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Abstract: The need for effective and safe therapies for cancer is growing as aging is modifying its
epidemiology. Cold atmospheric plasma (CAP) has gained attention as a potential anti-tumor therapy.
CAP is a gas with enough energy to ionize a significant fraction of its constituent particles, forming
equal numbers of positive ions and electrons. Timely-resolved output voltage measurement, emission
spectroscopy, and quantification of reactive species (RS) in plasma-activated media (PAM) were
performed to characterize the physical and chemical properties of plasma. To assess the cytotoxicity
of cold atmospheric plasma in human tumors, different cell lines were cultured, plated, and exposed
to CAP, followed by MTT and SRB colorimetric assays 24 h later. Human fibroblasts, phenotypically
normal cells, were processed similarly. Plasma cytotoxicity was higher in cells of breast cancer,
urinary bladder cancer, osteosarcoma, lung cancer, melanoma, and endometrial cancer. Cytotoxicity
was time-dependent and possibly related to the increased production of hydrogen peroxide in the
exposed medium. Sixty seconds of CAP exposure renders selective effects, preserving the viability of
fibroblast cells. These results point to the importance of conducting further studies of the therapy
with plasma.

Keywords: cancer; cold atmospheric plasma; neoplasms (MESH); plasma gases (MESH)

1. Introduction

Normal cells evolve progressively to neoplastic cells as they develop a succession
of capabilities, named the hallmarks of cancer. Cancer cells acquire a selective growth
advantage, which can lead to uncontrolled proliferation and consequently to a malignant
tumor [1]. Currently, cancer kills millions of people around the world [2]. Available thera-
pies, such as chemotherapy, radiotherapy, cryotherapy, and surgery often lack selectivity
for tumor cells.

Plasma, known as the fourth matter state, is a gas with enough energy to ionize a
significant portion of its particles, generating positive ions and electrons. Plasmas share
some features with gases; however, plasmas are good electrical conductors and can be
affected by magnetic fields. There are, essentially, two models of cold plasma (better
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referred to as collisional plasma) of interest for medical applications: (1) atmospheric
pressure and (2) low-pressure plasma. It is reasonable to assume that the density for
these two types of plasma is approximately equal to the atmospheric density, but for
atmospheric pressure plasmas, the mean free paths separating electrons and heavy particles
are shorter than those from low-pressure plasmas; consequently, the former is essentially
governed by collisions among particles [3]. Under such conditions, local thermodynamic
equilibrium (LTE) tends to prevail including kinetic equilibrium, meaning that electrons
and heavier particles may have similar energy (the temperature of electrons, T,, is similar
to the temperature of heavier particles, T, or the sensible temperature defined as the
temperature of non-ion species), and chemical equilibrium when different ions species
are presented. Within atmospheric pressure plasmas, there are two different categories,
thermal and non-thermal plasmas, whether or not LTE exists. In thermal plasma, LTE
exists, and the kinetic energy of heavy particles and electrons are similar, meaning that
electron temperatures and sensible temperatures are essentially the same. Therefore, the
core gas temperatures in thermal plasmas are above 10,000 K. In non-thermal plasma,
the sensible temperature remains at room temperature [3]. The biological effects of the
constituents of non-thermal atmospheric plasma, in which thermodynamic equilibrium is
achievable in the time scale considered, can therefore be used and studied. The plasma
can be produced by an electrical current applied across a dielectric gas. As air temperature
gases are excellent insulators, a significant fraction of ionic species has to be generated
in order to transform the gas into an electric conductor. By passing an electric current
through an ionized gas, a process, known as gaseous discharge takes place, and plasma is
produced [4].

Several studies, systematized in Table 1, suggest an interesting use of cold atmospheric
plasma (CAP) in cancer therapy, as demonstrated by the in vitro eradication of several
cancer cell lines. Some mechanisms of action of this new approach include: (1) UV radiation
may produce direct effects on cells through the absorbed UV energy, (2) electric fields
may have an effect on cellular permeabilization, microfilaments, and lateral glycoproteins
redistribution, increasing permeability to calcium, damaging the structure and the synthesis
of DNA and cellular mitosis, and (3) reactive species may alter the intracellular redox
state [5].

Table 1. Cancer cell lines shown to be responsive to cold atmospheric plasma in vitro.

Cancer Types Cell Lines References
Brain cancer LN18, LN229, U87MG, T98G, U251SP, U373MG-CD14 [6-9]
Breast cancer MDA-MB-231, MCF7, MDAMB468, MDA-MB-453 [10-13]
Cervical cancer HeLa, CaSki [14,15]
Colorectal cancer HCT-116, SW480, LoVo, Caco2, HT29 [16-19]
Head and neck cancer JHU-022, JHU-028, JHU OHZ;,;%CSZCS,l gaDu, SNU1041, SNU899, [20-22]
Leukemia CCRFCEM, Jurkat, THP-1 [23-25]
Liver cancer SK-HEP-1, H-22 [26,27]
Lung cancer SW900, TC-1, H460, HCC1588, A549 [28-30]
Lymphoma U937 [31]
Oral cancer KB, SCC25, MSK QLL1, SCC1483, SCC15 [7,32,33]
Osteosarcoma U2-0S, MNNG-HOS, Sa0S-2 [34,35]
Ovarian cancer OHFC, HPMC, SKOV3 and HRA, OVCAR-3, TOV-21G, [36-38]
TOV-112D
Pancreatic cancer MIA PaCa2 [39]
Prostate cancer LNCaP, PC-3, VCaP [34,40]
Skin cancer G361, A375 [41,42]

Thyroid cancer

SNU80, BHP10-3, TPC1

[7]
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The selective effects of cold plasma on different cell types suggest that it is possible
to find the right conditions with plasma treatment affecting only cancer cells, leaving
normal cells essentially unharmed [28]. In order to outspread the therapeutic application
of plasma to cancer treatment, previous observations that cancer cells are more vulnerable
to plasma-induced effects than normal cells require further verification on various cell lines
and for several plasma sources. In this way, CAP might offer a minimally invasive option
that allows specific cell removal without interfering with the whole tissue.

