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Abstract: Cancer therapy has evolved to a more targeted approach and often involves drug
combinations to achieve better response rates. Non-thermal plasma (NTP), a technology rapidly
expanding its application in the medical field, is a near room temperature ionized gas capable of
producing reactive species, and can induce cancer cell death both in vitro and in vivo. Here, we used
proliferation assay to characterize the plasma sensitivity of fourteen breast cancer cell lines. These
assays showed that all tested cell lines were sensitive to NTP. In addition, a good correlation was
found comparing cell sensitivity to NTP and radiation therapy (RT), where cells that were sensitive
to RT were also sensitive to plasma. Moreover, in some breast cancer cell lines, NTP and RT have
a synergistic effect. Adding a dose of PARP-inhibitor olaparib to NTP treatment always increases
the efficacy of the treatment. Olaparib also exhibits a synergistic effect with NTP, especially in triple
negative breast cancer cells. Results presented here help elucidate the position of plasma use as a
potential breast cancer treatment.

Keywords: radiation therapy; non-thermal plasma; radio-frequency discharge; breast cancer;
PARP-inhibitor; olaparib; DNA-damage

1. Introduction

Each year, more than two million women are diagnosed with breast cancer, the most frequent cancer
in women [1]. Depending on the cancer subtype, patients’ prognosis differs along with the therapeutic
approaches. For example, patients with a triple-negative breast cancer (TNBC), a subtype that does
not express estrogen receptor (ER) and progesterone receptor (PR), and does not overexpress human
epidermal growth factor receptor 2 (HER2), are associated with worsened prognosis [2,3]. Despite the
identification of molecular subtypes (luminal, basal A, and basal B), and relative radioresistance of
TNBC, adjuvant locoregional radiation therapy (RT) of the breast significantly reduces TNBC local
recurrences [4,5], akin to all breast cancer subtypes.

A new perspective in cancer treatment has come with the use of non-thermal plasma (NTP).
Briefly, NTP consists of a partially ionized gas which allows to convert electrical energy into chemical
and thermal energy. Usually obtained by applying an electric field to a flowing gas [6], NTP is partially
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composed of electrons, ions and various reactive species [7]. In contact with air, plasma provides
a remarkable tool to produce reactive oxygen and nitrogen species (RONS) that can interfere with
cancer cells’ functioning and survival [8]. The anticancer capacity of NTP has been demonstrated in
different cancer types (including breast cancer) in vitro [9–14], and in vivo [15–19]. In the clinic, one of
the potential modalities of plasma treatment is its use in combination with surgery. For instance, NTP
could be applied intraoperatively within the surgical cavity to potentially replace larger breast tissue
resections, a method of treatment that does not necessarily require selectivity towards cancer cells [20].
As surgery is usually combined with other treatment modalities such as RT, it is therefore essential to
investigate combination of NTP with other modalities.

As most studies on plasma oncology examined only a few cell lines to demonstrate the anticancer
capacity of NTP, here we use a relatively high-throughput approach to characterize the sensitivity
of fourteen human breast cancer cell lines to NTP. Hence, the aim of this work is twofold. First, to
determine if the sensitivity of breast cancer cells to NTP is dependent on the molecular subtype. Second,
to compare and evaluate the potential combination of NTP with RT and PARP (Poly (ADP-ribose)
polymerase) inhibitor olaparib, two other therapies used in breast cancer. By comparing the plasma
response of these cell lines to RT sensitivity, we observe a direct correlation between the efficacies of
these two DNA damaging agents. Moreover, combining RT and plasma can result in a synergistic
effect in a subset of cell lines. In addition, pretreatment with olaparib increased the efficacy of NTP in
all tested cell lines. A synergistic effect was also measured for this combination, independent of the
BRCA1/2 status of the cell lines.

Precision oncology involves multidisciplinary approaches to define patient subgroups and adapt
the use of various treatment modalities, either alone or in combinations, according to the disease’s
sensitivities and patient’s needs. NTP can become a new member of the arsenal to treat patients
affected by breast and other cancers. As NTP yield minor side effects [21,22], local application of NTP
can reduce the local tumour burden and replace several fractions of RT to reduce RT-related side effects
in a clinical setting.

2. Results

2.1. NTP Device and Experimental Setup

Various plasma devices are used for research purposes in plasma oncology. Due to their versatility
for applications both in vitro and in vivo, plasma jets are most often used [23]. Figure 1 presents a
sketch of the convertible plasma device and the experimental setup used in our experiments. This
convertible plasma device allowed us to perform treatments in three different discharge modes [24].
The electrical configuration is illustrated in Figure 1A. The electric field is supplied by a high-voltage
capillary electrode mounted coaxially inside a cylindrical ground electrode. A dielectric barrier lies
between the annular gap and the ground electrode. Using an excitation frequency of 13.56 MHz and a
flow of helium, the Ω, γ and jet modes (Figure 1C–E, respectively) can be generated. In the Ω mode,
the plasma is sustained within the device and only plasma effluents can reach the treatment zone
(Figure 1C). In the γmode, a higher power density is injected into the plasma and a flowing afterglow
is produced at the tip of the nozzle (Figure 1D). In the jet mode, no plasma is formed within the annular
gap between the dielectric barrier and the high-voltage electrode, but it is formed at the tip of the
nozzle (Figure 1E).

As the high-voltage electrode is hollow, a secondary gas can be injected in the effluent zone of
the Ω mode or the flowing afterglow in γmode. Addition of O2 in rare gas NTPs is a reliable way to
increase the production of RONS that can influence the anticancer capacity of the treatment [25,26]. As
shown in Figure 1F,G, injection of O2 in the high-voltage electrode allows to selectively enhance the
atomic oxygen line O (35P→35S) (center wavelength at 777.5 nm). As optical emission spectroscopy
(OES) does not allow to probe non-fluorescent atoms and molecules, the observation of this oxygen
line can act as an indicator of the production of RONS within the plasma effluent or afterglow region.
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Figure 1. Experimental configuration and optical emission spectra of the different discharge modes 
with helium as the plasma-forming gas. (A) Simplified electrical circuit of the convertible plasma 
device. (B) Graphic representation of the treatment of cell suspensions in the jet mode. (C) Sketch of 
the convertible plasma device in the Ω mode. (D) Sketch of the convertible plasma device in the γ 
mode. (E) Sketch of the convertible plasma device in the jet mode. (F) Optical emission spectrum 
(OES) of the Ω mode without or with 2 mL min−1 of O2. (G) OES of the γ mode without or with 2 mL 
min−1 of O2. (H) OES of the jet mode. 

2.2. Influence of the Discharge Mode on the Cytotoxicity of the Treatment 

One aim of the present work is to determine if a subgroup of breast cancers could be more 
susceptible to plasma treatment. In order to address this, a panel of fourteen cell lines that contained 
representatives of each breast cancer subtype was used. Characteristics of theses cell lines are 
presented in Table 1. 

Table 1. Panel of breast cancer cell lines with molecular subtype, receptor status and list of mutations 
[27]. Molecular subtypes are classified as Luminal (green), Basal B (blue) and Basal A (orange). 

Cell line Molecular subtype Receptor status Mutation summary 
AU-565 Luminal HER2amp TP53, MLL3 
BT-549 Basal B TNBC TP53, PTEN 

HCC1428 Luminal HR+ TP53 
HCC1569 Basal A HER2amp TP53, MLL3, BRCA2, PTEN 
HCC1954 Basal A HER2amp TP53, PIK3CA 
Hs578T Basal B TNBC TP53 
MCF-7 Luminal HR+ PIK3CA, GATA3 

MDA-MB-157 Basal B TNBC TP53, MAP3K1 
MDA-MB-175-VII Luminal HR+ MLL3 

MDA-MB-231 Basal B TNBC TP53 
MDA-MB-361 Luminal HR+ TP53, PIK3CA, BRCA2  
MDA-MB-468 Basal A TNBC TP53, MLL3, PTEN 

T47D Luminal HR+ TP53, PIK3CA, MLL3 
ZR-75-1 Luminal HR+ PTEN 

The convertible plasma device used in this study allows to treat cells using three different 
discharge modes. As we previously reported, helium gas flow alone (without applied power) does 
not produce a cytotoxic effect in any of the conditions selected for this work (Table 2) [24]. However, 
all discharge modes show a cytotoxic effect. In fact, depending on the selected discharge mode, 

Figure 1. Experimental configuration and optical emission spectra of the different discharge modes
with helium as the plasma-forming gas. (A) Simplified electrical circuit of the convertible plasma
device. (B) Graphic representation of the treatment of cell suspensions in the jet mode. (C) Sketch of
the convertible plasma device in the Ω mode. (D) Sketch of the convertible plasma device in the γ

mode. (E) Sketch of the convertible plasma device in the jet mode. (F) Optical emission spectrum (OES)
of the Ω mode without or with 2 mL min−1 of O2. (G) OES of the γ mode without or with 2 mL min−1

of O2. (H) OES of the jet mode.

2.2. Influence of the Discharge Mode on the Cytotoxicity of the Treatment

One aim of the present work is to determine if a subgroup of breast cancers could be more susceptible
to plasma treatment. In order to address this, a panel of fourteen cell lines that contained representatives
of each breast cancer subtype was used. Characteristics of theses cell lines are presented in Table 1.

Table 1. Panel of breast cancer cell lines with molecular subtype, receptor status and list of mutations [27].
Molecular subtypes are classified as Luminal (green), Basal B (blue) and Basal A (orange).

