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Evaluation of non-thermal plasma-induced
anticancer effects on human colon cancer
cells
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Abstract: Non-thermal atmospheric-pressure plasma has been introduced in various
applications such as sterilization, wound healing, blood coagulation, and other biomedical
applications. The most attractive application of non-thermal atmospheric-pressure plasma is
in cancer treatment, where the plasma is used to produce reactive oxygen species (ROS) to
facilitate cell apoptosis. We investigate the effects of different durations of exposure to
dielectric-barrier discharge (DBD) plasma on colon cancer cells using measurement of cell
viability and ROS levels, western blot, immunocytochemistry, and Raman spectroscopy. Our
results suggest that different kinds of plasma-treated cells can be differentiated from control
cells using the Raman data.
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OCIS codes: (170.0170) Medical optics and biotechnology; (170.5660) Raman spectroscopy; (170.4580) Optical
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1. Introduction

Plasma is regarded as the fourth state of matter formed by ionized gas-applied electrical
energy. Over the last year, non-thermal atmospheric-pressure plasma has emerged as a
promising tool for use in various applications such as sterilization of infected tissues, wound
healing, blood coagulation, and delicate surgery [1-3]. Among these, the most attractive and
the most extensively studied application is in the treatment of cancer, which is a leading cause
of death in humans. Non-thermal atmospheric-pressure plasma is suitable for treatment of
living cells as its temperature is close to the room temperature, because of which it does not
burn these cells [1].

Non-thermal atmospheric pressure dielectric-barrier discharge (DBD) plasma is one of the
most suitable candidates for use as a bio-medical device [4]. In the recent years, DBD was
mainly used for alternating-current plasma display panels (AC-PDPs) with micro-gap
electrodes (a few tens to a few hundreds of micrometers) [5]. Many plasma researchers have
focused on the optimization of different aspects of AC-PDPs, such as the electrode structure,
gas pressure, and mixing conditions of rare gases [5]. Recently, DBDs with micro-gap
electrodes have used in various industries and biology fields. Customized DBD sources for
stable living cell treatment have also been developed at the PBRC (plasma bioscience
research center) of Kwangwoon University in Korea [6,7]. In particular, these plasmas have
many advantages for biomedical applications, because DBD plasma sources provide a large
contact area for the samples and have an optimum temperature for sensitive living tissues.

Atmospheric-pressure plasma generates excited atoms, charged particles such like
electrons and ions, chemical radicals, and photons (ultraviolet, infrared, etc.) [8]. Many
researchers have studied radical species dynamics in non-thermal plasma. A computer
simulation revealed that an Argon plasma jet in humid air could generate Os, reactive oxygen
species (ROS), and reactive nitrogen species (RNS) [9], which were found to be biomedically
active molecules. In particular, non-thermal atmospheric-pressure DBD plasma can generate
ozone gases for a long time [10]. In the case of narrow discharge as in micro-gap DBD
plasmas, it is preferable to generate ozone for an atmospheric pressure environment [10]. The
plasma conditions in the microdischarges also need to be optimized for excited and
dissociating oxygen and nitrogen molecules [10]. In particular, ozone is formed in a three-
body reaction involving O and O, (O + O, + M — O3* + M— O; + M; M: 3rd collision
partner) [10]. Because ozone is a molecule with a strong sterilizing and oxidation effect,
DBDs with micro-gap electrodes are important candidates for use as a medical device for
large wound healing and blood coagulation in the human body.

Atmospheric-pressure non-thermal plasma produces ROS by electron excitation of the
working gas [2, 11, 12]. Various groups have reported that the produced ROS influence cell
proliferation in vitro [13, 14]. It is also known that plasma treatment improves cancer therapy
by inducing apoptosis and growth arrest of tumor cells [15-18]. ROS induce apoptosis
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through DNA damage and mitochondrial dysfunction in cancer cell lines [19,20]. Although
low doses of ROS may improve downstream signals of growth factors and promote cell
proliferation, non-thermal plasma could cause dose-dependent DNA damage in mammalian
cells in culture media [20-23]. This oxidative harm is also considered to trigger advanced
aging and senescence of red blood cells (RBCs) or leukocytes [24, 25]. As RBCs contain a
lipid bilayer and circulate ubiquitously, they are vulnerable to oxidative stress, which leads to
the alteration of membrane potential and permeability. This causes deformability of the RBCs
and ultimately causes hemolysis [26].

