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Abstract

Cold atmospheric plasma (CAP) has gained interest as potential anticancer strategy. In this work,
culture medium was exposed to a microsecond pulsed dielectric-barrier-discharge jet in order to
produce plasma activated medium (PAM). On T-lymphoblastic cell line, PAM induced apoptosis
through the activation of the intrinsic pathway and inhibited cell-cycle progression. The use of the
scavengers NAC or O-phenantroline significantly decreased PAM pro-apoptotic activity. The
genetic impact of PAM was assessed on TK6 cells, resulting in increased micronuclei frequency.
PAM showed cytotoxic effects even on leukemia cells cultivated in hypoxia, which plays a critical
role in promoting chemoresistance. PAM was also tested on normal lymphocytes, showing its
partial selectivity. Taken together, these results contribute to understand the pharmaco-toxicological
profile of CAP.

1. Introduction

Plasma is the fourth state of matter, a globally-neutral ionized gas composed of ions, electrons,
and neutral reactive species. Cold atmospheric plasma (CAP) is a specific type of plasma generated



at atmospheric pressure characterized by a macroscopic temperature lower than 40°C, allowing its
use for biomedical applications.[1] As a matter of fact, CAP technology is a relative newcomer to
the field of medicine. Very recent exponential developments in electronics and pulsed power
engineering have promoted consequent significant improvements in the design of CAP-based
sources and devices for medical purposes. [2] In recent years, the main biomedical applications of
CAP were: wound healing, blood coagulation, antibacterial treatment, induction of cancer cells
death, and stimulation of endothelial cell proliferation.[3] The biological effects of CAP result from
the interaction of its physical and chemical components with cells. Ultraviolet radiation, heat and
electromagnetic field represent the physical factors. The chemical ones are mainly represented by
the reactive oxygen and nitrogen species (RONS) [e.g. hydroxyl radical (OH"), singlet oxygen (102),
superoxide anion (O2"), hydrogen peroxide (H202), hypochlorite (OCI’), ozone (O3), nitric oxide
(NO), nitrogen dioxide (NO>), nitrogen trioxide (NO3), nitrous oxide (N20), dinitrogen tetroxide
(N204), nitrites (NO2") and peroxynitrite (ONOQO")], [4] which are the key mediators of oxidative
damage and cell death in biological systems. [5] In fact, RONS are responsible for cell membrane
alterations, increase in intracellular ROS, decrease in the antioxidant potential, induction of DNA
double-strand breaks, and apoptosis. Over the past few decades, CAP has been proposed as an
innovative anticancer strategy.[6] So far, a rapidly growing body of evidence was produced on its
antitumor ability in in vitro and murine models over a wide range of cancers, i.e. melanoma, lung,
ovarian, colon, prostate cancers, and haematological malignancies.[7-9] The mechanisms of CAP
anticancer activity include the modulation of many cellular pathways, such as PI3K/AKT,
Ras/MAPK, ATM/p53, and TNF/ASK1, as demonstrated in different cancer cell lines.[10] Non the
less, CAP activates tumor-reactive adaptative immune responses that represent a critical
requirement for in vivo, thus, clinical effectiveness [11,12]. Furthermore, it was recently shown that
CAP induces apoptosis on colon and lung cancer cells via endoplasmic reticulum stress.[13]
Besides, CAP is able to elicit cell death through alternative non-apoptotic mechanisms, such as
autophagy and possibly ferroptosis, a type of programmed cell death dependent on iron and
characterized by the accumulation of lipid peroxides. [14] Moreover, CAP can stimulate
macrophages and induce immunogenic cell death, [15] a special type of apoptosis able to convert
dying or dead cancer cells into a “vaccine”, thus inducing an anticancer immunity.[16]

CAP can affect cancer cells’ growth and viability both through a direct or an indirect exposure. In
the first case, there is the direct contact of cells with plasma; in the second one, cells are treated
with plasma activated media/liquids (PAM/PALs).[17,18] However, only preliminary results are
available on the clinical application of CAP in the oncologic field.[19] Among the devices used for
the generation of CAP, plasma jet is actually the most employed discharge device.[20]

Through an integrated experimental approach, in the present study, we explore the anticancer
effects of PAM produced exposing RPMI to a dielectric barrier discharge (DBD) plasma jet. To this
end, we investigated in vitro the cellular and genetic impact of PAM in lymphoblastic leukemia
cells. In particular, we explored necrotic/apoptotic events, cell-cycle progression, and induction of
DNA damage after PAM exposure. Moreover, we studied the selectivity of PAM for tumour cells
through the analysis of its cytotoxic effects on T-lymphocytes from healthy donors that do not
exhibit the malignant properties of leukemic cells, representing their non-transformed, normal
counterpart. Hematological tumor cell lines have been used for decades in the oncological field for
their easy cultivability and simple execution of many analyses by flow cytometry, which is the
current gold standard for analyses such as cell proliferation and cell death mechanisms.
Hematological tumor cell lines can also allow a specific comparison between the plasma effects on
malignant ( T-leukemia cells and normal T lymphocytes) cells. This is essential to determine the



