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Abstract

Epithelial ovarian cancer (EOC) is the most common type of gynecological

tumor, presenting poor prognosis at diagnosis and with recurrences being

frequently observed. Reactive species generated by physical plasma and

transferred into liquids have shown promising results in cancer therapy.

Recently, Ringer's lactate solution was exposed to plasma showing selective

anticancer activity on EOC cells. In this work, we compared the effect of

plasma treatment, using the kINPen plasma jet, on Ringer's saline and

Ringer's lactate solution. These two plasma‐treated liquids were analyzed

chemically by quantifying

reactive species and the ex-

tent of lactate oxidation. The

biological efficiency of the

plasma‐treated liquids was

explored in EOC cells. The

results show that lactate is

affected by plasma treatment,

displaying a reduction of cyto-

toxic potential.
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1 | INTRODUCTION

Epithelial ovarian cancer (EOC) is the most common
gynecological malignant tumor, accounting for 90% of
women's cancers.[1] It is characterized by neoplastic
nodules located on the peritoneal surface with a mainly
asymptomatic progression, with diagnosis in advanced
stages in about 75% of cases.[1–3] Standard of care in
advanced EOC is the combination of primary debulking
surgery followed by platinum‐taxane chemotherapy.[4,5]

Even though chemotherapeutic approaches are an
effective and tolerable way to treat many types of tumors,
they still face many challenges, such as unspecific side‐
effect profiles that are still reported.[6,7] Despite improved
survival rates,[8] conventional therapies cannot eradicate
the disease[5,9] and about 80% of affected women
relapse[10] with a poor prognosis in EOC advanced stages
within 5 years from diagnosis.[4,11] Hence, innovative and
adjuvant solutions have to be found to improve EOC
therapy. Within this framework, cold atmospheric
plasma (CAP) could be a promising approach.

CAP is a partially ionized gas characterized by a blend of
neutral species (atoms, molecules, and radical species),
charged particles (electrons, positive and negative ions) and
electromagnetic radiation.[12,13] Consequently, plasma has a
complex composition that has been widely explored in the
field of plasma medicine for its therapeutic applica-
tion.[12,14,15] CAP interaction with ambient air (oxygen and
nitrogen) and water vapor allows the production of reactive
oxygen and nitrogen species (RONS)[12] that may trigger cell
death mechanisms and therefore find application in antic-
ancer therapy.[16,17] Several in vitro and in vivo studies
reported that cancer cells show sensitivity to CAP both
when they are directly in contact with it and when they are
exposed to CAP‐treated solutions, also known as plasma‐
treated liquids (PTLs) that operate as donors of
RONS.[13,18–21] Thereby, the short‐lived RONS generated

by CAP can diffuse into the liquid and react to form long‐
lived species, including nitrite ions (NO2

−), generated by
reactions of nitric oxide and nitrogen dioxide in water and
hydrogen peroxides (H2O2), obtained by recombination of
hydroxyl radicals (OH).[13,22–24] These latter species have a
significant role in cellular biochemistry due to their
influence on redox balance.[25–27] In fact, RONS, or derived
species, play a pivotal role, being both proliferative and
harmful signaling molecules, depending on their concentra-
tion and subcellular localization.[28–30] Under resting condi-
tions, cells produce RONS as metabolic by‐products that are
detoxified by the antioxidant defenses to preserve cell
survival and proliferation.[31] This strategy is particularly
efficient in cancer cells, displaying high levels of antioxidant
proteins to maintain their redox homeostasis but they still
contain higher levels of RONS than non malignant
cells.[25,32] Nevertheless, when the intracellular level of
RONS exceeds a cell‐specific threshold, antioxidant mecha-
nisms fail to preserve cell survival leading to apopto-
sis.[17,31,33] In this perspective, the increase of oxidative stress
in cancer cells caused by exogenous RONS may be a novel
strategy to aid conventional cancer therapies.[32,34]

