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ABSTRACT: The purpose of this study was to evaluate the effect of plasma-activated media (PAM) on a 
multicellular tumor spheroid (MCTS) obtained using HCT116 colon carcinoma cells. PAM was processed 
by a helium plasma jet during 60–240 seconds of exposure. Spheroids were immersed in PAM at different 

-
ated. This growth inhibition is associated with the regionalized accumulation of DNA damage detected by 
histone H2AX phosphorylation, leading to massive cell death and loss of the MCTS proliferative region. 
The use of a hydrogen peroxide (H2O2) scavenger (catalase) in PAM induced the reduction of DNA-dam-
aged cells in MCTS, thus pointing out the role of H2O2 in DNA damage, but growth inhibition was still ob-

PAM, the expression of H2AX showed that only HCT116 cells were damaged, emphasizing an interesting 
selectivity of PAM to inactivate only the cancerous cells in the framework of in vitro cases; this selectivity 
has already been noted in the literature. 
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I. INTRODUCTION

Colorectal cancer is the third most prevalent cause of cancer death. According to the statis-
tics, in 2014 about 136,830 new cases were screened and 50,310 patients died of colorectal 
cancer in United States1; it was estimated that, in France, 17,700 patients died in 2012.2 
Surgery is the usual strategy against colorectal cancers,3 whereas additional chemotherapy 
and radiotherapy can be used if tumors have grown through several layers of the colon and/
or extend into the nearby tissues.3 The recurrence of colorectal cancer is estimated between 
10% and 30%.4 The drawback of surgery as a therapeutic approach is the need to remove 
healthy tissue surrounding the region affected by the cancer. Therefore, new therapeutic 

The effects of low-temperature plasmas generated at atmospheric pressure on vari-
ous cancer cell lines have been described for in vitro cases.5–15 These studies showed that 
low-temperature plasmas induce cancer cell inactivation, arrest growth, cause apoptotic 
cell death and DNA damage, and selectively ablate some cancer cells. In vivo research 
also demonstrated that cold plasma treatment of subcutaneous tumors (grown from cell 
lines) inhibits tumor growth and causes cell death and apoptosis.16–19 This work was done 
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in the context of low-temperature plasmas generated at atmospheric pressure to study 
their effects on cancer cell inactivation. It is a continuation of a previous work20 devoted 
to the role of the plasma jet in the direct treatment of multicellular tumor spheroids 
(MCTSs), a model that mimics the 3-dimensional organization and regionalization of a 
microtumor region. A preliminary experiment studying plasma-activated media (PAM) 
and their effects on MCTSs was presented in Ref. 20.

Therefore, this work investigates the genotoxic and cytotoxic effects of PAM on 
2O2]) and 

its effect on DNA damage are evaluated. The selective inactivation of tumor cells by the 

II. MATERIALS AND METHODS

The materials and methods used in this study have been detailed in previous publica-
tions.20,21 Only the main steps and the biological procedure are described herein.

A. Helium Plasma Jet 

21 
It comprises two aluminum electrodes (each 20 mm wide, separated by a 10-mm gap) 
wrapped around a quartz tube (inner diameter, 4 mm; outer diameter, 6 mm). Helium 

supply generates positive high-voltage square pulses with the following characteristics: 
9-kV voltage, 9.69-kHz frequency, and 1-μs pulse duration. Detailed information about 
the present low-temperature plasma jet can be found elsewhere.21

B. Multicellular Tumor Spheroids  

Spheroids were created using HCT116 colorectal cancer cells from ATCC or GM637 

Eagle medium d5796; Invitrogen) supplemented with 10% fetal calf serum (FCS) and 
2 mmol/L glutamine and penicillin/streptomycin in a controlled atmosphere (37°C and 
5% CO2
method using 500 cells/well generates spheroids through cell aggregation.22

growth of spheroids in an incubator are necessary to obtain a 400-μm diameter. In this 

