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Bovine Calf Serum and 1% Penicillin/Streptomycin/Glutamine, all purchased from HyClone
(Logan, UT, USA). MDCK (Madin-Darby Canine Kidney, ATCC® CCL-34™) cells are normal
(non-cancerous) epithelial cells originally derived from a canine kidney which was generously
provided by Dr. Venkat Maruthamuthu (Department of Mechanical & Aerospace Engineering,
Old Dominion University, Norfolk, VA). MDCK cells were grown in EMEM (Eagle’s Minimum
Essential Medium, ATCC, Manassas VA) supplemented with 10% Bovine Calf Serum and 1%
Penicillin/Streptomycin/Glutamine. Cells were seeded in a 75 cm® vented cell culture flask and
maintained at 37 °C in a humidified incubator with 5% CO,. The media was replaced twice a week.
To harvest cells, 1 ml of trypsin-EDTA 0.25% (HyColne, Logan, UT) was used following standard
cell culture protocol [71]. Once a flask had reached a high confluence, it was used to make a cell
suspension with a desired density. A specific amount of the cell suspension was seeded into either
a 96-well, 24-well, or 6-well plate depending on the experimental protocol and the details will be
explained more in the experimental methods (section I1.2). After seeding, cell culture plates were
incubated overnight at 37 °C in a humidified incubator with 5% CO, to provide a complete cell
adhesion to the cell culture plate. Figure 4 shows bright field images of a SCaBER cells and MDCK
cells acquired at 10X magnification. This research received the Institutional Biosafety Committee

(IBC) approval under the title of “Biomedical Use of Cold Plasma”.

Figure 4. Bright field images of SCaBER cells (left) and MDCK cells (right) at 10x magnification.
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II.1.3  Cell Viability Assays

Dye exclusion is a traditional method to assess the viability of cells and trypan blue dye exclusion
staining is one of the most common and standard methodologies. Nonviable cells take the dye in
and turn into a blue color while viable cells remain unstained due to their intact cell membrane
which prevents dye penetration. Therefore, viable cells are easily distinguishable from dead cells.
A 1:1 ratio of trypan blue dye (0.4%) and cells suspended solution was used. The number of live
and dead cells were counted using a hemocytometer under a bright field microscope (ACCU-
SCOPE® 3020). Figure 5 shows an image of SCaBER cells assayed by trypan blue exclusion
assay in which dead cells are differentiated from live cells by their color i.e. bright and colorless

cells are live and dead cells (arrow) are blue.
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Figure 5. An image of SCaBER cells treated by plasma for 2 min after the trypan blue exclusion

assay. Live cells are bright as the dye cannot penetrate into an intact cell membrane while dead

cells are stained (arrow). The image is at 10x magnification.

The second method to assess metabolically active cells was the MTS assay which is a fast and

convenient colorimetric method. Cell viability was measured using The CellTiter 96® AQueous
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One Solution Cell Proliferation Assay (MTS) (Cat#G5421 Promega) following the manufacturer's
protocol. The solution reagent contains a tetrazolium compound [3-(4, 5-imethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron
coupling reagent (phenazine ethosulfate; PES). PES is a chemical stabilizer to enhance MTS
solution stability. Metabolically active cells (presumably by NADPH or NADH) reduces the MTS
tetrazolium compound into a colored formazan product that is soluble in cell culture medium.

In this assay, media in each well of a 96 well plate was replaced by 100 pul of fresh complete cell
culture media and, 20 pl/ well of the MTS solution was added. Cells were placed in an incubator
at 37 °C in a humidified incubator with 5% CO, for 1 hour. Absorbance was recorded at 490 nm
using a microplate reader (AgileReader, ACTGene, Inc.). To quantify the absorbance intensity
acquired from MTS assay, the number of live cells in control samples was counted using a trypan

blue exclusion assay and it was used to calculate cell number densities in PAM treated samples.

I1.2 EXPERIMENTAL METHODS

1I.2.1 Direct Treatment

In this experiment, cells were cultured in a 24-well plate and were exposed directly to the plasma
pencil. Cells were covered with a layer of liquid media during plasma exposure. The schematic of
the setup is shown in Figure 6. SCaBER cells were prepared at a concentration of 5x10° cells/ ml.
One milliliter of the cell solution was seeded in individual wells and the plate was incubated
overnight at 37 °C in a humidified incubator with 5% CO, while cells adherence was monitored.
Before plasma exposure, media in each well was replaced with 1 ml of fresh complete cell culture
media. Each well was treated by the plasma pencil for 2, 3, 4, and 6 min, then samples were
returned to the incubator for later viability analysis. The number of live/dead cells were counted
at 12 and 24 h post-treatment time using the trypan blue exclusion assay. To examine whether the
plasma pencil induces any cell damage immediately after treatment, the viability of SCaBER cells
was measured immediately after direct plasma treatment (0 h). In addition, the effect of helium
gas on cell viability was examined by treating SCaBER cells with a helium gas flow (flow rate of
5 slm) for up to 6 min without plasma ignition. Since no changes occurred in the viability of helium

treated cells compared to the control, it is concluded that helium gas does not impact cells viability.
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Figure 6. Direct plasma pencil treatment of cells seeded in a 24-well plate.

