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Abstract: Osteosarcoma is known to be one of the frequently occurring cancers in dogs. Its prognosis
is usually very poor, with a high incidence of lung metastasis. Although radiation therapy has become
a major therapeutic choice for canine osteosarcoma, the high costs and unexpected side effects prevent
some patients from considering this treatment. Cold atmospheric plasma (CAP) is an ionized gas with
high energy at low temperatures, and it produces reactive oxygen species that mediate many signaling
pathways. Although many researchers have used CAP as an anticancer therapeutic approach in
humans, its importance has been neglected in veterinary medicine. In this study, D-17 and DSN canine
osteosarcoma cell lines were treated with CAP to observe its anticancer activity. By high-content
screening and flow cytometry, CAP-treated cells showed growth arrest and apoptosis induction.
Moreover, the osteosarcoma cells exhibited reduced migration and invasion activity when treated
with CAP. Overall, CAP exerted an anticancer effect on canine osteosarcoma cell lines. CAP may
have the potential to be used as a novel modality for treating cancer in veterinary medicine.

Keywords: canine osteosarcoma; cold atmospheric plasma; high-content screening; reactive oxygen
species; metastasis

1. Introduction

Cancer, or malignant neoplasia, is an array of diseases in which some cells display uncontrolled
growth and metastasis. Cancer affects individuals of all age groups, including fetuses, but the risk
tends to increase with age. According to the American Veterinary Medical Association, approximately
one in four dogs will, at some stage of their life, develop neoplasia. The rate is similar to that in
humans, where one in three individuals develop cancer at some point in their lifetime. Since canine
and human metabolic pathways and drug responses differ, there is a pressing need for new treatments
regarding canine cancer.

Canine osteosarcoma is common, especially in large breeds. The incidence rate of osteosarcoma is
27 times higher in dogs than in humans [1]. The prognosis is poor, with 1-year and 2-year survival
rates of 43.2% and 13.9%, respectively, with pulmonary metastasis [2]. There are various treatments
for osteosarcoma, including amputation, limb-sparing surgery, chemotherapy and immunotherapy,
but stereotactic radiotherapy (SR) has recently become a popular treatment approach for canine
osteosarcoma in the United States. SR could be an alternative for dogs that are expected to have poor
surgical outcomes, or whose owners refuse amputation [3]. In addition, one study showed that among
46 dogs treated with SR, approximately 63% developed fractures, which may have resulted from the
increased activity levels following the analgesia caused by the radiotherapy [4].
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Plasma medicine is an emerging field that has proven beneficial for hospital hygiene, antifungal
treatment, dental care, skin diseases, chronic wounds and cosmetics [5]. Previous efforts focused on
detecting and identifying the basic processes of plasma had an aim of designing plasma machines for
specific applications. Although most studies focused on dielectric-barrier discharge (DBD) methods,
we recently reported the use of microwave plasma to induce immunogenic cell death in human cancer
cells [6]. Cold atmospheric plasma (CAP) is ionized gas with high energy at relatively low temperatures.
CAP generates reactive oxygen species (ROS), which can have many biological effects, including wound
healing, sterilization, gene transfection, blood coagulation and cancer therapy [7–9]. Plasma medicine
recently became a new area in human medicine [10] due to its mechanisms—including DNA damage,
apoptosis, necrosis or autophagy by stimulating many ROS-mediated signaling pathways—leading to
anticancer activity [11–13]. Recent studies have demonstrated that plasma can induce immunogenic
cell death in cancer cells, which provides a potential application in cancer immunotherapy [6,14,15].
The use of CAP for biomedical treatments is an exciting new application, and could take plasma further
in systematic medical research.

Although CAP has been studied in human medicine for treating cancer, it has not been applied
in veterinary medicine. In this study, we demonstrated the anticancer effects of CAP on canine
osteosarcoma cell lines, and proffered the possibility of using an innovative cancer treatment approach
based on plasma energy. There is accumulating evidence that alternative cancer therapy, in combination
with chemotherapy, is required to provide better results in cancer patients. Although our study focused
on osteosarcoma, other canine cancers could be targeted using the same approach. This is the first
report to elucidate the anti-cancer effects of CAP in canine cancer cell lines. This study may ground the
possibility of using CAP in veterinary medicine to treat cancer.

2. Results

2.1. CAP Generation by Dielectric Barrier Discharge

CAP was generated by dielectric barrier discharge using helium gas, as previously described [12].
The device consists of electrodes and involves a dielectric mechanism, wherein the insulating material
is placed between the electrodes and the aluminum oxide (Al2O3) layers. As shown in Figure 1A,
the CAP device used in this study has an electrode thickness of 80–100 µm. For CAP generation,
we used a 25-kHz alternating current power supply, using an insulated gate bipolar transistor inverting
circuit for high voltage of plasma discharge. Plasma discharge was generated with a breakdown
voltage of 450 V. CAP was applied to the canine osteosarcoma cell lines, and the anticancer effect
was examined. The cells were cultured on 96-, 24- or 12-well plates; however, the distance from the
nozzle to the surface of the media was consistently controlled to be 10 mm (Figure 1B,C). The electric
power was 300 W, and the helium gas flow was set to 20 L per minute. As cold atmospheric plasma
may generate unwanted heat, we examined the temperature after CAP treatment and found that the
temperature of the media did not change even after 60 s (Figure 1D).