plasma selectivity. Moreover, the experimental approach also allows evaluating the effect of plasma
on blasts from leukemia patients, where we investigated the cytotoxicity of PAM. This is an aspect
of particular importance, hardly feasible for solid tumors, for which the obtaining of ex vivo
material requires the availability of biopsy specimens of difficult availability and cultivability. Ex
vivo samples represent a quite good surrogate for determining the cellular response of the patient to
the treatment and predicting the clinical outcome.[21] With the aim to preliminary predict the
clinical potential of PAM and aware of the consequences of oxygen levels for RONS production,
[22]we tested its cytotoxic effects in hypoxic conditions, a model of chemoresistance. Hypoxia
characterizes not only solid tumors, but also leukemia. Bone marrow hematopoietic compartment
has an oxygen gradient ranging from <6% oxygen to anoxia. [23,24] In solid cancers, uncontrolled
proliferation is associated with hypoxia, which has been found to favor chemoresistance.[25-27] The
rapidity of blast cell proliferation would eventually reduce the oxygen availability. Accordingly, in
a rat model of promyelocytic leukemia, Jensen et al. [28] observed an increasing level of hypoxia
during disease progression, comparable to that observed in solid tumors.

For the first time, we demonstrated the cytotoxic potential of PAM in hypoxia and its partial
selectivity for malignant cells.

2. Materials and Methods
2.1 CAP source

The CAP device used for the experiments was a DBD plasma jet source.[29] As high-voltage
electrode, a 50 mm long tungsten wire having 1 mm diameter was used; the wire was positioned on
the axis of a borosilicate glass capillary having a dielectric constant & ~ 5. As grounded electrode, a
40 mm width aluminium foil was wrapped outside the dielectric capillary. In order to make the
source suitable for biomedical applications, plasma propagates inside the capillary, 150 mm long,
decoupling the area of plasma generation from the area dedicated to the treatment. The borosilicate
glass capillary ended with a 25 mm long section characterized by an inclination of 75° and a tapered
orifice. As working gas, 3 standard liters per minute (slpm) of 99.999% pure helium (He) was
introduced for sustaining and propagating CAP. CAP plume was produced downstream the spruce
orifice, where the mixing of He plasma with the surrounding air occurred.

The source is driven by a micropulsed high voltage generator (PVM 500/DIDRIVE10,
Information Unlimited, US). The waveform characteristic is a 22kHz sinusoid with peak voltage
that could be varied in the range 7-18kV. The generator was operated imposing a 7.5% duty cycle
(0.75 ms ON, 9.25 ms OFF).Voltage and current were monitored by means of high voltage probe
(Tektronix P6015A) connected to an oscilloscope (Tektronix DPO 40034). The distance between
the source outlet and the liquid to be treated was fixed at 11 mm.

2.2 Cell cultures

We used authenticated human T-leukemia cells (Jurkat) (LGC Standard, Teddington,
Middlesex, UK) and spleen lymphoblast cell line (TK6) (Sigma Aldrich, St. Louis, Missouri,
USA), grown in suspension and propagated in RPMI 1640 added with 10% inactivated fetal bovine
serum (FBS), 1% L-glutamine (L-glu) 200 mM, and 1% penicillin/streptomycin solution (all
purchased by Sigma). To maintain exponential growth, cells were cultured at 37°C and 5% CO. and
divided every three days to a concentration of 1x10° and 2x10° cells/mL, respectively.



To assess selectivity, we used lymphocytes isolated from peripheral blood of healthy donors,
provided by AVIS (Association of Voluntary Italian Blood Donors). All donors provided written
informed consent. Lymphocytes were isolated by centrifugation on Ficoll-Histopaque density
gradient. Mononuclear cells at interphase (cell-cycle phase for mitosis preparation) were recovered,
washed with PBS 1x solution and then suspended in RPMI 1640 added with 15% FBS, 1% L-glu,
1% antibiotics solution and 0.5% phytohemagglutinin (2 mg/mL, Sigma).

2.3 Treatment conditions

PAM was produced exposing 1 ml of serum-free RPMI to CAP (Figure 1). After PAM
production, we seeded malignant or normal cells in this activated medium. To standardize the
procedure of indirect treatment and to avoid any variables related to the kinetics of RONS in liquid
phase, a delay time of 30 seconds between PAM production and cell treatment was fixed. Tested
operating conditions were 10 kV with a treatment time of 120 or 180 s. 1 or 3 h after PAM
treatment, the activated medium was replaced with complete medium. Furthermore, some
experiments were performed in presence of N-acetylcysteine (NAC, 10 mM, Sigma) or O-
phenantroline (O-phe, 1-100 uM, Sigma).