Due to the novelty of this field, namely the possibility of using CAP as a treatment
approach for cancer, the goal of this study was to evaluate CAP cytotoxicity in different
cancer cell lines and phenotypically normal fibroblast cells. This was achieved by evaluat-
ing the metabolic activity and viability of several human cancer cell lines when exposed to
CAP. Further characterization of chemical and physical properties of plasma was pursued
by capturing the plasma optical emission spectrum and quantifying reactive species in
plasma exposed media, allowing a direct comparison with other devices reported in the
literature pictured in Table 2. Thus, with this work, we clarified that a different response
to CAP is better explained by intrinsic cell properties than by device characteristics and
settings, as in this screening the same treatment conditions were used among all types
of cells. Moreover, we showed that different cell lines display intrinsic CAP sensitivity
and resistance.

Table 2. Concentration of HyO, and NO, generated by 60 s plasma compared with other plasma sources.

Gap Length Volume H,0, NO,

Device (mm) (uL) (uM) (uM) Medium Ref.
Ar 60 Hz 7 kV NEAPP 13 3000 17+3 642 + 10 DMEM #5796 [43]
Ar 60 Hz 2-6 KVNEAPP 3 6000 227 + 42 265 DMEM #5796 [44]
ﬁislml\fitz (iiﬁ;e\; 9 5000 33 nd. RPMIID;“SF(?(?;)S %) + [45]
GmbH)
Ar 1..1 MHz plasma jet 5 from the top of the 1000 60 2% RPMI + FBS(lQ%) + [46]
(kinpen 09 GmbH) well P/S(2%) +glutamine(1%)
Air 5 kHz 7.5 kV Liquid 15 1000 87 nd. MEM + FBS (10%) + P/S [47]
surface
He + 0.3%02 13.56 MHz 20 1500 na. 7441 MEM + FBS 10% [48]
Ar 60 Hz AC 7 kV 13 3000 1.8 x 104 63x 105 ~PMEM #5719:%;“ P/5+10% [43]
Ar 60 Hz AC 7 kV 13 3000 2.1 % 10* 63x10°  DMEM #5796 + 10% FBS [43]
He 30 KHz 3.85 kV 30 30 50 na. DMEM #11965-118 [49]
He 24 kKz 12 kV 5 2000 2.3 x 103 + 240 5549 DMEM + 15% FBS [50]
Ar2kV 1.1 MHz n.d. 100 60 2 RPMI #1640 + 10% FBS [51]
Ar2kV 1.1 MHz n.d. 100 60 31 RPMI #1640 [51]
He + H20 10 KHz 8 kV 1500 300 50-60 nd. RPMI #1640 [52]
Ar 10 kHZ 10 kv 1500 300 <20 nd. RPMI #1640 [52]
He 5 kHz 5-9 kV 2500 f;?ﬁ:ff,e?fttom 500 28 n.d. MEM 53]
Air1kHz 4 kV 2 200 84 x10%+27 x 103 873 + 15 RPMI #1640 + 5% FBS Author’s
Air1kHz 4 kV 2 200 1.9 x 10* £ 0.3 x 10* 414 + 47 RPMI #1640 + 15% FBS  Author’s
Air1kHz 4 kV 2 200 3.9 x 103 £ 1.3 x 103 929+24  DMEM#5648 + 5% FBS  Author’s
Air 1kHz 4 kV 2 200 2.4 x10% £13 x 103 742+82  DMEM #5648 + 15% FBS  Author’s

n.d.: not disclosed.
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2. Materials and Methods
2.1. Cell Culture Conditions

The effect of CAP in several adherent human cancer cell lines was studied, namely,
melanoma (A375), extrahepatic bile duct carcinoma (TFK-1), osteosarcoma (MNNG-HOS),
colon carcinoma (WiDr), prostate cancer (PC3 and LnCap), urinary bladder grade 3 carci-
noma (HT-1376), esophageal adenocarcinoma (OE19), hormonal receptor positive breast
cancer (MCEF?), triple-negative breast cancer (HCC1806), lung cancer (H1299), and endome-
trial cancer (ECC-1). A cell line of human fibroblasts (HFF-1) was also evaluated. The cell
lines were purchased from the American Type Culture Collection or from the European
Collection of Authenticated Cell Cultures. All cell lines were cultured under standard
cell culture conditions (37 °C, 5% CO,). TKF-1 cells were cultured with Roswell Park
Memorial Institute (RPMI-1640, Sigma Aldrich®, St. Louis, MO, USA) medium and supple-
mented with 15% fetal bovine serum (FBS, Sigma Aldrich®, St. Louis, MO, USA). LnCap,
HCC1806, and ECC-1 were cultured with the same medium, however, it was supplemented
with 10% FBS, while PC3 was supplemented with 5% FBS. A375, MNNG-HOS, HT-1376,
H1299, MCF7, WiDr, OE19, and HFF1 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Sigma Aldrich®, St. Louis, MO, USA). A375, MNNG-HOS, and OE19
were supplemented with 5% FBS. HT-1376, H1299, MCF7, and WiDr cells were cultured
with the same medium but were supplemented with 10% FBS. HFF1 was supplemented
with 15% FBS. All media contained 1% of penicillin-streptomycin solution (Gibco, Thermo
Fisher Scientific, MA, USA). Cells were plated with concentrations between 50,000 and
250,000 cells/mL (Table 3) in 48-multi-well plates (Sarstedt, Newton, NC, USA) with a
media volume of 200 uL per well and incubated for 24 h.