1I.2.2 PAM Treatment

Another method to treat cells was investigated by using plasma activated media which was
produced by exposing cell culture media to LTP. This protocol provides an indirect treatment of a
sample and allows for later application. PAM protocol has an advantage compared to the direct
treatment protocol in which a cell culture plate remains in an incubator during the PAM preparation
time. This can minimize possible temperature-related stress (below 37 °C) in cells. In addition, in
direct plasma treatment one cannot measure the concentration of chemical reactive species in
plasma treated media without considering their mutual interaction with cells.

To make PAM, in all experiments 1 ml of a fresh complete cell culture media in an individual well
of a 24-well plate was exposed to the plasma pencil for the designated exposure time. In PAM
treatment protocol, a suspension of SCaBER cells with a concentration of 4x10° cells/ ml were
prepared and 100 pl of the cell solution was seeded in each well of a 96-well plate.

The plate was incubated at 37 °C in a humidified incubator with 5% CO; overnight for eventual
PAM treatment at a later time. Once the media was exposed to LTP to create PAM, the old media
(which was used to grow cells overnight) on top of cells in a 96-well plate was replaced by 100 pl
of PAM. Cells were then stored in an incubator for MTS assay at 12, 24, and 48 h post PAM
treatment. In the control sample, the older media was replaced with fresh non-plasma treated

media. Figure 7 represents a schematic of PAM treatment procedure.
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Figure 7. Schematic of PAM preparation and cell treatment.

Most conventional cancer treatment methods harm or kill normal cells as well as cancer cells which
engender mild to severe side effects. To understand the practical therapeutic potential of plasma
in cancer treatment, it is crucial to investigate its effects on normal healthy cells.

To evaluate effects of plasma treatment on normal epithelial cells, MDCK (non-cancerous) cells
were studied. Similar to PAM treatment of SCaBER cells, a cell suspension of MDCK cells with
a concentration around 2x10° cells/ ml were seeded in each well of a 96-well plate and were
incubated at 37 °C in a humidified incubator with 5% CO; overnight. The viability of MDCK cells
was monitored at 12, 24, and 48 h post PAM treatment using the MTS assay.

The same media with the same chemical composition which was used to grow the cells was also
used to make PAM i.e. MEM PAM for SCaBER cells and EMEM PAM for MDCK cells. EMEM
PAM was used for treating MDCK cells because this cell line was found to grow better in this type
of culture media and therefore provided the best-growing condition for the control sample. The
chemical formula of MEM and EMEM are slightly different. EMEM contains more amino acid
compounds and 1 mM Sodium Pyruvate while MEM contains 2.2 g/I. Sodium Bicarbonate
according to the manufacturer data sheet. It was assumed that the difference in the composition
does not have a significant effect on the final results and to validate our assumption the H,O, was
measured in both plasma treated media. In addition, Kaushik et al. [72] reported that addition of
10mM Sodium Pyruvate in their investigated media resulted in 20% reduction in the effectiveness

of the PAM. However, ImM sodium pyruvate in the EMEM media is 10 times lower than what
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was used in Kaushik ef al. [72] experiment and accordingly its scavenging effect should be
negligible.

The pH of the cell culture media was measured with an Orion star A216 pH meter (Thermo
scientific, Beverly, MA, USA) before and after plasma exposure. The exposure time was from 1
to 10 minutes. The pH of the untreated media was around 7.4 while the pH of 10 min PAM was
7.4 + 0.4 indicating that PAM remains at buffered pH even after 10 min treatment eliminating the
possibility of acidic side effect on treated cells. In addition, the temperature of the media was
measured before and after plasma exposure with a thermometer and no temperature increase was
observed.

In prior work, it was observed that PAM treatment has a dose-dependent cytotoxic effect on cell
viability which was measured at different plasma exposure time. Similarly, diluting PAM with
non-treated media may reduce the concentration of LTP-generated reactive species and the
effectiveness of PAM against cells. To evaluate the validity of this hypothesis, effects of diluted
PAM on SCaBER cells viability were measured. Because of its pronounced killing effect 4 min
PAM was selected for making aliquoted PAM. MEM PAM was prepared by 4 min plasma
exposure and it was diluted with the untreated media to make the following dilutions: 1:1 (the
portion of PAM to the total volume), 1:2, 1:4, and 1:8. In fact, 1:1 is just 4 min PAM, 1:2 is 1 part
PAM and 1 part media, etc. The Aliquoted PAM was immediately used to treat SCaBER cells
following the same procedure used in PAM treatment and the viability was measured at 12 and 24
h post treatment using MTS assay.