C. PAM Production and Spheroid Treatment  

Use of PAM for cancer cell inactivation have been described in the literature (see, e.g., 
Refs. 6, 15, and 20). In this work, PAM was generated as follows: 100 μL of culture 
medium (d5796) in 96-well plates was exposed to the plasma jet at a distance of 2 cm 
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between the quartz tube output and the upper surface of the culture medium. After expo-
sure, the culture medium is called PAM because of the presence of many active aqueous 
species. Duration of exposure to the plasma jet (texp) ranged from 60 to 240 seconds. 
HCT116 spheroids are treated by transferring 80 μL of PAM after a selected delayed 
transfer time (ttrans) ranging from 15 minutes to 48 hours. During ttrans—that is, between 
exposure and PAM transfer—the PAM were stored in an incubator at 37°C.

D. Growth Inhibition 

transfer in PAM. Between the 2 measurements, spheroids were stored in a controlled 
atmosphere (37°C and 5% CO2). 

E. Detection of DNA Damage 

According to our previous work,20 DNA-damaged cells detach 5 hours after treatment; 

detach). Fixation was achieved by a 2-hour incubation in formalin (Sigma), followed by 2 

thick) were taken from along the entire thickness of the sample and deposited on glass 
slides before being placed in a vacuum at room temperature overnight. After a block-
ing step in phosphate-buffered saline (PBS), 10% FCS, and 0.5% Triton X-100, sec-
tions were incubated with primary antibodies. DNA damage was detected using primary 
antibodies against phosphorylated mouse monoclonal histone H2AX (Merck Millipore, 
Billerica, MA) conjugated with secondary Alexa 488 anti-mouse antibodies (Molecular 

microscope (Leica) equipped with a charge-coupled device camera (Roper COOLsnap 

F. Data Statistics

Data are shown as means ± standard deviations or the most relevant images from at least 
4 independent experiments for each condition. The data were statistically evaluated us-
ing the Student t-test.

III. RESULTS 

A. Exposure Time and Transfer Time are the Key Parameters in DNA Damage

To investigate the effect of exposure time on growth inhibition and DNA damage, spher-
oids were immersed in the culture media treated by the helium plasma jet for different 
exposure times (60–240 seconds). Figure 1 displays the evolution of spheroid volume as 
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a function of exposure time. Control spheroids, which were not exposed to PAM, grew 
as expected during the period being analyzed. The volume inhibition was dependent on 
the duration of exposure to the plasma jet and was detected 1 day after the transfer of 
the MCTSs in PAM. Weak growth inhibition was detected in the case of PAM obtained 
during the shortest exposure times (texp = 60 and 120 seconds) compared with the results 
obtained at the longest exposure time (texp = 240 seconds), after which an important 
growth inhibition effect was observed.

This growth inhibition can be correlated to the detachment of cells with DNA dam-
age.20 Figure 2 displays an example of spheroids cryosections for a 4-hour ttrans  in PAM 
obtained with different exposure times (texp = 60, 120, and 240 seconds). DNA damage 
detected in the outermost region of HCT116 spheroids depended on how long PAM was 
exposed to the plasma jet. In the case of a texp
damaged; deeper cell layers of the spheroid show DNA damage when PAM was exposed 

produced by the plasma jet in the culture medium depends on the exposure time. 
To quantify the effects of the exposure time and the transfer time on the MCTSs, 

DNA damage in the cryosections was analyzed using ImageJ software. The percentage 
of the spheroid presenting with DNA damage was estimated by the ratio of the volume 
of the spheroid without DNA damage (the portion stained using DAPI; center of images 
in Fig. 2) to the total volume of the spheroid (center of images and outer rings in Fig. 2). 

