastroenterology, urology,
otolaryngology and cardiology [71]. It is worth noting that laser surgery uses in
principle photothermal effects of the laser light [71]. On the other hand, LLLT or so
called “cold therapy” uses lasers or LEDs with low power density in order to avoid
heating of the tissue [167]. Numerous studies have demonstrated the positive outcome
of LLLT in wound healing and tissue regeneration; pain reduction and inflammation,
for review see [167]. It has been shown that LLLT may promote wound healing by
enhanced migration of immune cells to the wound site together with increased activity
of fibroblasts stimulating collagen production and neovascularization [167, 188].
Contrary, other studies indicate only minor or no significant impact of LLLT on wound
healing[ 189, 190]. Indeed, there is a lack of properly designed clinical trials assessing
the LLLT effects on wound healing. Moreover, the achieved results are non-consistent
and often contradictory. In fact, a big variability of the parameters used in LLLT makes
the direct comparison of the results very difficult. In addition, LLLT has been proposed
as a therapy for pain relief in patients with chronic pain [167] and for treatment of
various neurological conditions [167]. However, carefully designed randomized
controlled studies and meta-analysis are needed in order to proof the effectivity of
LLLT in clinic. Recently, new applications of laser light in combination with
nanoparticles carrying light- triggered drugs have gained attention in cancer treatment
[191, 192]. Even though, LLLT showed a potential by treatment of various conditions,
further research is essential for better understanding of the precise mechanism of
action. Better knowledge of light- cells interaction together with standardization of the

treatment parameters may accelerate the clinical transition [71, 167].
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1.4. Challenges and perspectives
The application of physics-based techniques into medicine have contributed to the

development of novel approaches for diagnostics and treatment [84, 85]. Discoveries
of X-rays and radioactivity, invention of optical techniques and developments in
electrical engineering and computer technologies caused a revolution in many areas of
modern medicine [84, 85]. Nowadays, new physics-based technologies are under the
investigation as promising tools for diagnostic and therapeutic strategies [85, 123].
However, in order to reach the real clinical application, they have to comply with the
high standards of evidence-based medicine [193]. Figure 8 is summarizing the major

challenges in both fields based on Appendix III and IV.

® N i
Poor clinical Unknown molecular Questionable animal Missing
transition mechanism and cellular models standardisation

Figure 8 Major challenges in the field of plasma medicine and laser therapy. Created with
Biorender.com

Firstly, the molecular and cellular mechanism of action of both non-thermal
plasma and laser irradiation remains elusive [120, 123, 167, 181]. Indeed, ROS are
involved in the cellular response to both NTP and laser irradiation. However, one has
to remember that ROS is just collective name for numerous molecules involved in
many molecular processes [1, 2]. In fact, target verification and knowledge of precise
molecular mechanism are essential for successful clinical implementation of any drug
or treatment modality [120, 153, 154, 194]. Drug approval is very costly and time-
consuming process; thus, the known mechanism of action may save money and time
during clinical trials [ 120, 154, 194]. Understanding the mechanisms of drug/treatment
action at the molecular level has far going implications. It helps to optimize the
therapeutic window of a treatment; enables better dosing for a patient; stratifies clinical
trials; saves the lives of patients. Additionally, it may help by the identification of side
effects and their prevention. In fact, only few studies on NTP and LLLT discussed the
possible side effects of treatments [120, 167].
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Another big challenge is the usage of questionable cellular and animal models.
It has been shown that more than 20% of cell lines are misidentified due to cross-
contamination [195]. Thus, the authentication of the cell lines and regular testing of
mycoplasma contamination, the most common infection of cells, are crucial for

achieving of the reproducible and reliable results [196, 197].

Furthermore, there is a huge variability in the design of NTP and lasers used in
biomedical applications [123, 167]. This variability in physicochemical parameters of
NTP and laser irradiation is directly affecting the biological response to the treatment
[120]. The achieved results are very often non-consistent and contradictory. This
makes direct comparison of isolated studies very challenging. Thus, standardization of
the protocols and clear definition of the dosage for both plasma and laser treatments

will contribute to the faster transition towards potential clinical application [70, 120,
123, 166, 167].
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2. AIMS
Over the years, the implementation of physics-based techniques into medicine have

contributed to the development of novel approaches for diagnostics and treatment.
Recently, new promising therapeutic approaches, namely non-thermal plasma and
low-power light (laser) therapy have gained attention for treatment of various diseases.
During the last decade the number of publications and citations in the fields of
biomedical applications of NTP and LLLT is remarkably raising (Fig. 9, 10). However,
the quality of research outputs is more important than the total number of published
papers. So far, research outputs of biomedical applications of NTP and LLLT show
relatively modest overall quality, accounting for metrics of journals where relevant
studies are published (Fig. 9, 10) and overall scientific quality of outputs [120, 123]

Appendix IIL, IV.
A B

Publication Activity over Years All Years v Citations Trend All Years v

C Top Journals All Years v

Figure 9: Graphs of publication activity (A), citations trend (B) over years and selection of
the top journals (C) in the field of plasma medicine. Adapted from the https.//www.wizdom.ai/
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Figure 10: Graphs of publication activity (4), citations trend (B) over years and selection of
the top journals (C) in the field of photochemistry and photobiology. Adapted from the
https://www.wizdom.ai/

Despite the recent progress of the research on non-thermal plasma and low
level power light (lasers) in various biomedical applications, there is still a lot of
challenges that needed to be adressed. There are challenges with standardization of
treatments, authentification and usage of cell models, lack of no meta-analysis of
clinical outputs. Crucially, there is still fragmental knowledge on potential cellular and
subcellular targets and mechanisms affected by NTP and LLLT. In fact, the lack of a
clear understanding of how the drug and/or treatment works at cellular and molecular

level may lead to dramatic outcomes [194].

This dissertation thesis aims to critically assess the current knowledge in the
field of plasma medicine and LLLT. In particular, it focuses on the interaction and
molecular mechanisms of non-thermal plasma and laser light irradiation in 3 hepatic

cancer cells, namely Alexander (PLC/PRF/S), HepG2 and Huh7.

The work is divided into two parts. Firstly, it aims to analyse the effects of air
non-thermal plasma on Alexander, HepG2 and Huh7 cell lines. The main goal of this
part is the identification of the key molecular targets and description of the cellular

signalling affected by NTP treatment. Second part of the thesis aims to describe the
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impact of high-fluence low power laser irradiation of different wavelengths (398nm,
505nm, 650nm) on Alexander, HepG2 and Huh7 cells. It aims to reveal the molecular

foundations mediating cell-laser nonspecific interactions.

We hope that our critical analysis will help researchers to overcome challenges
and develop in future better controlled, safer, and more robust NTP- and laser-based

treatment modalities.
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3. EXPERIMENTAL PART-METHODS

The presented study is cross-disciplinary and therefore demanding in methodology.
Wide range of methods were used in order to achieve the proposed aims. We briefly
list here major points and description of the used methodology. The more detailed

description and extended materials and methodology part can be found in already

published papers [198, 199],Appendix I, II.

3.1.Cell cultures
Human hepatocellular carcinoma cells Huh7 (Japanese Collection of Research

Bioresources, JCRB) and Alexander (PLC/PRF/5) (American-Type Culture
Collection, ATCC) and human hepatoblastoma cell line HepG2 (ATCC) were used for
all experiments. Briefly, cells were cultivated in Eagle's minimal essential medium
(EMEM, ATCC) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific) and with Penicillin/ Streptomycin (Thermo Fisher Scientific) according to
manufacturer’s recommendations. Cells were maintained in a humidified atmosphere
with 5% CO; at 37°C. Medium was changed once a week. All cell lines were routinely
tested for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit

(Lonza).