In the next experiment, the potency of PAM against SCaBER cancer cells was compared to that
of an apoptosis-inducing drug, staurosporine (cat# 569397, EMD Millipore Corporation). To
accomplish this, 5x10° cells per ml of SCaBER cells were grown overnight in a 24-well plate.
Then, cells were treated with 1 ml of media that contained 1 pM staurosporine and 1 ml of 4 min
PAM while the control sample did not receive any treatment. Cell viability was analyzed at 10 and

24 h post treatment using the trypan blue exclusion assay.
11.2.3 Aged-PAM Treatment

Reactive oxygen species and reactive nitrogen species generated by the LTP in the gaseous state
or liquid state have specific but different lifetimes. In liquids, some species have very short
lifetimes as low as micro to nanoseconds. These include molecules such as OH radical, superoxide

anion (Oy)), singlet oxygen, and nitrite (NO;") while others have relatively longer lifetime such as



19

hydrogen peroxide and nitric oxide (NO) [73]. Since the anti-tumor effect of plasma is highly
linked to the concentrations and lifetimes of RONS, knowledge of these quantities in PAM is
important as they directly correlate to its efficacy. Therefore, two questions arise: Will PAM retain
its anti-tumor property over time? How long after plasma exposure does PAM remain effective
against cancer cells? Measuring the efficiency of PAM at various times after preparation allows
for an insight into the temporal presence and stability of RONS in PAM.

To investigate the effects of aged-PAM, the MEM PAM was maintained in the dark at room
temperature for a designated time before using it to treat SCaBER cells. In this experiment,
SCaBER cells were prepared similarly to the application of immediate PAM. However, in this
case PAM was stored (or aged) 1, 8, and 12 h before application. The viability of cells was
measured at 12, 24, and 48 h post aged-PAM treatment using MTS assay. Figure 8 shows a
schematic of the aged-PAM protocol.

@ y
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st I h Cells grown in a 96-well plate
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in a 24-well plate 12 h Aged- PAM

Figure 8. Aged-PAM preparation: PAM was stored at room temperature for a designated time

before applying in cell treatment.
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II.3 REACTIVE OXYGEN SPECIES IN PAM

I1.3.1 Types of Reactive Species

Reactive oxygen species are radical or non-radical reactive molecules containing oxygen. ROS are
strong oxidants which react with most biomolecules and could produce a chain of secondary
reactions. Interaction of plasma with cells causes an oxidative stress which is associated with
damage to macromolecules such protein, nucleic acids, and lipids [74]. For instance, hydrogen
peroxide, H,O,, and superoxide, O," _can cause hundreds of modification to proteins. On the other
hand, reactive species are natural byproducts of intercellular reactions such as in metabolic
processes [74]. The two-edged sword role of ROS was revealed by two discoveries in the 1970s
and 1980s; first, the toxic role of superoxide released from phagocytes via NOX enzyme (NADPH
(Nicotinamide adenine dinucleotide phosphate oxidase) and second, the beneficial messenger role
of ROS in peptide signaling [75]. A low concentration of ROS is beneficial for cells and has an
important role in regulating cell signaling pathways and affect cellular processes such as
metabolism, proliferation, differentiation, survival processes (like apoptosis), antioxidant
response, and DNA damage response [42, 74]. However, at higher concentration and when ROS
level overwhelms the cells’ antioxidant capacity, irreversible cell injury or death occurs, depending
on the cell type and environmental conditions. A cell type with a higher antioxidant capacity can
overcome a specific level of ROS that is harmful for another cell type. What is important is the
balance between antioxidant capacity and ROS level and accordingly, one can determine the
consequence of an “oxidative stress” in cells [76]. The followings are the most important ROS in
biological systems: O, , H,O,, hydroxyl radical ("OH), and singlet oxygen O, (lAg).

The existence of the superoxide radical was proposed in 1933 according to quantum mechanics
theory [77]. The superoxide anion is the precursor of the majority of reactions due to its high
oxidation-reduction ability. One of the most famous reactions of superoxide anion is dismutation

reaction in which O," dismutate to hydrogen peroxide:

202'_ + 2H+ — H202 + 02 (1)
Superoxide dismutase (SOD) is an enzyme that catalyzes this reaction in cells. It is an antioxidant
defense mechanism which converts the highly toxic O," into the less toxic H>O, [59]. The

discovery of SOD led to the recognition of ROS biological functions [78].
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Hydrogen peroxide was produced as a disinfectant for the first time in early 1800 and because of
its oxidative properties, it was not considered to have a role in normal cell signaling [78]. Hydrogen
peroxide is commonly used in household products such as bleach-free cleaners, toothpaste, and
hair products. It is an important ROS by being able to penetrate the cell membrane. It is not a
radical species but it intermediates in many reactions and results in more ROS production such as
OH’ [59]. Hydrogen peroxide with an oxidation potential of 1.8 V has a relatively higher stability
than other ROS species [73]. There are four known pathways to detoxify hydrogen peroxide in
cells including glutathione peroxidase, catalase, peroxiredoxin enzymes, and non-enzymatic
method by reacting with thiol proteins [73, 79].