Table 3. Comparison of different characteristics of treated cell lines and the effect of treatment observed. Dose-response

curves were traced for each cell line and the treatment duration that was required to reduce metabolic activity and protein

content by 50% (IT50) was calculated using MTT and SRB assays, respectively, with software Origin Pro 8.0, with a

confidence interval of 95%.

. Cells Plated . Culture
Cell Line (Cells/mL) Organ Histology Medium MTT (IT50 (s)) SRB (IT50 (s))
A375 100,000 Skin Melanoma DMEM 5% 321+71 31.8+1.5
OE19 100,000 Esophagus Adenocarcinoma DMEM 5% 68.9 £9.0 nc.
HT1376 80,0000 Urinary bladder Transitional DMEM 10% 34.6 +3.7 35.0+36
carcinoma grade 3
MNNG/HOS 50,000 Bone Osteosarcoma DMEM 5% 33.1+46 66.8 = 5.5
TFK-1 80,000 Extra-hepatic bile duct Carcinoma RPMI 15% 30.5+3.2 442 +79
PC3 100,000 Prostate (derived from Adenocarcinoma RPMI 5% 254 + 40 ne.
bone) grade IV
WIDR 50,000 Colon Adenocarcinoma DMEM 10% nc. 50.7 + 6.3
Prostate (derived from left
LNCAP 100,000 supraclavicular lymph Adenocarcinoma RPMI 10% 19.0 £ 25 40.2 +10.9
node)
ECC-1 100,000 Endometrium Adenocarcinoma RPMI 10% 36.6 +4.1 489 + 13.6
H1299 100,000 Lung (derived from Large cell DMEM 10% 464462 353 +£5.0
lymph node) carcinoma
MCE-7 100,000 Breast (derived from Invasive ductal DMEM 10% 65.6+7.9 24447
Pleural effusion) carcinoma
Squamous cell
HCC 1806 100,000 Breast breast carcinoma, RPMI 10% 69.4+93 49.8 +10.0
acantholytic variant
HFF-1 250,000 Connective tissue Fibroblasts DMEM 15% 61.5+2.1 nc.

nc.: non-computable.
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2.2. Cold Atmospheric Plasma Jet

The Institute of Biophysics, Faculty of Medicine, University of Coimbra developed
a direct current electronic device capable of generating high output voltage through a
sterilized needle with 0.9 mm radius and 40 mm length (Microlance 3, Becton Dickinson,
Franklin Lakes, NJ, USA). When charged, the needle works as an open-air single electrode
CAP jet. The equipment was designed to produce an electrical discharge between the
tip of the needle and multi-well plates where cell cultures were seeded. An electrically
grounded needle was submerged in the culture media, as pointed in Figure 1. In this
arrangement, the cultures act both as target and grounded electrodes enabling the plasma
generation. The high voltage needle was placed 2 mm above the surface of the cell culture’s
medium. Voltage and current intensity were measured in a closed circuit with an equivalent
resistance of 120 M(). The frequency of electrical pulses was determined by a 60 MHz
Oscilloscope (2215 Oscilloscope, Tektronix, Beaverton, OR, USA).

(a) (b)

Figure 1. (a) Schematic representation of the apparatus constructed for cell culture CAP irradiation.
(b) Photograph of a cell culture multi-well plate being irradiated, showing the plasma plume.

An emission spectrum was obtained with an optic fiber spectrometer (USB2000+,
Ocean Optics, Orlando, FL, USA) and analyzed with the spectrometer operating software
(SpectraSuite, Ocean Optics, Orlando, FL, USA).

2.3. Preparation of Plasma Activated Medium (PAM)

A volume of 200 puL of culture media, RPMI, and DMEM supplemented with FBS 5
and 15%, was plated in 48-multi-well plates and exposed to plasma for 60, 90, and 120 s.

2.4. Quantification of Nitrite Concentration in PAM

Griess reagent was prepared with 5% phosphoric acid containing 0.1% NEDD-N-(1-
naphthyl) ethylenediamine and 1% sulfanilamide. An equal volume of the previously
prepared solution was added to 50 puL of PAM and following a period of 30 min incubation,
absorbance was quantified at 540 nm in a multi-well plate spectrophotometer (Synergy HT,
Biotek, Winooski, VT, USA). A nitrite reference curve was plotted using average absorbance
values of nitrite concentration of serial two-fold dilutions. The blank solution was identical,
except for the nitrite.