2.2. CAP Induces Cell Growth Arrest in Canine Osteosarcoma Cell Lines

To determine whether CAP modulated cell growth, two different canine osteosarcoma cells were
treated with CAP and examined. CAP-treated cells exhibited a decreased cell count, as shown in
Figure 2A. CAP had a greater effect on DSN cells, as CAP-treated DSN cells showed smaller cytoplasms
than the CAP-treated D-17 cells. To evaluate the effect of CAP on cell proliferation, MTS assays were
conducted. As shown in Figure 2B, both cell lines showed decreased cell viability in a time-dependent
manner. We chose to focus on D-17 rather than on DSN because D-17 was more resistant to CAP.
We also examined the cell growth change by staining cells with 5-ethynyl-2′-deoxyuridine (EdU),
as this can be incorporated into the newly synthesized DNA. The fluorescence intensity was quantified
by high-content screening (HCS), and the result revealed that longer treatments with CAP resulted in
less de novo DNA synthesis (Figure 2C).
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Figure 1. Cold atmospheric plasma (CAP) generated by dielectric-barrier discharge (DBD). (A) 

Schematic diagram of the DBD plasma device. (B) A photograph showing the plasma torch and its 

associated power supply used in this study. The plasma jet was placed on the clean bench, and all the 

experiments were conducted in the hood. (C) Representative image of cold atmospheric plasma jet 

using helium gas. The power was adjusted to 300 W, and the flow rate of helium (He) gas was 20 L 

per minute. (D) After CAP application to the medium, the temperature was measured at the indicated 

time. 
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Figure 1. Cold atmospheric plasma (CAP) generated by dielectric-barrier discharge (DBD).
(A) Schematic diagram of the DBD plasma device. (B) A photograph showing the plasma torch
and its associated power supply used in this study. The plasma jet was placed on the clean bench,
and all the experiments were conducted in the hood. (C) Representative image of cold atmospheric
plasma jet using helium gas. The power was adjusted to 300 W, and the flow rate of helium (He) gas
was 20 L per minute. (D) After CAP application to the medium, the temperature was measured at the
indicated time.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 14 

 

 

Figure 2. Induction of cell growth arrest by cold atmospheric plasma. (A) Representative images of 

the D-17 and DSN canine osteosarcoma cell lines treated with CAP. Scale bars, 100 μm. (B) Cell 

viability assay. D-17 and DSN cells were exposed to CAP at the indicated time. Cell viability was 

measured using CellTiter 96 AQueous One Solution. Error bars represent the mean ± S.E.M. of three 

replicates. (C). Measurement of de novo DNA synthesis. D-17 cells were stained with 5-ethynyl-2′-

deoxyuridine (EdU), which stains the newly synthesized DNA, and the intensity was quantified by 

high-content screening technology. Green, EdU; and Blue, Hoechest 33342. Error bars represent the 

mean ± S.E.M. of three replicates. Magnification, 100X. * p < 0.05, ** p < 0.01, *** p < 0.001; N.S. indicates 

not significant. 
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CAP can generate a cocktail of chemical agents, including ROS and reactive nitrogen species 

[16]. To examine whether CAP generated ROS in this study, D-17 cells were treated with CAP and 

then stained with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), an indicator for ROS in 

cells. As shown in Figure 3A, the no-treatment (control) and gas-treated groups did not show any 

positive cells after staining, whereas green fluorescence was detected in the CAP-treated group, 

exhibiting ROS formation. This effect appeared in a time-dependent manner. To further quantify the 
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Hoechst 33342 staining. There was no significant difference between the control and gas-treated 

groups; however, ROS generation was observed in a time-dependent manner in the plasma-treated 

samples (Figure 3B). It has been known that ROS can cause DNA damage and induce ROS-mediated 
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Figure 2. Induction of cell growth arrest by cold atmospheric plasma. (A) Representative images of the
D-17 and DSN canine osteosarcoma cell lines treated with CAP. Scale bars, 100 µm. (B) Cell viability
assay. D-17 and DSN cells were exposed to CAP at the indicated time. Cell viability was measured
using CellTiter 96 AQueous One Solution. Error bars represent the mean ± S.E.M. of three replicates.
(C). Measurement of de novo DNA synthesis. D-17 cells were stained with 5-ethynyl-2′-deoxyuridine
(EdU), which stains the newly synthesized DNA, and the intensity was quantified by high-content
screening technology. Green, EdU; and Blue, Hoechest 33342. Error bars represent the mean ± S.E.M. of
three replicates. Magnification, 100X. * p < 0.05, ** p < 0.01, *** p < 0.001; N.S. indicates not significant.
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2.3. CAP Generates ROS and Causes DNA Damage in A Canine Osteosarcoma Cell Line

CAP can generate a cocktail of chemical agents, including ROS and reactive nitrogen species [16].
To examine whether CAP generated ROS in this study, D-17 cells were treated with CAP and
then stained with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), an indicator for ROS in
cells. As shown in Figure 3A, the no-treatment (control) and gas-treated groups did not show any
positive cells after staining, whereas green fluorescence was detected in the CAP-treated group,
exhibiting ROS formation. This effect appeared in a time-dependent manner. To further quantify
the fluorescence intensity, CAP-treated cells were analyzed with HCS technology after H2DCFDA
and Hoechst 33342 staining. There was no significant difference between the control and gas-treated
groups; however, ROS generation was observed in a time-dependent manner in the plasma-treated
samples (Figure 3B). It has been known that ROS can cause DNA damage and induce ROS-mediated
signaling pathways [17,18]. We tested whether DNA damage occurred after CAP was applied to D-17
cells. As expected, CAP-treated cells showed increased phospho-Histone-H2A.X (γH2A.X) levels,
a marker for DNA damage (Figure 3C). The levels of phospho-Histone-H2A.X expression increased in
a time-dependent manner. These results suggest that CAP generated ROS in a time-dependent manner,
which resulted in DNA damage.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 14 
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Figure 3. Reactive oxygen species (ROS) generation and DNA damage after exposure to cold
atmospheric plasma (CAP). (A) Representative images of the canine osteosarcoma D-17 cell line
after exposure to CAP at the indicated time. CAP-treated cells were stained with H2DCFDA and
photographed under a fluorescence microscope. H2DCFDA is converted to DCF by ROS. DCF,
2′,7′-dichlorodihydrofluorescein. Scale bars, 50µm. (B) Quantitative analysis of ROS using high-content
screening. CAP-treated D-17 cells stained with H2DCFDA and Hoechst 33342 were measured by
high-content screening technology. Error bars represent the mean ± S.E.M. of three replicates.
Magnification, 100X. (C) Western blot analysis of DNA damage. Expression of phospho-histone-H2A.X
was measured to assess DNA damage. This result represents two independent experiments.
The intensity was normalized to β-actin. *** p < 0.001; N.S. indicates not significant.
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2.4. CAP Induces Apoptosis in a Canine Osteosarcoma Cell Line