Hydroxyl radical is probably the most reactive ROS. Having the half-life of 10” s in comparison
with the 107 s for superoxide anion and ~60 s for hydrogen peroxide, OH' is probably the most
short-lived ROS [73].

OH’ causes significant damage to biological macromolecules. Hydroxyl radical is a powerful and
non-selective oxidant which can react with almost every organic compound [73]. Formation of

hydrogen peroxide from two hydroxyls occurs as follows:

OH+ OH +M — H,0, + M 2)
Singlet delta oxygen in liquid media has a lifetime in the range of 10™ to 10 s, depending on the
solvent composition. Singlet oxygen is less stable than the ground state oxygen as it is in the
excited state of the oxygen molecule in which two electrons occupy the same orbital with the
antiparallel spins [73]. Singlet oxygen is considered to be cytotoxic to eukaryotic cells, bacteria,
and viruses by its adverse effects on biomolecules such as DNA, proteins, and lipids [80]. Usually,
its generation in biological systems is via photo-excitation in which specific organic molecules
absorb a particular wavelength and produce singlet oxygen [73].
The second important category of biologically reactive species are the reactive nitrogen species
(RNS) such as nitric oxide (NO or NO"), nitrite (NO, ), nitrate (NO3 ), and peroxynitrite (ONOO").
Reactive nitrogen species react to form different products containing nitrogen oxides such as
nitrated fatty acids. Other than oxidizing of macromolecules, RNS play roles as signal transduction
mediators. These products can then react to make a cascade effect in biochemical cycles. For
instance, a presence of nitrite in human perspiration in a slightly acidic environment of skin will

create NO which acts as an antibacterial [81]. NO is an important reactive species in cell signaling
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pathways. NO is a diffusible radical which is involved in the circulatory system and results in
widening of blood vessels (vasodilation) and also its by-products play role in the nervous system
functions [82]. It is also the precursor of many reactions such as the formation of NO,"and ONOO™
[73]. Peroxynitrite protects organisms from pathogens; however, its overproduction is harmful and
leads to oxidation of proteins, lipid peroxidation, and DNA and mitochondrial damage [82].

As it is described above, some of the LTP-generated species have short lifetimes and cannot
penetrate deep into liquid media. However, due to their high reactivity, they interact with the liquid
and generate relatively stable long-lived species in the bulk of the liquid. These include hydrogen
peroxide, nitrites, nitrates, and organic peroxides. In particular, hydrogen peroxide is known to
cause various oxidizing reactions in biological cells, including the peroxidation of lipids and
induction of DNA damage. Hydrogen peroxide is also known to play a role in mitogenic
stimulation and cell cycle regulation [83, 84]. Because of the ability of hydrogen peroxide to
penetrate the cell membrane and its relatively long lifetime, its concentration was measured over

time in PAM.
11.3.2 Measurements of Hydrogen Peroxide in PAM

To measure the concentration of hydrogen peroxide generated in PAM, an Amplex red hydrogen
peroxide assay kit was used (Molecular Probes, Invitrogen, Burlington, Ontario, Canada). This kit
contains an Amplex red reagent, dimethylsulfoxide (DMSO), 5X reaction buffer, horseradish
peroxidase, and hydrogen peroxide. This kit must be stored at -20 °C and protected from light for
optimal use. The Amplex red reagent is one of the most commonly used to measure concentrations
of hydrogen peroxide. The reaction of Amplex red reagent with hydrogen peroxide in the presence
of horseradish peroxide (HRP), which plays the role of a catalyzer in this reaction, results in the
production of resorufin. Resorufin is a colored compound that can be detected fluorometrically or
spectrophotometrically.

In all experiments, each plasma treated sample was diluted 1:10 with a fresh complete media to be
within the acceptable range of the assay. The control sample was a complete media with no plasma
treatment. A standard curve of known H,O, concentration was prepared from a 3% hydrogen
peroxide stock solution (in complete cell culture media) within the range of 0 to 50 uM. The
standard curve was used to convert the acquired absorbance into concentration (uM). 50 puL of all
samples including PAM, control, and standard curve were transferred into individual wells of a

96-well plate. 50 pL of the working solution composed of 100 uM Amplex red reagent and 0.2
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U/mL HRP was loaded in each well. Then, the 96-well plate was incubated in a dark place at room
temperature for 30 min. The absorption of samples was measured at 570 nm using a microplate
reader (AgileReader, ACTGene). Moreover, to record the fluorescent light intensity, a
fluorescence microplate reader (BMG Labtech FLUOstar) was used with an excitation wavelength
of 570 nm and an emission wavelength of 590 nm.

