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Abstract: Cold atmosphere plasma has been shown as a promising technology for certain cancer
treatments. In this paper, we report indirect plasma treatment using CAP discharged in cell culture
medium and study the effect of identical plasma stimulated culture medium on melanoma cancer cells
and fibroblast cells cultured in vitro. The results of MTT assay, migration assay, ROS detection, and
alizarin red assay show that plasma-treated medium can have a strong negative effect on melanoma
cancer cells compared with the control group. However, the plasma-treated medium has a less cytotoxic
effect on fibroblast cells than that on melanoma cancer cells at the same treatment. This result is
attributed to the production of reactive oxygen species in the plasma-treated medium to induce apoptosis
and inhibit melanoma cell proliferation and further cell metastasis. According to the results, this study
shows the potential of CAP plasma treatment for anti-cancer therapy.
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1. Introduction
Melanoma is the deadliest form of skin cancer. According to the data from the World
Health Organization, there are more than 132,000 new cases of malignant melanoma are
diagnosed each year globally [1]. The eradication of cancer cells through apoptotic processes
are the common goal of anti-cancer therapies [2]. However, melanoma cells show high
resistance to chemotherapeutic agents and have lower apoptosis rates as compared with other
tumor cells due to the high mutation rate of metastatic melanoma [3-5].
Caspase cascades are the central elements in cell apoptosis progression. Besides
caspase-dependent apoptosis, there are several types of a research report that the existence of
caspase-independent cell apoptosis pathways [6]. In caspase-independent pathways, reactive
oxygen species (ROS) have been studied to promote apoptosis due to its capability of inducing
loss of mitochondrial membrane potential causing mitochondrial damage and subsequent
release of apoptotic factors [7]. ROS can also activate the c-Jun N-terminal kinases (JNKs)
signaling pathway, induce melanoma apoptosis through caspase-independent pathways [2].
Therefore, some therapies reported the utilization of ROS as an effective way to cause cancer
cell death [8].
Plasma is a partially ionized gas composed of ions, electrons, photons, and neutral
species, including radicals, molecules, and exciting species. Plasma is generated by applying
an energy source to a neutral gas, causing ionization or dissociations due to interactions
between electrons and ions, and a mixture of reactive species will be generated in the plasma
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[9-11]. Plasma can be characterized into two different types, thermal and non-thermal plasma,
according to the electrons, are in thermal equilibrium with ions or not. In the non-thermal
plasma, cold atmospheric pressure plasmas (CAPs) have attracted a lot of attention in
biomedical applications due to the possibility to operate in an atmosphere environment without
a vacuum system and to treat living cells or heat-sensitive tissues. Operated with ambient air,
CAP contains reactive nitrogen/oxygen species (RNS/ROS) such as nitric oxide (NO), nitrogen
dioxide (NO2), ozone (O3), superoxide (O2¯) and hydroxyl radicals (¯ OH) [10].
It is well known that ROS and RNS are able to induce cell apoptosis and damage
proteins, lipids, and DNA and consequently lead to cell death [12,13]. Recently, many research
suggested that the application of CAP as an innovative approach for cancer treatment and had
successfully decreased cancer cell growth in vitro and tumor burden in vivo on cancer therapy
applications, including breast cancer [13], lung carcinoma [14-16], hepatocellular carcinoma
[17], neuroblastoma [18], skin carcinoma [19], melanoma [20], colon carcinoma [21],
pancreatic carcinoma [22], bladder carcinoma [14], and cervical carcinoma [23, 24]. In most
reported studies, CAP was used directly to irradiate cancer cells or tissues. However, direct
CAP jet irradiation can only cause cell death in the upper three to five cell layers, and its
application is limited [25]. In this study, a new CAP device was designed to generate RONS in
DI, and studied its effects on melanoma B16 and fibroblast L929 cells in vitro. We aim to
explore the effects and possible mechanism of identical plasma treatment time durations on
cancer cells and normal cells.
2. Materials and Methods
2.1. CAP plasma device.