PTLs offer several advantages in clinical application,
such as non invasiveness, modulation of long‐lived reactive
species rates such as H2O2 and, in some cases, possibility of
storage, from days to months, without affecting the RONS
content activity.[29,35–37] However, the prospect of applying
PTLs in the clinical field requires selecting liquids suitable
for medical applications, such as saline solutions. Several
solutions have been exposed to CAP for cell treat-
ments,[29,37–39] exhibiting antitumor activity against various
types of cancer cells.[13,19,21,40,41] In particular, the exposure
of physiological Ringer's lactate (RL) solution to CAP
resulted in the production of plasma‐treated Ringer's lactate
(PTRL), which showed a cytotoxic effect on EOC while their
healthy counterparts retained high survival.[32] Along that,
the cytotoxic effect ascribed to another clinically suitable
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solution, that is, Ringer's saline (R), on osteosarcoma was
established,[39] which also showed a synergistic effect with
doxorubicin and compromised metastatic potential[42] but
has not been investigated for EOC. Both RL and R solutions
are isotonic fluids whose simple composition has been used
in hospitals and healthcare settings. They share the same
basic composition (NaCl, KCl, and CaCl2), although RL also
contains lactate, in the form of sodium salt.[43] Lactate is a
by‐product of glucose metabolism during cell anaerobic
phase, a cell state which requires an increase in energy
demand.[44] During their life cycle, cells go through aerobic
and anaerobic phases, which cause the continuous pyruvate
oxidation–reduction in lactate to maintain a balanced
energy ratio.[45] When lactate is oxidized to pyruvate, it
contributes to the maintenance of glycolytic flux and acts, in
turn, as a buffer system.[44,46,47] Understanding the mecha-
nism leading to PTLs cytotoxicity is important to propose
their use in the clinical field. Indeed, it was reported that
organic elements as cell culture medium components may
influence the CAP final biological effect, especially pyruvate,
which has been reported to mitigate PTL efficiency given to
its H2O2 scavenging activity.[48,49]

This work aims at investigating the lactate‐mediated
biological efficiency of physical plasma‐treated saline
solutions in ovarian cancer. Thus, Ringer's lactate and
Ringer's saline solutions were exposed to kINPen plasma
jet for several treatment times to produce PTRL and
plasma‐treated Ringer's saline (PTR), respectively. RONS
generated by plasma in R and RL were quantified by
colorimetric methods and the direct effect of plasma on
lactate was studied by chromatography coupled with UV
detection. Moreover, PTRL and PTR cytotoxicity was
examined for the first time on four different EOC cell
lines, pointing out the influence of lactate on the
biological effect of PTLs.

2 | EXPERIMENTAL SECTION

2.1 | Atmospheric pressure plasma jet

PTLs were produced by exposing liquids to a commercial
plasma jet (kINPen® IND, Neoplas tools GmbH).[50] The
plasma device consists of a handheld unit that generates
plasma under atmospheric conditions, driven by an AC
power supply with 1MHz frequency. It is composed of a
pin‐type powered electrode in a dielectric ceramic tube
with a grounded outer electrode. Argon gas (Ar 5.0,
Praxair) was used as a feed gas with a flow rate of
3 L/min. The plasma was operated at 10 mm distance
from the nozzle to the surface of the liquid. The electrical
and thermal characterization of the kINPen and the main
excited species generated in the gas phase, analyzed by

optical emission spectroscopy, using the same experi-
mental conditions reported in this manuscript, are
reported by Mateu‐Sanz et al. and Reuter et al.[39,50]

2.2 | PTL production and
characterization

To obtain PTR and PTRL solutions, 1 mL of sterile R
solution (102.7 mM NaCl, 5.4 mM KCl, and 1.8 mM
CaCl2⋅2H2O) or RL solution (same composition of R
plus the addition of 28.3 mM lactate, purchased by
Fresenius Kabi) was placed in a 24‐well plate and
exposed to plasma treatment for selected times, in the
range 15−300 s.

To isolate the effect of plasma treatment on lactate
and to assess if the presence of lactate may influence the
cell viability response, a solution of PTR to which
56.6 mM of L,—double the concentration than in the
commercial RL solution—was added after the treatment
(PTR+L) was used as a control.

The quantification of H2O2 and NO2
− generated

during plasma treatment was performed using colori-
metric chemical probes. H2O2 detection was carried out
using the titanium(IV) oxysulfate method.[51] In the
presence of hydrogen peroxide, Ti(IV) in sulfuric acid
solution generates a yellow complex with absorption
maximum at 410 nm. 50 μL of Ti(IV) oxysulfate solution
was added to 100 μL of PTR or PTRL solution in a 96‐well
plate and the absorption spectra were recorded between
340 and 600 nm. NO2

− detection was carried out using
Griess reagent (composed of 1% sulfanilamide, 0.1% N‐(1‐
naphthyl) ethylene diamine, and 1.2% phosphoric acid in
ultrapure water). 50 μL of Griess reagent was mixed with
50 µL of plasma‐treated solution in a 96‐well plate and
the absorption spectra were recorded between 400 and
700 nm.[52] Calibration lines were built using standard
solutions of hydrogen peroxide and sodium nitrite
prepared in the same media used during plasma
treatment.