Figure 1. Schematic (left) and picture (right) of the experimental setup for the production of
PAM

To explore the role of ROS in the cytotoxic activity of PAM, leukemic cells were
additionally cultivated in a hypoxia workstation (INVIVO 200, Ruskinn Technology Ldt, Bridgend,
UK), at Oz concentration up to 1%. PAM production, cell treatments, and sample preparations were
performed inside the workstation, ensuring full maintenance of hypoxic condition for the entire
duration of the experiments.

2.4 Flow cytometry

All flow cytometric analyses were performed by the EasyCyte SHT flow cytometer (Merck
Darmstadt, Germany) or Guava EasyCyte 6-2L (Merck, Darmstadt, Germany). At least 5000 events
were evaluated for each analysed sample.

2.5 Analysis of cell viability

24 or 48 h from 1 h-PAM exposure, Jurkat cells or lymphocytes were stained with Guava
Viacount reagent (Merck, Darmstadt, Germany), containing 7-amino-actinomycin D (7-AAD), that
allows the discrimination between viable and dead cells, and incubated at room temperature in the
dark for 5 min before flow-cytometric analysis. To discriminate between necrotic and apoptotic
events, we used Guava Nexin reagent (Merck), containing 7-AAD and ANNEXIN-V-
phycoerythrin. Briefly, 2x10* cells were stained with 100 pL of Guava Nexin reagent and, after 20



min incubation at room temperature in the dark, samples were analysed via flow cytometry.
Camptothecin 2 uM (Sigma) was used as positive control.

2.6 Cell-cycle analysis

Guava Cell Cycle Reagent (Merck), containing propidium iodide, was used to identify cells
in the different phases of cell cycle, based on DNA content. After 24 h from 1 h-PAM treatment,
cells were fixed with ice-cold ethanol 70%. After fixation, cells were washed with PBS 1x,
suspended in 200 pL of reagent, incubated for 30 min at room temperature and protected from light
and finally analysed via flow cytometry. Etoposide 0.2 uM (Sigma) was used as positive control.

2.7 Analysis of mitochondrial transmembrane potential

The involvement of the apoptotic mitochondrial pathway was assessed through MitoProbe™
DilC1(5) Assay kit (Thermo Fisher Scientific, Walthman, MA, USA). After 24 h from 1 h-PAM
exposure, Jurkat cells were washed and supplemented with 50 nM DilC1(5) (1,10,3,3,30,30-
hexamethylindo dicarbo-cyanine iodide) for 20 min at 37°C and 5% CO». DilC1(5) freely
accumulates in mitochondria with active membrane potential. At the end of the incubation, cells
were washed and suspended again in PBS 1x for the flow-cytometric analysis. Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) 50 uM was used as positive control. Results were expressed as %
of cells with decreased mitochondrial potential compared to untreated cells.

2.8 Detection of intracellular glutathione (GSH) level

Intracellular GSH represents the main antioxidant defence of cells exposed to oxidative
stress (PMID: 18796312). Besides, depletion of intracellular GSH is responsible for redox
imbalance and cells become more susceptible to ROS damage due to the loss of scavenging power.
[30] 2,2’-Dinitro-5,5’-dithiodibenzolic acid (DTNB, Sigma) was used to measure GSH levels in
Jurkat cells. Briefly, after 1 h of PAM treatment and 5 h of recovery in complete medium, samples
were lysed through freezing-thawing protocol. Supernatant containing cytoplasmic proteins was
collected and proteins measured by Bradford assay (Bio-Rad, Hercules, CA, USA) [31]. Then, a 50
pL sample was mixed with 100 ul TRIS EDTA (pH 8,9; 0,2 M, Sigma) and 50 pl DTNB (dissolved
in methanol). H,O> was used as positive control at 60 uM, which corresponds to the highest H>O»
concentration recorded in PAM in our tested experimental conditions. The spectrophotometric
analysis was performed at 405 nm within 5 min with a microplate reader (Tecan, Mannedorf.
Switzerland). Results were normalized according to proteins’ content of each sample. Results were
expressed as % of GSH depletion compared to untreated cells.

2.9 H2AX phosphorylation assay and MN assay

To investigate whether PAM was able to induce DNA damage on Jurkat cells, the
phosphorylation of H2AX (y-H2AX) was analysed using FlowCellect™ Histone H2AX
Phosphorylation Assay Kit (Merck). Briefly, 1 h after PAM exposure followed by 4 or 21 h of
recovery in complete medium, cells were fixed and permeabilized, according to manufacturer’s
instruction. After permeabilization, cells were incubated for 30 min with the anti-y-H2AX-Alexa
Fluor antibody (Merck). Etoposide 10 ng/mL was used as positive control. Samples were analysed
via flow cytometry and the results expressed as fold increase of y-H2AX versus untreated cells.