3.2.Protein extraction and Western blot analysis
In order to reveal the cellular signalling on protein level we isolated the proteins

extracts as follows. RIPA buffer (Merck Millipore) supplemented with protease and
phosphatase inhibitor cocktails (Sigma Aldrich) was used for extraction of whole cell
lysates according to manufacturer’s instructions and our previously published
protocols [198, 199],Appendix I, II. Briefly, cells were collected from the plates by
scraping, spun down at 500g for 5 min, washed with PBS and once again spun down
at 500g for Smin. After, the pellet of cells was resuspended in 50ul of RIPA buffer
containing inhibitors and incubated at 4°C for 30 min. After incubation, samples were
spun down at 15 000g for 10min and supernatants were collected. Concentration of
the extracted lysates was determined by using Micro BCA (Bicinchoninic acid) assay.
Equal amount of protein lysates was separated by SDS-PAGE (sodium dodecyl
sulphate- polyacrylamide gel electrophoresis). After, the samples were transferred to
the polyvinylidene fluoride (PVDF) membranes. Later, membranes were blocked with
suitable blocking buffer for 1h at RT, following the incubation with primary antibodies

against target proteins overnight at 4°C and by incubation with appropriate secondary
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antibody for 1h at RT. The precise catalogue numbers, dilutions and clones are
specified in the Appendix I, II. For the signal detection, imaging system GBOX
CHEMI XRQ (Syngene) was used. Chemiluminescence was detected by GeneTools
acquisition software (Syngene). GeneTools (Syngene) and Imagel (NIH) software

were used for densitometric quantification of the blots.

3.3.Microscopy
Different types of microscopic techniques have been used in this work.

The routine observation of the cellular morphology has been done by optical light
microscopy using IM-2FL epi-fluorescent system (Optika Microscopes). This system
is equipped with light source type X-LEDS8 with white §W LED, mercury burner 100W
HBO, brightfield, phase contrast and fluorescence filters UV, B and G. In particular,
fluorescence enables visualization of the cellular compartments with high sensitivity
and specificity. IM-2FL epi-fluorescent system (Optika Microscopes) has been used
for detection of apoptosis by the Dead Cell Apoptosis Kit (Thermo Fisher Scientific)

and for visualization of cells in clonogenic survival assay in Appendix .

In order to visualize the cells at better resolution two types of confocal microscopy
have been utilized. Firstly, Nikon Diaphot 200 microscope (Nikon) in combination
with the BioRad MRC 1024 laser scanning imaging system (Bio-Rad) equipped with
a Krypton/Argon laser, which creates three excitation lines co-aligned at 488nm,
568nm, 647nm. Eppendorf micromanipulator 5171 (Eppendorf) adjusted to the Nikon
Diaphot 200 microscope (Nikon) was used for precise manipulation with taper in
Appendix II. Fluorescent images were acquired by acquisition software Lasersharp
2000 v5.2 (BioRad). ImagelJ system (NIH) and Laser-Sharp 2000 software (BioRad)

have been used for image processing and quantification.
This system was utilized in the following experimental work in Appendix [:

e Detection of intracellular ROS and Superoxide wusing Cellular
ROS/Superoxide Detection Assay Kit (Abcam)

e Visualization of mitochondrial membrane potential by JC-1 (TFS) and
detection of mitochondrial related ROS by MitoTracker® red CM-H2XRos
(TFS)

e Activity of Caspase 3/7 by CellEvent™ Caspase-3/7 Green Assay Kit (TFS)
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And in Appendix II:
e Visualization of mitochondrial membrane potential by JC-1 (TFS) and
detection of mitochondrial related ROS by MitoTracker® red CM-H2XRos
(TFS)
e Visualization of lysosomes by acridine orange (TFS) and assessment of
endoplasmic reticulum stress by thioflavin T

e Analysis of cellular viability by the fluorescent live/dead cell assay kit (TFS)

More detailed description of experimental setup, materials, including catalogue
numbers, used dilutions, concentrations and appropriate timing is described in

Appendix L, II.

Further, a brand-new high resolution spinning disk confocal microscopy
[Xplore SpinSR (Olympus) has been used in order to visualize the cells at great details.
The system consists of two major parts, inverted microscope 1X83 (Olympus) and
spinning disc confocal unit CSUW1-T2S SD (Yokogawa). For the fluorophores
excitation 3 different wavelengths were used, 405nm, 488nm and 56 1nm laser diodes.
Confocal images were taken at a definition of 2048 x 2048 pixels or eventually at a
definition 1024 x 1024 for super-resolution images and captured by two digital CMOS
cameras ORCA-Flash4.0 V3 (Hamamatsu). Fluorescent confocal images were
acquired by acquisition software cellSens (Olympus). Image] software (NIH) was used
for image processing and quantification. More detailed description of the imaging

system can be found in [199, 200].
This system was utilized in the following experimental work in Appendix II

e Mitochondrial dynamics by MitoTracker Red (TFS)

e Imaging of Annexin V (Dead Cell Apoptosis Kit, TFS) and caspase-3 (caspase-
3 inhibitor VAD-FMK conjugated to FITC, Abcam)

e Evaluation of mitochondrial permeability transition pore m(PTP)

e Assessment of transient transfection efficiency

More detailed description of experimental setup, materials, including catalogue
numbers, used dilutions, concentrations and appropriate timing is described in

Appendix II.
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3.4.Spectro-fluorometric analysis
In order to measure the absorbance, luminescence or fluorescence signal of the higher

number of samples at the same time in the plate Tecan microplate reader
SpectraFluorPlus (Tecan) was used. This system enables using different combinations

of filters for excitation, emission or absorbance.
This system was utilized in the following experimental work in Appendix [:

e Cell viability using WST-1 assay (Roche)

e Measurement of protein concertation by micro-BCA assay (TFS)

e Detection of intracellular ROS and Superoxide using Cellular
ROS/Superoxide Detection Assay Kit (Abcam)

e Lysosomal stability assay (TFS)

e Activity of Caspase 3/7 by CellEvent™ Caspase-3/7 Green Assay Kit (TFS)

And in the following experiments in Appendix II:

e Cell viability using WST-1 assay (Roche) or AlamarBlue reagent (TFS)

e Measurement of protein concertation by micro-BCA assay (TFS)

Additionally, Tecan microplate reader SpectraFluorPlus was used for the detection of
luminescence by testing for mycoplasma contamination using MycoAlert
Mycoplasma Detection Kit (Lonza). More detailed description of experimental setup,
materials, including catalogue numbers, used dilutions, concentrations and appropriate

timing is described in Appendix I, II.

3.5.Statistical analysis
Quantitative results are presented as £SEM. Sample size was determined by using

statistical approach previously published in [201]. The statistical significance of
differences between the groups was determined using ANOVA with subsequent
application of either Fisher's, LSD or Newman-Keuls test. Differences were
considered statistically significant at *P < 0.05. Detailed description of statistical

analysis is described in Appendix I, II.
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4. EXPERIMENTAL PART-RESULTS
The chapter Results of this thesis is divided into two parts based on the proposed aims.

First part focuses on the interaction of air non-thermal plasma with 3 hepatic cancer
cell lines. It describes the non-thermal plasma device used for treatment of the cells,
its physical and chemical parameters. Further, this part is dedicated to the identification
of key cellular signalling and molecular targets in the hepatic cells post non-thermal
plasma treatment (Appendix ). The second part of the Results describes the interaction
of hepatic cancer cells with laser irradiation of different wavelengths. Moreover, this
part focuses on the identification of cellular signalling and identification of the key

molecular target in hepatic cells post laser irradiation (Appendix II).