Cell Line Molecular Subtype Receptor Status Mutation Summary

AU-565 Luminal HER2amp TP53, MLL3
BT-549 Basal B TNBC TP53, PTEN

HCC1428 Luminal HR+ TP53
HCC1569 Basal A HER2amp TP53, MLL3, BRCA2, PTEN
HCC1954 Basal A HER2amp TP53, PIK3CA
Hs578T Basal B TNBC TP53
MCF-7 Luminal HR+ PIK3CA, GATA3

MDA-MB-157 Basal B TNBC TP53, MAP3K1
MDA-MB-175-VII Luminal HR+ MLL3

MDA-MB-231 Basal B TNBC TP53
MDA-MB-361 Luminal HR+ TP53, PIK3CA, BRCA2
MDA-MB-468 Basal A TNBC TP53, MLL3, PTEN

T47D Luminal HR+ TP53, PIK3CA, MLL3
ZR-75-1 Luminal HR+ PTEN

The convertible plasma device used in this study allows to treat cells using three different discharge
modes. As we previously reported, helium gas flow alone (without applied power) does not produce a
cytotoxic effect in any of the conditions selected for this work (Table 2) [24]. However, all discharge
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modes show a cytotoxic effect. In fact, depending on the selected discharge mode, various treatment
times are required to achieve the same antiproliferation capacity [24]. This efficiency is confirmed here
with a larger number of cell lines (Figure 2). In comparison with treatment of 4 and 2 min of the Ω and
γmodes respectively, the jet mode requires less time to treat cells, with a more intense effect reached
with only 30 s of treatment for all cell lines. Proliferation assays revealed plasma sensitivity across
all cell lines with normalized cell number reduction ranging from 0 to 70% for Ω mode and 40% to
90% for jet mode. Only the HCC1954 cell line responded to the γmode, with 20% of normalized cell
number reduction after treatment. Importantly, the efficacy of all NTP modes increases with treatment
time, akin to drug or RT dose response curve. Time response curves for the jet mode are shown in the
next section.
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Another feature of the device is the possibility to inject a secondary gas directly into the plasma 
effluent or afterglow (via the hollow high-voltage electrode). Figure 2 indicates that, in the Ω mode, 
for some cell lines, O2 slightly increased the antiproliferative capacity of the treatment, while for other 
cell lines, the antiproliferative capacity remained unchanged. On the other hand, with the 𝛾 mode, 
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Sections 2.3 and 4.4 for details on GR values) are displayed in a heat map and GR variation in a box-
and-whisker plot. 

Figure 2. Comparison of the efficiency of different treatments (see Table 2 for experimental conditions)
on a panel of breast cancer cell lines using proliferation assays. Hormone receptor positive (HR+),
Triple negative breast cancer (TNBC) and HER2 amplified (HER2amp) define the receptor status of
cell lines and the color code refers to the molecular subtype. The Ω and γmodes (4 and 2 min) were
compared with and without the injection of 2 mL min-1 of O2 in the high-voltage electrode. Two doses
were compared for the jet mode (30 and 120 s) and for radiation therapy (4 and 10 Gy). Error bars
represent the standard deviation over three independent experiments. * p < 0.05, ** p < 0.01, *** p <

0.001 with respect to the control.

For comparison with plasma treatments, RT was used as a standardized reference for cytotoxic
sensitivity of the different cell lines. A 4 Gy reference dose of RT tends to be more cytotoxic than
both the Ω and γmodes in all cell lines. Cytotoxicity of the jet mode is similar to the cytotoxic effects
of RT and in some cases greater than the response to 10 Gy (e.g., p < 0.01, comparing 120 s of jet
mode with 10 Gy of RT in HCC1428). Additionally, the most radioresistant cell lines, HCC1428 and
MDA-MB-175-VII, were sensitive to the jet mode using a sufficient dose of 120 s (p < 0.001).

Another feature of the device is the possibility to inject a secondary gas directly into the plasma
effluent or afterglow (via the hollow high-voltage electrode). Figure 2 indicates that, in the Ω mode,
for some cell lines, O2 slightly increased the antiproliferative capacity of the treatment, while for
other cell lines, the antiproliferative capacity remained unchanged. On the other hand, with the γ
mode, addition of O2 to the treatment tends to improve the antiproliferative capacity of plasma for
all cell lines. However, the sensitivity to the addition of O2 varies significantly between different
cell lines. Comparison of the antiproliferative effect of O2 is illustrated in Figure 3, where GR values
(see Sections 2.3 and 4.4 for details on GR values) are displayed in a heat map and GR variation in a
box-and-whisker plot.



Cancers 2020, 12, 348 5 of 19
Cancers 2020, 1, x 5 of 19 

 

 
Figure 3. Influence of O2 on the antiproliferative capacity of NTP. (A) Heat map of GR values (low 
GR values indicate high treatment efficacy) of treatments in the Ω and 𝛾 modes with and without the 
addition of O2 in the high-voltage electrode. Classification of the cell lines was selected using the 
values of GR averaged over all discharge modes. Cell line color classification: Luminal (Green), Basal 
A (Orange) and Basal B (Blue). (B) Box-and-whisker plot of the variation of GR value (GR value 
without O2 minus GR value with O2) in the Ω and 𝛾 modes. *** p < 0.001 with respect to the GR without 
O2. 

Results shown in Figure 3A are in good agreement with those of Figure 2. Indeed, the 
antiproliferative effect of Ω and 𝛾 modes is enhanced by the injection of O2 in the high-voltage 
electrode. However, from the use of GR values, it is possible to quantify the overall sensitivity of the 
different cell lines. As shown by Figure 3B, the variation of GR values by injecting O2 in the high-
voltage electrode is almost inexistent in the Ω mode (p > 0.5 with t-test) but is significant in the 𝛾 
mode (p < 0.001 with t-test). Even if the injection of O2 in our NTP device is performed downstream 
(in the effluent or the flowing afterglow region) rather than in the plasma itself, the antiproliferative 
capacity can benefit from the injection of O2. This feature is in agreement with other studies reporting 
on the anti-cancer effect of O2 addition to plasma [28,29] but highlights the potential advantage of 
downstream injection for NTP optimization. 

2.3. Sensitivity of Breast Cancer Cell Lines to NTP Correlates with RT 

Classification of breast cancer cell lines according to their sensitivity to NTP (jet mode) and to 
RT is shown in Figure 4. In order to classify the cell lines in terms of their sensitivity, the growth rate 
(GR) metrics was utilized [30]. Based on a dose-induced GR inhibition, the GR metrics allows to 
generate dose-response curves that are not influenced by the division rate, and therefore the derived 
sensitivity is more representative of the genotype of each cell line. This is particularly relevant since 
our output was measured after six days of incubation and the reported range of doubling time for 
these cell lines varies from 1.3 to 4.6 days [31]. Given that we quantify cell numbers to determine NTP 
efficacy, we need to mitigate this confounding factor. As expected, applying the GR metrics to our 
data slightly changed the classification of the cell lines according to their sensitivity (see Appendix 
B). Three representative curves of the GR dose-response with the sigmoidal fit based on the number 
of cells at the beginning of the experiment using a fixed interval approach are shown in Figure 4A. 
For the more responsive cell lines, MDA-MB-157, MDA-MB-175VII and MDA-MB-231, an exposure 
time lower than 5 s was required to reach the GR50 (Figure 4B). For other cell lines, the exposure time 
never needed to exceed 30 s. Interestingly, there is a strong correlation between the GR50 of RT and 
the GR50 of the jet mode, with a Pearson’s coefficient of correlation of p < 0.005 (Figure 4B). This 
suggests that the reactivity of cells to plasma treatment could be extrapolated according to their 
radiosensitivity. 

Figure 3. Influence of O2 on the antiproliferative capacity of NTP. (A) Heat map of GR values (low
GR values indicate high treatment efficacy) of treatments in the Ω and γ modes with and without
the addition of O2 in the high-voltage electrode. Classification of the cell lines was selected using the
values of GR averaged over all discharge modes. Cell line color classification: Luminal (Green), Basal A
(Orange) and Basal B (Blue). (B) Box-and-whisker plot of the variation of GR value (GR value without
O2 minus GR value with O2) in the Ω and γmodes. *** p < 0.001 with respect to the GR without O2.

Results shown in Figure 3A are in good agreement with those of Figure 2. Indeed, the
antiproliferative effect of Ω and γ modes is enhanced by the injection of O2 in the high-voltage
electrode. However, from the use of GR values, it is possible to quantify the overall sensitivity of
the different cell lines. As shown by Figure 3B, the variation of GR values by injecting O2 in the
high-voltage electrode is almost inexistent in the Ω mode (p > 0.5 with t-test) but is significant in the γ
mode (p < 0.001 with t-test). Even if the injection of O2 in our NTP device is performed downstream
(in the effluent or the flowing afterglow region) rather than in the plasma itself, the antiproliferative
capacity can benefit from the injection of O2. This feature is in agreement with other studies reporting
on the anti-cancer effect of O2 addition to plasma [28,29] but highlights the potential advantage of
downstream injection for NTP optimization.

2.3. Sensitivity of Breast Cancer Cell Lines to NTP Correlates with RT

Classification of breast cancer cell lines according to their sensitivity to NTP (jet mode) and to
RT is shown in Figure 4. In order to classify the cell lines in terms of their sensitivity, the growth
rate (GR) metrics was utilized [30]. Based on a dose-induced GR inhibition, the GR metrics allows to
generate dose-response curves that are not influenced by the division rate, and therefore the derived
sensitivity is more representative of the genotype of each cell line. This is particularly relevant since
our output was measured after six days of incubation and the reported range of doubling time for
these cell lines varies from 1.3 to 4.6 days [31]. Given that we quantify cell numbers to determine NTP
efficacy, we need to mitigate this confounding factor. As expected, applying the GR metrics to our
data slightly changed the classification of the cell lines according to their sensitivity (see Appendix B).
Three representative curves of the GR dose-response with the sigmoidal fit based on the number of
cells at the beginning of the experiment using a fixed interval approach are shown in Figure 4A. For
the more responsive cell lines, MDA-MB-157, MDA-MB-175VII and MDA-MB-231, an exposure time
lower than 5 s was required to reach the GR50 (Figure 4B). For other cell lines, the exposure time never
needed to exceed 30 s. Interestingly, there is a strong correlation between the GR50 of RT and the GR50

of the jet mode, with a Pearson’s coefficient of correlation of p < 0.005 (Figure 4B). This suggests that
the reactivity of cells to plasma treatment could be extrapolated according to their radiosensitivity.
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Figure 4. Dose response and sensitivity of different cell lines to the jet mode and radiation therapy. (A)
Dose-response curves with the theoretical curve obtained from a log-logic fit, with radiation on the left
and plasma treatment on the right. Error bars represent the standard deviation over three independent
experiments. (B) Calculated GR50 of radiation therapy and jet mode. Pearson’s correlation plot of the
GR50 of the jet mode and GR50 of radiation therapy (p < 0.005). (C) Box-and-whisker plots of GR50

classified according to the receptor status and TP53 mutation.