To assess PAM mutational effects, the micronucleus test was conducted on TK6 cells, as
recommended by OECD (Organization for Economic Co-operation and Development) guidelines
487 [32]. After 3 h from PAM exposure followed by 21 h of recovery in complete fresh medium, as
recommended by the OECD guidelines, aliquots of 7x10° of TK6 cells were collected and stained



with 7-AAD and SYTOX Green. Since micronuclei (MN) are characterized by a fluorescence of
about 1/100™ of the G1 nuclei’s fluorescence intensity [33,34], we positioned the MN scoring region
for SYTOX fluorescence between 10? and 10°. For each sample, the MN frequency was measured
on 10,000 nuclei derived from viable and proliferating cells on the basis of the different 7-AAD
fluorescence. Positive controls were mitomycin (MMC, Sigma) 0.8 pg/mL and vinblastine (VINB,
Sigma) 0.025 pg/mL for 3 h. The results are expressed as increased frequency of MN in treated
cultures compared to that present in the control cultures.

2.10 Detection of reactive oxygen and nitrogen species in PAM.

The concentrations of hydrogen peroxide and nitrites were assessed using the Amplex® Red
Hydrogen Peroxide Assay Kit (Thermo Fisher Scientific) and the nitrate/nitrite colorimetric assay
(ROCHE, Basel, Switzerland), respectively. The measurement of these reactive species was
performed 30 s after PAM production according to the manufacturer’s protocols. The absorbances
were measured photometrically with a microplate reader (Rayto, Shenzhen, P.R. China).

2.11 Statistical analysis

Results are expressed as the mean + SEM of at least three independent experiments. T-test
for paired data or ANOVA repeated measures was used. Bonferroni or Dunnett were used as post-
tests. The statistical software GraphPad InStat 5.0 version (GraphPad Prism, San Diego, CA, USA)
was used. P < 0.05 was considered significant.

3. Results

3.1 PAM induces apoptosis of Jurkat cells

A significant decrease in Jurkat viability was observed at all tested conditions, characterized
after 24 h from PAM exposure by an increase in both necrotic and apoptotic events: with PAM
generated by 10 kV 120 s we observed 19% of both necrotic and apoptotic events, compared to
2.6% necrosis and 6.0% apoptosis for untreated cells (Figure 2a). A significant increase in
apoptotic events, rather than necrotic ones, was observed 48 h after treatment (Figure 2b).

Moreover, 24 h after treatment, PAM increased the percentage of cells with reduced
mitochondrial potential. The highest effect was recorded for PAM 180 s, with 29.7% of cells with
decreased mitochondrial potential (versus 2.6% of untreated cells) (Figure 2c¢).
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Figure 2. Percentage of live, necrotic and apoptotic Jurkat cells after 24 (a) and 48 h (b) from PAM
exposure. Data are the mean of six independent experiments. Camptothecin was used as positive
control. (¢) Percentage of cells with decreased mitochondrial potential 24 h after PAM exposure.
Results are the mean of three independent experiments. CCCP was used as positive control. *p <
0.05; **p < 0.01; ***p <0.001 versus untreated cells.

3.2 PAM induces cell-cycle arrest of Jurkat cells

Two are the major phases of cell cycle: interphase and mitotic phase. Interphase consists of
three steps: G1, S and G2, in which a cell grows and makes a copy of its DNA in preparation of the
mitosis (M phase). 24 h after PAM treatment, a decrease of the number of cells in the GO/G1 phase
with a compensatory increase in the S and G2/M phases was recorded. At PAM 180 s, we observed
the highest increase in cells in G2/M (28.0% compared to 17.8% of untreated cells) and S phase
(23.1% compared to 16.9% of untreated cells) with a decrease in cells in the GO/G1 phase (49.5%,
compared to 65.6% of untreated cells) (Figure 3).
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Figure 3. Cell-cycle distribution of Jurkat cells 24 h after PAM exposure. Results are the mean of
three independent experiments. Etoposide was used as positive control. *p < 0.05; **p <0.01; ***p
< 0.001 versus untreated cells.

3.3 RONS are involved in the cytotoxic effects of PAM on Jurkat cells

Due to the key role of ROS in CAP biological activity [5], we investigated how the alteration of
the redox state could influence the cytotoxic activity of PAM. We performed some experiments
treating the cells 1 h before PAM exposure with NAC, which reduces GSH oxidation, or O-phe,
which blocks the Fenton reaction. After 24 h, we observed with both scavengers a 20% of increase
in cell viability, indicating the involvement of both these pathways in PAM biological activity
(Figure 4a,c). For example, after PAM treatment for 120 s, the viability was 46.9%, whereas in the
presence of NAC or O-phe the viability was 63.5% and 69.3%, respectively (Figure 4a,c). After 48
h, we observed a similar trend; in particular, at PAM 120 s, the viability was 66.4% in the presence
of NAC and 80.5% in the presence of O-phe, compared to 52.2% after PAM exposure (Figure
4b,d).