4.1.Plasma interaction with living cells

4.1.1. Characterization of plasma device
In order to produce non-thermal plasma for biomedical application we designed the

single jet non-thermal plasma system described previously [103, 104, 108, 114].
Figure 11 describes the designed plasma system, illustrating images of torch and
schematic diagram of plasma nozzle (Fig. 11A,B,E). The specific outline of the device
allows modifications in the plasma composition simply by the using of different types
of gases, e.g. He, air, Ar [103, 104]. In fact, chemical composition of the plasma may
greatly affect the resulted cellular signalling [104]. Thus, in order to assess the
chemical composition, in terms of radicals and particles, of produced air and He
plasma we used the optical emission spectroscopy (OES) [103]. One can see from the
spectra the differences in composition of Air and He plasma. In air plasma observed
peaks correspond to nitrogen and oxygen molecules (Fig. 11C), whereas in He plasma,
peaks correspond to OH, He, O and other active molecules (Fig. 11D)[103]. Detailed
description of method is provided in [103].
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Figure 11: Schematic illustration and the physicochemical parameters of plasma device. (A)

Photograph of the plasma system. (B) Plasma torch. Optical

emission spectrum of (C) helium

and (D) air plasma. (E) Scheme of plasma nozzle. Reprinted from open access article

[103]under the terms of the Creative Commons Attribution L

icense.

Further, we analysed the air and He plasma composition by using the Fourier

transform infrared spectroscopy (FT-IR) (Fig 12). Moreover, we compared the spectra

of air and He plasma with spectrum of ozone, the most abundant chemically active

molecule of plasma (Fig 12)[104].
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Figure 12: FT-IR spectra of air, helium NTPs and ozone. Reprinted from open access article
[104]under the terms of the Creative Commons Attribution License.
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It is worth noting that OES and FT-IR spectra confirmed a high chemical
complexity of produced plasma [103, 104]. Another important issue discussed in the
literature is the penetration depth of plasma, which is greatly dependent on the used
physical parameters [105, 122]. Therefore, we generated tuneable devices allowing
production of “high” and “low” voltage plasma. The detailed physicochemical
parameters of low voltage (LV) and high voltage (HV) plasma device are shown in the

Table 6.

Table 6 Physicochemical parameters of the low voltage and high voltage plasma

devices.
Physical Parameters (unit) High voltage (HV) Low voltage (LV)
Current amplitude (mA) 125 224
Ion density m™ 2.03-10" 2.33-10'®
Frequency (kHz) 22 250
Gas flow (L min™) 4 4
Operating voltage 4740 725
amplitude (V)
Phase shift (o) -24 21
Pulse duration (us) 1 1
Real part of impedance 34.64 3.02
(k€2)
Rise-time of pulse (us) 0.08 0.2

In order to see the penetration ability of produced plasma we analysed the
distribution of ions of He, N, O during plasma production in two bacterial models
[202]. Stopping and range of ions in matter (SRIM) stimulations revealed a distinct
distribution for each ion (Fig. 13). As it is seen from the Figure 13, He ions were able
to penetrate at higher extend into bacterial wall of gram-negative bacteria in
comparison with N and O ions. On the other hand, all ion types accumulated in thick

layer of peptidoglycan of gram-positive bacteria [202].

Summarizing characterization of plasma, we can state that the resultant
physicochemical composition of NTP grossly varies depending on used gas
composition, power, discharge voltage, gas flow rate, jet length, and voltage
frequencies of the device. It is feasible that such degree of variability in
physicochemical composition of NTP may greatly affect biological outcome
modulated by NTP. That is why it is of unmet need to study in detail mechanistic

aspects of NTP-driven cellular responses.
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Figure 13 Representation of SRIM simulations: in-depth profiles of He (green panel), N (red
panel) and O (blue panel) ions penetration into Gram-positive or Gram-negative bacterial
wall models. The total number of ions is 10 000. Reprinted from RCS Advances, Vol. 6 (Oleg
Lunov, Vitalii Zablotskii Olexander Churpita, Ales Jdger,Leos Polivka, Eva Sykovd, Natalia
Terebova, Andrei Kulikov, Sarka Kubinova, Alexandr Dejneka, Towards the understanding of
non-thermal air plasma action: effects on bacteria and fibroblasts, Pages 25286-25292) [202]
Copyright (2016) with permission from Royal Society of Chemistry.

4.1.2. Analysis of cell viability post NTP treatment

Over the years, the anti-cancer effects of non-thermal plasma have been shown on
various types of cancer in vitro and in vivo (Table 5). However, only few studies
compared the NTP effects using distinct cell lines of the same tumour model.
Moreover, only small number of studies analysed the NTP effects on liver cancer cell
lines [139, 203]. In our study, we used 3 genetically and morphologically distinct liver
cancer cell lines HepG2, Huh7 and Alexander and analysed the effects of air non-
thermal plasma treatment. For this study, we chose the air NTP because of its
accessibility and easy handling (Appendix I). Firstly, we analysed the proliferation rate
of Huh7 and HepG2 cells 48h and 72h after plasma exposure (Fig. 14A,B). We
observed time-dependent and dose-dependent anti-proliferative effects of NTP on both
cell lines. Surprisingly, HepG2 cells showed higher level of resistance in comparison

to Huh7 (Fig.15A).
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Figure 14 Plasma treatment induced cytotoxic effects in HepG2 and Huh?7 cell lines.
Survival rate of HepG2 and Huh7 cells analysed by WST-1 reagent 24h (A) and 72h (B) post
plasma treatment. The data were normalized to controls (no exposure), which were set as
100%. Readings were done in quadruplicates, data are presented as mean £ SEM, n=3; *P<
0.05, ***P< 0.001. Reprinted from open access article [204]under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-

ND).

Moreover, we confirmed the cytotoxic effects of NTP by clonogenic assay
which is based on colony formation. Huh7 and HepG2 cells were irradiated with
plasma and 5 days after stained with crystal violet as described in Appendix 1. We
observed the decreased number of colonies of Huh7 post plasma treatment as a sign of
reduced tumorigenicity. Whereas, plasma treatment had only minor impact on colony

formation of HepG2 cells (Figure 15B).
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Figure 15 Plasma treatment reduced tumorigenicity of Huh7. (A)Comparison of survival
rates of HepG2 and Huh7 cells 24- 72h post plasma treatment. Data are evaluated as in Figl4,
##P< 0.01, **P<0.01 (B) Reduced formation of colonies in Huh7 cells post NTP treatment.
As positive control 20%FEthanol was used. Reprinted from open access article [204] under the

terms of the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License (CC BY-NC-ND,).

4.1.3. Detection of cellular ROS and Superoxide
As mentioned above, synergistic effect of chemically active particles is responsible for

plasma-mechanism of action [70, 88, 89, 101]. In particular, RONS are major
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contributors to the eukaryotic cellular response to NTP treatment [116-119]. In order
to see the accumulation of intracellular ROS and Superoxide post plasma treatment we
used two specific fluorescent probes, one for total ROS and one for Superoxide. We
noticed dose-dependent accumulation of both ROS (Fig.16A) and Superoxide
(Fig.16B) higher in Huh7 than in HepG2 cells post NTP treatment. Interestingly, we
observed excessive nuclear accumulation of Superoxide in Huh7 cells (Fig 16C).
Indeed, abundant Superoxide production and accumulation are linked to mitochondrial

damage and following cell death execution [5, 205, 206].
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Figure 16 Accumulation of ROS and Superoxide in HepG2 and Huh7 post NTP treatment.
(A)ROS and (B) Superoxide production in HepG2 and Huh7 cells 6h post plasma treatment.
Accumulation of ROS and Superoxide were measured spectrofluorometrically by using
cellular ROS/Superoxide detection assay kit. Readings were done in quadruplicates, data are
present as mean £ SEM, n =3, ¥***P< (.001.(C)Subcellular localization of ROS/ Superoxide.
Cells were stained with ROS/Superoxide detection assay kit after NTP treatment and imaged
by confocal microscopy. Representative images are shown. 500uM H,O: was used as positive
control. Reprinted from open access article[204] under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND).