It is known that DNA damage induces cell death [19,20]. Several assays were performed
to determine whether CAP generates DNA damage in these cells. D-17 cells were exposed to
CAP, stained with 4′,6-diamidino-2-phenylindole (DAPI), and then observed under a fluorescence
microscope. Unlike the control or gas-treated groups, the cells treated with CAP showed nuclear
condensation with a strong fluorescence intensity, which is an indicator for cell death (Figure 4A).
The mitochondrial membrane potential, another marker for apoptosis, decreased in a dose-dependent
manner when plasma was applied (Figure 4B). To confirm whether the CAP-induced cell death is
apoptosis, we measured the apoptotic cells using flow cytometry. As shown in Figure 4C, Annexin
V-positive cells increased in a time-dependent manner when treated with CAP. Altogether, these results
imply that CAP can induce apoptosis in a canine osteosarcoma cell line.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 14 
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Figure 4. Induction of apoptosis by cold atmospheric plasma (CAP) on canine osteosarcoma
cells. (A) Microscopy analysis of chromatin condensation. Cells were stained with 4′,6-diamidino-
2-phenylindole (DAPI) and observed under a fluorescence microscope. Apoptotic nuclei were detected
in CAP-treated wells. Scale bars, 50 µm. (B) Measurement of change in mitochondrial membrane
potential (∆ ψm). The cells were stained with MitoTracker, which is a stain for the mitochondrial
membrane, and the intensity was measured by high-content screening technology. CAP-treated cells
showed decreased ∆ ψm compared to that in control. Error bars represent the mean ± S.E.M. of three
replicates. Magnification, 100X. * p < 0.05, ** p < 0.01; N.S. indicates not significant. (C) Detection of
Annexin V-positive cells. Cells were stained with Annexin V-FITC and propidium iodide and measured
using flow cytometry. CAP induced an increase in Annexin V-positive cells in a time-dependent manner.

2.5. CAP-Treated Canine Osteosarcoma Cells Showed Decreased Invasion and Migration Activity

A major concern in treating canine osteosarcoma is pulmonary metastasis [1]. Thus, we examined
whether CAP may have the potential to suppress metastasis by analyzing cell invasion and migration
activity. The cell migration assay was performed using scratching assay on a 24-well plate. When cells
were grown to confluence, a scratch was made using a tip, and the cells were further grown for 48 h.
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As shown in Figure 5A, 70% of the area was refilled in the control group. However, CAP-treated cells
filled with a gap of 55% and 30%, respectively, depending on the treatment time. As an additional
method to measure metastasis, cell activity was measured by the three-dimensional tumor spheroid
invasion assay. Spheroids from D-17 cells were constructed using an ultra-low attachment round
bottom, and the basement membrane matrix was evaluated after CAP treatment. Both the control
and gas-treated groups showed an increase in cell volume and invasion of the extracellular matrix,
while the CAP-treated spheroids did not show any change in volume (Figure 5B, bottom graph) or
invasion (Figure 5B, top panel). D-17 cells displayed outgrowth from the spheroids with invadopodia,
whereas CAP-treated cells stayed as compact spheroids with a distinct border at the surrounding
extracellular matrix. This indicates that plasma treatment results in the inhibition of the invasion
activity of osteosarcoma cells.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 14 
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Figure 5. Migration and invasion activity of D-17 cells after exposure to cold atmospheric plasma (CAP).
(A) Cell migration assay. Representative images of cells before and after exposure to CAP. Magnification,
40X. Quantitative analysis of the area refilled after 48 h. The graph represents three independent
experiments. Error bars represent the mean ± S.E.M. (B) Three-dimensional tumor spheroid invasion
assay. Representative images of spheroids before and after exposure to CAP. Invadopodia were
observed in control and gas-treated group (black arrow). Scale bar, 100 µm. Volume of the control
or CAP-treated spheroids was measured and is presented as a graph. Error bars represent the mean
± S.E.M. of three replicates. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to control; N.S. indicates
not significant.

3. Discussion

In this study, we treated canine osteosarcoma cell lines with cold atmospheric plasma (CAP) to test
a new biomedical technique for treating cancer in veterinary medicine. Although studies investigating
the therapeutic potential of CAP in humans are being conducted, little is known about this topic in
veterinary medicine. Since human osteosarcoma is very rare compared to canine osteosarcoma [1],
the higher incidence rate of canine osteosarcoma makes the dog companion population a good
model for studying the human disease. Surgery with adjuvant chemotherapy [21], bisphosphonate
therapy [22], radiotherapy [3] or immunotherapy [23] are the standard treatments in both human and
canine patients, similar to how the metastasis is the common complication seen in human and canine
osteosarcoma patients.