2.5. Quantification of Peroxide Concentration in PAM

A solution of 25 mM H,SO, and 150 mM of both Fe?* and xylenol orange in the same
solvent was prepared according to Gay et al. (Gay, Collins, and Gebicki 1999). A volume
of 100 uL of the solution was added to 50 uL of plasma-activated medium, and following
a period of 30 min incubation, absorbance was quantified at 560 nm in a multi-well plate
spectrophotometer (Synergy HT, Biotek, Winooski, VT, USA). A peroxide reference curve
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was prepared using two-fold serial dilutions up to 25 mM hydroperoxide. The blank
solution was identical, except for the hydroperoxide.

2.6. Plasma Treatment of Cell Cultures

A total of 200 pL of cell cultures were plated in 48-multi-well plates, exposed to CAP
for five short time periods: 15, 30, 60, 90, and 120 s and incubated for 24 h.

In order to exclude the possibility of plasma detaching living cells, thereby interfering
with the colorimetric assays, which discard the supernatant medium of adherent cell
cultures, a viability assay with trypan blue was performed to determine the number of
living cells in the supernatant medium. Before the colorimetric assays, 20 pL of supernatant
was removed and the number of living cells was determined with 20 pL of Trypan Blue
(Sigma Aldrich®, St. Louis, MO, USA) solution.

Results (not shown) suggest a clear preponderance of dead cells with an insignificant
number of living cells in the discarded medium 24 h after plasma treatment.

2.7. SRB Assay

The sulforhodamine B (SRB) assay was used to measure the drug-induced cytotoxicity
and cell viability. Its principle is based on the ability of the protein dye sulforhodamine B to
bind electrostatically and pH dependently to alkaline amino acid residues of trichloroacetic
acid-fixed cells.

Firstly, the medium was removed, cells were washed twice with phosphate saline
buffer (PBS: 137 mM NaCl (Sigma), 2.7 mM KCl (Sigma), 10 mM Nay;HPOy- 2H,0 (Sigma),
2.0 mM KH, POy (Sigma), pH = 7.4) and 200 pL of acetic acid (Panreac, Barcelona, Spain)
was added to each well. After 60 min of incubation at 4 °C, the content was discarded and
200 pL of SRB (Sigma Aldrich®, St. Louis, MO, USA) was added. Then, after 90 min in
the dark, the cells were washed with water and 200 pL of Tris-NaOH (Sigma Aldrich®,
St. Louis, MO, USA) was added. Finally, a sample of 200 uL of each well was transferred
to 96-multi-well plates (Sarstedt, Newton, NC, USA), and the results of absorbance were
read in the UV /Vis spectrophotometer (Ocean Optics, Dunedin, FL, USA) at wavelengths
of 540 and 690 nm.

2.8. MTT Assay

Metabolic activity was determined with a 3-(4,5-dimethylthia-zolyl-2)2,5-di-phenylte-
trazolium bromide (MTT) assay. The MTT, a yellow tetrazolium reagent, is reduced
to purple formazan crystals in the presence of dehydrogenase enzymes located in the
mitochondria of viable, metabolically active cells.

The medium was removed before the addition of the reagent and the cells were
washed with PBS. A volume of 200 uL of MTT (Sigma Aldrich®, St. Louis, MO, USA)
reagent at a concentration of 0.5 mg/mL and pH 7.4, was added to each well and the plates
were incubated for at least 4 h in the dark at 37 °C. Then, 200 uL of isopropyl alcohol
(Sigma Aldrich®, St. Louis, MO, USA) was added to each well and plates were gently
stirred. Absorbance was read in the UV /Vis spectrophotometer (Enspire, Perkin-Elmer,
Waltham, MA, USA) at wavelengths of 570 and 620 nm.

2.9. Statistical Analysis

All results are expressed as a mean =+ standard error (Mean £ SEM) of a minimum of
three independent experiments performed in triplicate. Statistical analysis was performed
using software SPSS® v.21 (IBM, NY, USA). To evaluate if quantitative variables follow a
normal distribution the Shapiro-Wilk test was used. When the distribution was normal,
parametric tests were used, otherwise, nonparametric tests were applied. Two sample com-
parisons were assessed either by the Student’s t-test or by resorting to the Mann-Whitney
test according to the need of using parametric or non-parametric tests. Comparison of the
quantitative variables between more than two groups was obtained using Kruskal-Wallis
(non-parametric test) or using the ANOVA test (parametric test). Multiple comparisons
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corrections were performed considering the Bonferroni procedure. Metabolic activity and
protein content were normalized to non-treated same-cell line controls. This procedure
allowed for the creation of dose-response curves and calculation of the treatment duration
that inhibits metabolic activity and protein rate by 50%, analogous to IC50 (half maximal
inhibitory concentration) for each cell line. Results were analyzed and processed using the
software Origin Pro 8.0 (OriginLab, Northampton, MA, USA) and adjusted to a sigmoidal
curve. Confidence intervals of 95% were obtained for each cell line.

3. Results
3.1. CAP Single Electrode Jet Generates High Voltage Electrical Pulses

The electric current intensity recorded in the needle in a closed circuit with an equiv-
alent resistance of 120.1 MQ) was 33 £ 1 A, the calculated voltage was approximately
4000 £ 121 V and the frequency of pulses was 1000 = 10 Hz, each pulse with 1.0 & 0.1 ms
of duration. The pulse waveform is depicted in Figure 2.