Before and after each plasma treatment, the pH of the
solutions was evaluated by using a MM 41 Crison
multimeter. The production of hydroxyl radicals during
the plasma treatment was studied using coumarin
(COU).[53,54] COU reacts with free OH radicals to
generate the fluorescent product 7‐hydroxycoumarin
(7‐COU‐OH), which can be used as an indirect measure
of the amount of OH radicals generated by plasma
treatment and transferred into the liquid. 1 mM solutions
of COU in R and RL were treated with plasma using the
conditions described above. After treatment, 400 µL
was transferred in a 48‐well plate and fluorescence
was measured (λex/em = 360/460 nm). Absorption and
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fluorescence measurements were done using a Synergy
HTX Hybrid Multi‐Mode Microplate Reader (BioTek
Instruments, Inc.). All measurements were done at least
in triplicate. While it is known that the fluorescence of
7‐COU‐OH is pH sensitive, under certain conditions (the
pH and excitation wavelengths used in this work) it can
be considered negligible and it can safely be assumed
that the change in fluorescence intensity observed during
the experiments is mainly due to a higher production of
hydroxyl‐coumarin and not due to pH effects.

2.3 | High‐performance liquid
chromatography (HPLC) analysis
of plasma‐treated Ringer's lactate

HPLC coupled with diode array detector (DAD) was used
to detect and quantify the residual lactate in the PTL
samples and to verify the formation of oxidation
products. The samples were diluted in R when necessary.

HPLC/DAD measurements were done using a
Shimadzu Prominence XR instrument with LC‐20AD
XR pump, DGU‐20A5R degassing unit, SIL‐20AC HT
autosampler and SPD‐M20A UV/VIS photodiode array
detector equipped with an Agilent Zorbax Sb‐AQ
analytical column (3.5 μm, 4.6 × 150mm). Eluents were
phosphate buffer 20mM pH 1.5 (A, 16.3 mM H3PO4 +
3.7 mM H2PO4

−) and acetonitrile (B). Elution was
isocratic (A:B 99:1), the flow rate was 1mL/min,
injection volume was 20 µL, temperature of the column
and detector was 35°C, and detection was 190–400 nm.
Under these conditions, the retention time (r.t.) for
lactate was 2.47min. The calibration lines for lactate and
pyruvate were obtained by analyzing, under the same
conditions, standard solutions in R. The areas of the
peaks in the chromatograms were obtained, using the
OriginPro 2020 software (version 9.7.0.188, OriginLab
Corporation) after proper subtraction of the baseline and
deconvolution, when necessary.

2.4 | Cell lines and culture conditions

Four human EOC cell lines, SKOV‐3, OV‐90, OVSAHO
and OC314 (ATCC), were grown in Roswell Park
Memorial Institute 1640 medium (RPMI 1640; Gibco™)
supplemented with 10% fetal bovine serum (FBS), 2 mM
L‐glutamine, 100 U/mL penicillin and 100 µg/mL strepto-
mycin (Gibco™). The cells were maintained in an
incubator with a humidified atmosphere and 5% CO2

at 37°C.

2.5 | Cell treatment and viability assay

EOC cells were seeded in 96‐well plates in complete
medium at a density of 3.5 × 10 cells/well, except
OVSAHO cells which were cultured at 6 × 103 cells/well.
After 24 h, cells were treated with 100 μL of freshly
produced PTRL, PTR, PTR+L or their corresponding
untreated controls (UTs) for 2 h. Ten percent of heat‐
inactivated FBS was added to PTLs and PTRL (and to
their UTs) to restore a physiological pH.[39] A previous
work showed a mild H2O2 scavenging effect of FBS,
which was more marked within 2–3 days after the
treatment.[55] For this reason, the PTLs were used
immediately after their production.

Afterward, cells were washed in phosphate‐buffered
saline (PBS) solution and cultured in complete medium
at 37°C and 5% CO2.

Cell viability was assayed using WST‐1 assay (Roche)
at 2, 24, and 72 h after treatment. Treated cell viability
was assessed using 18 µL/mL cell proliferation reagent
WST‐1 in supplemented RPMI (final volume per well
250 µL) and incubated for 1 h at 37°C. Afterward, 100 µL
of the supernatant was transferred to another well for
absorbance measurement at 440 nm by using the
microplate reader. The percentage of viability was
calculated considering UT at 2 h as 100%.