Whatever the transfer time, the proportion of cells with DNA damage increases with 
exposure time (Fig. 3). For a ttrans less than 2 hours, the prevalence of DNA damage is 

FIG. 1: Evolution of the volume of HCT116 spheroids after plasma-activated media (PAM) 
treatment for different exposures times (texp = 60, 120, and 240 seconds) and a 1-hour transfer 
time. Data are shown as the means ± standard deviations from 4 independent experiments.
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relatively constant and corresponds to about 19% for PAM obtained during 60 seconds 

of a spheroid at 240 seconds of exposure time. This rate of DNA damage is not directly 
proportional to the exposure time; the proportionality factor calculated by dividing the 
DNA damage by the exposure time decreases with texp. This ratio is equal to 0.32 for 60 
seconds of exposure, 0.27 for 120 seconds, and 0.21 for 240 seconds. This factor indi-

which is consistent with the measurement of oxygen penetration.23 The natural structure 

increase the rate of DNA damage, it is necessary to produce further genotoxic species in 
the culture medium, which therefore requires longer exposure.

FIG. 2: DNA damage induced by plasma-activated media (PAM) obtained during 3 exposure 
times (texp = 60, 120, and 240 seconds) and 4 hours (+4H) after the transfer of multicellular tumor 
spheroid in PAM (ttrans = 4 hours). Nuclei are stained using DAPI (center), and DNA damage is 
stained by phosphorylation of the histone variant H2AX (outer ring). Displayed images are rep-

FIG. 3: texp = 
60, 120, and 240 seconds) on the percentage of cells in the multicellular tumor spheroid with DNA 
damage. Data are shown as the means ± standard deviations from 4 independent experiments.
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The proportion of cells in an MCTS with DNA damage is also dependent on the ttrans. 
There is a decrease of the same order of magnitude for the curves corresponding to each 
ttrans (Fig. 3). This means more genotoxic species are produced during longer exposure 
times, which leads to a longer duration of the genotoxic and cytotoxic effects of PAM. 
In the case of a 48-h ttrans, no DNA damage occurs at texp = 60 seconds, and only 9% of 
the MCTS had DNA damaged with PAM exposed for 240 seconds. 

Interactions between active species produced by the plasma jet and the culture me-
dium generate various aqueous chemically active species including hydroxyl radicals 
(OH), H2O2, ozone (O3), atomic oxygen (O), superoxide anions (O2 ), nitric oxide (NO), 
and peroxynitrite anions (ONOO  ).24 In this study we focused on H2O2 because it is 
one of the chemical species generally highlighted in the literature25,26 and it has a long 
lifetime in culture media.15 

The role of H2O2 in the DNA damage of MCTSs was studied by adding catalase 
(Sigma), which quenches H2O2.

27 For this analysis, 30 μg · mL  of catalase was added 
to both PAM-treated (texp = 120 seconds, ttrans = 15minutes) and control (untreated) culture 
media to analyze a possible direct effect of catalase on the spheroids. As shown in Fig. 4, 

kinetics. No growth inhibition is correlated with a lack of DNA damage in MCTSs in the 
presence of catalase in the culture medium (data not shown). However, a moderate growth 

B. Assessment of H2O2 Concentration in PAM  

From the analysis of cryosections obtained by adding different concentrations of ex-
ogenous H2O2 (Sigma) to the culture media without plasma treatment, it is possible to 
obtain a calibration curve indicating the concentration of H2O2 required in the culture 
medium to achieve a particular rate of DNA damage. This curve is shown in Fig. 5, 
which displays the proportion of DNA damage as a function of different concentrations 
of exogenous H2O2
for H2O2 molecules in cells. 