The H,0O; concentration was measured in MEM PAM immediately after plasma exposure and in
aged-PAM after 1, 8, and 12 h in order to evaluate degradation of H,O,. To evaluate the effect of
serum on H,O, concentration, a serum-free PAM made by MEM and 1% antibiotics was used and
the H,O, concentration was measured after 8 h aging. Correspondingly, the H>O, concentration

was analyzed in EMEM PAM immediately after plasma exposure.
1.4 LEVEL OF CASPASE-3 IN PAM TREATED SCABER CELLS

Caspases are part of a large family of cysteine proteases that mediate apoptosis. Upon activation,
endoproteases such as caspase-3 cleave a variety of target proteins in cells that causes
morphological and functional changes in cells undergoing apoptosis [85]. Some of the
morphological changes attributed to this process are evident in the cell morphology and adhesion
characteristics. The mechanism of apoptosis is very complex but all apoptosis pathways end up to
a same final execution pathway: the cleavage of caspase-3 which leads to “DNA fragmentation,
degradation of cytoskeletal and nuclear proteins, cross-linking of proteins, formation of apoptotic
bodies, expression of ligands for phagocytic cell receptors, and ultimately uptake by phagocytic
cells” [49]. Hence, monitoring the level of caspase-3 is a good indicator of the apoptotic pathway
activity [86, 87].

In order to elucidate the mechanism of cell injury in plasma treated SCaBER cells and ascertain
the underlying molecular mechanisms involved, the caspase-3 activity was investigated. The
caspase-3 activity was measured by ApoAlertl Caspase Colorimetric Assay Kit (Clontech
Laboratories, Inc.). SCaBER cells were seeded in a 24-well plate and were treated with 1 ml of 2
min PAM. Positive control was treated by 1 pM staurosporine (STA) and negative control did not
receive any treatment. The control, STA, and PAM treated cells were collected at 4, 6, and 10 h
after treatment, were counted to supply at least 2x10° cells/ml, and were centrifuged at 2,000 rpm
for 5 min following the instructions provided by the manufacturer. Cells lysate was prepared by

adding 50 pl of Cell Lysis Buffer to cells pellet and were incubated in a 4 °C fridge for 10 min.



24

Then, it was centrifuged for 10 min at 14000 rpm and the supernatant was collected. 50 pl of the
supernatant from treated and control samples were mixed with 50 pl of the reaction solution (2X
Reaction Buffer/DTT Mix) and 5 pl of caspase-3 substrate (1 mM DEVD-pNA). Samples were
incubated in 37 °C water bath for 1-3 h for eventual absorbance measurement at 405 nm using a
microplate reader (AgileReader, ACTGene, Inc.). The results are expressed as an absorbance (a.u.)

of each sample compared to the control sample.
II.5 EFFECT OF PLASMA ON REATTACHMENT OF SCABER CELLS

The morphology of the cells and their ability to reattach to the cell culture plate were evaluated
after direct plasma treatment. In this experiment, 1 ml/ well of SCaBER cells suspension was added
in a 24-well plate and each well was treated with the plasma pencil for 2 and 5 min immediately
after seeding and prior to active cell attachment. The control samples did not receive any plasma
treatment. The attachment of cells to the surface of the culture plate was monitored and photos
were taken using a bright-field microscope at 0 h (after seeding of cells), 1.5, 3, 4.5, 6, and 24 h
after plasma exposure. Between these imaging times, the cell culture plate was stored in an

incubator at 37 °C humidified with 5% CO,.

II.6 TIME-LAPSE IMAGING OF THE MDCK CELLS

Results of PAM treatment on MDCK cells suggested that LTP affects cell proliferation in normal
cells. These preliminary results on MDCK cells were encouraging and add a profound
understanding of how PAM treatment impacts cell proliferation and migration. Time-lapse
imaging was used to monitor changes in cells during PAM treatment. Here, MDCK cells were
seeded at 8x10* cells per well in a 24-well plate and the plate was incubated overnight at 37 °C
humidified with 5% CO,. Then, two portions of 5 min EMEM PAM (1 ml each), as explained in
the PAM preparation method (Section 11.2.2), were used to treat cells 10% HEPES solution was
added to the media in order to buffer the pH during imaging. Since, PAM created with lower
exposure time (4 min or below) did not induce a noticeable change in cell viability of MDCK cells
and very long exposure time such as 10 min PAM caused severe cell death, 5 min plasma exposure
was selected to provide PAM with a moderate intensity (refer to cell viability results of PAM
shown in Section IV.1). After the PAM application, a time-lapse microscopy of control and PAM
treated samples was started. The 24-well plate was fixed on an automated stage at a temperature

of 37 °C. Phase-contrast images were acquired at 10X magnification using an inverted microscope
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(DMi8, Leica Microsystems) equipped with a CCD camera (Andor Technology Ltd). Images were
captured every 10 min for a period of 48 h (288 images) after PAM addition. ImageJ software