2.6 | Colony formation assay

Colony formation assay was carried out by seeding
SKOV‐3 and OC314 in 6‐well plates at low density
(2 × 103 cells/well) in complete medium (Figure 1a,b).

To assess the cell clonogenicity, EOC cells were
treated after 24 h of seeding; to assess the colony
proliferative potential, EOC cells were cultured for 6
days, allowing them to form visible colonies, upon which
they were treated. The treatments consisted of 2 mL/well
of PTRL and PTR solution freshly produced at 15 and
20 s of plasma treatment time; after 2 h of incubation,
cells were washed with PBS and cultured for 6 and 4 days
additional at 37°C and 5% CO2, respectively. As control,
cells were exposed to 2mL/well of untreated R or RL,
both supplemented with 10% FBS. The medium was
changed every 3 days.

Subsequently, colonies were fixed and stained with
80% crystal violet (CV) solution and 20% methanol for
20min and washed five times with distilled water.
Afterward, CV was dissolved in 10%v/v acetic acid and
absorbance at 590 nm was measured using the micro-
plate reader.
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To assess self‐renewing, SKOV‐3 and OC314 were
seeded in 24‐well plates at the density of 2.4 × 105 cells/
well in complete media (Figure 1c). After 24 h, cells were
treated with 500 μL of freshly produced PTR and PTRL at
15 and 20 s of plasma gas exposure, or their correspond-
ing UT. After 2 h of treatment, cells were washed with
PBS and cultured for 3 days. Afterward, surviving cells
were harvested, and 2.000 cells/well were seeded in
6‐well plates in complete medium. Colonies were fixed,
stained, and analyzed after 6 days, changing the media
every 3 days. Colony growth area was quantified by
employing ImageJ software. All data were expressed as
fold change with respect to UT.

2.7 | Statistical analyses

Statistical analyses were performed using GraphPad
Prism software version 8.0. The comparison of means
between different groups of numerical variables was
performed using two‐way analysis of variance (ANOVA)

with Geisser–Greenhouse correction. The results were
expressed as the mean ± standard error of the mean
(SEM; n ≥ 3) and statistical significance is specified with
asterisks (*p ≤ 0.05, **p ≤ 0.001).

3 | RESULTS

3.1 | Chemical characterization of PTLs

To evaluate the influence of the plasma treatment on the
reactive species generated in R and RL, the solutions
were treated for selected times, from 15 to 300 s, and then
analyzed. H2O2 and NO2

− generated due to the treatment
were quantified right after exposure (Figure 2a,b). In all
cases, the concentration of both species increased
linearly with the treatment time. By linear fitting the
data, it was possible to obtain the generation rate (v) of
both species in PTR and PTRL (reported in the figure).
We obtained the same values, within the experimental
error, with and without the presence of lactate during the

FIGURE 1 Protocols followed for the different experiments concerning colony formation. Briefly, to measure the clonogenicity
potential (a), SKOV‐3 and OC314 epithelial ovarian cancer (EOC) cells were seeded at low density and, 24 h after seeding, they were treated
by plasma‐treated liquids (PTLs) and allowed to grow for 6 days. For proliferation measurement (b), EOC cells were also seeded at low
density, but this time allowing them to grow for 6 days before treatment plus 4 days after it. To estimate self‐renewing ability (c), EOC cells
were seeded to reach confluence after 24 h and then they were treated with PTLs. After 3 days of treatment, surviving cells were recovered
and re‐seeded at low density and allowed to grow for 6 days. At the end point of each experiment, colonies were fixed and stained with
crystal violet for their quantification.
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treatment, implying that it does not affect the generation
of long‐lived reactive species.

The production of OH radicals was assessed by
adding COU in R and RL during the plasma treatment.
Figure 2c reports the fluorescence signals, due to the
generation of 7‐COU‐OH, in PTR and PTRL as a function
of the treatment time. The signals increase linearly with
the treatment time in both PTR and PTRL. However, a
significantly lower rate of OH formation was recorded in
the presence of lactate during the treatment.

Figure 2d reports the evolution of pH in PTR and
PTRL. Plasma treatment induced a progressive pH
decrease from 6.5 to 4.7 in PTR and to 5.9 in PTRL.
The difference is due to the buffering properties of the
lactic acid/lactate pair (pKa = 3.86).