To further proof the role of ROS in the anticancer activity of PAM, we treated cells with NAC for
20 h before PAM exposure and we additionally added NAC in each sample after PAM treatment,
thus increasing intracellular GSH levels. The analysis of viability was performed 24 and 48 h later.
The results clearly showed an increase in cell viability, more pronounced than that observed after
only 1 h of NAC pre-treatment. For example, after 24 h at PAM 120 s the viability of cells exposed
to PAM was 51% compared to 84% for cells treated with NAC (Figure 4e). The same trend was
recorded 48 h after PAM treatment (Figure 4f) and at PAM 180 s (data not shown). On the whole,
our results indicate that NAC did not totally abolish PAM-induced cytotoxicity.
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Figure 4. Percentage of live, necrotic and apoptotic Jurkat cells after 24 and 48 h from PAM
treatment (120 s) in presence or absence of NAC (a,b) or O-phe (c,d) 1 h or 20 h (e,f) before
PAM exposure. Results are the mean of three independent experiments. * p <0.05; ** p <
0.01; *** p <0.001 versus untreated cells; # p < 0.05; ## p < 0.01; ### p < 0.001 versus
PAM treatment condition 10 kV 120 s.

Considering the decrease in PAM-cytotoxicity in presence of NAC, we further investigated the
ability of PAM to deplete GSH. Since GSH depletion is an upstream event compared to apoptosis,
we measured GSH levels 6 h after PAM treatment [35]. We observed that PAM treatment decreased
GSH intracellular levels at all tested conditions (Figure 5).
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3.4 PAM induces DNA damage in Jurkat and TK6 cells

The key role that RONS play in CAP biological activity prompt us to investigate PAM
genotoxicity. We used the H2AX histone phosphorylation assay on Jurkat cells to investigate
whether PAM was able to induce DNA damage. Five h after PAM exposure, either PAM 120 s and
180 s induced a 3- and 3.7-fold increase, respectively, in y-H2AX compared to untreated cells
(Figure 6). After 24 h, we recorded a y-H2AX increase of 1.8- and 1.4-fold, respectively, compared
to untreated cells (Figure 6). Etoposide was used as positive control, showing a 11.3- and 1.5-fold
increase after 5 and 24 h, respectively.

Since CAP induced genotoxicity, we analysed whether DNA damage was retained in DNA
sequence and expressed as mutations (i.e. irreversible DNA damage). To this end, we performed the
micronucleus test on TK6, which represent the cells recommended by the OECD guidelines for
performing micronucleus test. [32] PAM 120 s significantly increased the percentage of MN of
about 3 times with respect to the frequency of untreated cultures. For the positive controls MMC
and VINB we recorded an increase in MN percentage of about 4 times compared to untreated cells.
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Figure 6. Relative expression of phosphorylated H2AX (y-H2AX) in Jurkat cells 5 or 24 h after
PAM exposure. Etoposide was used as positive control. Results are the mean of three independent
experiments. *p < 0.05; **p < 0.01; ***p <0.001 versus untreated cells.

3.5 PAM induces cell death in Jurkat cells cultured in hypoxic conditions

Hypoxia is often responsible for the acquisition of chemoresistance [36]. Thus, to better define
the pharmacological potential of PAM, we analysed its cytotoxic effects in hypoxic conditions. We
observed an increase in apoptotic events, more than necrotic ones, compared to cells cultured in
normoxic conditions (Figure 7). The highest percentage of apoptotic events in hypoxia was
recorded 48 h after PAM exposure for 180 s, which resulted about 2-fold higher than untreated
cultures. This increase was negligible compared to the apoptosis recorded in normoxic condition,
which resulted about 8-fold at the same treatment condition (Figure 7b). Besides, the necrotic
events recorded in hypoxic conditions were significantly lower than those observed in normoxia,
especially 24 h after treatment. For example, after PAM exposure for 180 s we recorded a 16-fold
increase in necrotic events in normoxia and a 3-fold increase in hypoxia compared to untreated cells
(Figure 7c¢).
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least three independent experiments. *p < 0.05; **p < 0.01; ***p <0.001 versus untreated cells
(dashed line).

To understand the mechanisms involved in the different cytotoxic profile of PAM in
normoxia versus hypoxia, we measured hydrogen peroxide and nitrites produced in PAM both in
normoxic and hypoxic conditions. The concentration of peroxides in hypoxia was lower and nitrites
concentration higher than in normoxia in almost all the conditions (Figure 8). The highest
difference in peroxides concentration was recorded at PAM 180 s, with 58.8 uM in normoxia
compared to 33.9 uM in hypoxia. The concentrations of nitrites reached the highest difference at
PAM 180 s, with 79.9 uM in normoxia compared to 126.6 uM in hypoxia (Figure 8). On the basis
of our results, we can conclude that peroxides produced by plasma treatment in normoxic condition
are higher than the ones produce in hypoxic condition, whereas nitrites concentrations resulted
higher in hypoxic conditions than in normoxic one.
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Figure 8. Concentrations of hydrogen peroxide and nitrites in PAM in normoxic and
hypoxic conditions. The data are the mean of three different experiments. **p < 0.01; ***p
< 0.001 normoxia versus hypoxia.