4 -
S
2
3 0
~—
=
3
) 2 -
ay
2
=
g 17
=
| | |

0.5 1 1.5 2
Time (ms)

Figure 2. Voltage pulse waveform corrected to a closed circuit with an equivalent resistance of
120 MQ) obtained with an analogic oscilloscope.

3.2. CAP Emission Spectrum Depicted Several Peaks in the UV Domain and Reactive Species

As seen in Figure 3, the plasma emission spectrum is dominated by the emission lines
corresponding to nitrogen second positive electronic transition N (C3ITu-B3Xg) and its
family of vibrational and rotational level sub-transitions, in the range of 300 to 450 nm. The
strongest line is the (0-0) transition in the N, second positive system at 337 nm. No OH
line that exceeded the height of the tail of the N2 second positive transition was visible
at 308 nm. Some significant N,* first negative system, Np*(B2Xu+-X2Xu+), transitions,
particularly in wavelengths corresponding to 419.7 nm, were also visible in the violet range
of the visible spectrum. In the significant range of 250 to 300 nm, there were very weak
emission lines, interpreted as NO. Atomic oxygen (emission lines at 777 nm) is believed to
have significant biological effects and was not present in our generated CAP.
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Figure 3. Optical emission spectrum of a cold atmospheric plasma jet obtained 5 mm away from the
nozzle exit, over the range of selected wavelengths from 275 to 450 nm. Emission lines identify the
particles and radicals produced.

3.3. Reactive Oxygen and Nitrogen Species (RONS) Accumulate in Plasma-Activated Medium

Several RONS have been identified in liquid media treated with plasma. Since the
half-lives of most RONS are in the range of seconds, microseconds, or even nanoseconds,
we quantified only the long-lived species from CAP, NO,~, and H,O, which represent
the final byproducts of redox reactions and are thought to be the major players in killing
cancer cells [54].

According to our data, which can be seen in Figure 4, there is a time-dependent
increase in the concentration of peroxides while the concentration of nitrites remains
similarly high during the tested exposition times. Our results show that the composition of
media being irradiated influences the stability and reactivity of reactive species.

1500+ . —
S —_ = 4000~ |—;|[
= *kk -
= " = *kk *
.5 1000-‘ kkk ek k lﬂ' kkk I '§ |_i
- [T =l I~ g  a
g £ 20001 H
S 5004 2
] =]
: E |l| |I|
-
c T ] L] c . Iﬁ ﬁ . L L
60 20 120 60 920 120
Time (s) Time (s)
E=3 RPMI5% E==1 RPMII15% E=3 DMEM 5% E=3 DMEM 15% == RPMI5% E=a RPMII15% E=31 DMEM 5% E=3 DMEM 15%
(a) (b)

Figure 4. Accumulation of RONS in different CAP irradiated media. (a) Concentration of peroxides in 200 pL of exposed
media. (b) Concentration of nitrites in 200 puL of exposed media. Results are presented as the mean + SEM of at least three
repeated experiments performed in triplicate and normalized for the control of non-irradiated medium. The significance
compared is indicated as * p < 0.05, ** p < 0.01, and *** p < 0.005.
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HFF-1*
OE19*
PC3*
MCF-7
A375
HT1376
H1299
LNCAP
TFK-1
ECC-1
HCC1806
WIDR
MNNG/HOS

11 1 1 1 1 1 1 1§ 1 1.1

Two variables were analyzed, type of media and its supplementation with FBS, since
our cell cultures required different growth conditions. The type of culture medium showed
no influence in reactive species stability as the concentration of nitrites and peroxides
seemed no different in RPMI and DMEM minimally supplemented. However, when
supplementation with FBS increases, reactive species behave differently in RPMI medium.
As shown in Figure 3, 15% FBS supplemented RPMI displayed the highest concentration
of peroxides and the lowest concentration of nitrites in any given exposure time.

3.4. Plasma-Activated Medium Did Not Alter Its pH Nor Its Temperature

Irradiation of the media did not produce a statistically different alteration in media
pH (pH =7.45 £ 0.02 at 20 °C) nor its temperature which remained below 30 °C.

3.5. Different Cell Lines Displayed Different Responses to Cold Plasma

Treatment duration in the range of seconds produces significant inhibitory effects in
the majority of cancer cell lines.

The MTT assay shows a decrease in metabolic activity in several cell lines, particu-
larly after 120 s CAP exposure, with OE19 being an obvious exception (see Appendix A
Figure Al). In the SRB assay (see Appendix A Figure A2), after 60 s of CAP exposure, cells
show a statistically significant decrease in viability, and maximal effects were seen using
plasma exposures of 120 s.

Most plasma-treated cell lines displayed a parallel decrease in metabolic activity and
viability in a time-dependent manner, as evaluated by MTT and SRB assays. Treatment
durations required to reduce metabolic activity and viability by 50% (IT50) were calculated
for each of the cell lines. Calculated IT50s in responsive cancer cells were lower than 1 min,
as seen in Table 3.

In order to allow a better comparison between different cell lines, Figure 5 confronts
calculated IT50 with a confidence interval of 95% for all cell lines. This also allowed for the
classification of the cell lines into susceptible, stressed, stunned, and resistant to CAP. Most
cell lines studied are sensitive to CAP; this is the case of A375, HT1376, TFK-1, LnCap, ECC-
1, and H1299. OE19, WiDR, HCC1806, and HFF-1 are among the cells resistant to plasma
treatment while PC3 and MNNG/HOS become stunned and MCF7 become stressed.