The schematic setup of the cold atmospheric pressure plasma jet device used in this
paper is shown in Figure.1. The cold atmosphere plasma jet device was made in the lab, and it
consists of a quartz tube (9 mm in diameter) with one inner and one outer electrode. The hollow
quartz tube is used as a dielectric insulator between inner and outer electrodes. Helium gas is
used as a working gas at atmospheric pressure, and the volume flow rate is controlled by using
a mass flow rate controller. The flow rate of helium gas is set to be 4 l∙min-1. A radio frequency
power supply with a frequency of 13.56 MHz and a power of 4 W is applied to the two
electrodes of CAP jet device.
Optical emission spectroscopy (OES) is used to assess various species in CAP plasma.
Here, OES results are shown as qualitative analysis but not quantitative results. In this work, a
wavelength of 200 to 1000 nm was investigated to detect various atmospheric plasma species,
including atomic oxygen [O], hydroxyl radical [OH-], nitrogen [N2], and helium [He]. Optical
emission spectroscopy (OES) consists of a collimating lens, an optical fiber probe, and an
optical emission spectrometer (Ocean optics QE65000). The optical probe is placed 2 cm in
front of the plasma jet nozzle.
2.2. Cell line and cell culture.

The murine melanoma cell line B16 and fibroblast cell line L929 are purchased from
the Culture Collection and Research Center (Hsinchu, Taiwan). The B16 and L929 cells are
cultured in fresh DMEM culture medium and incubated at 37℃ in a humid atmosphere
containing 5% CO2. The culture medium is composed of DMEM (Sigma-Aldrich, USA)
containing 10% fetal bovine serum (FBS, Sigma-Aldrich, USA), 100 U•ml-1 penicillin, and
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0.1 mg•ml streptomycins. The culture medium is changed every two days until the cells reach
90% confluence. Prior to plasma treatments, the B16 and L929 cells were washed with
phosphate-buffered saline solution and seeded in 24 wells plate with the desired concentration.

Figure 1. (a) Schematic setup of CAP device. (b) Images of He plasma generated by CAP device.

Figure 2. Representation of the indirect plasma treatment stages. First, CAP vertically irradiates the culture
medium in different wells of a 24-well microplate. Then, the treated medium was transferred for the different
wells of a 96-well microplate, in which the cells were previously cultured.

2.3. Plasma treatments.

The indirect cold atmospheric pressure plasma treatment was performed using CAP jet
device to vertically irradiate the culture medium in wells of 24 well plate, and then the plasmatreated medium was transferred to the cultured B16 and L929 cells. Before the transfer step,
the cell culture medium was drawn out, and the cells were washed with fresh PBS buffer
solution. After that, the plasma-treated culture medium was immediately transferred to 96 well
cell culture plates, and the cells were incubated under standard culture conditions (see Figure.
2). Cells cultured with an untreated medium was used as a positive control in experiments.
2.4. MTT cell viability assay.

Cell viability was evaluated by using MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5diphenyltetrazolium bromide) assay (Sigma-Aldrich M2128), a colorimetric assay for
detecting the activity of cell mitochondria. A 200 l MTT solution was added into each well
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in 96 well plates, and then cells were incubated for 3 h in the dark under standard conditions.
After incubation, a medium containing MTT was discarded, and 200 l dimethyl sulfoxide
(DMSO) solution was added into wells to dissolve insoluble purple formazan product into a
colored solution. This colored solution was measured spectrophotometrically at 570 nm by
using a microplate reader.
2.5. Cell migration assays.

Migration assays were performed by seeding 10000 B16 and L929 cells in 24 well
plates and cultivated with 1 ml DMEM contains 10% FBS in 37 °C incubator for 24 h. Then
one artificial wound per well is scratched into the cell monolayers with a sterile plastic 1000
l micropipette tip resulting in a 900 m gap in the monolayer. The migration of cells and
closure of the gap were observed and recorded by microscope after cell incubation with a
plasma-treated culture medium. The recorded images were used for the analysis of the cell gap
closure area ratio by Image J software.
2.6. Intracellular ROS detection.