3.6 The cytotoxicity of PAM is partially selective for tumour cells

To preliminary assess the selectivity of PAM for cancer cells, normal lymphocytes were treated
with PAM. After 24 h from PAM treatment, we observed a cytotoxic activity of PAM on normal
cells. However, it resulted lower than that recorded on leukemic cells (Figure 9). The most
significant difference between malignant and normal cells was observed at PAM 180 s, with 77.4%
viability of T-lymphocytes compared to 53.6% of Jurkat cells (Figure 9). Similar results were
obtained after 48 h from PAM exposure (data not shown).
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Figure 9. Viability of lymphocytes and Jurkat cells 24 h after PAM treatment. Results are the mean
of two independent experiments. ** p <0.01; *** p <0.001; **** p <0.0001 versus untreated
cells; ## p < 0.01 versus Jurkat cells.

4. Discussion

We investigated PAM antileukemic potential on T-leukemia cells. Usually, cells and tissues are directly
exposed to CAP treatment, but in the last years plasma activated liquids, such as PAM, were shown to be
equally active in killing cancer cells.[18,37-39] This evidence also emerged from our previous publication
with a nanopulsed DBD source in a lymphoma cell line.[40] In the present study, the analysis of cell viability
after PAM exposure clearly showed a significant cytotoxic effect at all tested conditions. The hypothesis
behind the ability of PAM to trigger cytotoxic effects in tumour models not directly exposed to CAP belongs
to the RONS generated in liquid environment, that are involved in a bystander effect-like process.[41] The
bystander effect was firstly described for radiations, where cells not directly irradiated showed stress signal
factors similar to the irradiated ones. This phenomenon was then described for photodynamic therapy, heat,
and chemotherapy agents.[42] The signals responsible for the bystander effects can be either small molecules
transported to adjacent non-targeted cells via gap-junction intercellular communication, or secreted factors
that can reach remote, non-targeted cells by diffusion or through circulation. Reactive species and alteration
of cells redox status are considered among the main responsible factors underpinning bystander effect.[43]
Besides, secondary CAP-generated and most long-lived RONS in liquid phase (peroxides and nitrites) are
considered the predominant players of PAM-induced biological effects.[44] Moreover, Kurake et al. [45] and
Girard et al. [46] have pointed out that the synergistic interaction between H,O» and nitrite is essential for
PAM action.

Deepening the mechanisms of cell death induced by the DBD jet source, object of this study, we
observed a significant induction of apoptotic events 24 and 48 h after PAM exposure. Also, if PAM
treatment only lasted 1 h, its effect perdured for several hours: it is interesting to record up to 48 h
its pro-apoptotic activity, even higher than recorded necrotic events. This is not the first time that
apoptosis is observed several hours after CAP exposure.[47,48] The cytotoxic effect of CAP depends
on the exposure time , the progressive increase in the reactive species formation and the initiation of



an intracellular signalling cascade that leads to programmed cell death.[49] Furthermore, the self-
perpetuation of apoptosis was recently imputed to the formation of secondary extracellular singlet
oxygen generated by CAP treatment, that leads to apoptosis via inactivation of local catalase.[41]
Tumour cells acquire protective membrane-associated catalase and SOD to cope with intercellular
RONS-dependent apoptosis. Thus, inactivation of membrane-associated catalase by singlet oxygen
could perpetuate apoptosis in tumour cells.[50] The clarification of these aspects for PAM-mediated
apoptosis induction requires further experimentation.

Different groups recently reviewed the interaction between CAP and liquids, suggesting
peroxides and nitrites as the main molecules exerting an anticancer effect.[10] These reactive
species, as previously mentioned, are considered the main responsible for the activation of
signalling cascades that mediate CAP-induced pro-apoptotic effects.[51] In this context, Fenton
reactions, that in presence of an iron atom catalyse the formation of hydroxyl radical, might be key
reactions in cell-based peroxides generation.[52] Our results clearly confirmed the important role of
RONS in PAM, demonstrating that the scavenger activity of O-phe, that specifically blocks Fenton
reaction, or NAC, that increases the antioxidant defence of the cells, inhibits PAM cytotoxicity.
More protracted is the cell exposure to scavenger, less effective is PAM in inducing cancer cell
death, as we demonstrated with longer exposure to NAC. However, in our conditions, treatment
with NAC did not totally abolish the cytotoxic effect of PAM, thus suggesting a synergistic role of
RNS and peroxides [46]. Furthermore, we demonstrated that PAM induces a depletion of GSH. The
GSH reduction affects the antioxidant capacity of the coupled glutathione peroxidase-glutathione S-
transferases system and could therefore sensitize target cells to oxidative stress.[53]