We then determined if sensitivity to plasma treatment can be correlated to a few different clinical
aspects of breast cancer. We grouped the cell lines into their different receptor status subtypes (HR+,
TBNC and HER2amp). In Figure 4C, although the mean GR value of HER2amp group seems higher,
we did not find a statistical difference between the groups. Grouping the cell lines according to their
p53 status did not exhibit a significant correlation either. Again, sensitivity of cell lines classified
according to their receptor status subtypes and p53 status are similar for NTP and RT. These results
showed that even if all the tested cell lines were sensitive to plasma treatment, we did not point out a
particular subtype of breast cancer which could be more sensitive to NTP.

2.4. Radiosensitization of Breast Cancer Cell Lines with NTP

It is known that NTP can produce RONS [32], which can lead to either single- or double-strand
DNA breaks (SSB or DSB) [33]. We previously confirmed the ability of plasma treatment to induce
DNA damage [24]. We then hypothesized that the combination of NTP with another DNA damaging
agent could increase the level of DNA damage. As half of all cancer patients will receive RT [34], it was
chosen as a DNA damaging treatment to combine with NTP. The combination of NTP with RT is shown
in Figure 5. A subgroup of cell lines was used to determine the impact of combining DNA-damaging
agents, focusing on TNBC. As described in Section 4, NTP was immediately followed by RT.

Figure 5 shows that both NTP conditions tested tend to be combining efficiently with RT. We also
demonstrated that a jet treatment as short as 10 s is sufficient to produce a cytotoxic effect in most
cell lines. The cellular response to the jet mode alone for 10 s of exposure is similar to the γ mode
with O2, but both displayed lower antiproliferative capacity than 4 Gy alone (Figure 5A). For a better
appreciation of the efficacy of the combined treatment, the combination index (CI) was evaluated
according to the Chou-Talalay method [35–37]. CIs were calculated for the combination of the jet mode
with RT as dose-response curves were established for these treatment modalities (see Figure 4A).
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Figure 5. Combination of RT (4 Gy) with NTP (jet mode for 10 s). (A) Normalized cell numbers
for different combination of treatments of a subpanel of cell lines. (B) Combination index (CI < 1:
synergistic, CI = 1: additive, CI > 1: antagonist) of the jet mode and radiation therapy. Error bars
represent the standard deviation over three independent experiments. Hormone receptor positive
(HR+), Triple negative breast cancer (TNBC) and HER2 amplified (HER2amp) define the receptor status
of cell lines and the color code refers to the molecular subtype. * p < 0.05, ** p < 0.01, *** p < 0.001 with
respect to the control.

Figure 5B shows the classification of cell lines according to the CIs and reveals a synergistic effect
for four out of seven cell lines. Only two of the four TNBC cell lines (MDA-MB-468 and BT-549) showed
a synergistic effect.

2.5. Olaparib Influence on NTP Growth Inhibition and DNA Damage Potential

Cancer therapy using radiation or other DNA-damaging agents is based on the susceptibility
of cancer cells to genomic instability [38]. Therefore, targeting DNA repair components to sensitize
cells to genotoxic stress is a promising avenue to improve plasma treatment. An interesting agent to
combine with NTP for breast cancer treatment is the PARP-inhibitor olaparib, a clinically approved
treatment. We purposely chose a low dose of olaparib (2 µM) in order to minimize the effect of the
drug itself on cell growth. This dose was also commonly used in combination assays [39,40], and is
lower than the IC50 according to the literature [41,42]. We also selected the time of exposition to the jet
mode at 10 s.

As shown in Figure 6, even 2 µM of olaparib alone had an effect on cell growth, especially for
MDA-MB-468, which presented the highest sensitivity to the drug (more than 60% of inhibition, p <

0.001). Among the cell lines used, only HCC1569 and MDA-MB-361 contained a BRCA2 mutation. In
those cell lines, only 40% (p < 0.001) and 20% (p > 0.05) of growth inhibition was observed, respectively,
with olaparib alone. Indeed, the dose used was not enough to reach the synthetic lethality expected in
BRCA mutants. Olaparib treatment alone resulted in growth inhibition ranging from 0% to 40% in
other cell lines.
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Figure 6. Combination of the jet mode (10 s) with olaparib (2 µM) for a subpanel of cell lines. (A)
Normalized cell numbers for different combinations of treatments. (B) Combination index (CI < 1:
synergistic, CI = 1: additive, CI > 1: antagonist) of the jet mode (10 s) and radiation therapy (4 Gy) with
olaparib (2 µM). Error bars represent the standard deviation over three independent experiments. * p <

0.05, ** p < 0.01, *** p < 0.001 with respect to the control.

In all cell lines, combination with olaparib tends to improve the cytotoxic effect of plasma.
Interestingly, CI < 1 for seven out of eleven cell lines, demonstrating a synergistic effect of olaparib
and plasma (Figure 6B). This was also true for the combination of RT and olaparib. For the few cell
lines with CI > 1, including the BRCA2-mutation-bearing MDA-MB-361, the low dose of jet mode
might be responsible for this antagonist combination. This combination could possibly be improved
with a higher dose of plasma. Moreover, with every TNBC cell lines (MDA-MB-231, MDA-MB-468,
BT-549 and Hs578T), the cytotoxic effect of the dual therapy tends to be better than radiation alone.
This implies that plasma treatment, which is considered as a soft treatment in terms of side effects [21],
in combination with olaparib, can be used to give the same response as 4 Gy with potentially fewer
side effects.

DNA damage can be visualized through the activation of DNA repair pathways. We used the
detection of DNA-damage-associated foci phosphorylation of H2AX (γH2AX) to characterize the effect
of our combination at the molecular level.

As expected, in Figure 7, we observed an increase in the number of foci with the jet or radiation
alone compared to the control, confirming the induction of DNA damages by the oxidizing agents.
Olaparib alone is also known to cause an increase in γH2AX foci in responding cancer cells [43].
We observed this increase in the two cell lines presented here (p < 0.01 for HCC1428). In addition,
pretreatment with olaparib further increased the number and intensity of foci following a treatment
by jet mode and RT (p < 0.05). Interestingly, in some conditions, a strong pan-nuclear staining can
be observed in a portion of the cells. This pan-nuclear phosphorylation of H2AX signal may suggest
cells potentially going through apoptosis following treatment [44,45]. According to Figure 7C, this
is especially the case for combination treatments (up to 50% of the cells are exhibiting pan-nuclear
staining).
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in combination with olaparib (2 µM). (A) Example pictures of γH2AX for MDA-MB-361 and HCC1428 
cell lines. (B) Total fluorescence of γH2AX foci per cell (MDA-MB-361 and HCC1428). (C) Percentage
of nuclei with fluorescence of γH2AX foci covering the complete nucleus. Error bars represent the 
standard deviation over two or three pictures containing an average of 30 nuclei. * p < 0.05, ** p < 0.01, 
*** p < 0.001 with respect to the control or the equivalent condition without olaparib. 
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In this study, we compared the sensitivity to NTP with RT, a conventionally used modality in 
breast cancer treatment, on a large set of common breast cancer cell lines. A constraint to large-scale
comparison of NTP sensitivity across cell lines is the heterogenous proliferation rates of different cell
lines. Our method to quantify cell response to NTP was based on the normalized cell number 6 days
post-treatment. Therefore, systematic variations in cell division time will affect relative response 
metrics such as IC50 (treatment condition resulting in 50% relative viability) [30]. To overcome this 
confounder, the Growth Rate (GR) metrics was used to quantify cellular response to treatments. For 
instance, MDA-MB-175VII, that was not particularly sensitive to either NTP or RT in terms of
normalized cell number (Figure 2), was found to be one of the most sensitive cell lines when GR
values were used (Figure 4). As the doubling time of MDA-MB-175VII is 5.5 d (see Table A1 in 
Appendix B), this cell line provides the typical situation where IC50 is confounded by its slow cell 
division rate. The GR method is commonly used in a variety of open access databases compiling the 
drug sensitivity of different cell lines. The Library of Integrated Network-based Cellular Signatures
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Figure 7. Visualization of DNA damage for a combination of olaparib with NTP or RT treatments.
Immunofluorescence of γH2AX foci 24 h after treatment with gas (10 s), jet (10 s), RT (4 Gy) alone or in
combination with olaparib (2 µM). (A) Example pictures of γH2AX for MDA-MB-361 and HCC1428
cell lines. (B) Total fluorescence of γH2AX foci per cell (MDA-MB-361 and HCC1428). (C) Percentage
of nuclei with fluorescence of γH2AX foci covering the complete nucleus. Error bars represent the
standard deviation over two or three pictures containing an average of 30 nuclei. * p < 0.05, ** p < 0.01,
*** p < 0.001 with respect to the control or the equivalent condition without olaparib.