(NIH) was used for the processing and analysis of the resulting images.
1.7 IMMUNOFLUORESCENCE

Immunofluorescence is a common method in biological and clinical research to visually and
quantitatively detect specific proteins in cultured cells and tissues. In this method, two antibodies
are used: primary and secondary antibodies. The primary antibody selectively attach to a specific
antigen and the secondary antibody which is conjugated to a fluorescent dye will attach to the
primary antibodies. Eventually, fluorescence microscopy leads to excitation and emission in the
fluorescence dyes and visualization of labeled cells.

For immunofluorescence experiments, 80,000 cells per well of MDCK cells were grown overnight
on a collagen coated (0.2 mg/ml coll) square coverslips which were placed in a 6-well plate. Cells
were then covered with 2 portions (1 ml each) of 5 min EMEM PAM in addition to 1 ml of the
fresh complete cell culture media and then placed in a humidified incubator with 5% CO, for 48 h
at 37 °C. For the control samples, the older media were replaced by 3 ml of fresh complete cell
culture media. For conducting immunofluorescence, the media were discarded and coverslips were
washed with CB buffer (Cytoskeletal buffer: 10 mM MES, 3 mM MgCl,, 0.14 M KCIl, pH 6.8).
This was followed by a 15 min incubation in a permeabilization/fixing solution containing 4%
paraformaldehyde, 1.5% BSA and 0.5% Triton in CB buffer at room temperature. Cells were then
washed three times with PBS, for 5 min each time. Samples were then incubated with an
appropriate dilution of each of the primary antibodies or 488-phalloidin for 1 h, followed by three
PBS washes and were again incubated for 1 h with the secondary antibodies. Following the first
PBS wash after the secondary antibodies incubation, cells were incubated in DAPI (4',6-
Diamidino-2-Phenylindole) diluted in PBS for 5 min. Each coverslip was mounted on a glass slide
and stored overnight at 4 °C prior to imaging. Fluorescence images of cells were acquired using
an epi-fluorescence microscope (DMi8, Leica Microsystems) equipped with a CCD camera
(Andor Technology Ltd) and 10X, 20X, and 40X objectives. All chemicals used for
immunofluorescence were from Fisher Scientific unless otherwise mentioned. The following
primary antibodies and their dilution were: beta-catenin (BD Biosciences, 1:100 dilution) to mark

cell-cell adhesions, paxillin (Santa Cruz Biotech, 1:100) to mark cell-surface adhesions and Ki-67
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(Dako, 1:150) to mark proliferating cell nuclei. Phalloidin-488 (Molecular Probes, 1:200) was used
to mark filamentous actin. The secondary antibodies used were (all from Jackson

ImmunoResearch) anti-mouse (1:200) and anti-rabbit (1:200) IgG.
1.8 STATISTICAL ANALYSES

Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, IBM,
USA) software and results were analyzed using independent #-test or chi-square test. A p-value
below 0.05 was considered to be statistically significant (" p < 0.05), ** p < 0.01, *** p < 0.001).
In statistics, the p-value is the probability of observing a given sample results when the null

hypothesis is true.
1.9 SUMMARY

In this chapter, the low temperature plasma source (plasma pencil), cell lines, and cell culture
media used in this work were introduced. This was followed by a detailed presentation of all the
experimental methods and procedures including the various assays used in this research. SCaBER
cells with squamous cell carcinoma disease from a urinary bladder were used to evaluate the anti-
tumor effects of LTP on epithelial cancerous cells. Cells were initially treated by direct plasma
exposure. Then, as an indirect treatment method, plasma activated media were examined. Trypan
blue exclusion assay and MTS assay were successfully employed to inspect cells viability after
treatment. Caspase-3 activation level in PAM-treated SCaBER cells was assessed to diagnose the
cell injury mechanism induced by plasma treatment. To assess damaging effects of LTP treatment
on DNA, a molecular beacon of DNA was treated by the plasma pencil and the extent of damage
was analyzed. Since, LTP-generated ROS are mainly responsible for the anti-tumor properties of
plasma, the concentration of hydrogen peroxide —as one of the most stable and impactful ROS- in
PAM was measured by means of a molecular probe (Amplex red kit). The temporal effectiveness
of PAM and the stability of hydrogen peroxide generated in PAM were analyzed. A normal/healthy
epithelial cell line, MDCK, was used to evaluate the effects of PAM on non-cancerous cells. Time-
lapse microscopy in addition to immunofluorescence was employed to gain further understanding

of PAM treatment effects on proliferation, morphology, and migration of normal cells.
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CHAPTER 111
RESULTS AND DISCUSSION OF EXPERIMENTS AND TREATMENT OF