In order to verify the involvement of ROS in plasma- mediated response in

cells we used N-acetylcysteine, a well-known ROS scavenger. As it is seen from the
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figure 17 the addition of N-acetyl cysteine attenuated the cytotoxic effects of plasma
(Fig.17).
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Figure 17 N-acetyl cysteine attenuated the cytotoxic effects of NTP. Survival rate of Huh7
and HepG?2 24h post plasma treatment (60s) in combination with NAC analysed by WST-1
assay. Data are assessed as in Fig 14 ***P< (.001. Reprinted from open access article
[204]under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND).

4.1.4. Analysis of mitochondria post NTP treatment
It is widely known that primary intracellular source of ROS are mitochondria and their

electron transport chain (ETC) [5]. Moreover, under stress stimuli, mitochondria
elevate ROS production and induce subsequently cell death signalling (64,68,75).
Indeed, only small number of studies examined the plasma effects on mitochondria of
cells [207]. In order to study the mitochondrial activity in HepG2 and Huh7 cells post
NTP treatment, we used JC-1 staining. Microscopical analysis of cells labelled with
JC-1 revealed changes in mitochondrial dynamics and morphology of Huh7 cells post
plasma treatment (Fig.18A). We noticed the excessive rate of fission, swelling and
increased circularity of mitochondria in Huh7 cells post plasma treatment (Fig.18A).
On the other hand, plasma treatment had no effects on mitochondrial dynamics of
HepG2 cells (Fig. 18A). Moreover, we analysed the mitochondrial membrane potential
(Am®) of cells post NTP treatment by JC-1 staining, which exhibits accumulation into
mitochondria dependent on their potential. Quantification of the total red fluorescence
of JC-1 shows the decreased Am® of Huh7 cells post plasma treatment, whereas no

alterations were noticed in HepG?2 cells (Fig. 18B).
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Figure 18 NTP treatment induced changes in mitochondrial membrane potential and
mitochondrial dynamics. (A)Representative confocal images of mitochondrial shape of
HepG2 and Huh7 cells post plasma treatment marked with JC-1. Cells were stained with JC-
1 5h post NTP treatment. 20% Ethanol for 20 min was used as positive control. Arrows
indicate circulated mitochondria. (B) Quantification of total red fluorescence of JC-1 from
pictures described in A. The data are showed as mean £ SEM, n= 30-50 cells;, ***P< 0.001.
Reprinted from open access article[204] under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND).

In fact, dysregulation of mitochondrial homeostasis and changes in their
function and dynamics are linked with generation of ROS and oxidative stress [17].
Therefore, we labelled cells post plasma treatment with MitoTracker®Red CM-H2
XRos, a fluorescent probe staining specifically mitochondria- originated ROS. This
staining showed elevated level of ROS in both cell lines after plasma, but at

significantly higher extend in Huh7 cells (Fig.19A, B).
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Figure 19 Increased production of mitochondria- mediated ROS post NTP treatment. (4)
Representative confocal images of mitochondrial- mediated ROS of HepG2 and Huh7 cells
post plasma treatment marked with MitoTracker®red CM-H2 XRos. Cells were stained 5h
post NTP treatment, SYTO 13 (green dye) was used to counterstain nuclei. (B)Quantification
of fluorescence intensity from pictures described in A. The data are showed as mean = SEM,
n=30-50 cells; ***P< (0.001. Reprinted from open access article[204] under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC
BY-NC-ND).

Additionally, we assess the lysosomal stability in both cell lines and observed
no changes post NTP treatment Appendix I. Detailed analysis of mitochondria and
lysosomes of Huh7 and HepG2 cells post plasma treatment is described in Appendix

L.

4.1.5. Detection of apoptotic cell death
The previous data set suggested that mitochondria act as main sensor of cells in

response to plasma treatment. It is known that mitochondrial fission is associated with
cell death activation [11, 16, 22], especially with apoptosis. Thus, in order to reveal if
plasma treatment led to apoptosis in Huh7 cells we stained the cells with Annexin V-
AlexaFluor 488 and propidium iodide (PI). NTP treatment induced higher level of
Annexin V binding, a sign of early apoptosis, and only small portion of Huh7 with PI
incorporated in nuclei (Fig 20). Contrary, we noticed slightly elevated accumulation
of PI in the nuclei of HepG2 post NTP treatment, as a sign of late apoptotic stage or
necrosis (Fig. 20). Additionally, we analysed the activation of Caspase3/7 which act
as executionary caspase in mitochondria-mediated apoptotic cell death. Consistently
with the previous data, confocal microscopy imaging (Fig.21A) and fluorometric
analysis (Fig.21B) revealed the Caspase 3/7 activation in Huh7 cells post plasma
treatment without any detectable changes in HepG2 cells (Fig. 21A,B). Detailed

description can be found in Appendix .
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Figure 20 Quantification of the Annexin V and PI in Huh7 and HepG?2 cells post NTP
treatment. Cells were stained with dyes 6h post NTP treatment (60sec), Hoechst was used for
nucleus counterstaining. After, cells were imaged by fluorescent microscope and analysed as
described in Appendix 1. Staurosporine (2 uM) was used as positive control. Data are
presented as means = SEM,n = 5; *P< 0.05, **P< 0.01, ***P< 0.001. Reprinted from open
access article [204]under the terms of the Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International License (CC BY-NC-ND).
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Figure 21 Analysis of Caspase 3/7 in HepG2 and Huh?7 cells treated with NTP.
(A)Representative confocal microscopy images of HepG2 and Huh7 cells stained with

CellEvent™ Caspase-3/7Green Assay Kit and imaged 6h post NTP treatment (60sec).
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NucRed™ Live 647 ReadyProbes™Reagent (red dye) was used to counterstain nuclei.
Staurosporine (2 uM) was used as positive control. Arrows designate nuclear fragmentation.
(B) Quantification of Caspase 3/7 in Huh7 and HepG?2 cells post NTP treatment. Cells were
stained as described in A and fluorescence intensity was measured by microplate reader. Data
are presented as means £SEM,n =4,; ***P< (0.001. Reprinted from open access article
[204]under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND).

Additionally, in Appendix | we examined the effect of NTP on another liver
cancer cell line, i.e., Alexander cells. Plasma treatment led to dose-dependent
reduction of viability of Alexander cells, similarly as in Huh7 cells (Fig.22A).
Moreover, binding of Annexin V and activation of caspase 3/7 in Alexander cells post

NTP treatment confirmed apoptotic cell death (Fig.22B, C).