The DCFH-DA assay kit was used to detect the intracellular reactive oxygen species
(ROS) after cell incubation with a plasma-treated medium. After seeding 10000 B16 and L929
cells in 24 well plates and being cultivated with 1 ml DMEM contains 10% FBS in 37℃
incubator for 24 h, 10 mM dichlorofluorescein diacetate (DCFH-DA) was added into the well,
and the cells were incubated at 37℃ in a humid atmosphere containing 5% CO2 for 30 min.
The 2’, 7’- dichlorodihydrofluorescein diacetate reacted with reactive oxygen species to form
fluorescent 2’, 7’-dichlorofluorescin (DCF). When the incubation was finished, the cells were
washed with a phosphate-buffered solution 2 times. Fluorescence images are obtained by the
fluorescence microscope at an excitation wavelength of 488 nm and an emission wavelength
of 515 nm. The green fluorescence indicated the existence and concentration level of
intracellular ROS.
2.7. Alizarin red assay.

The Alizarin red assay was used to determine, quantitatively by colorimetry, the
presence of calcific deposition by cells. The intracellular or extracellular calcific deposition
both indicated the death of cells. The operation procedure was as follows. The 10000 B16 and
L929 cells were seeded in 24 well plates and cultivated with a plasma-treated medium for 24
h. The culture medium was discarded, and the cells were washed gently three times with PBS
solution. After fixing the cells with 4% formaldehyde for 15 min at room temperature and
washing the cells two times with PBS solution, 1 ml of 40 mM ARS was added into each well,
and the cells were incubated for 30 min at room temperature. When the incubation was finished,
the cells were washed three times with deionized water to remove ARS dye and then observed
with a microscope.
3. Results and Discussion
To investigate the species generated by the cold atmosphere plasma, the emission gas
of the plasma jet was characterized. Figure. 3 shows the optical emission spectrum of He
plasma discharge in the wavelength range from 200 to 1000 nm obtained with a gas flow rate
of 4 slm and in 2 cm distance outside the jet nozzle. Based on the analysis of the obtained
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emission spectrum, the identified emission peak, including N2, N2+, He, and reactive radicals
like OH and O, can be observed. From the emission spectrum, OH peaks can be found at 297,
and 309 nm, lines in the range of 600 to 800 nm are He gas, peaks at 337 and 358 nm are the
result of the formation of N2 second-positive system generated through an inelastic collision
between electrons and nitrogen and N2+ negative system mainly comes from the Penning
ionization between excited He and nitrogen. And, O and OH radicals are also identified as a
result of the existence of oxygen and water vapor in the atmosphere.

Figure 3. Optical Emission Spectrum of CAP plasma.

In order to compare the effect of plasma-treated medium on the B16 and L929 cells,
cell viability was detected under the same parameters as a function of treatment time. The MTT
assay assesses cell metabolic activity, which reduces tetrazolium dye MTT to insoluble
formazan. The OD value represents the degree of resulting formazan concentration
accumulated in cells; the greater the formazan concentration, the more living cells. The OD
value is normalized to be 1 for each control group. From Figure. 4, it can be seen that the
viability of B16 cells is reduced with increasing plasma treatment time from 60 sec to 360 sec
compared to the control group. With increasing incubation time to 7 days, the OD value of B16
cells decreases significantly. The OD value does not change significantly compared with the
control group when the treatment time is less than 60 sec. And the OD value decreases
significantly with treatment time ranging from 180 to 360 sec. A similar response to plasma
treatment can be found in L929 cells. For L929 cells, the OD values do not change significantly
compared with the control group with treatment time less than 60 sec. And the OD value
decreases with plasma treatment time longer than 180 sec. The viability rate of L929 cells does
not decrease significantly with plasma treatment time as compared with B16 cells. It is
observed that the L929 cells show no significant viability change under 7 days incubation.
However, the viability of B16 cells decreases rapidly with plasma treatment time longer than
180 sec after 7 days of incubation. These data show that the negative impact in cellular response
is more significant on B16 cells than on L929 cells. And this indicates that CAP plasma
treatment does not have a harmful effect on normal cells/tissues but does have an obviously
suppressed effect on cancer cell proliferation. Furthermore, the morphologies of the cells with
plasma treatment are observed, and the images are shown in Figure. 5. From these images, we
can find that the attached cells of B16 decrease rapidly as the plasma treatment time increases
as compared with the control group. However, the L929 cells show no significant change until
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the plasma treatment time reaches 180 sec. Cell viability data and morphology images both
show that the B16 cells are more sensitive than L929 cells under the CAP plasma treatment.