Both D-17 and DSN showed decreased cell viability (Figure 2A,B), a similar result to that derived
for human osteosarcoma cell lines [24]. CAP-treated cells exhibited decreased de novo DNA synthesis
(Figure 2C). Since DNA replication happens during the cell cycle, we expect that the expression level of
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cyclins would decrease when treated with CAP. Indeed, CAP-treated cancer cells showed G2/M arrest
with decreased cyclin B1 [25]. Similar results were observed in a range of different cell lines, including
prostate, glioma, lymphoma, colorectal, and head and neck cancer [11], and this may imply that CAP
can be applied not only to osteosarcoma, but to different types of cancer in veterinary medicine as
well. Furthermore, the induction of cell proliferation with increased cyclin D1 was observed when the
murine fibroblast cell line L929 was exposed to CAP [26]. This may support the feasibility of applying
CAP to patients, in the sense that CAP may suppress cancer cell growth while promoting fibroblast
proliferation, which would enhance wound healing after surgery.

The tumor microenvironment is a complicated and intricate condition, and is deeply involved
in cancer development and metastasis. Particularly, interactions between hypoxia and reactive
oxygen species (ROS) contribute to its complexity. This hypoxic condition leads to production of
cellular ROS, followed by the induction of a ROS-dependent survival/proliferation pathway [27].
Interestingly, one of the genes expressed by ROS is the hypoxia-inducible factor (HIF), which induces
angiogenesis-associated genes such as the vascular endothelial growth factor and other related
genes [28]. In general, basal ROS levels in cancer cells are elevated, which may promote cancer growth.
On the other hand, when ROS concentration is elevated beyond the threshold, tumor suppression,
including apoptosis and autophagy, occurs. As shown in Figure 3, we demonstrated that CAP increases
ROS production in osteosarcoma cells, leading to DNA breaks observed by detecting the up-regulation
of the phosphorylated form of histone-H2A.X (γH2A.X), followed by the induction of apoptosis
(Figure 4). Our results support the concept that increasing ROS levels would be beneficial to cancer
patients. Currently, many anti-cancer drugs target the up-regulation of ROS to toxic levels [29].

Although ROS is a major biological component in plasma, other factors, including electromagnetic
fields and ozone, play a role in anti-tumorigenesis. For example, ozone may be a good CAP component
for consideration in treating cancer, because it is an activator of antioxidant enzymes. A previous
report stated that ozone may be a promising new strategy in anti-cancer therapy [30]. There is
evidence that the exposure of cells to frequencies with a low electromagnetic field can induce immune
cell activation [31], leading to benefits for cancer patients. All in all, studies into the effects of the
physical components of plasma other than ROS are needed in order to elucidate their specific roles in
cancer research.

When we apply plasma to the tissue, the choice of gas and penetration of plasma are important
components. Helium gas is frequently used for biomedical treatments due to the advantages of its ease
of use, its high production of reactive radicals, and its low plasma temperature. ROS may penetrate
cells and can induce DNA damage, which leads to the induction of apoptosis in cancer cells. Even
based on the limited existing research, we can assume that plasma is able to generate paracrine effects
that propagate far into the tissue. There may be unidentified side effects of long-term treatment with
plasma; however, because the treatment usually lasts for 30 s at a low temperature (even after 10 min,
the temperature stays at 37 ◦C), no significant side effects are expected.

The clinical application of CAP has been tested in many in vivo studies. After CAP was applied
to a mouse glioblastoma orthotopic model and a breast cancer xenograft model, the size of the
tumor decreased in plasma-treated groups, compared to non-treated groups [32,33]. In clinical
practice concerning canine osteosarcoma, considering its high incidence of pulmonary metastasis,
drug targeting for metastasis and examinations with thoracic radiography should be inspected [1].
As shown in Figure 5, a reduced invasion activity was observed with CAP-treated canine osteosarcoma
cells, in addition to cell growth arrest and apoptosis induction. Another concern in treating canine
osteosarcoma is drug resistance [34]. Interestingly, many researchers suggest CAP to overcome
drug resistance in cancer. For example, CAP restored paclitaxel sensitivity to paclitaxel-resistant
breast cancer cells [35]. The degree of drug uptake did not change, but the gene expression profile
resulted in drug sensitivity. A similar result was reported with tamoxifen [36]. Moreover, CAP-treated
glioblastoma cells showed sensitivity to the anticancer drug temozolomide [37]. Taking this into
consideration, applying CAP to canine osteosarcoma as an adjuvant therapy would increase the efficacy
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of chemotherapy. For example, bisphosphonate is a bone-modifying agent which is used in treating
human bone cancer, as it reduces skeletal complications by inhibiting bone resorption [38]. Thus,
it would be worth trying the application of CAP with bisphosphonate therapy. Moreover, as mentioned
earlier, hypoxia-induced angiogenesis occurs in both primary and metastatic tumors. Considering the
effect of tumor microenvironments, many angiogenesis-immune interfering agents are used in human
medicine [39]. Co-treating CAP with these drugs may be another option to consider.

In this study, we elucidated the anticancer effects of CAP on canine osteosarcoma cells, and we
further provide the rationale for the potential use of CAP in patients where limb-sparing surgery is
performed. CAP is also reported to induce immunogenic cell death [40,41]. Applying CAP on the
surgical site after removing the tumor could not only kill the residual cancer cells in situ, but also
suppress potential metastasis, and could activate an immune response to the residual cancer cells,
considering that tumor recurrence is reported in 15–25% of the patients [34]. Furthermore, CAP has
a beneficial effect on wound healing [42–44]. We assume that applying CAP on surgical sites could
accelerate wound closure. Moreover, because postoperative infections occur frequently, in 30–50% of
the patients [34], the sterilizing ability of CAP could reduce their incidence.