B Annexin V

Figure 22 NTP treatment induced apoptotic cell death in Alexander cells. (A)Survival rate
of Alexander cells analysed by WST-1 24h post plasma treatment. Data are evaluated as in
Figl4, ***P< 0.001. (B) Representative confocal microscopy images of Alexander cells
stained with annexin V in green, PI in red and NucRed in blue, 6h post plasma treatment
(60sec). Staurosporine (2 uM) was used as positive control. Arrows designate nuclear
fragmentation. (C) Quantification of caspase 3/7 activation in Alexander cells post NTP
treatment. Cells were stained with CellEvent™ Caspase-3/7Green Assay Kit and fluorescence
intensity was measured by microplate reader. Data are presented as means £ SEM,n =4,
**#*P< (.00.1 Reprinted from open access article [204]under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-
ND).
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4.1.6. Analysis of cellular signalling post plasma treatment
In order to reveal the cellular signalling and identify the key molecular targets in Huh7

and HepG?2 cells post plasma treatment we performed the immunoblot analysis. NTP
treatment led to decreased p53 expression in Huh7 cells, whereas there was no effect
observed in HepG2 cells (Fig.23). Indeed, p53 is tumour suppressor and is involved in

cell death activation [50]. However, mutant p53 (mutp53) stimulates the cancer
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progression, promotes metastasis and chemoresistance of many cancer types,
including HCC [49, 52]. Therefore, a number of therapeutic approaches is targeting
the mutated p53 in order to eradicate the cancer. In fact, Alexander and Huh7 cells
possess mutated form of p53, whereas p53 of HepG2 cells is a wild type [208].
Moreover, HepG2 cells have elevated level of an anti-apoptotic Bcl-2 protein, which
is involved in the response to oxidative stress [135]. We noticed the excessive up-
regulation of Bcl-2 protein in HepG2 post NTP treatment, what could be a possible
explanation for higher resistance of HepG2 to plasma (Fig. 23). Additionally, we
analysed the effects of H2O», one of the major components of air plasma, on cellular
signalling of HepG2 and Huh7. Western blot analysis revealed the down-regulation of
p53 in both cell lines simultaneously with transversion of LC3A/B post H>O»,
suggesting the autophagic cell death (Fig. 23).

HepG2 Huh?7
kDa gu kDa éu
> i 85 |aeis e ps3 S
%“ %“
25 —-" Bel-2 25— % |+ Bal2
_ — — <+ LC3A!’B-| §1:z - T _| - - - LC3A/B-| §°‘°
16 <« | C3A/B-lIS,, 13 _ W« LC3A/B-II2e
- 0.6 -
40 —| | - B-actin fu 40 —|S—— - p-actin Bos
a-. Q o o S K[ o 00 .
L L 0 Control S & 0 Control
Qg NS Air NTP Oét' R Air NTP
A H,0, < H,0,

Figure 23 Changes in p53, Bcl-2 and LC-3 protein signalling in HepG2 and Huh?7 cells post
plasma treatment. HepG2 and Huh7 cells were treated with plasma for 60 sec and 4h later
proteins were isolated. Densitometric quantification of p53 and Bcl2 is shown, *P< (.05,
*AP< (.01, ***P< 0.001, mean+SEM, n=3. Actin — control of equal protein loading.
Reprinted from open access article [204]under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND).

In addition, we focus on other proteins involved in the cross-talk of different
types of cell death, namely mTOR1 and STATI1. We observed no changes in mTOR
activity after NTP and H>O»> treatments (Fig.24). On the other hand, we noticed up-
regulation of pSTAT1 in both cell lines after exposure to H>O> and down-regulation
of pSTAT1 in Huh7 post plasma treatment. Contrary, there was no effect on STATI
in HepG2 exposed to plasma (Fig.24A). Detailed description of the western blot
analysis together with full immunoblots are shown in Appendix I. Depending on the

conditions, STATI1 act as a tumour suppressor however it could also contribute to the
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tumour progression [209]. Moreover, we compared the basal expression of p53 and
Bcl-2 proteins in all cell lines and human liver. Protein analysis showed that HepG2
cells have the highest Bcl-2 level among all three cell lines (Fig.24B). In fact, p53 is

highly expressed in Huh7 cells in comparison to HepG2 and Alexander cells (Fig.
24B).
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Figure 24 Changes in mTOR and STAT-1 protein signalling in HepG2 and Huh?7 cells post
plasma treatment. (4) HepG?2 and Huh7 cells were treated with plasma for 60 sec and 4h later
proteins were isolated. Actin — control of equal protein loading. (B) Comparison of p53 and
Bcl-2 protein expression in HepG2, Huh7 and Alexander cells and human liver. Actin — control
of equal protein loading. Reprinted from open access article [204]under the terms of the

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC
BY-NC-ND).

Furthermore, we compared the viability of all tested cell lines after plasma
exposure and revealed that cells with mutated p53, namely Alexander and Huh7 cells
were more sensitive to plasma (Fig.25A). Contrary, HepG2 with their elevated level
of Bcl-2 showed high resistance to cell death- mediated by plasma (Fig.25A). In order
to uncover the Bcl-2 involvement in HepG2 resistance to plasma treatment we used
specific pharmacological inhibitor of Bcl-2. Indeed, in combination with Bcl-2

inhibitor plasma treatment led to excessive cell death in HepG2 cells (Fig.25B).
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Figure 25 NTP treatment led to different response in cells (4)Comparison of viability of
HepG2, Alexander and Huh7 cells post plasma treatment. Cells were analysed 24h after
plasma treatment (60sec) as described in Fig. 14 and Fig.22A. (B) Inhibition of Bcl-2 sensitized
the HepG?2 cells to plasma treatment. HepG2 were treated with NTP (60sec) in combination
with different concentrations of Bcl-2 inhibitor (ABT-737) and analysed with WST-1 after 24h
as described earlier. Data are presented as a meant SEM, n=3, ###P< 0.001, ***P<0.001.
Reprinted from open access article [204]under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND).

In the conclusion, in Appendix [ we revealed the molecular mechanisms of
plasma treatment in human liver cancer cell lines. We showed that cellular response to
NTP-treatment is mediated via p53-Bcl-2 signalling pathway. In Huh7 and Alexander
cells, plasma treatment triggered excessive ROS production, oxidative stress and
mitochondrial damage mediating p53-dependent apoptosis. Whereas elevated levels
of antiapoptotic protein Bcl-2 protected HepG2 cells from cell death triggered by
plasma (Fig. 26).
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Figure 26 Schematic illustration of the molecular mechanisms in Huh7 and HepG2 cells
post NTP treatment. Adapted from figure 11C from [204] Appendix L.

4.2.Laser light irradiation with living cells

4.2.1. Laser light characterization
In order to produce laser light for direct cells irradiation in media we used previously

described system [169] (Fig.27A, B). Optical circuits contain 3 laser diode modules,
LDI-405-FP-20-E-8-SM03-FA-CW, LDI-520-FP-20-E-3-SM03-FA-CW and LDI-
650-FP-20-E-18-SM04-FA-CW (LasersCom, LLC, Belarus) with a fibre output of
blue light at 398nm, green light at 505nm and red light at 650nm respectively
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(Fig.27C). Single-mode optical fibre of the SMF-28 type (Corning) with a reduced
diameter at the output end was used for delivery of the irradiation to the cells [169],

Appendix II.
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Figure 27 (4)Schematic illustration of the system. (B) Schematic illustration of the proposed
molecular mechanisms of laser light irradiation on cells, Am® — mitochondrial membrane
potential. (C) Scheme of the used laser system, LD-laser diode. Reprinted by permission from
Springer Nature Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia
Lunova, Barbora Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria
Egorova, Andrei Kulikov, Sarka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-induced
modulation of the mitochondrial respiratory chain activity: possibilities and limitations, Pages
2815-2838 [210] Copyright © 2019.

Furthermore, we set up the output laser power at ~ 50 uW for all three
wavelengths, which was measured by an optical power meter PM 100D (Thorlabs). In
addition, the laser radiation divergence at wavelengths of 398nm, 505nm and 650nm
at the end of the taper was determined by a beam-profiling camera Spiricon SP620U
(Ophir-Spiricon) (Fig.28A). Based on the divergence of radiation, we assessed the
dependence of the power density (irradiance) in the distance for SO0uW (Fig. 28B). In
a chosen area cells were irradiated with the power density of <1 kW/cm2. The detailed

description of the laser system is presented in Appendix II.
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Figure 28 Characterisation of the laser light (A)Laser radiation divergence at wavelengths
of 398nm, 505nm and 650nm at the end of the taper. (B) Power density of the used taper for
wavelengths of 398nm, 505nm and 650nm. Reprinted by permission from Springer Nature
Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora
Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei
Kulikov, Sarka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the
mitochondrial respiratory chain activity: possibilities and limitations, Pages 2815-2838
[210] Copyright © 2019.