To assess the impact of plasma treatment on lactate, a
0.5 mML solution in R was treated by plasma at different
times and analyzed with HPLC (Figure 3). In this way,
the lactate in the solution and any oxidation product
generated during the treatment were separated and
detected. The lactate concentration in this experiment
was lower than the actual lactate concentration in the
other experiments reported in this paper to maximize the
effects of the plasma treatment and make them easier to
detect and measure. It can be reasonable to assume that
the effects measured at this concentration of lactate are
the same as those that happen at higher concentration,
just to a different extent. Figure 3a reports the region of
chromatograms of untreated RL and 6min PTRL with
the peak of lactate (r.t. 2.47 min) obtained by

FIGURE 2 Reactive oxygen and nitrogen species in plasma‐treated Ringer's saline (PTR) and plasma‐treated Ringer's lactate (PTRL) as
a function of treatment time. Concentration of H2O2 (a) and NO2

− (b); the dashed lines are the linear interpolations of the experimental
data. (c) Fluorescence signal due to the generation of 7‐COU‐OH in PTR and PTRL containing 1mM of coumarin as a function of plasma
treatment time; the dashed lines are the linear interpolations of the experimental data. (d) pH evolution in PTR and PTRL solution at
increasing plasma treatment time. All data are presented as the mean ± SEM (n ≥ 3).
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deconvolution. By increasing the plasma treatment time,
two new peaks appear at r.t. 2.38 and 2.63min, which are
due to the formation of oxidation products. In particular,
the peak at 2.38 min was identified as pyruvate, by
analyzing a standard pyruvate solution using the same
conditions. This is in line with nuclear magnetic
resonance spectra reported by Hori et al.[19,56] The peak
areas of lactate and pyruvate were obtained by peak
deconvolution of the region between 2.2 and 2.8 min and
are reported in Figure 3b as a function of the plasma
treatment time. As expected, the concentration of lactate
decreases with a half‐life time of (58 ± 7)min. At the
same time, the concentration of pyruvate increases until
a maximum is reached around 6min and then it slowly
decreases. This means that pyruvate is generated by the
oxidation of lactate, but it is then further oxidized by
plasma‐generated RONS. To obtain an estimation of the
amount of pyruvate generated during the treatment of
non diluted RL, we treated this solution and analyzed it
using the same procedure (Supporting Information:
Figure S1). In that case, due to the very high area of
the lactate peak, the isolation of the pyruvate peak was
more difficult and we were able to obtain the approxi-
mate concentration of pyruvate generated during
5–10min treatment of non diluted RL to be around
300–400 µM.

3.2 | Effect of PTRL and PTR on EOC
cell viability

The metabolic activity on four EOC cell lines, namely
SKOV‐3, OV‐90, OVSAHO, and OC314, was measured
employing the WST‐1 assay to assess the cytotoxic
effect exerted by PTRL and PTR. EOC cells were
exposed to PTRL and PTR solutions produced at
different plasma treatment times (from 15 to 60 s) and
adding 10% FBS after treatment, to restore pH and
provide nutrients to cells (Figure 4). The pH after the
addition of 10% FBS was checked for each plasma
treatment time and no variation from the physiologi-
cal value was observed. SKOV‐3 and OC314
(Figure 4a,b) significantly decreased their viability
already with 15 s PTLs and were similarly affected by
PTRL and PTR; the cytotoxic effect was fostered 72 h
after treatment displaying an evident plasma
treatment‐time dependence (Supporting Information:
Figure S2a,b) and a dramatic decrease in viability over
90% for the conditions at 30 and 60 s.

On the other hand, OV‐90 and OVSAHO
(Figure 4c,d) showed less sensitivity to the treatments
and appeared to be affected only when they were exposed
to liquids treated for long times (30 and 60 s). However,
these conditions were not sufficient to definitely inhibit

FIGURE 3 (a) Chromatograms of untreated Ringer's lactate and 6min plasma‐treated Ringer's lactate, with a theoretical initial lactate
concentration 0.5 mM; the dashed lines correspond to the deconvolution of the high performance liquid chromatography signal using three
Gaussian components. (b) Concentration of lactate and pyruvate as a function of the plasma treatment time; the dashed lines are the
interpolation of the experimental data using the exponential function (C C e= k t

0
− 1 ) and peak function C C k( = )

e e

k k0 1
−

−

k t k t− 1 − 2

2 1
for lactate and

pyruvate, respectively.
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the cell proliferative capability during the subsequent
72 h, where cells recovered their viability compared to
control for OV‐90 and showed cytostatic effect at PTLs
60 s. OV‐90 cells showed a 20%−40% decrease in cell
viability at 72 h from PTL treatment, whereas OVSAHO
cell line appeared to suffer the exposure to PTLs 60 s
showing a cytostatic effect during the cultured time
frame (Supporting Information: Figure S2c,d).