Figure 4. Effect of CAP plasma treatment time on cell viability analyzed 1, 3, and 7 days after treatment.

Figure 5. Images of attached cells with the same plasma treatment time durations. The upper row is B16 cells,
and the bottom row is L929 cells.

Tumor metastasis occurs with a series of steps such as cell migration, adhesion,
proliferation, invasion, and vessel formation, which is regulated by a complex mechanism. So,
we investigated the effects of CAP treated medium on the melanoma cell migration behavior
via a migration assay, as shown in Figure. 6. The CAP treated medium in the migration assay
model shows a negative effect on the melanoma cells’ migration and gap closure. Longer
treatment time shows a significant effect on gap closure and led to a significant closure delay.
After 48 h incubation, more than 50 % of the wound area is still open when the melanoma cells
are under plasma treatment for 180 and 360 sec. The onset of gap closure is delayed until after
6 h for CAP treated melanoma cells, and the closure speed is lower compared with the untreated
control group. These results indicate that CAP plasma treatment plays an important role in
mediating the migration ability of melanoma cells.

Figure 6. Effects of cold atmospheric plasma (CAP) on melanoma migration. (a) microphotographs of gap
areas. (b) Quantitative results of migration assays.
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The CAP plasma can generate plenty of charged particles and free radicals, including
reactive oxygen and nitrogen species. When the culture medium is treated with CAP plasma,
the charged particles and free radicals can result in the generation of ROS in the culture
medium. The ROS produced in the medium by CAP plasma can move across the cell membrane
and interact with amino acid and protein to generate long-lived reactive hydroperoxides. The
CAP plasma-induced ROS stress in cells will activate a series of apoptosis-related proteins then
cause apoptotic cell death. Figure. 7 shows fluorescence images of ROS in B16 and L929 cells
with different plasma treatment times. These images show that the content of ROS in B16 and
L929 cells increases as the treatment time increases. The ROS content in B16 cells is much
more than that in L929 cells with the same plasma treatment time. When ROS interacts with
cells, the cellular antioxidant system will be activated to protect cells by activating
antioxidative enzymes. The normal cells can bear more oxidative stress because they can
neutralize ROS more efficiently. In contrast, the ROS concentration in tumor cells is higher,
and the excessive oxidative stress will cause apoptotic cell death [26,27].
The Alizarin red, an anthraquinone dye, has been widely used to evaluate calcium
deposits in cell culture. The intracellular or extracellular calcium deposition happens in dying
or dead cells that are caused by apoptosis. Figure. 8 shows the Alizarin red staining results of
B16 and L929 cells under different plasma treatment times, and the red stain represents the
calcium deposits. These images show that the content of calcium deposits in B16 cells increases
as the treatment time increases. The calcium deposits content in B16 cells is much more than
that in L929 cells with the same plasma treatment time. When more ROS is exerted in cells,
the B16 cells will experience more apoptosis and DNA damage than L929 cells under identical
plasma exposure time and results in more calcium release and deposition intra or extra cells
[13,28].

Figure 7. ROS content in cells. The fluorescent micrographs of B16 (upper row) and L929 cells (bottom row).

Figure 8. Alizarin red staining results of B16 (upper row) and L929 (bottom row)cells under different plasma
treatment time.
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4. Conclusions
This paper presents a cold atmospheric pressure plasma jet device for the indirect
treatment of melanoma B16 cells and fibroblast L929 cells. The cell assay results point out that
CAP plasma-treated medium can significantly decrease cell viability and inhibit migration
ability and induce apoptotic cell death for melanoma B16 cells. For fibroblast L929 cells, the
plasma-treated medium has much less cytotoxic effect than that on melanoma B16 cells with
identical plasma treatment. Significant amounts of ROS produced in CAP plasma-treated
medium can be used as effective and selective treatment against melanoma cancer cells. These
results demonstrate that indirect CAP treatment can selectively induce apoptotic cell death in
melanoma cancer cells compared to normal fibroblast cells and show the potential for clinical
cancer therapy.
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