4. Materials and Methods

4.1. Cell Cultures and CAP Induction

The DSN canine osteosarcoma cell line (ATCC CRL-9939) was generously provided by Dr.
Gwonhwa Song [45,46], and the D-17 cell line (ATCC CCL-183) was used as previously reported [47].
Both canine osteosarcoma cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Waltham, MA, USA), and 1% penicillin/streptomycin (Gibco Life Technologies),
maintained at 37 ◦C with 5% CO2 under humid conditions. Cells were grown on 96-, 24- or 12-well
plates, with 200 µL, 1 mL or 2 mL of media, respectively. In this study, CAP (PSM Inc., Seongnam,
Korea) was generated by helium gas at 300 W, using a DBD method. The distance between the nozzle
and the surface of the media was fixed at 10 mm.

4.2. ROS Detection

A total of 10,000 cells were seeded in a 96-well plate with 200 µL of complete media and cultured
overnight. The cells were stained with 10 µM of H2DCFDA (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min at 37 ◦C and treated with CAP. After 1 h, images of cells were taken with a Nikon Eclipse
Ti fluorescence microscope (Nikon, Tokyo, Japan). For quantitative analysis of ROS, the cells were
stained with 2 µg/µL of Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at 37 ◦C, and the
fluorescence intensity was measured using the CellInsight CX7 LZR High Content Screening (HCS)
Platform (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Western Blot Analysis

D-17 cells were cultured on a 12-well plate and treated with CAP. After 24 h, cells were lysed with
RIPA Cell Lysis Buffer (1X) with EDTA (GenDEPOT, Katy, TX, USA) supplemented with 100 µM of
phenylmethylsulfonyl fluoride and sodium orthovanadate, respectively. Cell lysates were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After transfer to a nitrocellulose
membrane (GVS Filter Technology, Sanford, ME, USA), the membrane was blocked with 5% skim milk
in Tris-buffered saline (TBS) with 0.05% Tween 20 (TBS-T) for 1 h, followed by incubation with an
anti-phospho-Histone H2A.X (Ser139) antibody (1:1000) (2577S; Cell Signaling Technology, Danvers,
MA, USA) overnight. Three washes with TBS-T were performed for 10 min each. The membrane
was incubated with a secondary antibody conjugated with horseradish peroxidase (1:5000) for 1 h at
room temperature, and it was washed again with TBS-T. Phospho-histone H2A.X was detected using
an enhanced chemiluminescence (ECL) western blotting detection reagent (Thermo Fisher Scientific,
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Waltham, MA, USA). The western blot image was taken using Alliance Q9 mini (UVTEC CAMBRIDGE,
Cambridge, England, UK), which was analyzed with ImageJ software (National Institutes of Health,
Bethesda, MD, USA). Anti-β-actin antibody (sc-47778; Santa Cruz Biotechnology, Dallas, TX, USA)
was used for loading control.

4.4. Cell Viability Assay

Cell viability assay was conducted using the CellTiter 96 AQueous One Solution (Promega, WI,
USA) in accordance with the manufacturer’s protocol. Briefly, 5000 cells were seeded in 200 µL of
complete media in a 96-well culture plate and grown overnight. Cells were treated with CAP and
incubated for 24 h. After removing 100 µL of media, 20 µL of reagent was added to each well and
incubated for 2 h. Absorbance was measured at 490 nm using a spectrophotometer.

4.5. De novo DNA Synthesis Detection

EdU was used to measure the newly synthesized DNA. Cells were seeded in a 96-well plate and
incubated overnight. After treatment with CAP and incubation for 24 h, the cells were stained with
EdU using Click-iT™ Plus EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye (Invitrogen,
Carlsbad, CA, USA) in accordance with the provided protocol. Fluorescence intensity was analyzed
with the CX7 LZR HCS platform. All the groups (control to CAP-treated groups) were placed in the
same 96-well plate, and all the exposure times were the same.

4.6. Apoptotic Bodies and Mitochondrial Membrane Potential Detection

Nuclear condensation and mitochondrial membrane potential were observed to detect apoptosis.
Cells were fixed with 4% paraformaldehyde (Biosesang, Gyeonggido, Korea) for 10 min and stained
with 10 µg/mL of DAPI (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. After washing with
phosphate-buffered saline (PBS) several times, nuclear condensation was observed with a fluorescence
microscope. Mitochondrial membrane potential analysis by high-content screening was previously
reported [48]. Briefly, cells were stained with 1 µg/mL Hoechst 33342 (Sigma-Aldrich, St. Louis, MO,
USA) and 100 nM of MitoTracker Orange CMTMRos (Thermo Fisher Scientific, Waltham, MA, USA)
for 15 min at 37 ◦C. After washing with PBS, fluorescence intensity was measured using the CX7 LZR
HCS platform. All the groups (control to CAP-treated groups) were placed in the same 96-well plate,
and all the exposure times were the same.

4.7. Detection of Apoptotic Cells Using Flow Cytometry

Cells cultured on a 12-well plate were treated with CAP and incubated for 24 h. A gate was
placed on the unstained cells, eliminating the debris and clumps, and avoiding false positive and
negative results. Cells were stained with Annexin V-FITC and propidium iodine using FITC Annexin
V Apoptosis Detection Kit with PI (Biolend, San Diego, CA, USA) in accordance with the provided
manual. Cells were analyzed using the flow cytometer CytoFLEX (Beckman Coulter, Brea, CA, USA).

4.8. Cell Migration Assay

Cells were grown to confluence in a 24-well plate. A scratch was made manually using a yellow
pipette tip. Cells were washed with PBS several times, and the medium was replaced with 1 mL of
fresh complete media. The cells were treated with CAP and incubated for 48 h. Images taken before
and after CAP treatment were analyzed with ImageJ software.