The purpose of our study was to differentiate between plasma-treated cells and control
cells using Raman spectral data examined with principal component analysis-discriminant
analysis (PCA-DA) and to correlate the Raman data with biological results obtained using the
MTT assay, measurement of ROS, western blot, and immunocytochemistry. The PCA-DA
performed using Raman spectroscopy showed that the plasma-treated cells could be
distinguished with high sensitivity and specificity. Therefore, we believe that measurements
of Raman spectroscopy data with PCA-DA could provide another useful method for
elucidating the mechanisms underlying the effects of various kinds of cold plasma on some
cells.
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Fig. 1. Anticancer effects of non-thermal plasma on HCT116 cells. (A) Schematic diagram of
non-thermal plasma treatment. (B) The microscopic images of HCT116 cells at 24 h after
plasma exposure. Scale bar = 100 um. (C) MTT assay was performed using cells at 24 h after
specific treatment. The data are presented as the mean + SEM. *** denotes p < 0.001
compared to the unexposed cells.

2. Materials and methods
2.1 Reagents and antibodies

We used 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bromide (MTT) and Hoechst
33342 (Sigma-Aldrich, St. Louis, MO, USA); 5,6-carboxy-2’,7"-dichlorofluorescein diacetate
(H2DCF-DA); and MitoSox red (Thermo Fisher Scientific, Eugene, OR, USA). We also used
antibodies against Bax, Bcl2, and p53 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), o-
tubulin (Sigma-Aldrich), and phospho-y-H2AX (Cell Signaling, Beverly, MA, USA).
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2.2 Non-thermal dielectric discharge plasma device

The non-thermal DBD plasma (model name: ¢35 cm p-DBD, Plasma Bioscience Research
Center of Kwangwoon University, Seoul, Korea) consisted of many electrodes composed of
silver material covered with an insulator below the glass plate (Fig. 1(A)). Ninety-five
electrodes with a gap distance of 100 um of this DBD plasma device were covered with the
insulator of 50-pum thickness. DBD plasma was generated in the area between these small
gaps on the surface of the insulator. The electrodes were then applied by a high voltage pulse
in a DC-AC inverter, which could generate a dimming pulse with 22 kHz as the main
operating frequency. The average voltage and current were about 1.16 kV and 2.8 mA,
respectively. We used the nitrogen (N,) DBD plasma with a gas flow rate of 1.5 L/min. The
DBD plasma source could be inserted into a Petri dish containing cell suspensions, thus
ensuring that plasma source does not come in direct contact with the cells.

2.3 Cell culture and plasma treatment

Cells of the human colon cancer cell line, HCT116, were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and were maintained in RPMI1640
(Welgene, Korea) supplemented with 10% fetal bovine serum (HyClone, Thermo Fisher
Scientific, Victoria, Australia) and 1% penicillin/streptomycin (Cellgro, Herndon, VA, USA)
in a humidified 5% CO, incubator. For plasma treatment, we transferred 1.5 mL of the cell
suspension (5 x 10° cells/mL) on a petri dish with 3.5 cm diameter (SPL, Korea) as described
in Fig. 1(A). After plasma exposure for 5, 10, and 15 min, the cell suspension was divided
into 24-well and 6-well culture plates for the subsequent experiments.

2.4 Measurement of cell viability

To measure cell viability, 24 h after specific plasma exposure, the MTT assay was performed
according to the manufacturer’s protocol. Absorption at 570 nm was normalized to that of
untreated cells, and the data were expressed cellular viability as a percentage of that of the
control cells. All the values were expressed as the mean + standard error of the mean (SEM)
of three wells from three independent experiments. Student’s t test was used for the analysis
of significance of the differences between the data sets.