4.2.2. Analysis of cell death post laser irradiation
Over the years, several reports have shown the phototoxic effects of high-fluence low

power (HFLP) lasers on various cellular models (Table 6). In our previous study we
revealed that red laser power of ~ 50 W triggered apoptotic cell death whereas | mW
induced necrotic cell death[169]. Indeed, the laser power of ~ 50 uW is very commonly
utilized in biomedical applications. Thus, in our study we used one laser power of ~
50 uW with corresponding power density of < 1 kW/cm? (Appendix II). Knowing that
such low power laser irradiation of “red” light (i.e., 650 nm) induces signs of apoptosis,
we wanted to uncover in details molecular mechanisms of such apoptotic events and
verify whether that response is wavelength dependent. Therefore, we assessed the
effects of three different wavelengths (398nm, 505nm, 650nm), which are most
frequently used in LLLT, on three hepatic cancer cell lines Alexander, HepG2 and
Huh?7. Firstly, we analysed the impact of laser irradiation on cellular viability by using
LIVE/DEAD® Viability/Cytotoxicity Kit assay. We observed increased cytotoxic
effects of blue (398nm) and red (650nm) laser irradiation on Alexander and Huh7 cells.
On the other hand, green (505nm) laser had no impact on viability of Alexander and
Huh7 cells (Fig.29). Moreover, laser irradiation at neither tested wavelength led to cell

death execution in HepG2 cells (Fig.29).
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Figure 29 HFLP laser irradiation led to cell death execution in Alexander and Huh?7 cells.
(A) Representative confocal microscopy images of Alexander, HepG2 and Huh7 cells post
laser irradiation. Cells were irradiated with laser (50 uW) of different wavelengths 398,505
and 650nm for 1h. Cells were labelled with calcein-AM (green) and ethidium homodimer (red)
of LIVE/DEAD® Viability/Cytotoxicity Kit and imaged by laser scanning confocal
microscopy. NucRed™ Live 647

ReadyProbes™ Reagent (blue) was used to counterstain nuclei. 20% ethanol for 30 min was
used as a positive control. (B) Quantification of fluorescent intensity of calcein-AM and
ethidium homodimer. Data are expressed as mean £ SEM n = 3., **p < 0.01, ***p < 0.001
for Calcein-AM, ###p < 0.001 for Ethidium. Reprinted by permission from Springer Nature
Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora
Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei
Kulikov, Sarka Kubinova, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the
mitochondrial respiratory chain activity: possibilities and limitations, Pages 2815-2838
[210] Copyright © 2019.

Our previous study revealed that red laser irradiation of wavelength 655nm and
similar laser power triggered apoptotic cell death in Huh7 cells [169]. Thus, we focus
on analysis of the biochemical signalling leading to increased cytotoxicity in
Alexander and Huh7 cells post laser irradiation. We noticed the early signs of
apoptosis, the increased binding of Annexin V and Caspase-3 activation, in Alexander
and Huh7 cells post treatment with blue and red laser irradiation. In line with
cytotoxicity data, laser irradiation led neither to Annexin V binding nor to Caspase-3

activation in HepG2 cells. Detailed description and data are shown in Appendix II.
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4.2.3. Analysis of mitochondria post laser irradiation
Over the years, number of studies have proposed mitochondria as the sensor of low-

power light [167, 181]. Previously, we and others have shown that HFLP lasers can
trigger apoptotic cell death in cells via the mitochondrial signalling [169, 178, 180].
Therefore, in order to study mitochondrial involvement in response to laser irradiation

in all three cell lines we used JC-1 staining.
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Figure 30 HFLP laser irradiation induced the changes in mitochondrial dynamics and
mitochondrial membrane potential. Representative confocal images and binarized pictures
of cells post laser irradiation of different wavelengths (398nm, 505nm, 650nm) for 30min and
labelled with JC-1. 20% ethanol was used as positive control. Reprinted by permission from
Springer Nature Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia
Lunova, Barbora Smolkovd, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria
Egorova, Andrei Kulikov, Sdrka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-induced
modulation of the mitochondrial respiratory chain activity: possibilities and limitations, Pages
2815-2838 [210] Copyright © 2019.

By using confocal microscopy imaging, we revealed the drop of red
fluorescence intensity of JC-1 in Alexander and Huh7 after blue and red laser
irradiation (Fig.30). The reduction of red fluorescence is characteristic for decrease in
mitochondrial membrane potential (Am®). Moreover, we observed changes in
mitochondrial dynamics, especially excessive mitochondrial fission in Alexander and
Huh?7 cells (Fig.30). In line with previous data, treatment with green laser did not affect
the mitochondrial function of both cell lines (Fig.30). Additionally, any laser

irradiation did not lead to mitochondria impairment in HepG2 cells (Fig.30).
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Quantitative analysis of mitochondrial membrane potential and dynamics of all cell
lines post laser irradiation is shown in Fig.31. Detailed description of analysis is

written in Appendix II.
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Figure 31 Quantification of mitochondrial membrane potential and dynamics in cells post
HFLP laser irradiation. Images described in Fig.30 were processed and JC-1fluorescence
was quantified. Data are presented as mean £ SEM, n = 3, ***p < 0.001. Analysis of
circularity: data are presented as mean = SEM, n = 30-50 cells, ***p < 0.001. Reprinted by
permission from Springer Nature Switzerland AG. Cellular and Molecular Life Sciences, Vol.
77, Mariia Lunova, Barbora Smolkovad, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan
Jirsa, Daria Egorova, Andrei Kulikov, Sdrka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-
induced modulation of the mitochondrial respiratory chain activity: possibilities and
limitations, Pages 2815-2838 [210] Copyright © 2019.

Next, we aimed to study the effect of laser irradiation only in Alexander and
Huh7 cells, as we did not observe any changes in mitochondria functionality and
viability of HepG2. Moreover, we examined the impact of blue and red lasers, as green
laser irradiation did not affect the cells. Firstly, we were interested in kinetics of
mitochondrial shape and Am® upon laser irradiation. Therefore, we used a brand-new
[Xplore SpinSR10 Olympus super resolution imagining system which enables ultrafast
imaging at spatial resolution of 120nm [211] [212]. Time-lapse images of
mitochondria revealed fragmented and roundish mitochondria 10 minutes after laser

irradiation in both cell lines (Fig.32).
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Figure 32 Kinetic analysis of mitochondria of Alexander and Huh7 cells post HFLP laser
irradiation. Representative super-resolution time-lapse images of mitochondria of cells
irradiated with red and blue lasers. 20% ethanol was used as a positive control. Arrows
indicate mitochondrial fission. Reprinted by permission from Springer Nature Switzerland
AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora Smolkova, Mariia
Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei Kulikov, Sarka
Kubinova, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the mitochondrial
respiratory chain activity: possibilities and limitations, Pages 2815-2838 [210] Copyright ©
2019.
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In addition, we examined the kinetics of mitochondrial membrane potential
upon laser irradiation by using time-lapse ratiometric JC-1 imaging analysis. At the
end, we observed decrease of Am® in both cell lines post blue and red laser irradiation
however the kinetics of the process was different (Fig. 33A). Red laser led to
hyperpolarization of mitochondria in both cell lines around 5™ minutes, whereas blue
laser triggered immediate decrease of Am® in both cell lines (Fig. 33A). Moreover,
the kinetic analysis of mitochondrial specific ROS production showed higher
accumulation of ROS in both cell lines post blue laser irradiation in comparison to red