Although PTRL and PTR exerted a similar cytotoxic
effect on SKOV‐3 and OC314, slightly higher cell viability
was detected in PTRL than in PTR. More specifically,
SKOV‐3 showed a survival rate after 15 s‐PTRL and 15
s‐PTR of 72% and 38%, respectively, while for treatment
at 30 s it was 5% for PTRL and 3% for PTR. OC314
showed the same trend with a cell survival of 60% for 15
s‐PTRL and 33% for 15 s‐PTR. The treatment at 30 s had a
survival rate of 2% for PTRL and 1.2% for PTR. A similar
trend but less marked was observed with OV‐90 and
OVSAHO. This tendency was also confirmed in a 3D
scenario, obtained from preliminary confocal microscope
images on collagen‐based scaffolds seeded with SKOV‐3
and OC314 cells to obtain 3D tumor models (Supporting
Information: Figure S3).

3.3 | Understanding the effect of lactate
on EOC cell viability

At this point, we wanted to evaluate how lactate
influences PTLs cytotoxicity and whether this is influ-
enced by plasma treatment. Given the higher cytotoxic
effects on SKOV‐3 and OC314 due to PTRL and PTR
observed in Figure 4, these two cell lines were selected to
understand the possible correlation among plasma
treatment, presence of lactate, and cell viability
(Figure 5a,b). The lower cytotoxic effect found at 20 s
plasma treatment (cell survival below than 40% after 72 h
exposure to PTLs), compared to the 30 s plasma
treatment (less than 10%, Figure 4a,b), abrogates any
lactate‐induced effect. SKOV‐3 and OC314 were exposed
to PTR, PTRL and PTR+L for 2 h (Figure 5a,b).
Surprisingly, when EOC lines were treated with PTR+L
for 15 and 20 s, the cytotoxic effect of PTR on cell
viability was significantly reduced, which was evident at
15 s exposure whereby the effect on the EOC growth
could be directly compared with the one induced by
PTRL. In contrast, 20 s plasma treatment showed
significant differences between PTRL and PTR+L.

FIGURE 4 Effects of plasma‐treated Ringer's lactate (PTRL) and plasma‐treated Ringer's saline (PTR) solution on cell viability on
epithelial ovarian cancer cell lines. Viability of SKOV‐3 (a), OC314 (b), OV‐90 (c), and OVSAHO (d) cell cultures treated with PTRL and PTR
solutions, produced at different plasma treatment times, at 2 and 72 h after treatment. Cell viability was normalized to the corresponding
control (100) at 2 h and plotted as fold change relative to the corresponding untreated control (UT) (Ringer's lactate for PTRL treatments and
Ringer's saline for PTR treatments) sample, for both time points. All data are presented as the mean ± SEM (n ≥ 3); *p< 0.05, **p< 0.001.
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More specifically, the presence of lactate in PTR
(PTR+L) reduced the PTR cytotoxicity in SKOV‐3 by 45%
and 10% at 15 and 20 s plasma treatment times, respectively.
In OC314 cells, lactate induced a loss of cytotoxicity of 33%
and 7% in 15 s‐ and 20 s‐treated PTR+L, respectively.

3.4 | Effect of PTRL and PTR on EOC
tumorigenic potential

Finally, we attempted to evaluate if PTLs were able to
affect the capability of EOC to maintain survival and
mitotic ability. Indeed, cancer cells are characterized by
the ability to generate colonies of a single cell‐derived
clonal population and initiate tumorigenesis.[57] As
shown in Figure 6a, both PTR and PTRL treatments
completely abolished the EOC clonogenicity, in both cell
lines and treatment times investigated. In addition, when
preformed colonies were treated with PTLs, both EOC

colony populations were severely affected by PTL
treatments, with respect to the control, and a significant
correlation between the clonal growth and the PTL
exposure time was observed (Figure 6b). Overall, PTR
and PTRL were able to inhibit the tumorigenic potential
and blunted colonies proliferative capability on both
EOC cells, in particular with a significant efficacy after
20 s PTLs. These data validated a strict correlation
between time‐liquid exposure to plasma gas and cell
response, apparently independent of the kind of liquid
employed.