These results indicate that the effect of plasma on cancer cells can be improved by a combination
with a DNA repair inhibitor such as olaparib. This reinforces the notion that the ability of NTP to
induce cytotoxic effects occurs through DNA damage (whether SSB or DSB), similar to radiation.

3. Discussion

In this study, we compared the sensitivity to NTP with RT, a conventionally used modality in
breast cancer treatment, on a large set of common breast cancer cell lines. A constraint to large-scale
comparison of NTP sensitivity across cell lines is the heterogenous proliferation rates of different cell
lines. Our method to quantify cell response to NTP was based on the normalized cell number 6 days
post-treatment. Therefore, systematic variations in cell division time will affect relative response metrics
such as IC50 (treatment condition resulting in 50% relative viability) [30]. To overcome this confounder,
the Growth Rate (GR) metrics was used to quantify cellular response to treatments. For instance,
MDA-MB-175VII, that was not particularly sensitive to either NTP or RT in terms of normalized cell
number (Figure 2), was found to be one of the most sensitive cell lines when GR values were used
(Figure 4). As the doubling time of MDA-MB-175VII is 5.5 d (see Table A1 in Appendix B), this cell line
provides the typical situation where IC50 is confounded by its slow cell division rate. The GR method
is commonly used in a variety of open access databases compiling the drug sensitivity of different cell
lines. The Library of Integrated Network-based Cellular Signatures (LINCS) [46] and PharmacoDB [47]
are two of them.



Cancers 2020, 12, 348 10 of 19

Beside the use of fourteen cell lines, three NTPs, described previously [24], have been used in
the present study. The longer treatment time required by the Ω and γmodes (in comparison to the
jet mode) to reach a similar antiproliferative capacity turned out to be respected for all cell lines.
As previously reported [28,29], addition of O2 to rare gas NTP increases the cytotoxicity of plasma.
However, in the present case, O2 is not injected in the plasma per se, it is rather injected in the effluent
region (in the Ω mode) or in the flowing afterglow (in the γ mode). As shown in Figures 2 and 3,
over all cell lines, the influence of O2 is significant in the γmode. This suggests that injection of O2 in
the flowing afterglow is sufficient to enhance the production of RONS, a fact in agreement with the
enhancement of the O (35P→35S, 777.5 nm) atomic emission line in Figure 1 (also reported in similar
conditions [48]). The lack of effect of O2 in the Ω mode could be attributed to the low energy present
in the plasma effluent. However, as Figure 1F clearly shows an enhancement of the 777.5 nm atomic
emission line with injection of O2, the mitigate effect of O2 could indicate that the 777.5 nm atomic line
is not a good indicator of plasma antiproliferation capacity (at least with downstream O2 injection) or
it could be simply due to the NTP dose that is too low to significantly impact cell proliferation. This
will be the subject of further investigations.

We previously reported that plasma can induce DNA damage in MDA-MB-231 cell line and drive
the cells to undergo mitotic catastrophe [24]. Here, in Figure 7, we showed that DNA damage is
also induced in the two additionally investigated cell lines. These findings suggest that DNA repair
inhibitors may increase the efficacy of NTP as observed with other DNA damaging treatments [49,50].
Similarly, increasing the number of insults by combining two DNA damaging agents is known to
improve cytotoxicity [51,52]. In this work, a combination of NTP with olaparib or RT was investigated
to address these two options. In both cases, most cell lines were found to benefit from the combination.
In fact, in some conditions, NTP yields a synergistic combination with RT or olaparib.

Using the same experimental method to investigate the sensitivity of cell lines to NTP and RT
allowed to establish a strong correlation between both modalities’ antiproliferative capacity. This
correlation highlights the similarity in the mechanisms of action of these modalities. In addition,
using the same procedure, the combination of RT and NTP have also been tested. In agreement with
previous work by Lin et al. [53] in other types of cancer cell lines, greater growth inhibition was found
with the combination compared to NTP or RT alone. An observation in support of the increased
in DNA damage previously reported with the combination [53]. Here, RT and NTP’s combination
was addressed in a subset of cell lines, focusing on TNBC since they represent the subtype clinically
more complex to treat and present higher local recurrence rates. In half of the TNBC, the combination
synergistically increased the efficacy of the treatment. It was interesting to note that for the Basal
A molecular class, the combination clearly improved NTP treatment. In Figure 4, Basal A subtype
classified among the less responsive group. Nevertheless, adding RT synergistically improved their
response. For other cell lines, we propose that the dose of 4 Gy alone was found to induce important
cytotoxic effect, which could have hindered the potential benefit of its combination with NTP. The
exposition time for the jet mode was also a fixed dose for every cell line. Since we determined the GR50

for the jet mode and RT, the doses required for combination could be better defined for each cell line in
future experiments. Results from the current study supports the fact that the application of NTP in
combination with RT may be complementary and a viable clinical strategy for further exploration.

Olaparib is approved by the US Food and Drug Administration (FDA) as a therapy for select breast,
ovarian and prostate cancers, for which plasma treatment is also being evaluated in vitro [19,33,54,55].
In breast cancer, olaparib is approved for the treatment of patients with germline deleterious mutations
in BRCA, HER2-negative metastatic breast cancer who had previously received chemotherapy. Our
results present further evidence that olaparib can be beneficial to more patients, independently of the
BRCA status, when used in combination with other DNA damaging agents. Within the context of NTP,
concurrent olaparib could improve the local control of the disease.

In our experiment, we chose to target PARP, which is mainly involved in SSB repair. Unresolved
SSB will generally evolve in DSB, and direct induction of both types of DNA damage by RONS is
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probably the main mechanism of genotoxic stress by plasma treatment [33]. In the same line of thought,
Masur et al. [56] used gemcitabine, a nucleoside analogue, that affects DNA synthesis and repair. They
reported that combination with plasma allows to decrease the dose of Gemcitabine required to observe
a cytotoxic effect. Gemcitabine is also a drug indicated in advanced stages of breast, pancreatic, ovarian,
and non-small cell lung cancer [57]. Molecular targeted agents such as cetuximab, an antibody that
targets epidermal growth factor receptor (EGFR), have also been shown to increase plasma efficacy
when used in combination against cancer cells [58]. Therefore, it is expected that targeting other
DNA-repair or proliferation pathway components in combination with plasma therapy will achieve
better response rates than plasma alone. Thereby, all combinations displayed here and previously
reported suggest a promising advance for the treatment of breast cancer. Indeed, gemcitabine [59] and
radiation [53], have already been tested in vivo in combination with NTP, and demonstrated increased
response over a single treatment. A better understanding of the downstream molecular impact of
plasma treatment will open novel routes to identifying compounds that can improve NTP efficacy or
vice versa.

In characterizing the relative sensitivity of a large set of publicly available breast cancer cell
lines, this study built a platform to further explore the cellular mechanism of action of plasma. As
these cell lines’ genomes have been sequenced [60–62] and rendered publicly available, the next step
will be to investigate the molecular signature from sensitive and resistant cell lines to non-thermal
plasma treatment. We hope such an analysis will help reveal candidate pathways involved in plasma’s
mechanism of action, a current challenge in the field of plasma medicine.

4. Materials and Methods

4.1. Cell Culture

Breast cancer cell lines Panel 1 (AU-565, BT-549, HCC1428, HCC1569, HCC1954, Hs578T, MCF-7,
MDA-MB-157, MDA-MB-175-VII, MDA-MB-231, MDA-MB-361, MDA-MB-468, T47D, ZR-75-1) was
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown
following ATCC recommendations (DMEM, RPMI1640 or L15 supplemented with 10% or 20% foetal
bovine serum (FBS), with or without insulin, with 1% penicillin-streptomycin (Pen-strep). Cells
were incubated at 37 ◦C with or without 5% CO2 according to ATCC recommendations. Cells were
used at a low passage number (lower than 25) upon reception from ATCC in order to maintain their
parental phenotype and genotype. Genomic characterization of all investigated cell lines is publicly
available [62]. This includes data regarding all the cell lines’ genetic, RNA splicing, DNA methylation,
histone H3 modification, microRNA expression and reverse-phase protein array data.

4.2. Plasma Device

The convertible plasma device used for the treatment of cells in suspension was described
elsewhere [24]. In brief, the device can be categorized as a plasma jet using a coaxial electrode
configuration (Figure 1A). A power system (model 1312 Cesar, Dressler, Stolberg-Vicht, Germany
equipped with a 57020137-00D Navio matching network, Advanced Energy, Fort Collins, CO, USA)
delivers a 13.56 MHz excitation waveform to a hollow high-voltage electrode located on the axis of the
device. A fused silica tube is located between the 1 mm annular gas gap and the outer shell ground
electrode. Injecting helium through the annular gas gap or within the high-voltage electrode allows the
maintenance of an electrical discharge in various modes (Figure 1C–E). Since theses discharge modes
have different properties (volume, electron energy, electron temperature, etc.), it is important to validate
if they produce similar response on different cancer cells. To reduce the number of experimental
parameters investigated, a few parameters were fixed for this work. This is the case of the injected
power and flow rate of the plasma-forming gas. The experimental conditions used for the production
of NTP are summarized in Table 2. These conditions were chosen to yield a similar cytotoxicity in
breast cancer cell lines between the different modes. This choice was based on a previous work that
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shown that the same antiproliferation effect is observed when cells are exposed to about 25 s of jet
mode, 2 min of γmode or 4 min of Ω mode [24].

Table 2. Summary of the NPT conditions used in this work. In the Ω and the γ modes, helium is
injected through the annular gap and O2 is injected within the high-voltage electrode. In the jet mode,
helium is injected within the high-voltage electrode and ambient air is left to fill the annular gap freely.
In the γmode, pulse modulation was used to maintain gas temperature near room temperature.