2.5 Immunofluorescence staining

Twenty-four hours after plasma treatment, the cells were fixed with 4% paraformaldehyde
solution for 15 min and then permeabilized with 0.5% Triton X-100 for 15 min. The cells
were then incubated with anti-p-y-H2AX antibody at 4°C overnight, followed by incubation
with Alexa 488-conjugated anti-rabbit antibody (Invitrogen) for 1 h. The nuclei were
counterstained with Hoechst 33342 for 10 min. The fluorescent signal was then examined
under confocal microscopy (LSM700; Carl Zeiss, Oberkochen, Germany).

2.6 Detection of intercellular and mitochondrial ROS

To quantitate the ROS, we incubated the cells with 0.5 uM H2DCF-DA and 1 pM MitoSox
for 30 min and 15 min, respectively, and the fluorescent signal was then quickly examined
using a fluorescence microscope (Axioskop2, Carl Zeiss).

2.7 Preparation of cell extracts and western blotting

The cells were lysed using NP-40 lysis buffer (10 mM Tris, 10 mM NaCl and 0.2% NP-40)
containing a protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitors (1 mM
Na;VO, and 10 mM NaF). For immunoblotting, total proteins were separated by SDS-PAGE
and then transferred onto a PVDF membrane (Millipore Corporation, Billerica, MA, USA).
The membranes were blocked with Tris-buffered saline containing 0.1% Tween 20 (TBS-T)
and incubated with primary antibodies diluted in blocking buffer overnight at 4°C. The
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membranes were then washed and incubated with the appropriate HRP-conjugated secondary
antibodies (Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature. The
signal was detected using an ECL Western detection system (Thermo Scientific, Rockford,
IL, USA).

2.8 Raman spectroscopy

The control and plasma-treated cells were fixed using 4% paraformaldehyde for 30 min at
37°C and 5% humidity in an incubator and washed three times using PBS for 10 min before
Raman measurements. The cells were then rinsed with distilled water 10 times to avoid
Raman peaks of the PBS. Ten microliters of each sample (control cells and cells exposed to
the DBD over 15 min) was dropped and dried on an SERS substrate (SILMECO,
Copenhagen, Denmark). Raman spectra obtained using a spectroscope (BRUKO, GERMAN)
with a diode laser beam at an excitation wavelength of 785 nm were acquired in the range of
417-1782 cm™' with a spectral resolution of 0.5 cm™. The laser source with a power of 10
mW with a x 50 object lens was focused on the SERS substrate with a spot diameter of ~2
pm and an acquisition time of 10 s. The procedure was repeated 50 times to measure the
Raman spectra for each sample. A baseline correction was accomplished using the OPUS 7.1
software (Bruker Optics, Ettlingen, Germany). The data set was normalized with respect to
the 1441 cm™' band without smoothing. The mean Raman spectra and standard deviation were
calculated and plotted from fifty normalized Raman spectra data for control and plasma-
treated cells, respectively. The average was plotted as a solid line, while the standard
deviation was presented as a filled area.

2.9 Multivariate and statistical analyses

PCA, which is known as one of multivariate methods, was applied to the Raman spectra of
the control cells and the cells treated with plasma for 15 min to distinguish the spectral
features between the two sets of samples. PCA is a statistical method used in a variety of
fields and is a common technique for distinguishing patterns in data of high dimensions [27].
The spectra are analyzed by linear discriminant analysis (LDA) using the first eight principal
components. Then, the sensitivity, specificity, and error are calculated for quantitative
discrimination between the two groups. Sensitivity, specificity, and error are defined as
TP/(TP + FN), TN/(TN + FP), and (FN + FP)/(FN + TN + FP + TP), respectively, where TP,
TN, FP, and FN present the number of true positives, the number of true negatives, the
number of false positives, and number of false negatives, respectively [28]. We adopted the
built-in R function prcomp and 1da for PCA and LDA. R is a free software environment for
statistical computation and graphics [29].
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Fig. 2. Induction of ROS generation in non-thermal plasma-treated HCT116 cells. For
measurement of intracellular and mitochondrial ROS levels, the plasma-treated cells were
incubated with 0.5 uM of H2DCF-DA (A) and 1 pM of MitoSox (B) and examined under a
fluorescence microscope. Scale bar =20 pm.