The concentration of H2O2 generated by the plasma in the culture medium can be 
estimated by comparing the proportion of DNA damage achieved using both PAM and 
the culture media involving exogenous H2O2(Fig. 5). Our results indicate that a 60-sec-
ond exposure to the plasma jet yielded approximately 0.27 ± 0.09 mmol/L of H2O2 in 
culture medium. In addition, 120- and 240-second exposures to the plasma jet produced 
H2O2 concentrations of approximately 0.74 ± 0.19 and 3.16 ± 0.59 mmol/L, respectively. 

number of active species produced in culture media. To validate the H2O2
method using DNA damage on MCTSs, H2O2 in PAM was evaluated with a Fluorimetric 
Hydrogen Peroxide Assay Kit (Sigma). This measurement indicates that a 60-second ex-
posure to the plasma jet yielded approximately 0.41 ± 0.1 mmol/L of H2O2 in the culture 
medium. With a P value of 0.36, the difference between both methods is considered to 
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FIG. 4: Evolution of the volume of HCT116 cells after plasma-activated media (PAM) treatment 
including catalase (texp = 120 seconds). Data are shown as the means ± standard deviations from 
4 independent experiments.

FIG. 5: 2O2) concentration in the culture media on the percent-
age of cells in the multicellular tumor spheroid with DNA damage. Data are shown as the means 
± standard deviations from 4 independent experiments.
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C. Selective DNA Damage by PAM on HCT 116 Spheroids Compared with 
Fibroblast GM637 Spheroids 

way as the HCT116 spheroids, then immersed inside the PAM before being exposed to 
the helium plasma jet (texp = 120 seconds). The ttrans of GM637 spheroids in PAM varied 

-
broblast spheroids was then analyzed by immunodetection of the phosphorylated form 

-
oid. In all tested conditions, phosphorylated form of histone H2AX was detected, and 

GM637 spheroids, contrary to HCT116 tumor spheroids.
This interesting selective effect of PAM, which was previously observed in the lit-

networks between cancer cells and healthy cells. In addition, there is a threshold of 
H2O2 amount above which any cell cannot survive; cancer cells are sensitive to lower 
concentrations of H2O2 than healthy cells.29 Therefore, low-temperature plasma induces 
a therapeutic concentration of H2O2 in PAM, which can cause the selective death of 
cancer cells without affecting healthy cells.

FIG. 6: The genotoxic effect of plasma-activated media (PAM) on healthy (or nontumor) spher-
oids detected 4 hours after transfer time by immunodetection of the phosphorylation of the his-
tone variant H2AX (lightest patches) (texp = 120 seconds). Nuclei were stained using DAPI (dark-
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IV. CONCLUSIONS

and cytotoxic effects on the immersed spheroids of cancer cells (MCTSs). We also dem-
onstrated that the observed DNA damage in and growth inhibition of the MCTSs are 
dependent on both the exposure time needed to generate the PAM and the transfer time. 
A single treatment with PAM (texp = 240 seconds) total inhibits the growth of spheroids 
over 9 days, with a rate of DNA damage of about 50%; this damage is localized in the 

the culture medium inhibits all DNA damage and primary growth inhibition. This shows 
that endogenous H2O2 produced in PAM plays an important role in MCTS DNA damage 
and initial growth inhibition. However, the late growth inhibitory effects in the presence 
of catalase (5 days after the treatment) are likely to be associated with other active, long-
lived aqueous plasma species. The latter are formed during the generation of PAM after 
exposure to the plasma jet. Such actives species can directly or indirectly affect spheroid 
growth following reactions with amino acids.30

In comparison to a liquid involving only H2O2, PAM has shown clear action on 
cancer cell inactivation; PAM involves not only H2O2 but also other long-lived aqueous 
plasma by-products that play an antiproliferative role.

In addition, analysis of DNA damage caused by exogenous H2O2 in the culture me-
dium without plasma treatment was used to estimate the proportion of H2O2 in the PAM 
after different durations of exposure to the plasma jet. This was in good accordance with 
the results of the H2O2 Fluorimetric Assay Kit. 

PAM has also an interesting selective effect in that DNA damage was observed 

same conditions. Finally, because the pharmacologic concentration involves H2O2 in 
particular, as well as other active plasma species that are able to induce DNA damage 
and inhibit the growth of cancer cells, but not healthy cells, PAM can be considered 
potential novel and effective tools for cancer therapy. 
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