4.9. Three-Dimensional Tumor Spheroid Invasion Assay

Tumor spheroid invasion assay was performed as reported previously [49]. Briefly, 1000 cells/
200µL were seeded in an ultra-low attachment (ULA) 96-well round bottom plate (Corning, Kennebunk,
ME, USA) and incubated for 4 days. Spheroids were treated with CAP and incubated for 24 h. After
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removing 100 µL of media, 100 µL of Matrigel (Corning, Kennebunk, ME, USA) was added to each
well, and the plate was incubated for 1 h at 37 ◦C. Next, 100 µL of complete media was added, and the
cells were incubated for 96 h. Images were taken every 24 h and spheroid volumes were estimated
with ImageJ software. The volume was calculated using the following formula: 0.5 × Length ×Width2.

4.10. Statistical Analysis

Student’s t test was used for statistical analysis. Data were considered statistically significant
when the p value was lower than 0.05.

5. Conclusions

Overall, we found that CAP generated by the DBD method induces cell growth arrest and
apoptosis, with decreased migration and invasion activity in canine osteosarcoma cells. Our study
opens a new era of using plasma machines in veterinary research.

Author Contributions: Conceptualization, J.L. and S.J.B.; Data curation, B.K., K.L., C.-Y.H. and S.J.B.; Funding
acquisition, S.J.B.; Investigation, J.L., H.M., C.-Y.H. and S.J.B.; Methodology, J.L. and H.M.; Project administration,
S.J.B. Resources, B.K. and K.L.; Supervision, K.L. and S.J.B.; Visualization, J.L.; Writing—original draft, J.L.
and S.J.B.; Writing—review & editing, S.J.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Research Institute for Veterinary Science, and BK21 PLUS Program for
Creative Veterinary Science Research Center, Seoul National University, and by the National Research Foundation
of Korea (NRF) grant funded by the government of Korea (NRF-2018R1A2B2002923).

Acknowledgments: We thank Gwonhwa Song at Korea University (Seoul, Korea) for kindly providing us the
DSN canine osteosarcoma cell line. We thank Ho Jae Han and Jae Ryong Lim at Seoul National University (Seoul,
Korea) and Hyun Jik Lee at Chungbuk National University (Cheongju, Korea) for their technical support in
flow cytometry.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study.

Abbreviations

CAP Cold atmospheric plasma
DBD Dielectric-barrier discharge
HCS High-content screening
ROS Reactive oxygen species
EdU 5-ethynyl-2′-deoxyuridine
H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate
DCF 2′,7′-dichlorodihydrofluorescein
DAPI 4′,6-diamidino-2-phenylindole

References

1. Simpson, S.; Dunning, M.D.; De Brot, S.; Grau-Roma, L.; Mongan, N.P.; Rutland, C.S. Comparative
review of human and canine osteosarcoma: Morphology, epidemiology, prognosis, treatment and genetics.
Acta Vet. Scand. 2017, 59, 71. [CrossRef] [PubMed]

2. Frimberger, A.; Chan, C.M.; Moore, A.S. Canine Osteosarcoma Treated by Post-Amputation Sequential
Accelerated Doxorubicin and Carboplatin Chemotherapy: 38 Cases. J. Am. Anim. Hosp. Assoc. 2016, 52,
149–156. [CrossRef] [PubMed]

3. Nolan, M.W.; Gieger, T. Update in Veterinary Radiation Oncology. Vet. Clin. N. Am. Small Anim. Pr. 2019, 49,
933–947. [CrossRef] [PubMed]

4. Kubicek, L.; VanderHart, D.; Wirth, K.; An, Q.; Chang, M.; Farese, J.; Bova, F.; Sudhyadhom, A.; Kow, K.;
Bacon, N.J.; et al. Association between computed tomographic characteristics and fractures following
stereotactic radiosurgery in dogs with appendicular osteosarcoma. Vet. Radiol. Ultrasound 2016, 57, 321–330.
[CrossRef]

http://dx.doi.org/10.1186/s13028-017-0341-9
http://www.ncbi.nlm.nih.gov/pubmed/29065898
http://dx.doi.org/10.5326/JAAHA-MS-6315
http://www.ncbi.nlm.nih.gov/pubmed/27008320
http://dx.doi.org/10.1016/j.cvsm.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31253427
http://dx.doi.org/10.1111/vru.12351


Int. J. Mol. Sci. 2020, 21, 4556 11 of 13

5. Kong, M.G.; Kroesen, G.; Morfill, G.; Nosenko, T.; Shimizu, T.; Van Dijk, J.; Zimmermann, J.L. Plasma
medicine: An introductory review. New J. Phys. 2009, 11, 115012. [CrossRef]

6. Yoon, Y.; Ku, B.; Lee, K.; Jung, Y.J.; Baek, S.J. Cold Atmospheric Plasma Induces HMGB1 Expression in Cancer
Cells. Anticancer Res. 2019, 39, 2405–2413. [CrossRef]

7. Braný, D.; Dvorská, D.; Halašová, E.; Škovierová, H. Cold Atmospheric Plasma: A Powerful Tool for Modern
Medicine. Int. J. Mol. Sci. 2020, 21, 2932. [CrossRef]

8. Bekeschus, S.; Clemen, R.; Metelmann, H.-R. Potentiating anti-tumor immunity with physical plasma.
Clin. Plasma Med. 2018, 12, 17–22. [CrossRef]

9. Semmler, M.L.; Bekeschus, S.; Schäfer, M.; Bernhardt, T.; Fischer, T.; Witzke, K.; Seebauer, C.; Rebl, H.;
Grambow, E.; Vollmar, B.; et al. Molecular Mechanisms of the Efficacy of Cold Atmospheric Pressure Plasma
(CAP) in Cancer Treatment. Cancers 2020, 12, 269. [CrossRef]

10. Izadjoo, M.; Zack, S.; Kim, H.; Skiba, J. Medical applications of cold atmospheric plasma: State of the science.
J. Wound Care 2018, 27, S4–S10. [CrossRef]