3. Results
3.1 Non-thermal plasma has potent anticancer effects

Non-thermal DBD plasma has been shown to kill human lung cancer cells [30]. To confirm
the anticancer effect of non-thermal plasma on human colon cancer cells, we treated the
HCT116 cells with plasma. Figure 1(A) is a schematic diagram of the DBD plasma device
used in this study. The plasma was applied to the cell suspensions in a petri dish for different
exposure times of 5, 10, and 15 min. After plasma exposure, the morphology of the cells 24 h
after exposure was examined by phase contrast microscopy. Their shape changed and the cell
number clearly decreased with exposure time (Fig. 1(B)). Therefore, we investigated the
effect of different exposure times to non-thermal plasma on HCT116 cells. As shown in Fig.
1(C), the viability of the HCT116 cells also significantly decreased in an exposure time-
dependent manner. These results indicated that non-thermal plasma had anticancer effects on
HCT116 cells.

3.2 Non-thermal plasma induces ROS generation

Because ROS have been reported to be involved in tumor cell death, we next investigated the
effect of non-thermal plasma on the generation of ROS in tumor cells. The fluorescent probe
H2DCF-DA was used to assess the generation of ROS. When the fluorescent signal was
examined microscopically, we found that treatment with non-thermal plasma strongly
increased intracellular ROS levels (Fig. 2(A)). In addition, to determine whether the ROS
produced due to treatment with non-thermal plasma were generated in the mitochondria, we
stained the non-thermal plasma-treated cells with MitoSox. We found that mitochondrial ROS
levels were increased in the plasma-treated cells (Fig. 2(B)), which indicated that plasma
treatment induced ROS generation by the mitochondria.
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Fig. 3. Non-thermal plasma promotes DNA damage in the HCT116 cells. (A) Red represents
stained y-H2AX foci and blue represents stained nuclei in the plasma-treated HCT116 cells.
Scale bar = 20 um. (B) The inset of (A) was magnified under confocal microscope. Scale bar =
10 pm.

3.3 Non-thermal plasma increases DNA damage

In order to assess the DNA damage induced by treatment with non-thermal plasma, immuno-
detection of the phosphorylated form of the histone H2AX was performed. As shown in Figs.
3(A) and (B), the foci formation of y-H2AX in the plasma-treated cells was increased as
compared to that in the unexposed cells. These results suggested that the time-dependent foci
formation was associated with non-thermal plasma-induced death of the HCT116 cells.

(A) (B)
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e —— <— o-tubulin

Fig. 4. Non-thermal plasma induces apoptotic cell death mediated by p53 activation. (A)
Immunoblotting was performed using the total cell extract from HCT116 cells at 24 h after
plasma exposure as indicated with antibodies against Bax, Bcl2, and a-tubulin. (B) Expression
of p53 protein in these cells was examined by western blotting and a-tubulin protein served as
a loading control.

3.4 Non-thermal plasma activates p53-mediated cell death signaling

Next, we investigated the activation of cell death signaling molecules in the non-thermal
plasma-treated cells. Given that some cell death-induced genotoxic agents frequently signal
by causing changes in the expression of Bax and Bcl2, we now decided to examine the
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possible alterations in the levels of these two proteins. When the HCT116 cells were treated
with plasma, the levels of anti-apoptotic Bcl2 protein decreased, whereas those of the pro-
apoptotic Bax protein did not show any change (Fig. 4(A)). These data indicated that plasma
treatment increased the Bax/Bcl2 ratio, which is the key regulator of apoptosis under
conditions of stress. Because p53 can regulate the Bax/Bcl2 ratio in apoptotic cell death, we
further examined the expression of p53. As shown in Fig. 4(B), levels of p53 protein
increased upon treatment with non-thermal plasma, which suggested that plasma treatment
increases the Bax/Bcl2 ratio, a pro-apoptotic switch, through the activation of p53 and thus
induces apoptotic cell death.