Conditions Discharge Mode Applied Power Treatment Time Helium Flowrate O2 Flowrate

Ω Ω mode 10 W 4 min 4300 mL min−1 0 mL min−1

Ω + O2 Ω mode 10 W 4 min 4300 mL min−1 2 mL min−1

γ γmode 35 W (100 Hz@20%) 2 min 4300 mL min−1 0 mL min−1

γ + O2 γmode 35 W (100 Hz@20%) 2 min 4300 mL min−1 2 mL min−1

Jet Jet mode 35 W 10 to 120 s 600 mL min−1 0 mL min−1

The optical emission of the discharge was collected by an optical fibre for emission spectroscopy
(Figure 1). Optical emission spectra are sampled downstream of the nozzle collecting light in the axis
perpendicular to the gas flow to avoid collecting light from inside the device. The tip of an optical fibre
(300–1100 nm with a 600 µm core diameter and a length of 1 m, Ocean Optics, Dunedin, FL, USA) is
positioned 3 mm away from the exit nozzle. The optical fibre is connected to a spectrometer system
(from 200 to 850 nm) through a 100 µm slit (Flame-S equipped with an ILX-511B Sony detector, and a
600 line mm−1 grating blazed at 300 nm with a resolution about 1.5 nm, Ocean Optics, Dunedin, FL,
USA). The optical emission spectroscopy system was corrected by its complete response curve using
an Intellical lamp (Princeton Instruments, Trenton, NJ, USA) above 400 nm and a 900 W tungsten lamp
(Oriel, Irvin, CA, USA) below.

4.3. Radiation Therapy and Plasma Treatment

Cell suspensions were prepared in DMEM containing pyruvate supplemented with 10% FBS and
1% Pen-strep. A fixed volume of 400 µL was dispensed in 1.5 mL microtubes for plasma or radiation
treatment. Cell concentration was adjusted according to the different cell lines (ranging from 50 000
to 200 000 cells/mL). Plasma treatment was performed by positioning the nozzle of the device inside
the tube at a constant distance of 5 mm from the surface of the media. Figure 1B shows a sketch of
the convertible plasma device during a treatment of cells in suspension. RT was performed using a
caesium-137 source (Gammacell 3000 Elan, Best Theratronics, Ottawa, ON, Canada) for indicated doses
(from 2 to 10 Gy). After treatment, 50 µL of the cell suspension from the microtube was transferred
to a 48-well plate containing 200 µL of fresh media (specific for each cell line, according to ATCC). A
condition with gas flow alone (without electric field) was included as a control to ensure that gas flow
by itself did not have an effect on cell growth. Each experiment was performed three times. For the
experiment using pyruvate, a final concentration of 1 mM was added to the RPMI or DMEM (without
pyruvate) media.

4.4. Proliferation Assay

Cells seeded in a 48-well plate were fixed at day 6 after treatment with a crystal violet solution
(20% methanol, 0.5% crystal violet). Fixed cells were then stained with DRAQ5 in PBS, washed and
scanned with the Odyssey imaging system (LI-COR Biotechnology, Lincoln, NE, USA). A dilution
curve of various cell numbers stained by DRAQ5 was prepared for each cell line in each experiment.
DRAQ5 signal in each well was compared to the dilution curves to quantify the cell numbers in each
well (normalized cell numbers).

Dose-response curves were calculated using the GR inhibition metrics [30]. This metrics can be
calculated using x(c) the cell number of the treated sample at concentration c, x0 the cell number at the
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time t = 0 s (i.e., when the treatment is performed), xctl the cell number of the control sample at the
same time as x(c), according to the following equation

GR(c) = 2
log2 (x(c)/x0)
log2 (xctl/x0) − 1 (1)

To use the GR metrics with our proliferation assay, x0 value were inferred from the number of
cells plated, fixed at 18 h and stained with DRAQ5. GR50 for jet and RT were obtained for different
doses in order to obtain dose-response curves.

4.5. Peroxide Detection

For hydrogen peroxide detection, cell suspensions were centrifuged after plasma treatment, and
the supernatant was collected and processed immediately. PierceTM Quantitative Peroxide Assay
Kit (Cat. no. 23280, Thermo Scientific, Saint-Laurent, QC, Canada) was used according to the
manufacturer’s instructions. The optical density at 595 nm was measured with the Spark multimode
microplate reader (TECAN, Männedorf, Switzerland).

4.6. Live Cell Imaging System

Live cells were followed using IncuCyte S3 Live-cell Imaging System (Sartorius, Göttingen,
Germany), using a 10× objective. During the incubation period, cells were maintained in 48-well plates
with 250 µL of medium per well. Only 20% of this medium was carried from the treated microtube as
described in Section 4.3. Propidium iodide (PI) staining was used for cell death visualization and was
added directly to the media (final concentration 1 µg mL−1) just before imaging.

4.7. Combination Treatment

For the combination with PARP-inhibitor olaparib (AZD2281, Selleckchem, Houston, TX, USA),
cells were trypsinized, diluted to the appropriate concentration and pretreated with 2 µM of olaparib
for 2 h before plasma treatment (or radiation). Following plasma treatment, 50 µL of the treated cells
were transferred to a 48-well plate containing 200 µL of fresh media. Cells pretreated with olaparib
were also maintained in media containing 2 µM of olaparib during the six days of incubation. For the
combination with radiation, the plasma treatment was performed first and then cells were exposed to
4 Gy of radiation, within 30 min. The Chou-Talalay method [36] for drug combinations was used to
calculate the CI for the combinations of plasma and radiation or plasma and olaparib. Dose-response
curves were plotted for RT and olaparib treatment.

4.8. Immunofluorescence

After treatment, cells were plated in 8-well chamber slides and fixed 24 h later with 10% formalin
for 5 min. Cells were permeabilized with 0.25% Triton for 10 min, incubated in blocking solution (4%
Donkey serum, 1% BSA, PBS) for 1 h and with the primary antibody overnight at 4 ◦C. Cells were
washed and incubated with the secondary antibody for 1 h at room temperature and then washed
again. Prolong containing DAPI was used for slide mounting and images were obtained using a
Zeiss Observer Z1 microscope (400×, Carl Zeiss, Oberkochen, Germany). Primary antibody used was
phospho-H2AX (Ser139) (1:2 000 dilution; cat. No. clone JBW301) and secondary antibody was Alexa
fluor-488 (1:750).

4.9. Statistical Analysis

Student’s t-test were used to compare different treatments with the control, to compare the
effects of NTP between different breast cancer subtypes and to compare the influence of O2 on the
antiproliferative effect of NTP in the γmode. Pearson’s correlation test was performed to determine the
correlation of the antiproliferative effect of NTP and RT. Data analysis, microscopy image analysis and
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statistical analysis were performed using homemade codes with Mathematica 10 (Wolfram, Champaign,
IL, USA).

5. Conclusions

In this study, we were able to classify a large panel of breast cancer cell lines according to their
sensitivity to NTP in three different discharge modes. Cell lines that are more sensitive to a discharge
mode are also found to be more sensitive to other discharge modes. In addition, the Ω and γmodes
were compared when a small concentration of O2 is injected via the high-voltage electrode. Unlike
previous works were O2 is injected within the plasma itself, our plasma device allows the injection
of O2 downstream of the plasma. In the γ mode, O2 is in contact with the flowing afterglow and a
significant increase of the antiproliferative capacity of the plasma occurs. This effect was observed
on all cell lines, and highlights the potential benefit on cancer treatment of the precise control of gas
composition via downstream injection.

One of the aims of this work was to determine if a particular subtype of breast cancer could
be particularly sensitive to NTP. Classification was selected with respect to their molecular subtype
(i.e., luminal, basal A and basal B) and to their receptor status (i.e., HER2amp, TNBC, HR+). Using
the GR50 to compare cell lines classified in the aforementioned subgroups, no subgroup of cell lines
could be identified as strongly sensitive or resistant to NTP. Hence this highlights the potential clinical
benefit to a majority of patient, should NTP be used intraoperatively to treat the tumour bed after
tumour resection.

Comparing the sensitivity of cancer cell lines to NTP with their sensitivity to RT, a good correlation
was found: cell lines more sensitive to RT are also more sensitive to plasma. Combination of NTP and
RT was also found synergistic on a subpopulation of cell lines. These results suggest that adding a
relatively low dose of NTP to a patient’s therapeutic plan could allow to reduce the dose of RT required,
therefore minimizing side effects without compromising efficacy. In addition, we demonstrated for the
first time that NTP can synergistically be combined with olaparib, a PARP inhibitor. Olaparib being
more and more used in the clinic, its role as a NTP sensitizer is a very important feature towards the
eventual position NTP could hold in the arsenal of breast cancer treatment.
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Appendix A

Working with a larger panel of cell lines comes with constraints and one of these is their growth
conditions. In this study, according to the supplier recommendations, three different culture media
have been used (DMEM, RPMI, and L15). Some cell lines were first treated in their recommended
culture medium. However, a substantial difference in sensitivity was found to be associated with the
type of medium present during plasma treatment. Figure A1 shows representative results using the
T47D cell line to illustrate the differences in plasma sensitivity that were dependent on the medium



Cancers 2020, 12, 348 15 of 19

present during treatment. In proliferation assay, 95% of growth inhibition was measured after a plasma
treatment of T47D with RPMI medium, as opposed to 80% when DMEM was used (Figure A1A,B).

Propidium iodide (PI) staining confirmed that rapid cell death was induced when cells were
exposed to plasma in RPMI medium (Figure A1C), with almost all cells staining positive for PI. Control
or radiation-treated cells were not affected by media composition. Interestingly, when pyruvate, a
well-known reactive oxygen species scavenger [63,64], was added to RPMI at the concentration usually
found in DMEM, a decrease in plasma cytotoxicity was observed. Pyruvate concentration within
the media is a major component affecting the sensitivity of cells to NTP, akin to the suggestion by
Babich et al. [65] that pyruvate affects the in vitro cytotoxicity of many other oxidative agents.
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Figure A1. Influence of the culture medium on plasma treatment efficacy for the T47D cell line. (A)
Representative example of a proliferation assay following plasma treatment (30 s in jet mode) or
radiation therapy (4 Gy). (B) Quantification of normalized cell numbers from proliferation assays (6 d).
(C) Fluorescence microscopy after treatments showing dead cells in red (PI). (D) H2O2 concentration
measured in the medium after plasma treatment or irradiation. For this figure, n = 3 over independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 with respect to the control or other treatment.