one (Fig.33B).
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Figure 33 Kinetic analysis of mitochondrial membrane potential and ROS of Alexander and
Huh?7 cells post HFLP laser irradiation. (A)Quantification of Am® kinetics in Huh7 and
Alexander cells post blue and red laser irradiation. Cells were labelled with JC-1 as described
previously; 20% Ethanol was used as a positive control. Data are presented as mean + SEM,n
= 3, t = 0 timepoint was a control, ***p < 0.001. (B) Quantification of kinetics of
mitochondrial specific ROS accumulation post blue and red laser irradiation. Cells were
labelled with MitoTracker® red CM-H2XRos. H>O:(0.5 mM) was a positive control. Data are
presented as mean = SEM,n = 3, t = (0 timepoint was a control, ***p < 0.00.1. Reprinted by
permission from Springer Nature Switzerland AG. Cellular and Molecular Life Sciences, Vol.
77, Mariia Lunova, Barbora Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan
Jirsa, Daria Egorova, Andrei Kulikov, Sarka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-
induced modulation of the mitochondrial respiratory chain activity: possibilities and
limitations, Pages 2815-2838 [210] Copyright © 2019.

Further, in Appendix II we analysed the effects of HFLP irradiation on
lysosomes and endoplasmic reticulum. In fact, lysosomal dysfunction and ER stress
may contribute to mitochondria-related cell death execution [213, 214]. Indeed, we
observed neither ER stress nor lysosomal dysfunction in both cell lines post laser
irradiation at the time-point of Am® changes (Appendix II). In conclusion, our data
proposed that mitochondria are the main effector and sensor in the cellular response to

laser irradiation.

4.2.4. Effects of laser irradiation on mitochondrial electron transport
chain
Next, in Appendix II we performed the analysis of the mitochondrial permeability

transition pore (mPTP) opening, in order to validate the function of mitochondria
impairment in the cellular response to laser irradiation. Thus, we used technique
grounded on accumulation of calcein AM dye and quenching by cobalt ions (Co*")

[215]. Normally, is the calcein localized in all structures of the cell, but the addition of
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Co*" is quenching the fluorescence of calcein outside of mitochondria. Only upon
mPTP opening and permeabilization of mitochondrial inner membrane, is Co®"
penetrating inside the mitochondria what results into quenching of calcein
fluorescence (Appendix II). Our analysis showed no impact of blue or red laser
irradiation on mPTP opening in both cell lines (Fig. 34). Calcein of cells irradiated
with lasers co-localized with mitochondria similarly as in control cells. We observed
calcein quenching from mitochondria only in cells treated with ionomycin (Fig.34).
Further, in order to validate the role of mitochondria-associated ROS in cell death
triggered by laser irradiation, we used Mito-TEMPO, specific scavenger of
mitochondrial ROS [216]. Our data in Appendix II showed that addition of Mito-
TEMPO to cells led to inhibition of mitochondrial-ROS accumulation and stabilization
of Am® in Alexander and Huh7 cells after laser irradiation. Moreover, addition of
Mito-TEMPO rescued Alexander and Huh7 cells from cell death-mediated by laser

irradiation. Data and detailed description are presented in Appendix II.
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Figure 34 Analysis of mPTP opening post HFLP laser irradiation. Representative confocal
images of Alexander (A) and Huh7 (B) cells post blue and red laser irradiation. Cells were
labelled with calcein-AM and MitoTracker® Red in the presence of Co*. 1 uM ionomycin
was used as a positive control. Reprinted by permission from Springer Nature Switzerland
AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora Smolkova, Mariia
Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei Kulikov, Sarka
Kubinova, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the mitochondrial
respiratory chain activity: possibilities and limitations, Pages 2815-2838 [210] Copyright ©
2019.

Taking all data together, in Appendix Il we confirmed the importance of
mitochondria in the cellular response to laser irradiation. However, we were interested
more in molecular mechanisms behind this response. So far, we could not explain that
the distinct kinetic resulted in the same cytotoxic events. In fact, we found a model
combining the cytochrome ¢ oxidase (COX), mitochondria, ROS and cell death [185].
This model proposes that either inhibition or activation of COX may lead to increased
ROS production, hypo- or hyper-polarization of Am® and cell death [185]. Based on
this model, in Appendix II we suggested that blue laser irradiation inhibited the COX
whereas red laser irradiation hyper-activated the COX and finally, both conditions

resulted into cell death (Fig.35).
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Figure 35 Schematic illustration of the suggested model of the action of blue and red laser
irradiation. Adapted from Figure 6D of [210] Appendix II.

In order to confirm the role of COX in the response to laser irradiation we used
two inhibitors and one activator of this enzyme. Firstly, we examined the
mitochondrial ROS production, Am® and viability after treatment with blue and red
irradiation in the presence of specific COX inhibitor, called ADDA-5. Our data
showed that co-treatment of cells with ADDA-5 blocked the mitochondrial ROS
production, stabilized changes in Am® and rescued both cell lines from cell death
triggered by red laser irradiation (Fig.36). The addition of ADDA-5 had no impact on
cytotoxic effects of blue laser irradiation (Fig.36). Furthermore, the co-treatment of
cells with KCN, a non-specific inhibitor of COX resulted in similar cellular response
to laser irradiation. Data are shown in Appendix II. Next, we used the bezafibrate
(BZF), a non-selective activator of COX in order to verify the blue laser irradiation
response. It is worth noting that co-treatment of both cell lines led to increased ROS
level and hyperpolarization of mitochondria (Fig. 37). However, the ROS level and
Am® were stabilized after blue laser irradiation proving its ability to inhibit COX

(Fig.37). In conclusion, we revealed the mechanism leading to different effects of blue
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and red laser irradiation on COX function. Red laser irradiation led to COX activation,

whereas blue laser irradiation inhibited the COX function.
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Figure 36 Analysis of the cellular response to blue and red laser irradiation in the presence
of COX inhibitor. (A)Analysis of mitochondrial specific ROS. Cells were labelled with
MitoTracker® red CM-H2XRos and irradiated with lasers. (B) Analysis of mitochondrial
membrane potential. Cells were labelled with JC-1 and irradiated with lasers. (C) Analysis of
cellular viability. Cells were labelled with LIVE/DEAD® Viability/Cytotoxicity Kit as
described previously. In A, B, C data are presented as mean £ SEM, n = 3, ***p < 0.001,
#itp < 0.00. Reprinted by permission from Springer Nature Switzerland AG. Cellular and
Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora Smolkovd, Mariia Uzhytchak,
Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei Kulikov, Sdrka Kubinovd,
Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the mitochondrial respiratory
chain activity: possibilities and limitations, Pages 28152838 [210] Copyright © 2019.
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Figure 37 Analysis of cellular response to blue and red laser irradiation in the presence of
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COX activator. (A) Quantitative analysis of mitochondrial membrane potential. Cells were
labelled with JC-1 and irradiated with lasers. (B) Quantitative analysis of mitochondrial
specific ROS. Cells were labelled with MitoTracker® Red CM-H2XRos and irradiated with
lasers. In A, B data are presented as mean £ SEM, n = 3, ***p < 0.001, ###p < 0.001. Detailed
description is presented in Appendix II. Reprinted by permission from Springer Nature
Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora
Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei
Kulikov, Sarka Kubinova, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the
mitochondrial respiratory chain activity: possibilities and limitations, Pages 2815-2838
[210] Copyright © 2019.