11. Hirst, A.M.; Frame, F.M.; Arya, M.; Maitland, N.J.; O’Connell, D. Low temperature plasmas as emerging
cancer therapeutics: The state of play and thoughts for the future. Tumor Biol. 2016, 37, 7021–7031. [CrossRef]
[PubMed]

12. 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]

13. Kim, C.-H.; Kwon, S.; Bahn, J.H.; Lee, K.; Jun, S.I.; Rack, P.D.; Baek, S.J. Effects of atmospheric nonthermal
plasma on invasion of colorectal cancer cells. Appl. Phys. Lett. 2010, 96, 243701. [CrossRef]

14. Lin, A.G.; Xiang, B.; Merlino, D.J.; Baybutt, T.R.; Sahu, J.; Fridman, A.; Snook, A.E.; Miller, V. Non-thermal
plasma induces immunogenic cell death in vivo in murine CT26 colorectal tumors. Oncoimmunology 2018, 7,
e1484978. [CrossRef] [PubMed]

15. Azzariti, A.; Iacobazzi, R.M.; Di Fonte, R.; Porcelli, L.; Gristina, R.; Favia, P.; Fracassi, F.; Trizio, I.; Silvestris, N.;
Guida, G.; et al. Plasma-activated medium triggers cell death and the presentation of immune activating
danger signals in melanoma and pancreatic cancer cells. Sci. Rep. 2019, 9, 4099. [CrossRef] [PubMed]

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

17. Bekeschus, S.; Lippert, M.; Diepold, K.; Chiosis, G.; Seufferlein, T.; Azoitei, N. Physical plasma-triggered
ROS induces tumor cell death upon cleavage of HSP90 chaperone. Sci. Rep. 2019, 9, 4112. [CrossRef]

18. Conway, G.E.; He, Z.; Hutanu, A.L.; Cribaro, G.P.; Manaloto, E.; Casey, A.; Traynor, D.; Milosavljevic, V.;
Howe, O.; Barcia, C.; et al. Cold Atmospheric Plasma induces accumulation of lysosomes and
caspase-independent cell death in U373MG glioblastoma multiforme cells. Sci. Rep. 2019, 9, 1–12.
[CrossRef]

19. Norbury, C.J.; Zhivotovsky, B. DNA damage-induced apoptosis. Oncogene 2004, 23, 2797–2808. [CrossRef]
20. Hirst, A.M.; Simms, M.S.; Mann, V.M.; Maitland, N.J.; O’Connell, D.; Frame, F.M. Low-temperature plasma

treatment induces DNA damage leading to necrotic cell death in primary prostate epithelial cells. Br. J.
Cancer 2015, 112, 1536–1545. [CrossRef]

21. Luetke, A.; Meyers, P.A.; Lewis, I.; Juergens, H. Osteosarcoma treatment—Where do we stand? A state of the
art review. Cancer Treat. Rev. 2014, 40, 523–532. [CrossRef] [PubMed]

22. Ohba, T.; Cates, J.M.M.; Cole, H.A.; Slosky, D.A.; Haro, H.; Ichikawa, J.; Ando, T.; Schwartz, H.S.;
Schoenecker, J.G. Pleiotropic effects of bisphosphonates on osteosarcoma. Bone 2014, 63, 110–120. [CrossRef]
[PubMed]

23. Wycislo, K.; Fan, T.M. The Immunotherapy of Canine Osteosarcoma: A Historical and Systematic Review.
J. Vet. Intern. Med. 2015, 29, 759–769. [CrossRef] [PubMed]

24. Haralambiev, L.; Wien, L.; Gelbrich, N.; Bakir, S.; Kramer, A.; Burchardt, M.; Ekkernkamp, A.; Stope, M.B.;
Lange, J.; Gümbel, D. Cold atmospheric plasma inhibits the growth of osteosarcoma cells by inducing
apoptosis, independent of the device used. Oncol. Lett. 2019, 19, 283–290. [CrossRef]

25. Gümbel, D.; Bekeschus, S.; Gelbrich, N.; Napp, M.; Ekkernkamp, A.; Kramer, A.; Stope, M.B. Cold
Atmospheric Plasma in the Treatment of Osteosarcoma. Int. J. Mol. Sci. 2017, 18, 2004. [CrossRef]

26. Liu, J.-R.; Xu, G.-M.; Shi, X.; Zhang, G. Low temperature plasma promoting fibroblast proliferation by
activating the NF-κB pathway and increasing cyclinD1 expression. Sci. Rep. 2017, 7, 11698. [CrossRef]

http://dx.doi.org/10.1088/1367-2630/11/11/115012
http://dx.doi.org/10.21873/anticanres.13358
http://dx.doi.org/10.3390/ijms21082932
http://dx.doi.org/10.1016/j.cpme.2018.10.001
http://dx.doi.org/10.3390/cancers12020269
http://dx.doi.org/10.12968/jowc.2018.27.Sup9.S4
http://dx.doi.org/10.1007/s13277-016-4911-7
http://www.ncbi.nlm.nih.gov/pubmed/26888782
http://dx.doi.org/10.1016/j.jbiotec.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20959125
http://dx.doi.org/10.1063/1.3449575
http://dx.doi.org/10.1080/2162402X.2018.1484978
http://www.ncbi.nlm.nih.gov/pubmed/30228954
http://dx.doi.org/10.1038/s41598-019-40637-z
http://www.ncbi.nlm.nih.gov/pubmed/30858524
http://dx.doi.org/10.3390/cancers11071030
http://dx.doi.org/10.1038/s41598-019-38580-0
http://dx.doi.org/10.1038/s41598-019-49013-3
http://dx.doi.org/10.1038/sj.onc.1207532
http://dx.doi.org/10.1038/bjc.2015.113
http://dx.doi.org/10.1016/j.ctrv.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24345772
http://dx.doi.org/10.1016/j.bone.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24636958
http://dx.doi.org/10.1111/jvim.12603
http://www.ncbi.nlm.nih.gov/pubmed/25929293
http://dx.doi.org/10.3892/ol.2019.11115
http://dx.doi.org/10.3390/ijms18092004
http://dx.doi.org/10.1038/s41598-017-12043-w