CANCER CELLS

III.1 EFFECTS OF PLASMA ON THE VIABILITY OF CANCER CELLS

II1.1.1 Direct Treatment of Cancer Cells

SCaBER cells were treated with direct plasma exposure and the results are shown in Figure 9.
Trypan blue exclusion assay was used to count the number of live and dead cells at 0 h
(immediately after treatment), 12, and 24 h after the treatment. As it shows, the longer the exposure
time to plasma, the lower the number of survived cells. For instance, at 12 h post-treatment the
viability of cells reduced to around 50% for 2 min plasma treatment time while it reduced to more
than 80% for 3 min treatment time. It is also shown that 4 and 6 min plasma exposure led to more
than a log reduction in the viability of cells. Moreover, at longer post-plasma treatment times a
higher number of dead cells was observed, which is known as the delayed effect. LTP treatments
for 2 and 3 min diminished the viability of SCaBER cells to more than 70 and 90 percent after 24
h, respectively.

The measurement of cells viability immediately after LTP exposure is shown in Figure 10. This
figure shows that the number of live and dead cells did not change meaningfully in the control and
LTP treated samples. This result indicates that LTP treatment at different exposure time did not
induce immediate physical damage. In fact, the interaction between SCaBER cells and LTP-
generated reactive species requires a sufficient time to show an effect. It is of note to mention that
the result of LTP treatment on the viability of cells is highly dependent on the initial cell
concentration and this is the reason of the slight difference in the number of cells in Figure 10.
No changes were observed in the viability of SCaBER which were treated with only a flow of
helium gas without plasma. This result indicates that helium gas did not have a harmful effect on

cells during the LTP treatment.
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Figure 9. The Viability of SCaBER cells treated with direct plasma exposure shows the number of
dead and live cells. The viability was monitored at A) 12 and B) 24 h post-plasma treatment using

a trypan blue exclusion assay.
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Figure 10. The number of live and dead SCaBER cells assessed immediately after direct plasma

treatment.

1I1.1.2 PAM Treatment of Cancer Cells

As presented in the previous chapter, plasma activated media (PAM) is an indirect way to submit
cancer cells to plasma exposure. In this protocol, adhered cells were treated with PAM which was
produced by the exposure of cell culture media to the plasma pencil at a designated exposure time.
Figure 11 shows the effect PAM treatment on SCaBER cells when used immediately after
preparation. Let’s call it immediate-PAM to differentiate it from aged-PAM. In this experiment,
liquid media was exposed to plasma for 2, 3, and 4 min while 0 min represents the control,
untreated media. The MTS assay was used to evaluate the number of metabolically active cells at
12,24, and 48 h post-PAM application. The percentage of metabolically active cells was calculated
by normalizing the number of cells in PAM treated samples to the control at each measurement
time. During treatment time, cells were covered by PAM for the entire time. As can be seen in
Figure 11, the viability of cells decreases with increasing the PAM exposure time. The metabolic
activity of cells treated with 2 min PAM reduced to more than 80% at 12 h post-PAM treatment.
3 and 4 min PAM induced a log reduction in the cell viability. No significant changes were
observed in the percentage of cells viability of 3 and 4 min PAM at the delayed measurement times

of 24 and 48 h while, this is not the case in 2 min PAM. For 2 min PAM, the percent of viable
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cells was around 13, 30, and 55% at 12, 24, and 48 h, respectively. This increase in the percentage
of viable cells indicates that the effectiveness of 2 min PAM reduces over the delayed measurement
times. It appears that cells gradually recovered from the induced oxidative stress at 24 and 48 h of
PAM application.

Results of both PAM treatment and direct treatment reveal the capability of plasma-based
treatment in inducing cell death in cancerous SCaBER cells. In addition, the anti-cancer properties
of plasma-based treatment is related to the amount of plasma exposure time. Since it is known that
RONS play the major role in the anti-cancer properties of plasma-based treatment, it can be
expected that increasing the plasma exposure time increases the concentration of LTP-generated
ROS and RNS which enhances the anti-cancer properties of plasma-based treatment. Measurement
of the concentration of hydrogen peroxide in PAM will be presented and discussed later in this

chapter as it will help better understanding of the role of ROS in the LTP cancer treatment.
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Figure 11. The effect of PAM produced by different exposure time on the viability of SCaBER
cells using MTS assay. Metabolic activity of cells was measured at 12, 24, and 48 h post-PAM
treatment. Results from 3 independent experiments with two replications are shown as means +

SD (standard deviation) [88].
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Effects of aged-PAM on SCaBER cells viability

Stored or aged-PAM was used to investigate how long PAM remains effective against cancer cells
after its preparation. It is proposed that the concentration and lifetime of reactive species induced
in PAM determine the shelf life of PAM. In this procedure, PAM was stored for 1, 8, and 12 h
before the application.