(A) (B)10

|- === Control (0 min) [__Jcontrol (0 min) &
Plasma-treated (15 min) 0.9 4[] Plasma-treated (15 min)
0.8

0.7

0.6 -

i ) 0.5
1 4 4 0.4
] A S N IS I—‘
1 . 1 o ¥
[ A T Y ,,’\; 3 0.2
1 S A Y A 3
ssgntiatdg el Y e J

T T T T 0.0
400 600 800 1000 1200 1400 1600 1800 1(725)/1(1441) 1(1266)/1(1441) 1(1300)/1(1441) 1(1651)/1(1441)
Raman Shift (cm”) Raman Band

Raman Intensity
Relative Intensity

S

Fig. 5. (A) Raman spectra for the control cells and cells treated with plasma for 15 min. The
thick lines show the average Raman spectra and the shaded areas represent standard deviations.
(B) Relative intensities of the Raman bands of the control cells and the cells treated with
plasma for 15 min. The data are presented as the mean = SEM. Differences with p-values <
0.05 were considered statistically significant.

3.5 Raman measurements characterize representative peaks of the plasma-treated
group

We considered six representative peaks for the control cells and those treated with plasma for
15 min (Fig. 5(A)). These peak assignments were identified as vibrations of the DNA base
adenine, phenylalanine, CH bending, CH2 twisting, CH2 bending, and C = C stretching at
725, 1003, 1266, 1300, 1441, and 1651 cm™, respectively (Table 1). These tendencies were
consistent with reports of previous studies in which the oxidative injury of single cells was
investigated using Raman spectroscopy (Fig. 5(B)) [31, 32]. Three relative peak intensities
were calculated for a comparison between the two groups at 725, 1651, 1266, and 1300 cm™
with respect to that at 1441 cm™'. The average values of (725 cm™)/I(1441 cm™) and I(1651
em )/I(1441 cm™) for the cells treated with plasma for 15 min were 0.149 and 0.732,
respectively, with the first group showing a significant increase of 195% and the second
group showing a decrease of 8.1% compared to the control group (0.05 and 0.796). The other
two relative intensities were similar to each other. This pattern was consistent with the results
of the study conducted by Chang et al. [31]

Table 1. Assignments for the Raman peak positions of the control cells and the cells
treated with plasma for 15 min.

Peak position Assignments
Vibration of the DNA

725 cm™ base adenine

1003 cm™ Phenylalanine

1266 cm™ CH bending

1300 cm™ CH, twisting

1441 cm™ CH, bending

1651 com™! C = C stretching
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Table 2. Classification results for Raman prediction of the two groups using a principal
component analysis-linear discriminant analysis (PCA-LDA) algorithm, where 80% and
20% of the total data set were used for the training and test groups, respectively. The
spectra were analyzed by linear discriminant analysis (LDA) using the first eight
principal components.

Calculated class

Control Plasma-treated
™) (P)

Experimental class Control (N) 8.369 0.131

Plasma-treated (P) 1.631 9.869
Sensitivity (%) 86.6
Specificity (%) 98.6
Accuracy (%) 91.2
Error (%) 8.8

3.6 PCA-DA helps distinguish between the plasma-treated and control groups

As mentioned above, the patterns for the control and plasma-treated groups showed
similarity, except for the peaks at 725 and 1651 cm™. Next, PCA-DA was introduced to
quantitatively differentiate between the two groups using Raman data. First, we performed
PCA for both the groups; the first eight principal components were then used for quantitative
classification using linear discriminant analysis (LDA). We found that 80% of the total data
set (fifty Raman data for each group) comprised the training data set used to find the
discriminant function, which provided the predicted values for 20% of the total data set as the
test data set. The training and test data sets were chosen randomly for 1000 iterations, and the
classification results presented the average values for accuracy, sensitivity, and specificity,
which were found to be 91%, 87%, and 99%, respectively (Table 2).