High H2O2 accumulation measured after treatment of pyruvate-free medium could be responsible
for this drastic increase of cell death. H2O2 measurement in media after treatment confirmed this
observation. As shown in Figure A1D, the concentration of H2O2 in the medium after plasma treatment
was strongly influenced by the presence of pyruvate. In both RPMI and DMEM, the concentration of
H2O2 dropped from about 40 µM to below the detection level (<1 µM) when pyruvate was present in
the medium. From these results, it is clear that the nature of the culture medium present during plasma
treatment impacts the sensitivity of cells. Consequently, all cell lines were treated in the same culture
medium (DMEM with pyruvate) to avoid this bias. DMEM with pyruvate was chosen to highlight the
influence of direct NTP treatment over the capacity of plasma to produce long-term RONS such as
H2O2 [66–69].

Appendix B

Using dose response curves of GR values, GR50 could be obtained using treatment by the jet
mode, RT and olaparib. These values are shown in Table A1. For comparison, both IC50 and GR50
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were calculated for the jet mode. No correlation was observed using Pearson’s correlation test (p >

0.5). In addition, no correlation is observed between any of the GR50 and the doubling time using
Pearson’s correlation test (p > 0.1). Finally, it is also noteworthy that, while the GR50 of RT and jet mode
correlates, neither one correlates with the GR50 of olaparib (Pearson’s correlation test with p > 0.05),
again highlighting the similarity of RT and NTP as physical treatment modalities.

Table A1. IC50 and GR50 obtained by dose response curves for different cell lines. The doubling time
of different cell lines is also presented.

Cell Line IC50 of the Jet
Mode (s)

GR50 of the Jet
Mode (s)

GR50 of RT
(Gy)

GR50 of
Olaparib (µM)

Doubling
Time (d)

MDA-MB-231 1.6 4.9 1.8 9.6 1.5
MDA-MB-468 6.0 10.9 2.3 3.4 1.6

Hs578T 18.4 23.3 4.6 22.3 1.7
HCC1954 6.9 19.2 3.0 18.2 1.7
AU-565 24.1 25.2 3.3 NA 1.8

T47D 9.6 16.0 3.2 17.6 2.1
BT-549 7.8 5.8 2.7 19.2 2.3
MCF-7 15.0 14.1 3.1 4.5 2.3

HCC1569 12.1 13.9 2.1 3.4 2.4
MDA-MB-157 4.6 2.6 1.7 NA 4.1

ZR-75-1 7.9 6.6 0.5 11.4 4.5
MDA-MB-361 31.0 5.1 2.7 5.5 5.4

MDA-MB-175-VII 13.1 4.3 1.0 NA 5.5
HCC1428 48.3 10.2 2.6 2.5 7.7

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 2018, 68, 394–424. [CrossRef]

2. Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-Negative Breast Cancer. N. Engl. J. Med. 2010, 363, 1938–1948.
[CrossRef]

3. Cancer.gov Breast Cancer Treatment (Adult) (PDQ®)–Health Professional Version. Available online:
www.cancer.gov/types/breast (accessed on 9 September 2019).

4. Moran, M.S. Radiation therapy in the locoregional treatment of triple-negative breast cancer. Lancet Oncol.
2015, 16, e113–e122. [CrossRef]

5. O’Rorke, M.A.; Murray, L.J.; Brand, J.S.; Bhoo-Pathy, N. The value of adjuvant radiotherapy on survival and
recurrence in triple-negative breast cancer: A systematic review and meta-analysis of 5507 patients. Cancer
Treat. Rev. 2016, 47, 12–21. [CrossRef]

6. Winter, J.; Brandenburg, R.; Weltmann, K.-D. Atmospheric pressure plasma jets: An overview of devices and
new directions. Plasma Sources Sci. Technol. 2015, 24, 064001. [CrossRef]

7. Laroussi, M. Plasma Medicine: A Brief Introduction. Plasma 2018, 1, 5. [CrossRef]
8. Keidar, M.; Yan, D.; Sherman, J.H. Cold Plasma Cancer Therapy; Morgan & Claypool Publishers: San Rafael,

CA, USA, 2019; ISBN 978-1-64327-434-8.
9. Kim, S.J.; Chung, T.; Bae, S.; Leem, S. Induction of apoptosis in human breast cancer cells by a pulsed

atmospheric pressure plasma jet. Appl. Phys. Lett. 2010, 97, 023702. [CrossRef]
10. Kalghatgi, S.; Kelly, C.; Cerchar, E.; Azizkhan-Clifford, J. Selectivity of non-thermal atmospheric-pressure

microsecond-pulsed dielectric barrier discharge plasma induced apoptosis in tumor cells over healthy cells.
Plasma Med. 2011, 1, 3–4. [CrossRef]

11. Park, S.-B.; Kim, B.; Bae, H.; Lee, H.; Lee, S.; Choi, E.H.; Kim, S.J. Differential epigenetic effects of atmospheric
cold plasma on MCF-7 and MDA-MB-231 breast cancer cells. PLoS ONE 2015, 10, e0129931. [CrossRef]

12. Lee, S.; Lee, H.; Jeong, D.; Ham, J.; Park, S.; Choi, E.H.; Kim, S.J. Cold atmospheric plasma restores tamoxifen
sensitivity in resistant MCF-7 breast cancer cell. Free Radic. Biol. Med. 2017, 110, 280–290. [CrossRef]

http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1056/NEJMra1001389
www.cancer.gov/types/breast
http://dx.doi.org/10.1016/S1470-2045(14)71104-0
http://dx.doi.org/10.1016/j.ctrv.2016.05.001
http://dx.doi.org/10.1088/0963-0252/24/6/064001
http://dx.doi.org/10.3390/plasma1010005
http://dx.doi.org/10.1063/1.3462293
http://dx.doi.org/10.1615/PlasmaMed.2012004184
http://dx.doi.org/10.1371/journal.pone.0129931
http://dx.doi.org/10.1016/j.freeradbiomed.2017.06.017


Cancers 2020, 12, 348 17 of 19

13. Liu, Y.; Tan, S.; Zhang, H.; Kong, X.; Ding, L.; Shen, J.; Lan, Y.; Cheng, C.; Zhu, T.; Xia, W. Selective effects of
non-thermal atmospheric plasma on triple-negative breast normal and carcinoma cells through different cell
signaling pathways. Sci. Rep. 2017, 7, 1–2. [CrossRef]

14. Mehrabifard, R.; Mehdian, H.; Bakhshzadmahmoudi, M. Effect of non-thermal atmospheric pressure plasma
on MDA-MB-231 breast cancer cells. Pharm. Biomed. Res. 2018, 3, 1–5. [CrossRef]

15. Vandamme, M.; Robert, E.; Pesnel, S.; Barbosa, E.; Dozias, S.; Sobilo, J.; Lerondel, S.; Le Pape, A.; Pouvesle, J.-M.
Antitumor Effect of Plasma Treatment on U87 Glioma Xenografts: Preliminary Results. Plasma Process. Polym.
2010, 7, 264–273. [CrossRef]

16. Keidar, M.; Walk, R.; Shashurin, A.; Srinivasan, P.; Sandler, A.; Dasgupta, S.; Ravi, R.; Guerrero-Preston, R.;
Trink, B. Cold plasma selectivity and the possibility of a paradigm shift in cancer therapy. Br. J. Cancer 2011,
105, 1295. [CrossRef] [PubMed]

17. Mirpour, S.; Piroozmand, S.; Soleimani, N.; Faharani, N.J.; Ghomi, H.; Eskandari, H.F.; Sharifi, A.M.;
Mirpour, S.; Eftekhari, M.; Nikkhah, M. Utilizing the micron sized non-thermal atmospheric pressure plasma
inside the animal body for the tumor treatment application. Sci. Rep. 2016, 6, 29048. [CrossRef] [PubMed]

18. Xiang, L.; Xu, X.; Zhang, S.; Cai, D.; Dai, X. Cold atmospheric plasma conveys selectivity on triple negative
breast cancer cells both in vitro and in vivo. Free Radic. Biol. Med. 2018, 124, 205–213. [CrossRef]

19. Chen, Z.; Lin, L.; Zheng, Q.; Sherman, J.H.; Canady, J.; Trink, B.; Keidar, M. Micro-sized cold atmospheric
plasma source for brain and breast cancer treatment. Plasma Med. 2018, 8. [CrossRef]

20. Chagpar, A.B.; Killelea, B.K.; Tsangaris, T.N.; Butler, M.; Stavris, K.; Li, F.; Yao, X.; Bossuyt, V.; Harigopal, M.;
Lannin, D.R.; et al. A randomized, controlled trial of cavity shave margins in breast cancer. N. Engl. J. Med.
2015, 373, 503–510. [CrossRef]

21. Boehm, D.; Bourke, P. Safety implications of plasma-induced effects in living cells–a review of in vitro and
in vivo findings. Biol. Chem. 2018, 400, 3–17. [CrossRef]

22. Assadian, O.; Ousey, K.J.; Daeschlein, G.; Kramer, A.; Parker, C.; Tanner, J.; Leaper, D.J. Effects and safety of
atmospheric low-temperature plasma on bacterial reduction in chronic wounds and wound size reduction:
A systematic review and meta-analysis. Int. Wound J. 2019, 16, 103–111. [CrossRef]

23. Dubuc, A.; Monsarrat, P.; Virard, F.; Merbahi, N.; Sarrette, J.-P.; Laurencin-Dalicieux, S.; Cousty, S. Use
of cold-atmospheric plasma in oncology: A concise systematic review. Ther. Adv. Med. Oncol. 2018, 10,
1758835918786475. [CrossRef] [PubMed]

24. Boisvert, J.-S.; Lafontaine, J.; Glory, A.; Coulombe, S.; Wong, P. Comparison of Three Radio-Frequency
Discharge Modes on the Treatment of Breast Cancer Cells In Vitro. 2020. Available online: http://hdl.handle.
net/1866/22968 (accessed on 14 January 2020).