We also observed that the pro-apoptotic activity of PAM depends on the activation of the
intrinsic pathway, as demonstrated by the significant increase in cells with decreased mitochondrial
potential after PAM treatment. During the effector phase of mitochondria-dependent apoptosis, the
transmembrane potential of mitochondria collapses, indicating the opening of the transition pores.
Once mitochondrial membrane integrity is compromised, different signals converge for the
activation of apoptosis, including ATP decay, uncoupled oxidative phosphorylation, release of
apoptogenic factors, such as cytochrome c, and alteration of cellular redox pathway [54]. Recently,
Ahn et al. reported the ability of CAP to induce apoptosis through the activation of the intrinsic
pathway, prompted by free radical generation,[55] thus further supporting our results that scavengers
must alleviate CAP pro-apoptotic activity.

Together with the induction of apoptosis, we demonstrated that PAM treatments alter cell-cycle
residence, inducing a block in S and G2/M phases. Cell-cycle block prevents aged or abnormal cells
from proliferation. ROS generated by CAP are considered among the main responsible for DNA
damage induction, which leads to cell-cycle arrest and then apoptosis.[56] Volotskova and
colleagues found that CAP delayed progression of skin cancer cells by blocking them at the G2/M
checkpoint. This delay correlated with the increase in H2AX phosphorylation, a marker of DNA
double-strand break.[57] Notably, apoptosis can be activated as secondary response to DNA damage
after DNA repair failed.[58] Our results showed that apoptosis is not completely efficient in the
elimination of damaged cells, as demonstrated by the increase in H2AX phosphorylation and the
MN frequency after PAM treatment. Indeed, many species produced by CAP treatment of liquids
are likely to cause DNA damage [among others hydrogen peroxide (H202)].[59] Nevertheless,
conflicting results are available on CAP genotoxicity and mutagenicity. Wende and colleagues
demonstrated that CAP treatment up to 180 s with an argon plasma jet did not increase genotoxicity
in fibroblasts and keratinocytes.[60] On the other hand, Hong and collaborators showed a significant
increase in the occurrence of chromosomal damage after exposure of B lymphoblastoid WIL2-NS



cells to an argon plasma-jet-treated media [61]. Thus, it is necessary to point out that every CAP
source induces different plasma compositions, and thus induces different chemistry in liquid phase,
that therefore needs to be assessed for efficacy and safety. Furthermore, the treatment conditions,
i.e. time of exposure to CAP, strongly influence CAP toxicity [62].

Although in a lesser extent compared to normoxia, PAM showed pro-apoptotic activity also in
hypoxia. To the best of our knowledge, this is the first time that the biological effect of PAM has
been investigated in hypoxic conditions. The reason at the basis of this different cytotoxic activity
may lie in the different concentration of peroxides and nitrites produced in activated medium in
normoxia versus hypoxia. [22] The lower concentration of hydrogen peroxide produced in hypoxia
compared to normoxia lies in the low concentration of oxygen in atmosphere. Indeed one of the
most important precursor of hydrogen peroxide is hydroxyl radical produced in gas phase [63],
whose production is mainly related to oxygen molecules and HO> .[64] Focusing on nitrites, Tresp
et al. [65] demonstrated that plasma jet generated in a nitrogen-rich atmosphere induces a higher
concentration of nitrites in RPMI compared to a jet generated in synthetic air atmosphere. This can
be related to the higher concentration of nitrogen, precursor of NO in gas phase, main responsible of
nitrites production in liquid.

Tumour cells cultured in hypoxic conditions can respond differently to pharmacological treatment
and develop chemoresistance.[36] This is reasonably due to changes in cell metabolism and
microenvironment caused by reduced oxygen tension.[66] It was recently proposed that CAP can
induce apoptosis inside a tumour by the delivery of peroxides and nitrites coupled with aqueous
oxygen, this latter responsible also for the increase in oxygen tension in the hypoxic tissue.[67,68].
Accordingly, in vivo data showed that a plasma jet source increased both blood flow and tissue
oxygen partial pressure. [69]