To ascertain whether PTL treatment may have some
influence on EOC aggressiveness, in terms of the capacity
of residual tumor cells to form recurrences (Figure 7), the
effect of PTR and PTRL solutions was tested on
pretreated SKOV‐3 and OC314, following the procedure
described in Figure 1c. Colony formation results indicate
that neither PTR nor PTRL treatments affected the EOC
aggressiveness.

FIGURE 5 Lactate is affected by plasma treatment and reduces the cytotoxicity of plasma‐treated liquids (PTLs). Relative viability of
cells treated with PTLs produced by exposure to plasma for 15 s (a) and 20 s (b). Cell viability was normalized to the corresponding control at
2 h and plotted as fold change relative to the corresponding untreated control (UT) (Ringer's lactate [RL] for plasma‐treated Ringer's lactate
[PTRL] treatments, Ringer's saline [R] for PTR treatments, and R+ L for plasma‐treated Ringer's saline with the addition of lactate post
treatment [PTR+ L]) sample, for both time points. All data are presented as the mean ± standard error of the mean (n ≥ 3); *p< 0.05,
**p< 0.001.
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FIGURE 6 Plasma‐treated liquid inhibit the clonogenic potential and blunted colonies proliferative capability in epithelial ovarian
cancer models. Representative images of 6‐well plates containing SKOV‐3 and OC314 cells plated at 2.000 cells/well and grown for 6 days (a)
and 10 days (b), then stained with crystal violet (CV). CV absorbed by the cells on each plate was released and absorbance at 590 nm was
measured on a spectrophotometer. Relative growth curves of treated clones at 10 days were measured (b); absorption measurements were
normalized and plotted as fold change relative to the corresponding untreated control (UT) sample. All data are presented as the
mean ± SEM (n ≥ 3); *p< 0.05, **p< 0.001.
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4 | DISCUSSION

Several studies have reported the antitumor activity of
different liquids that have been exposed to CAP[29,37,39]

against several cancer cell lines, promoting apoptosis and
inhibiting proliferation.[13,21,32,36,42,56,58] In this work, the
effect in EOC cell lines of two clinically relevant
solutions, R and RL, exposed to kINPen plasma jet was
analyzed. The kINPen plasma source is a certified
medical device, which uses argon to produce plasma,
extensively characterized in the literature.[50,59] Several
applications of kINPen have been reported in the field of
plasma medicine.[12,14,60–62] The interaction between
plasma, surrounding air and liquid substrates leads to
the production of RONS in these liquids.[12]

In both PTR and PTRL, we measured similar amounts
of H2O2 and NO2

−, whose concentrations increase linearly
with the treatment time (Figure 2a,b). Along with that, a
pH decrease in PTLs was observed as a function of

treatment time (Figure 2d), because of the reactions
among nitrogen species leading to acidification through
the formation of nitrous and nitric acid.[63] The drop in pH
was less evident in PTRL since lactate acts as a buffer
according to the lactate/lactic acid–base equilibrium.[45]

The indirect measure of OH radicals by COU probe
(Figure 2c) showed a time‐dependent formation of OH in
PTLs. Notably, the results indicated that the presence of
lactate during the treatment influenced the 7‐COU‐OH
signal inducing a slower increase in it, suggesting that
lactate acts as a scavenger of OH radicals. Recent studies
have reported that CAP treatment induces chemical
modifications in RL solution due to the oxidation of
lactate to pyruvate by reaction with OH radicals.[56,64] Our
HPLC analysis goes in this direction, confirming that the
plasma treatment oxidized lactate to pyruvate in PTRL
(Figure 3) and a possible chemical pathway involves the
participation of OH radicals. However, more experiments
would be necessary to confirm this hypothesis.