0

HFF-1 — b4
OE19 - —o—A
PC3 -
- MCF-7 e
1ol A375 - p—o—
o i HT1376 - — —
=i H1299 - +—
| LNCAP - == i
—— TFK-1 ~ b
———d ECC-1 ~ e
— — HCC1806 - ——
p——i WIDR* —
3 - - MNNG/HOS - e
1 L) T L T L T
50 100 0 50 100

(a)

Treatment duration required to reduce protein content in 50% (s)

Treatment duration required to reduce metabolic activity in 50% (s)

(b)

Figure 5. Comparison of the cytotoxic effect of cold atmospheric plasma in different cell lines. (a) Comparison of the
calculated exposure time required to decrease protein content by half (IT50) as assessed by SRB. (b) Comparison of the

calculated exposure time required to decrease the metabolic rate by half (IT50) as assessed by MTT. Confidence intervals of

95% are represented by the horizontal bars. The calculated average IC50s of all cell lines are represented as a vertical bar in

each figure. *: IT50 not computable.

4. Discussion

Anti-cancer properties of CAP have been recently recognized and are far from being
completely understood [55,56]. In order to enable precise targeting of tumor cells, we
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developed an air plasma jet based on a high-voltage sharply-pointed electrode. Plasma
is produced according to a point-to-plane pulsed corona discharge model. As the plasma
produced by the jet does not significantly increase the local sensible temperature, cooling
techniques, which could have serious drawbacks are not needed. Despite the need for
thorough quantification, we foresee that such cooling techniques would difficult the plasma
application, for example, in endoscopic procedures of non-complacent body cavities.

Since plasmas consist of moving electrons and ions, an electric current is created,
and they may pass through the skin. The electric characteristics of our device respect the
ICNIRP electric current limit for medical applications, defined as 0.5 mA at 1 kHz, and
20 mA at 100 kHz [57]. Then, from this perspective non-intentional contact of plasma
created by our device with living tissues, it is not expected to cause any harm.

Here, we highlight that a comparison of various experiments carried out with different
CAP devices is difficult due to different CAP parameters and designs, as shown in Table 2.
Moreover, even assays carried out with the same plasma device rendered divergent results
when different cell lines were targeted [21]. In order to allow comparisons between results
obtained by different devices, we performed a physical and chemical evaluation of the
plasma generated by our equipment.

The optical emission spectroscopy (OES) recorded ultraviolet (UV) photons and
reactive species emission lines, which are known to induce cellular lesions. UV effects
show a strong dependence on dose and wavelength. In fact, the UV absorption spectrum
for DNA comprises a rising band in the far UV (<220 nm) with a further peak at 260 nm,
which tails into the near-UVB wavelengths at around 300 nm. Between 290 and 315 nm,
direct excitation of DNA prevails [58]. However, UV spectral peak wavelengths recorded
in our experiment are above the threshold of 300 nm, thus limiting photons’ role in plasma
cytotoxicity and overemphasizing the role of chemically reactive species.

Considering that plasma was generated above a liquid phase where cells were seeded,
there are plasma-relevant reactive species that can, by themselves, interact with cancer
cells. In fact, most studies of non-thermal plasmas in medicine are based on indirect
treatments, with plasmas being produced between two electrodes in a gap discharge or
open-air, and ejected into the direction of the sample by convection established by an inert
gas flow. This approach has two main implications: (1) there is a gaseous interface between
plasma and liquid, which may alter the reactive potential of the generated chemical species,
and (2) as reactive species (RS) have to pass through the afterglow area of the plasma jet
to reach the surface of the liquid medium, some primary species disappear while other
secondary species are generated. In our setup, the device directly delivers plasma to the
liquid phase that acts as the grounded electrode. Thus, primary RS are expected to be of
greater importance. Table 2 compares the concentrations of nitrites and peroxides found
on media exposed to different devices. Thus, it becomes clear that direct plasma treatment
provides the highest reactivity since all listed devices previously reported in the literature
are based on indirect plasma treatment.

Despite only the more frequent excited states of molecular nitrogen having been
detected in plasma OES, other species such as NO, oxygen, and dissociation products of
air such as atomic nitrogen and hydrogen are expected to be present [59]. There is also the
production of ozone usually observed in corona discharges in air [60]. There are certainly
other active species but they are not observable in the OES mainly due to quenching
processes, emission outside the selected wavelength range [61], or simply because they are
not being excited [62]. Thus, it is suggested that active chemical species produced inside
plasma are directly delivered into the liquid phase, by solubilization and diffusion, where
they reach cells, or react to produce secondary RS [56]. These can be scavenged by cancer
cells and trigger biochemical reactions inside them. Since an oxidant environment can
trigger cell death, it is possible that the intracellular RS, directly or indirectly induced by
plasma, can be seen as responsible for the cytotoxicity of plasma. This seems to be the most
common explanation for the cytotoxicity of CAP-based anticancer therapy [13,22,54,63-67].
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According to our data, there is an increase in a time-dependent manner of the concen-
tration of peroxides while the concentration of nitrites remains similarly high during the
tested exposition times. However, nitrites are difficult to quantify since the typical half-time
of 1 to 5 min renders it less reliable in time-consuming colorimetric assays. Even when these
limitations are considered, when we confront the peroxides and nitrites concentrations
(Figure 4a,b) with each cell line biological response (Appendix A Figures Al and A2), we
may hypothesize hydrogen peroxide having a greater importance than nitrite. Since the
cytotoxicity of plasma increases with longer exposures, it seems plausible that mediators
responsible for plasma effects should also increase with longer treatment durations. There-
fore, hydrogen peroxide may be the major player in plasma cytotoxic effects, since its
concentration increases with longer plasma exposures while nitrite concentrations do not
correlate with the plasma’s effect.