25. Lu, X.; Naidis, G.; Laroussi, M.; Reuter, S.; Graves, D.; Ostrikov, K. Reactive species in non-equilibrium
atmospheric-pressure plasmas: Generation, transport, and biological effects. Phys. Rep. 2016, 630, 1–84.
[CrossRef]

26. Mitra, S.; Nguyen, L.N.; Akter, M.; Park, G.; Choi, E.H.; Kaushik, N.K. Impact of ROS Generated by Chemical,
Physical, and Plasma Techniques on Cancer Attenuation. Cancers 2019, 11, 1030. [CrossRef] [PubMed]

27. Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast cancer cell line classification and its relevance with breast tumor
subtyping. J. Cancer 2017, 8, 3131. [CrossRef] [PubMed]

28. Kim, C.-H.; Bahn, J.H.; Lee, S.-H.; Kim, G.-Y.; Jun, S.-I.; Lee, K.; Baek, S.J. Induction of cell growth arrest
by atmospheric non-thermal plasma in colorectal cancer cells. J. Biotechnol. 2010, 150, 530–538. [CrossRef]
[PubMed]

29. Joh, H.M.; Choi, J.Y.; Kim, S.J.; Chung, T.H.; Kang, T.-H. Effect of additive oxygen gas on cellular response of
lung cancer cells induced by atmospheric pressure helium plasma jet. Sci. Rep. 2014, 6638. [CrossRef]

30. Hafner, M.; Niepel, M.; Chung, M.; Sorger, P.K. Growth rate inhibition metrics correct for confounders in
measuring sensitivity to cancer drugs. Nat. Methods 2016, 521–527. [CrossRef]

31. Artimo, P.; Jonnalagedda, M.; Arnold, K.; Baratin, D.; Csardi, G.; De Castro, E.; Duvaud, S.; Flegel, V.;
Fortier, A.; Gasteiger, E.; et al. ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 2012, 40,
W597–W603. [CrossRef]

32. Khlyustova, A.; Labay, C.; Machala, Z.; Ginebra, M.-P.; Canal, C. Important parameters in plasma jets for the
production of RONS in liquids for plasma medicine: A brief review. Front. Chem. Sci. Eng. 2019, 13, 238–252.
[CrossRef]

http://dx.doi.org/10.1038/s41598-017-08792-3
http://dx.doi.org/10.29252/pbr.3.3.12
http://dx.doi.org/10.1002/ppap.200900080
http://dx.doi.org/10.1038/bjc.2011.386
http://www.ncbi.nlm.nih.gov/pubmed/21979421
http://dx.doi.org/10.1038/srep29048
http://www.ncbi.nlm.nih.gov/pubmed/27383714
http://dx.doi.org/10.1016/j.freeradbiomed.2018.06.001
http://dx.doi.org/10.1615/PlasmaMed.2018026588
http://dx.doi.org/10.1056/NEJMoa1504473
http://dx.doi.org/10.1515/hsz-2018-0222
http://dx.doi.org/10.1111/iwj.12999
http://dx.doi.org/10.1177/1758835918786475
http://www.ncbi.nlm.nih.gov/pubmed/30046358
http://hdl.handle.net/1866/22968
http://hdl.handle.net/1866/22968
http://dx.doi.org/10.1016/j.physrep.2016.03.003
http://dx.doi.org/10.3390/cancers11071030
http://www.ncbi.nlm.nih.gov/pubmed/31336648
http://dx.doi.org/10.7150/jca.18457
http://www.ncbi.nlm.nih.gov/pubmed/29158785
http://dx.doi.org/10.1016/j.jbiotec.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20959125
http://dx.doi.org/10.1038/srep06638
http://dx.doi.org/10.1038/nmeth.3853
http://dx.doi.org/10.1093/nar/gks400
http://dx.doi.org/10.1007/s11705-019-1801-8


Cancers 2020, 12, 348 18 of 19

33. Hirst, A.M.; Frame, F.M.; Maitland, N.J.; O’Connell, D. Low Temperature Plasma Causes Double-Strand
Break DNA Damage in Primary Epithelial Cells Cultured from a Human Prostate Tumor. IEEE Trans. Plasma
Sci. 2014, 42, 2740–2741. [CrossRef]

34. Thompson, M.K.; Poortmans, P.; Chalmers, A.J.; Faivre-Finn, C.; Hall, E.; Huddart, R.A.; Lievens, Y.;
Sebag-Montefiore, D.; Coles, C.E. Practice-changing radiation therapy trials for the treatment of cancer:
Where are we 150 years after the birth of Marie Curie? Br. J. Cancer 2018, 119, 389. [CrossRef] [PubMed]

35. Chou, T.-C.; Talalay, P. Analysis of combined drug effects: A new look at a very old problem. Trends Pharmacol.
Sci. 1983, 4, 450–454. [CrossRef]

36. Chou, T.-C.; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple
drugs or enzyme inhibitors. Adv. Enzyme Regul. 1984, 22, 27–55. [CrossRef]

37. Roell, K.R.; Reif, D.M.; Motsinger-Reif, A.A. An Introduction to Terminology and Methodology of Chemical
Synergy—Perspectives from Across Disciplines. Front. Pharmacol. 2017, 8, 158. [CrossRef] [PubMed]

38. O’Connor, M.J. Targeting the DNA damage response in cancer. Mol. Cell 2015, 60, 547–560. [CrossRef]
39. Garcia, T.B.; Snedeker, J.C.; Baturin, D.; Gardner, L.; Fosmire, S.P.; Zhou, C.; Jordan, C.T.; Venkataraman, S.;

Vibhakar, R.; Porter, C.C. A small-molecule inhibitor of WEE1, AZD1775, synergizes with olaparib by
impairing homologous recombination and enhancing DNA damage and apoptosis in acute leukemia. Mol.
Cancer Ther. 2017, 16, 2058–2068. [CrossRef]

40. Carey, J.P.; Karakas, C.; Bui, T.; Chen, X.; Vijayaraghavan, S.; Zhao, Y.; Wang, J.; Mikule, K.; Litton, J.K.;
Hunt, K.K.; et al. Synthetic lethality of PARP inhibitors in combination with MYC blockade is independent
of BRCA status in triple-negative breast cancer. Cancer Res. 2018, 78, 742–757. [CrossRef]

41. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J.
Clin. Investig. 2011, 121, 2750–2767. [CrossRef]

42. Pierce, A.; McGowan, P.M.; Cotter, M.; Mullooly, M.; O’Donovan, N.; Rani, S.; O’Driscoll, L.; Crown, J.;
Duffy, M.J. Comparative antiproliferative effects of iniparib and olaparib on a panel of triple-negative and
non-triple-negative breast cancer cell lines. Cancer Biol. Ther. 2013, 14, 537–545. [CrossRef]

43. Fleury, H.; Malaquin, N.; Tu, V.; Gilbert, S.; Martinez, A.; Olivier, M.-A.; Sauriol, A.; Communal, L.;
Leclerc-Desaulniers, K.; Carmona, E.; et al. Exploiting interconnected synthetic lethal interactions between
PARP inhibition and cancer cell reversible senescence. Nat. Commun. 2019, 10, 1–15. [CrossRef]

44. De Feraudy, S.; Revet, I.; Bezrookove, V.; Feeney, L.; Cleaver, J.E. A minority of foci or pan-nuclear apoptotic
staining of γH2AX in the S phase after UV damage contain DNA double-strand breaks. Proc. Natl. Acad. Sci.
USA 2010, 107, 6870–6875. [CrossRef] [PubMed]

45. Bekeschus, S.; Schütz, C.S.; Nießner, F.; Wende, K.; Weltmann, K.-D.; Gelbrich, N.; von Woedtke, T.;
Schmidt, A.; Stope, M.B. Elevated H2AX Phosphorylation Observed with kINPen Plasma Treatment Is Not
Caused by ROS-Mediated DNA Damage but Is the Consequence of Apoptosis. Oxid. Med. Cell. Longev.
2019, 2019. [CrossRef] [PubMed]

46. Cancerbrowser.org HMS LINCS Breast Cancer Browser. Available online: www.cancerbrowser.org (accessed
on 28 November 2019).