4.2.5. Up-regulation of Bcl-2 protein stabilized the mitochondria and
protected cells from cell death
Data in previous chapter explained the mechanism of action of blue and red laser

irradiation in Alexander and Huh7 cells. Further, in Appendix Il we were interested in
the reason of HepG2 cells resistance to laser irradiation. We know from the Appendix
I that our three cell lines possess different basal expression of crucial proteins Bcl-2
and p53, involved in cell death regulation. The densitometric quantification of

immunoblots confirmed the highest level of Bcl-2 protein in HepG2 cells (Fig.38).
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Figure 38 Comparison of the different expression of Bcl-2 and p53 proteins in cells. Graphs
presents densitometric quantification of the immunoblots. Data are presented as mean += SEM,
n=3, ###p <0.001. Reprinted by permission from Springer Nature Switzerland AG. Cellular
and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora Smolkova, Mariia Uzhytchak,
Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei Kulikov, Sdrka Kubinovd,
Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the mitochondrial respiratory
chain activity: possibilities and limitations, Pages 2815-2838 [210] Copyright © 2019.

Bcl-2/ B-actin

In order to verify the role of Bcl-2 protein in resistance of HepG2 cells towards
laser irradiation we used specific Bcl-2 inhibitor ABT-737. In fact, co-treatment of
cells with ABT-737 and blue and red laser irradiation induced not only the cell death
(Fig.39) but also changes in Am® of HepG?2 cells (data showed in Appendix II).
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Figure 39 Bcl-2 inhibition restored the resistance of HepG2 cells towards laser irradiation.
(A) Representative confocal images of HepG2 cells labelled with LIVE/DEAD®
Viability/Cytotoxicity Kit and irradiated with the blue and red lasers with or without the
addition of Bc-2 inhibitor (ABT-737).20% Ethanol was used as a positive control. (B)
Quantification of the fluorescence intensity of the images from A. Data are presented as mean
+ SEM (n = 3), ***p < 0.001, ###p < 0.001. Reprinted by permission from Springer Nature
Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora
Smolkova, Mariia Uzhytchak, Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei
Kulikov, Sarka Kubinovd, Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the

mitochondrial respiratory chain activity: possibilities and limitations, Pages 2815-2838
[210] Copyright © 2019.

In addition, we overexpressed the Bcl-2 protein in Alexander and Huh7 cells
by using Bcl-2-GFP plasmid [217] in order to confirm the Bcl-2 function (Fig.39A).
Validation of transfection efficiency, detailed description and full blots are showed in
Appendix II. We observed neither the increased level of mitochondrial mediated ROS
(Fig.40B) nor the cell death (Fig.40C) of Alexander and Huh7 cells overexpressing

Bcl-2 protein after blue and red laser irradiation.
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Figure 40 Bcl-2 overexpression inhibited the cytotoxic effects of blue and red laser
irradiation in Alexander and Huh7 cells. (A) Representative confocal images of the Alexander
and Huh7 cells with overexpressed Bcl-2 tagged with GFP. Hoechst33,342 stain was used to
counterstain nuclei. (B) Quantitative analysis of mitochondrial specific ROS. Cells
overexpressing mock or Bcl-2-GFP were labelled with MitoTracker® red CM-H2XRos and
irradiated with lasers. (C) Analysis of cellular viability. Cells overexpressing mock or Bcl-2-
GFP were labelled with alamarBlue and irradiated with lasers. For B, C data are presented
as mean £ SEM, n = 3, ***p < 0.001, ##p < 0.00. Reprinted by permission from Springer
Nature Switzerland AG. Cellular and Molecular Life Sciences, Vol. 77, Mariia Lunova,
Barbora Smolkova, Mariia Uzhytchak, Kldara Zofie Janouskovad, Milan Jirsa, Daria Egorova,
Andrei Kulikov, Sarka Kubinova, Alexandr Dejneka, Oleg Lunov, Light-induced modulation
of the mitochondrial respiratory chain activity: possibilities and limitations, Pages 2815-2838
[210] Copyright © 2019.

Moreover, confocal microscopy imaging revealed that overexpressed Bcl-2
was localized in cytosol and mitochondria of both cell lines. However, we noticed
prevalent translocation of Bcl-2 to mitochondria upon blue and red laser irradiation
(Fig. 41). In fact, it has been shown that anti-apoptotic protein Bcl-2 may inhibit

apoptotic cell death execution in this way [218].
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Figure 41 Translocation of Bcl-2 protein to mitochondria inhibited the cell death mediated
by red and blue laser irradiation in Alexander and Huh7 cells. Representative confocal
images of cells with overexpressed Bcl.2-GFP, labelled with MitoTracker Red after blue and
red laser irradiation. Reprinted by permission from Springer Nature Switzerland AG. Cellular
and Molecular Life Sciences, Vol. 77, Mariia Lunova, Barbora Smolkova, Mariia Uzhytchak,
Klara Zoﬁe Janouskova, Milan Jirsa, Daria Egorova, Andrei Kulikov, Sdrka Kubinovd,
Alexandr Dejneka, Oleg Lunov, Light-induced modulation of the mitochondrial respiratory
chain activity: possibilities and limitations, Pages 2815-2838 [210] Copyright © 2019.

Taking all data together, in Appendix I we revealed the mechanisms of action of laser

irradiation in three hepatic cancer cell lines. We showed by various methods that Bcl-

2 protein level has a great impact on the cellular response to laser irradiation (Fig.42).

Laser

398nm/650nm l "

Alexander/
Huh7
02_
Mitochondria ° o
damage A LX)

Figure 42 Schematic illustration of the molecular mechanisms in cells post laser irradiation.
Adapted from Figure 8D of [210] Appendix I1.
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5. CONCLUSIONS
The presented dissertation thesis focuses on the mechanisms of action of air non-

thermal plasma and laser irradiation in three hepatic cancer cell lines. The thesis
consists of two main sections, introductory theoretical background and experimental

section.

The first section is summarizing the literature depicting the current stage of
both fields, plasma medicine and laser therapy from biophysical point of view. In
particular, we focused on the mechanism of the cellular response to non-thermal
plasma and laser irradiation. Indeed, the background for the theoretical part represents
two reviews presented in Appendix III and Appendix IV. Here, we critically assessed
the current knowledge in both fields, described the recent progress but also specified

the limitations and challenges.

Second experimental section is divided into two parts. In order to achieve all
goals, various advanced techniques of molecular biology and biochemistry have been
used. In particular, cellular signalling was analysed by different microscopical
methods, from standard optical microscopy to utilization of a brand-new high
resolution spinning disk confocal microscopy IXplore SpinSR (Olympus) and by
western blot analysis. In the first part, we revealed the molecular mechanisms of action
of air non-thermal plasma in hepatic cancer cell lines, namely HepG2, Huh7 and
Alexander. We uncovered that cellular response to NTP is dependent on the p53/Bcl2
signalling pathway. Moreover, we showed that NTP treatment led to mitochondria-
mediated p53-dependent apoptosis in Huh7 cells, whereas elevated level of Bcl-2
protein saved HepG2 cells from NTP- triggered cell death (Appendix I). Second part
of the experimental section described the cytochrome c oxidase as the key cellular
target of high-fluence low power laser irradiation of different wavelengths in above
mentioned hepatic cancer cell lines. We showed that blue and red laser irradiation
induced apoptotic cell death in Alexander and Huh7 cells. Further, we revealed the
mechanism of action of blue and red laser irradiation on COX function. Blue laser
irradiation led to COX inhibition, whereas red laser irradiation activated the function
of COX. Furthermore, we showed that elevated level of Bcl-2 protein protected HepG2
cells from cell death and contributed to the resistance to laser irradiation (Appendix

10).
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We hope that our work and critical analysis will help researchers to overcome
challenges and develop in the future better controlled, safer, and more robust NTP-
and laser-based treatment modalities. Presented work resulted into 4 publications
published in indexed peer-reviewed journals, several conference contributions and

lectures.
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