To further assess the potential of CAP as anticancer strategy, we investigated PAM selectivity
for cancer cells. In particular, we explored the cytotoxic effects of PAM on normal lymphocytes
from healthy donors. Our results show a partial selectivity of PAM towards malignant cells.
Previous studies demonstrated the non-aggressive nature of CAP on primary or stem cells [70] and
its more pronounced or selective cytotoxic activity versus malignant cells in several tissues, such as
lung,[71] liver,[72] and melanocytes.[73] Besides, Bundscherer and colleagues showed that 1) freshly
isolated blood cells were more susceptible to CAP treatment than cell lines; i1) CAP cytotoxic
effects on normal lymphocytes depended on cell type (e.g. memory lymphocytes more sensitive
compared to monocytes), [74] envisioning a degree of selectivity, rather than universal selectivity of
CAP. [12] The theory behind CAP partial selectivity is that tumour cells are usually characterized by
an increased basal oxidative stress, making them more vulnerable to a further increase in
intracellular ROS levels compared to normal cells. [75] Thus, the increase in oxidative stress
induced by CAP will preferentially target tumour cells. Furthermore, cancer cells express more
aquaporins on their cytoplasmic membranes, which may cause the H>O> uptake in cancer cells to be
faster than in normal cells. As a result, CAP treatment could kill cancer cells more easily than
normal cells.[76] The increased uptake of RONS in cancer cells compared to normal ones was
recently assessed also by the different composition of the cholesterol fraction of cell membrane.
The lowest content of cholesterol in the phospholipid bilayers of cancer cells could allow a highest
permeability of cancer cells to those reactive species.[77]

Ex vivo samples are good surrogates to predict the pharmacological response of patients. Cell
lines differ from primary cells, taken directly from living tissue, in term of growth kinetics and
pharmacological determinants (e.g. sex, age, presence of mutations, efc...) .[78] We obtained
preliminary results on blasts from patients with acute myeloid leukemia (see Supplementary



Materials, Supplementary Table 1, Figure S1), where PAM induced a milder cytotoxic effect
compared to T-leukemia Jurkat cells. A different cytotoxic effect of CAP in primary cells compared
to cell lines was observed, for example, for prostate cancer. Hirst and colleagues recorded necrosis
and autophagy in primary cells, whereas they observed apoptosis together with necrosis in prostate
cell lines. These results further underline the need of studies in primary cultures to better predict the
clinical potential of CAP and PAM.[79] In our experimental system, the more pronounced activity
on blast samples was observed on cells from patients negative for mutations on the tyrosine-kinase
domain (TKD) of the FMS-like tyrosine-kinase 3 (FLT3) (Figure S1). Internal tandem duplications
(ITD) and FLT3 mutations can be found in up to one third of patients with AML.[80] The presence
of FLT3/IDT mutations is often associated with a high relapse rate and a short relapsed-free and
overall survival after chemotherapy and transplant.[81] PAM cytotoxic activity is negligible in blasts
from FLT3 positive/ITD patients, except for blasts from one relapsing patient (Figure S1).
However, to make these data consistent it will be necessary to expand the number of samples and to
test the in vitro response of blasts to conventional chemotherapeutic drugs (i.e. cytarabine,
idarubicin), especially for relapsing and refractory patients.

Of note, one of the main limits of a pro-oxidant anticancer therapy, such as CAP treatment,
could be represented by the occurrence of resistance.[82] The presence of nitrogen reactive species
and the possibility to control and diversify CAP-produced reactive species could represent an
important strategy to overcome chemoresistance. More, other molecules can contribute to enhance
the cytotoxic mechanism evoked by CAP. Recent studies actually showed how the complexity of
CAP could counteract the resistance in oxidation-insensitive types of cancer. Bekeschus and
colleagues demonstrated that leukemia THP-1 cells, insensitive to CAP-induced cell death mediated
by peroxides stress, become sensitive to CAP treatment when hypochlorous acid is produced
tailoring CAP chemistry, using a helium/oxygen radio frequency driven atmospheric plasma jet.[83]

5. Conclusions

Taken together, our results provide a deeper understanding on the cellular and molecular impact
of PAM in in vitro leukemia cells, highlighting its partial selectivity towards malignant cells and its
cytotoxic activity in model of chemoresistance, such as cell cultured in hypoxia. Further
investigation in the mechanisms triggering CAP biological effects, the role of catalase or
hypochlorous acid in PAM-induced leukemic cell death will certainly help in the prediction of CAP
clinical potential. The knowledge obtained on the anticancer mechanisms of CAP could allow to
predict a synergistic effect of CAP with well-known modulators of RONS signalling and traditional
chemotherapy. Those associations could decrease the time of CAP exposure necessary to induce
optimal anticancer effects, potentially improving its toxicological profile and increasing its efficacy.
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A dielectric barrier discharge plasma jet is used for the production of plasma activated
medium (PAM). On T-lymphoblastic cell line, PAM induces apoptosis through the activation of
the intrinsic pathway and inhibited cell-cycle progression. PAM shows cytotoxic effects even on



leukemia cells cultivated in hypoxia, which plays a critical role in promoting chemoresistance.
PAM is also tested on normal lymphocytes, showing its partial selectivity.

Supporting Information

Preliminary results on PAM cytotoxic effects on blasts from eight patients with acute myeloid
leukemia classified as FLT3 positive or negative. Table S1: Clinical features of patients. Figure S1:
Percentage of viable blasts 24 h after PAM treatment.