In Figure 4, we can see that there is a tendency for nitrites to decrease and peroxides
to increase with FBS supplementation and that this effect is higher in RPMI than in DMEM.

The half time of hydrogen peroxide is dependent upon the presence of trace transition
metals on the media. Ferrous non-chelated iron is known to react and consume peroxides
through the Fenton and Haber-Weiss reaction [68] and its presence in DMEM but not in
RPMI can explain why peroxide concentration is lower in the former.

Different results are seen regarding the effect of FBS on peroxides and nitrite con-
centration in the literature since FBS is highly variable in composition according to the
producer and batch [69,70]. In our work, the concentration of peroxides increased with FBS
supplementation from 5 to 15%, and the opposite was seen with nitrites.

Some studies show that FBS can scavenge nitrites [51] or peroxides [43,71], depending
on the experiment. Our results do not support this hypothesis. However, while FBS can
scavenge RS, it does not protect cells from death, since exposure to plasma/plasma reactive
species induces changes in the composition of the serum (such as lipid peroxidation,
oxidation of proteins, amino acids) which are themselves cytotoxic [71].

When we compare the effect of plasma in different cell lines, there are two consid-
erations to make: (1) the cytotoxicity of plasma-activated medium and (2) the intrinsic
susceptibility of cell lines.

As previously shown, RPMI and supplementation with FBS increase peroxide con-
centration. However, this does not mean that other used media are less cytotoxic since
hydrogen peroxide could have been converted into hydroxyl radicals or resulted in the
peroxidation of organic molecules. Moreover, reactive species other than hydrogen perox-
ide and nitrites are generated at the plasma-liquid interface. When we compare different
cell lines with the same culture medium requirement, striking differences in metabolic im-
pairment emerge as shown in Table 3. This observation implies that the intrinsic properties
of tumor cells are the main factor determining the response to plasma treatment.

Since different cell lines have different growth rates based on different cell culture
medium requirements, optimal cell concentrations, and characteristic doubling times, the
metabolic activity and protein content of each cell line were always normalized to the
non-treated control of the same cell line, thereby eliminating possibly confounding factors
related with experimental design. This procedure helped us to establish dose-response
curves and calculate the time required to inhibit the metabolic rate and protein content by
50% (IT50), analogous to ICs (half maximal inhibitory concentration).

In order to allow a better comparison between different cell lines, we plotted the calcu-
lated IT50 and associated 95% confidence interval of each cell line on a graph and the calcu-
lated average IT50 as shown in Figure 5. With this reference line, we assigned lower than
average IT50 to a positive response and higher than average IT50 to a negative response.

We attempted to categorize response to plasma treatment according to metabolic rate
and proliferation rate. By doing so, we classify three different types of answer: (1) resistant,
(2) susceptible, (3) stressed, and (4) stunned.
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When first studying the effect of plasma in metabolic activity by MTT assay, HFF1,
WIDR, OE19, HCC1806, and MCEF?7 cells showed the highest IT50, meaning that these
cells were not entirely susceptible to the plasma’s effect. Indeed, HFF1, WIDR, OE19, and
HCC1806 cells remained viable until longer treatment durations compared to the other cell
lines as seen in SRB assays. These cells were considered resistant to plasma. However, that
was not the case for MCF7 cells. The viability of these cells promptly decreased with brief
treatments, and was, paradoxically, the cell line with the lowest treatment duration required
to decrease protein content by 50% as seen by SRB assay. These cells were considered to
be stressed.

Another group of cell lines, PC3 and MNNG/HOS, reported a decrease in metabolic
activity but not in protein content and were considered stunned.

Finally, susceptible cells showed the lowest IT50 for metabolic activity with concordant
lowest IT50 for proliferation rate.

In order to understand this classification, two concepts were introduced. Firstly, the
amount of SRB concentration is directly proportional to the number of living cells [72]
and, therefore, can be extrapolated to measure cell proliferations [73], since it is not likely
that SRB will overestimate cell number due to cell debris [74]. Secondly, the MTT assay is
based on the capacity of metabolically active cells to catalyze the reduction of tetrazolium
salt. This reaction occurs mainly in mitochondria and depends on membrane permeability,
mitochondrial mass, and activity [75]. Therefore, the SRB assay measures proliferation,
and MTT measures metabolism.

Alterations in proliferation and metabolism are usually concordant. Proliferating cells
tend to have higher metabolic rates, parallel to biosynthesis, when matched to those of
non-dividing cells. Similarly, a reduction in proliferative rate is typically accompanied by
a reduction in metabolic rate, as seen in susceptible cells. The reduction in proliferative
rate can be caused by cell death or cycle arrest. Many authors report that low doses of
plasma preferably induce cell cycle arrest, and higher doses of plasma lead to apoptosis
and necrosis in cancer cells [76].