Figure 12 indicates the effects of PAM with different aging times on the viability of SCaBER cells.
The percentage of viable cells was measured at 12 h after PAM treatment using MTS assay. This
result indicates that PAM efficiency decreases with increasing aging time. However, reduction in
the efficiency of PAM is more remarkable at shorter exposure times such as 2 min. Although, at
longer exposure time (such as 4 min) PAM remained highly effective against SCaBER cells even
after 12 h aging. Aging the 2 min PAM for 1 h caused only ~ 8% reduction in its efficiency while,
aging for 8 and 12 h led to around 48% and 83% efficiency reduction, respectively. Aging the 3
min PAM up to 8 h did not change its efficiency whereas, 12 h aging resulted in 17% reduction in
the efficiency. On the other hand, no significant reduction was observed in the efficiency of 4 min
PAM even after 12 h aging. Based on these data, the shelf life of PAM (stored at room temperature)
is dependent on the duration of plasma exposure time. Accordingly, the concentration of LTP-
generated RONS in PAM is higher at longer exposure time and therefore PAM requires a longer
aging time to lose its anti-cancer efficacy.

To demonstrate changes in viability of cells treated with aged-PAM, MTS assay was utilized at
12, 24, and 48 h post-PAM treatment. Error! Reference source not found. 13 A, B, and C show
results of the MTS assay for 1, 8, and 12 h aged-PAM, respectively. As can be seen, the percentage
of cell viability is approximately the same in all aged-PAM which indicates that there was not a
delayed effect in results of aged-PAM at 12, 24, and 48 h post-PAM application. As it was
mentioned earlier once PAM was added to each well, cells were exposed to it the entire time of

treatment up to the time of cell viability assay, which means either 12, 24, or 48 h.
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Figure 12. Effectiveness of immediate PAM and aged-PAM to induce cell death in SCaBER cells
when stored for 1, 8, and 12 h before utilizing. Metabolic activity of cells was measured at 12 h
post-PAM application. Cells were exposed to PAM the entire 12 h of treatment. Results are shown

as means + SD from 3 independent experiments with two samples replications.
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Figure 13. Percentage of metabolically active SCaBER cells treated with aged-PAM at 12, 24, and
48 h post aged-PAM treatment. PAM was aged at room temperature for A) 1 h, B) 8 h, and C) 12
h before application. Results are shown as means + SD from 3 independent experiments with two

samples replications.



34

Figure 13. (Continued).
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I1I.1.3  Effects of aliquoted PAM on SCaBER cells viability

It was observed that PAM treatment has a dose-dependent cytotoxic effect which was measured at
different plasma exposure times as was shown in Figure 11. It is expected that diluting PAM with
non-treated media may reduce the concentration of LTP-generated reactive species and the
effectiveness of PAM against cells, similar to the influence of plasma exposure time. To evaluate
the validity of this hypothesis, effects of aliquoted PAM on SCaBER cells viability was measured.
Results of aliquoted PAM on cell viability of SCaBER cells at 12 and 24 h post-treatment time are
shown in Figure 14. SCaBER cells were treated with a 4 min PAM diluted with fresh media with
the following ratio: 1:8, 1:4, 1:2, and 1:1; C is the control sample and 1:1 is 4 min PAM (no
dilution). Cell viability was measured A) 12 h and B) 24 h after treatment using MTS assay. Data
are mean + SD from three independent experiments. A and B. In this experiment, 4 min PAM was
diluted with fresh media and cell viability was measured at 12 and 24 h post-PAM application
using MTS assay. As Figure 14. SCaBER cells were treated with a 4 min PAM diluted with fresh
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media with the following ratio: 1:8, 1:4, 1:2, and 1:1; C is the control sample and 1:1 is 4 min
PAM (no dilution). Cell viability was measured A) 12 h and B) 24 h after treatment using MTS
assay. Data are mean + SD from three independent experiments. A and B indicate, 1:1 dilution
which is a pure 4 min PAM was the most effective PAM against cells viability. Consequently, the
effectiveness of aliquoted PAM decreased by increasing the dilution ratio (1:2 and 1:4). In the case

of 1:8 dilution, a minor growth was observed in the percent of
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Figure 14. SCaBER cells were treated with a 4 min PAM diluted with fresh media with the
following ratio: 1:8, 1:4, 1:2, and 1:1; C is the control sample and 1:1 is 4 min PAM (no dilution).