FIGURE 7 Plasma‐treated liquids do not exacerbate the epithelial ovarian cancer (EOC) aggressiveness. EOC cells were treated with
15 s and 20 s plasma‐treated Ringer's saline (PTR) and plasma‐treated Ringer's lactate (PTRL) for 2 h, then cultured for 3 days. The surviving
fraction was harvested, plated at 2.000 cells/well in 6‐well plates and grown for 6 days. The colonies were stained with crystal violet and
photographed. Representative images of the colonies formed for SKOV‐3 (a) and OC314 (b). Relative bar graph quantifies the area covered
by the colonies and expressed as fold change of the control (UT). Data are presented as the mean ± SEM (n= 2).
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PTR and PTRL produced by kINPen were supple-
mented with 10% FBS immediately after plasma treat-
ment to restore physiological pH and avoid its influence
on cell response, as previously reported.[39] The PTL
dose–response profile on EOC viability was validated,
showing higher cytotoxicity induced by PTR than PTRL,
ascribed to the presence of lactate and the production of
pyruvate during the plasma treatment (Figure 4). Overall,
PTRL and PTR exerted a cytotoxic dose–response trend
in EOC cells related to the plasma treatment time of the
liquid. Specifically, PTLs affected SKOV‐3 and OC314
cell viability displaying a time‐dependent increase of
cytotoxic effect. In contrast, OV‐90 and OVSAHO cell
lines only appeared to be affected by PTLs initially, as
they tended to recover their proliferative capability
during the subsequent cultured time.

To maximize its effects and determine its possible
role in the cytotoxicity the of PTLs, we added a double
concentration of lactate to PTR post treatment (PTR+L)
than the present in PTRL. The cytotoxicity of PTR was
significantly reduced for longer plasma treatment times
but not for shorter ones (Figure 5a,b). This effect may be
due to the lactate being affected by long‐lived RONS
when they are present in sufficient amounts to oxidize it
to pyruvate for long plasma treatments. The presence of
pyruvate in the PTL could have a cytoprotective effect,
attenuating oxidative injury in the cells.[48,49,65] Pyruvate
can influence the effectiveness of CAP by protecting cells
from the cytotoxic effects of H2O2 through several
mechanisms.[48] On the one hand, pyruvate can scavenge
H2O2 at later states through an oxidative decarboxylation
reaction, producing CO2, H2O, and acetate.[49] This
reaction is also important in protecting cells from
oxidative stress induced by mitochondria activity, which
also contributes to stimulating the cellular antioxidant
defense systems to counteract high levels of H2O2.

[48,66]

On the other hand, it has been suggested that the
cytotoxic effects of CAP may also be due to a reduction in
antioxidant defenses or to the depolarization of the
mitochondrial membrane.[48,67,68] To avoid mitochon-
drial damage and also to increase ATP production,
cancer cells are able to switch from oxidative respiration
to lactic fermentation, which is known as the Warburg
effect.[69] An increase in the available pyruvate may even
favor this cytoprotective effect.[70] Therefore, pyruvate is
an important factor to consider in understanding the
effectiveness of CAP.

Oxidative stress has a major role in many biological
processes, such as proliferation and differentiation, while
over a certain intracellular level, ROS are responsible for
cytotoxic and cytostatic effects.[40] Clonogenicity is one of
the most important characteristic features of cancer cells
to guarantee both processes. When the effect of PTLs on

this cancer hallmark was analyzed, both PTR and PTRL
effectively led to an abrogation of the clonogenic capacity
and to a strong inhibition of colony proliferative capacity
in a dose‐dependent manner. This could indicate a
potential of the treatment to avoid the effect of tumor
burden and aggressiveness, as it is the case in relapses,[71]

although this should be confirmed in 3D or in vivo[70]

scenarios in future works.
Overall, this study demonstrated that PTR and PTRL

exert a strong cytotoxic effect on EOC models, and this is
attributable not only to a synergy between CAP‐
generated RONS but also to additional intermediate
molecules that are generated and influenced by CAP‐
dependent reactions that modulate the different cellular
responses. Thus, PTLs have shown to be effective as new
possible adjuvant approaches for EOC treatment.
Although still far from clinical application, PTLs could
represent an opportunity to increase the efficacy of
current therapeutic strategies and improve patient
outcomes.

5 | CONCLUSIONS

The present study is the first to compare the cytotoxic
effect of Ringer's saline and Ringer's lactate solution
exposed to physical plasma. This was done in particular
by evaluating the effects on four different EOC cell lines.
We observed that plasma induced lactate conversion to
pyruvate. Pyruvate is known as a key ROS scavenger and
metabolic intermediate. Despite the presence of pyruvate
in PTRL, just a minor decrease in its biological activity
(cytotoxicity and clonogenic potential) was found, PTR
tending to be more cytotoxic. In light of the results found,
both solutions can be considered as relevant vehicles for
plasma‐generated RONS and with potential for transfer
to the clinics.
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