4. Discussion

The therapeutic potential of non-thermal plasma for cancer treatment has recently been
reported. Many researchers have reported that treatment with non-thermal plasma induces
cancer cell death by producing ROS [33, 34]. Our results also revealed that HCT116 cell
death was induced upon treatment with non-thermal plasma (Fig. 1). Moreover, our findings
revealed that non-thermal plasma treatment-induced production of ROS occurred in the
mitochondria (Fig. 2). Increases in intracellular ROS production is known to cause cancer cell
death through DNA damage [35]. In our study as well, we found that non-thermal plasma
treatment induced YH2AX phosphorylation (Fig. 3), which is an early response to DNA
damage in cells [36]. Additionally, we identified both the Bax/Bcl2 ratio and p53 expression
were increased by non-thermal plasma treatment in the HCT116 cells (Fig. 4). Changes in
these apoptosis-related proteins (p53, Bcl-2, and Bax) contribute to cell apoptosis through the
caspase-3-dependent pathway [37]. The activation of caspase-3 has been observed during
apoptotic cell death in many types of cancer cells in previous studies as well [38]. In addition,
many researchers have reported that the tumor cell selectivity of non-thermal plasma was
compared between normal cells and cancer cells such as skin cancer cells [39], lung cancer
cells [40], glioma cells [41], and ovarian cancer cells [42]. From these previous reports, we
suggest that non-thermal plasma specifically induces the oncogenic colon cell death or has
mild effects on non-oncogenic cells.

The Raman spectroscopic measurements revealed six peaks at 725, 1003, 1266, 1300,
1441, and 1651 cm™' for the control and plasma-treated groups. Two peaks at 725 and 1651
em™ were strikingly different between the two groups. The relative peak intensity of the
group treated with plasma for 15 min was 8% less than that of the control group; this result
was consistent with the report of Chang et al. [31] After exposure to hydroxyl radicals on
single optically trapped liposomes or yeast, the reduction in peak intensity observed at 1651
cm™ was found to be due to the peroxidation of the C = C bonds, which increases with
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increasing concentrations of ROS. The Raman band observed at 725 cm™ in our study is
assigned to the adenine band of DNA [32]. The relative intensity of the group treated with
plasma for 15 min was 195% higher than that of the control group, which indicated an
increase in DNA damage owing to an increase in intracellular ROS production. This
observation using Raman data correlated with the measured data of DNA damage of the
HCT116 cells (Fig. 3).

The PCA-DA algorithm was greatly helpful in classifying Raman data for the comparison
between the two groups. This discrimination result gave the best values for accuracy and
sensitivity (91.2% and 86.6%, respectively). We considered the first eight principal
components for LDA because of it provided better prediction capabilities than that achieved
using the first three or up to seven principal components. The accuracy and sensitivity may be
further improved by introducing non-LDA such as quadratic or orthogonal quadratic
discriminant functions. In our future studies, we will focus on understanding the quantitative
relationship between ROS production and the Raman intensities at 725 cm™ and at 1651 cm™
to investigate the degree of apoptotic cell death mediated by p53 activation as well as DNA
damage.

5. Conclusions

We studied the degree of apoptosis in colon cancer cells upon treatment with DBD plasma for
different times. We found that DBD plasma induced HCT116 cell death by increasing DNA
damages and apoptosis. Measurements of Raman spectroscopy were also performed and the
data were analyzed using PCA-DA to differentiate the plasma-treated cells from the control
cells. The classification results showed accuracy, sensitivity, and specificity (91%, 87%, and
99%, respectively). Based on our findings, we believe that the use of Raman data with
multivariate analysis can be useful as another analytical tool for studying various kinds of
non-thermal atmospheric-pressure plasma that can be applicable in biomedical fields.
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