Curiously, while plasma successfully reduces proliferation in MCF?7 lines, it is not
capable of producing the equivalent reduction in metabolic activity. In fact, cell mass
decreases while metabolic rate remains high, suggesting an increase in metabolic rate per
cell as seen in Appendix A Figures Al and A2 when we compare the plots of metabolic
activity and protein content for MCF7. These cells display an intermediate response to
plasma between resistant and susceptible cells, which we categorize as stressed cells.
We hypothesize that this enhanced MTT index represents an adaptation to stress by the
selection of a subpopulation of highly metabolic cells or, alternatively, activation of survival
processes with hyperactive mitochondria or increased mitochondrial mass.

Studies suggest that some established tumor cell lines, such as MCF7 [77], have a
subpopulation of highly metabolic cancer stem cells that have the capacity of self-renewal
and differentiation [78]. The proportion of this subpopulation can increase with treatment
either by induction of pluripotency in non-stem cells or by the selection of more resistant
stem cells [77]. Alternatively, cytotoxic events were shown to induce mitochondrial biogen-
esis and hyperactivation in MCF7 cells, leading to increased metabolic viability and MTT
reduction [75].

The other unexpected case was seen with PC3 and MNNG/HOS which displayed
a reduced MTT index, which can be explained by a decrease in mitochondria content
most likely in the context of autophagy. Cytotoxic events often induce autophagy, but
whether this is a death mechanism or an unsuccessful attempt at cellular preservation is
often unclear [79]. Autophagy can drive survival, but not necessarily in nutrient-deprived
conditions, as it can be induced by ROS [80]. Despite the role of autophagy in supporting
cell survival, cell death following progressive cellular consumption has been attributed
to unrestricted autophagy. Thus, autophagy can explain a reduction in metabolic activity
disproportional to the proliferation rate.
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Several studies report the superior antiproliferative effect of plasma in cancer cells
when compared to benign parenchymal counterparts or stromal cells [13,28,81]. While we
did not perform the same assays in normal counterpart cells, we tested the same methodol-
ogy in the standard somatic cells of connective tissue, fibroblasts HFF-1, which was one of
the cell lines categorized as resistant. However, an explanation for this differential effect
and selectivity is still lacking.

While a low dose of non-thermal plasma may have little to no effect on cancer cells,
higher doses may ablate both cancer cells and phenotypically normal counterparts. In
between, there is a range of conditions where selective damage to malignant cells might
be possible. In fact, in the future, we aim to characterize treatment effect by varying
setup conditions, which were maintained arbitrarily in this study, such as electric potential
difference and frequency of oscillation of the AC circuit.

5. Conclusions

The effects of the CAP treatment evaluated by MTT and SRB assays suggest that this
approach can reduce the metabolic activity and the protein content with relatively short
periods of time exposure in most cell lines tested. Maximal effects are seen at the longest
time exposures tested, 60, 90, and 120 s, with exposures recorded before 60 s not revealing
any damage to the cancer cells.

Furthermore, exposure during 60 s highlights the more pronounced selective effects,
considering the periods and electrical output settings evaluated. Concluding, these re-
sults are promising for future studies as plasma might offer a new anti-cancer treatment.
Currently, several studies are being performed to evaluate the type of cell death and mech-
anism, considering different plasma conditions. Thus, CAP should be the target of a more
refined investigation to confirm its potential as an anticancer therapy.

Plasma is envisioned as a local treatment, whether through irradiation of body sur-
faces, exposed or available by endoscopy, or exposure of cavities to activated media.
Moreover, current literature points to a penetration of several millimeters into tissue [82].
In the near future, we aim to address these topics.
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Figure A1l. MTT assay results 24 h after plasma therapy application in different human cell lines:
hormonal receptor positive breast cancer (MCF?), triple-negative breast cancer (HCC1806), prostate
(PC3 and LnCap), esophageal adenocarcinoma (OE19), urinary bladder grade 3 carcinoma (HT1376),
osteosarcoma (MNNG-HOS), extrahepatic bile duct carcinoma (TFK-1), endometrial cancer (ECC-1),
lung cancer (H1299), melanoma (A375), colon carcinoma (WiDr), and fibroblast (HFF1) at distinct
times: 15, 30, 60, 90, and 120 s. Results are expressed as the percentage of metabolic activity
normalized to control. Statistical significance in relation to control and between cell populations is
represented as * for p < 0.05, ** for p < 0.0,1 and *** for p < 0.001 (n = 9).
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Figure A2. SRB assay results 24 h after plasma therapy application in different human cell lines:
hormonal receptor positive breast cancer (MCF?), triple-negative breast cancer (HCC1806), prostate
(PC3 and LnCap), esophageal adenocarcinoma (OE19), urinary bladder grade 3 carcinoma (HT1376),
osteosarcoma (MNNG-HOS), extrahepatic bile duct carcinoma (TFK-1), endometrial cancer (ECC-1),
lung cancer (H1299), melanoma (A375), colon carcinoma (WiDr), and fibroblast (HFF1) at distinct
times: 15, 30, 60, 90, and 120 s. Results are expressed as the percentage of protein content normalized
to control. Statistical significance in relation to control and between cell populations is represented as
* for p < 0.05, ** for p < 0.01, and *** for p < 0.001 (n = 9).
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