47. Smirnov, P.; Kofia, V.; Maru, A.; Freeman, M.; Ho, C.; El-Hachem, N.; Adam, G.-A.; Ba-alawi, W.; Safikhani, Z.;
Haibe-Kains, B. PharmacoDB: An integrative database for mining in vitro anticancer drug screening studies.
Nucleic Acids Res. 2017, 46, D994–D1002. [CrossRef]

48. Léveillé, V.; Coulombe, S. Atomic Oxygen Production and Exploration of Reaction Mechanisms in a He-O2
Atmospheric Pressure Glow Discharge Torch. Plasma Process. Polym. 2006, 3, 587–596. [CrossRef]

49. Neijenhuis, S.; Verwijs-Janssen, M.; van den Broek, L.J.; Begg, A.C.; Vens, C. Targeted radiosensitization of
cells expressing truncated DNA polymerase β. Cancer Res. 2010, 70, 8706–8714. [CrossRef] [PubMed]

50. Bridges, K.A.; Hirai, H.; Buser, C.A.; Brooks, C.; Liu, H.; Buchholz, T.A.; Molkentine, J.M.; Mason, K.A.;
Meyn, R.E. MK-1775, a novel Wee1 kinase inhibitor, radiosensitizes p53-defective human tumor cells. Clin.
Cancer Res. 2011, 17, 5638–5648. [CrossRef] [PubMed]

51. Sasaki, K.; Tsuno, N.H.; Sunami, E.; Kawai, K.; Shuno, Y.; Hongo, K.; Hiyoshi, M.; Kaneko, M.; Murono, K.;
Tada, N.; et al. Radiosensitization of human breast cancer cells to ultraviolet light by 5-fluorouracil. Oncol.
Lett. 2011, 2, 471–476. [CrossRef]

52. Müller, M.; Wang, Y.; Squillante, M.R.; Held, K.D.; Anderson, R.R.; Purschke, M. UV scintillating particles as
radiosensitizer enhance cell killing after X-ray excitation. Radiother. Oncol. 2018, 129, 589–594. [CrossRef]

http://dx.doi.org/10.1109/TPS.2014.2351453
http://dx.doi.org/10.1038/s41416-018-0201-z
http://www.ncbi.nlm.nih.gov/pubmed/30061587
http://dx.doi.org/10.1016/0165-6147(83)90490-X
http://dx.doi.org/10.1016/0065-2571(84)90007-4
http://dx.doi.org/10.3389/fphar.2017.00158
http://www.ncbi.nlm.nih.gov/pubmed/28473769
http://dx.doi.org/10.1016/j.molcel.2015.10.040
http://dx.doi.org/10.1158/1535-7163.MCT-16-0660
http://dx.doi.org/10.1158/0008-5472.CAN-17-1494
http://dx.doi.org/10.1172/JCI45014
http://dx.doi.org/10.4161/cbt.24349
http://dx.doi.org/10.1038/s41467-019-10460-1
http://dx.doi.org/10.1073/pnas.1002175107
http://www.ncbi.nlm.nih.gov/pubmed/20351298
http://dx.doi.org/10.1155/2019/8535163
http://www.ncbi.nlm.nih.gov/pubmed/31641425
www.cancerbrowser.org
http://dx.doi.org/10.1093/nar/gkx911
http://dx.doi.org/10.1002/ppap.200600051
http://dx.doi.org/10.1158/0008-5472.CAN-09-3901
http://www.ncbi.nlm.nih.gov/pubmed/20978197
http://dx.doi.org/10.1158/1078-0432.CCR-11-0650
http://www.ncbi.nlm.nih.gov/pubmed/21799033
http://dx.doi.org/10.3892/ol.2011.261
http://dx.doi.org/10.1016/j.radonc.2018.06.016


Cancers 2020, 12, 348 19 of 19

53. Lin, L.; Wang, L.; Liu, Y.; Xu, C.; Tu, Y.; Zhou, J. Non-thermal plasma inhibits tumor growth and proliferation
and enhances the sensitivity to radiation in vitro and in vivo. Oncol. Rep. 2018, 40, 3405–3415. [CrossRef]

54. Utsumi, F.; Kajiyama, H.; Nakamura, K.; Tanaka, H.; Mizuno, M.; Toyokuni, S.; Hori, M.; Kikkawa, F.
Variable susceptibility of ovarian cancer cells to non-thermal plasma-activated medium. Oncol. Rep. 2016, 35,
3169–3177. [CrossRef]

55. Bekeschus, S.; Freund, E.; Wende, K.; Gandhirajan, R.; Schmidt, A. Hmox1 upregulation is a mutual marker
in human tumor cells exposed to physical plasma-derived oxidants. Antioxidants 2018, 7, 151. [CrossRef]
[PubMed]

56. Masur, K.; von Behr, M.; Bekeschus, S.; Weltmann, K.-D.; Hackbarth, C.; Heidecke, C.-D.; von Bernstorff, W.;
von Woedtke, T.; Partecke, L.I. Synergistic inhibition of tumor cell proliferation by cold plasma and
gemcitabine. Plasma Process. Polym. 2015, 12, 1377–1382. [CrossRef]

57. Xie, Z.; Zhang, Y.; Jin, C.; Fu, D. Gemcitabine-based chemotherapy as a viable option for treatment of
advanced breast cancer patients: A meta-analysis and literature review. Oncotarget 2018, 9, 7148. [CrossRef]
[PubMed]

58. Chang, J.W.; Kang, S.U.; Shin, Y.S.; Seo, S.J.; Kim, Y.S.; Yang, S.S.; Lee, J.-S.; Moon, E.; Lee, K.; Kim, C.-H.
Combination of NTP with cetuximab inhibited invasion/migration of cetuximab-resistant OSCC cells:
Involvement of NF-κB signaling. Sci. Rep. 2015, 5, 18208. [CrossRef] [PubMed]

59. Brullé, L.; Vandamme, M.; Riès, D.; Martel, E.; Robert, E.; Lerondel, S.; Trichet, V.; Richard, S.; Pouvesle, J.-M.;
Le Pape, A. Effects of a Non Thermal Plasma Treatment Alone or in Combination with Gemcitabine in a MIA
PaCa2-luc Orthotopic Pancreatic Carcinoma Model. PLoS ONE 2012, 7, 1–10. [CrossRef]

60. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012, 2, 401–404. [CrossRef]

61. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal.
Sci. Signal 2013, 6, l1. [CrossRef]

62. Ghandi, M.; Huang, F.W.; Jané-Valbuena, J.; Kryukov, G.V.; Lo, C.C.; McDonald, E.R.; Barretina, J.;
Gelfand, E.T.; Bielski, C.M.; Li, H.; et al. Next-generation characterization of the Cancer Cell Line
Encyclopedia. Nature 2019, 503–508. [CrossRef]

63. Mallet, R.T. Pyruvate: Metabolic protector of cardiac performance. Proc. Soc. Exp. Biol. Med. Minireviews
2000, 223, 136–148. [CrossRef]

64. Nath, K.A.; Enright, H.; Nutter, L.; Fischereder, M.; Zou, J.; Hebbel, R.P. Effect of pyruvate on oxidant injury
to isolated and cellular DNA. Kidney Int. 1994, 45, 166–176. [CrossRef]

65. Babich, H.; Liebling, E.J.; Burger, R.F.; Zuckerbraun, H.L.; Schuck, A.G. Choice of DMEM, formulated with or
without pyruvate, plays an important role in assessing the in vitro cytotoxicity of oxidants and prooxidant
nutraceuticals. Vitro Cell. Dev. Biol. Anim. 2009, 45, 226–233. [CrossRef] [PubMed]

66. Biscop, E.; Lin, A.; Boxem, W.V.; Loenhout, J.V.; Backer, J.D.; Deben, C.; Dewilde, S.; Smits, E.; Bogaerts, A.
Influence of Cell Type and Culture Medium on Determining Cancer Selectivity of Cold Atmospheric Plasma
Treatment. Cancers 2019, 11, 1287. [CrossRef] [PubMed]

67. Kelts, J.L.; Cali, J.J.; Duellman, S.J.; Shultz, J. Altered cytotoxicity of ROS-inducing compounds by sodium
pyruvate in cell culture medium depends on the location of ROS generation. Springerplus 2015, 4, 269.
[CrossRef] [PubMed]

68. Bergemann, C.; Rebl, H.; Otto, A.; Matschke, S.; Nebe, B. Pyruvate as a cell-protective agent during cold
atmospheric plasma treatment in vitro: Impact on basic research for selective killing of tumor cells. Plasma
Process. Polym. 2019, 16, 1900088. [CrossRef]

69. Pranda, M.A.; Murugesan, B.J.; Knoll, A.J.; Oehrlein, G.S.; Stroka, K.M. Sensitivity of tumor versus normal
cell migration and morphology to cold atmospheric plasma-treated media in varying culture conditions.
Plasma Process. Polym. 2019, 11, e1900103. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3892/or.2018.6749
http://dx.doi.org/10.3892/or.2016.4726
http://dx.doi.org/10.3390/antiox7110151
http://www.ncbi.nlm.nih.gov/pubmed/30373228
http://dx.doi.org/10.1002/ppap.201500123
http://dx.doi.org/10.18632/oncotarget.23426
http://www.ncbi.nlm.nih.gov/pubmed/29467957
http://dx.doi.org/10.1038/srep18208
http://www.ncbi.nlm.nih.gov/pubmed/26655729
http://dx.doi.org/10.1371/journal.pone.0052653
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1126/scisignal.2004088
http://dx.doi.org/10.1038/s41586-019-1186-3
http://dx.doi.org/10.1046/j.1525-1373.2000.22319.x
http://dx.doi.org/10.1038/ki.1994.20
http://dx.doi.org/10.1007/s11626-008-9168-z
http://www.ncbi.nlm.nih.gov/pubmed/19184251
http://dx.doi.org/10.3390/cancers11091287
http://www.ncbi.nlm.nih.gov/pubmed/31480642
http://dx.doi.org/10.1186/s40064-015-1063-y
http://www.ncbi.nlm.nih.gov/pubmed/26090316
http://dx.doi.org/10.1002/ppap.201900088
http://dx.doi.org/10.1002/ppap.201900103
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	NTP Device and Experimental Setup 
	Influence of the Discharge Mode on the Cytotoxicity of the Treatment 
	Sensitivity of Breast Cancer Cell Lines to NTP Correlates with RT 
	Radiosensitization of Breast Cancer Cell Lines with NTP 
	Olaparib Influence on NTP Growth Inhibition and DNA Damage Potential 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Plasma Device 
	Radiation Therapy and Plasma Treatment 
	Proliferation Assay 
	Peroxide Detection 
	Live Cell Imaging System 
	Combination Treatment 
	Immunofluorescence 
	Statistical Analysis 

	Conclusions 
	
	
	References