Int. J. Mol. Sci. 2020, 21, 4556 12 of 13

27. Tafani, M.; Sansone, L.; Limana, F.; Arcangeli, T.; De Santis, E.; Polese, M.; Fini, M.; Russo, M.A. The Interplay
of Reactive Oxygen Species, Hypoxia, Inflammation, and Sirtuins in Cancer Initiation and Progression.
Oxid. Med. Cell. Longev. 2016, 2016, 1–18. [CrossRef]

28. Schito, L. Hypoxia-Dependent Angiogenesis and Lymphangiogenesis in Cancer. In Hypoxia and Cancer
Metastasis; Gilkes, D.M., Ed.; Springer International Publishing: Cham, Switzerland, 2019; pp. 71–85.

29. Galadari, S.; Rahman, A.; Pallichankandy, S.; Thayyullathil, F. Reactive oxygen species and cancer paradox:
To promote or to suppress? Free Radic. Biol. Med. 2017, 104, 144–164. [CrossRef]

30. Khan, S.A.; Smith, N.L.; Wilson, A.L.; Gandhi, J.; Vatsia, S. Ozone therapy: An overview of pharmacodynamics,
current research, and clinical utility. Med Gas Res. 2017, 7, 212–219. [CrossRef]

31. Simkó, M.; Mattsson, M.-O. Extremely low frequency electromagnetic fields as effectors of cellular responses
in vitro: Possible immune cell activation. J. Cell. Biochem. 2004, 93, 83–92. [CrossRef]

32. Chen, Z.; Simonyan, H.; Cheng, X.; Gjika, E.; Lin, L.; Canady, J.; Sherman, J.H.; Young, C.N.; Keidar, M. A
Novel Micro Cold Atmospheric Plasma Device for Glioblastoma both In Vitro and In Vivo. Cancers 2017, 9,
61. [CrossRef] [PubMed]

33. 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] [PubMed]

34. Szewczyk, M.; Lechowski, R.; Zabielska, K. What do we know about canine osteosarcoma treatment? Review.
Vet. Res. Commun. 2014, 39, 61–67. [CrossRef] [PubMed]

35. Park, S.; Kim, H.; Ji, H.W.; Kim, H.W.; Yun, S.H.; Choi, E.H.; Kim, S.J. Cold Atmospheric Plasma Restores
Paclitaxel Sensitivity to Paclitaxel-Resistant Breast Cancer Cells by Reversing Expression of Resistance-Related
Genes. Cancers 2019, 11, 2011. [CrossRef] [PubMed]

36. 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]

37. Köritzer, J.; Boxhammer, V.; Schafer, A.; Shimizu, T.; Klämpfl, T.G.; Li, Y.-F.; Welz, C.; Schwenk-Zieger, S.;
Morfill, G.E.; Zimmermann, J.L.; et al. Restoration of Sensitivity in Chemo—Resistant Glioma Cells by Cold
Atmospheric Plasma. PLoS ONE 2013, 8, e64498. [CrossRef]

38. Argentiero, A.; Solimando, A.G.; Brunetti, O.; Calabrese, A.; Pantano, F.; Iuliani, M.; Santini, D.; Silvestris, N.;
Vacca, A. Skeletal Metastases of Unknown Primary: Biological Landscape and Clinical Overview. Cancers
2019, 11, 1270. [CrossRef]

39. Di Marzo, L.; DeSantis, V.; Solimando, A.G.; Ruggieri, S.; Annese, T.; Nico, B.; Fumarulo, R.; Vacca, A.;
Frassanito, M.A. Microenvironment drug resistance in multiple myeloma: Emerging new players. Oncotarget
2016, 7, 60698–60711. [CrossRef]

40. Khalili, M.; Daniels, L.; Lin, A.; Krebs, F.C.; Snook, A.E.; Bekeschus, S.; Bowne, W.B.; Miller, V. Non-thermal
plasma-induced immunogenic cell death in cancer. J. Phys. D Appl. Phys. 2019, 52, 423001. [CrossRef]

41. Lin, A.; Truong, B.; Patel, S.; Kaushik, N.K.; Kaushik, N.; Fridman, G.; Fridman, A.; Miller, V.
Nanosecond-Pulsed DBD Plasma-Generated Reactive Oxygen Species Trigger Immunogenic Cell Death in
A549 Lung Carcinoma Cells through Intracellular Oxidative Stress. Int. J. Mol. Sci. 2017, 18, 966. [CrossRef]

42. Eggers, B.; Marciniak, J.; Memmert, S.; Kramer, F.J.; Deschner, J.; Nokhbehsaim, M. The beneficial effect of
cold atmospheric plasma on parameters of molecules and cell function involved in wound healing in human
osteoblast-like cells in vitro. Odontology 2020, 1–10. [CrossRef] [PubMed]

43. Hartwig, S.; Doll, C.; Voss, J.O.; Hertel, M.; Preissner, S.; Raguse, J.D. Treatment of Wound Healing Disorders
of Radial Forearm Free Flap Donor Sites Using Cold Atmospheric Plasma: A Proof of Concept. J. Oral
Maxillofac. Surg. 2017, 75, 429–435. [CrossRef] [PubMed]

44. Haertel, B.; Von Woedtke, T.; Weltmann, K.-D.; Lindequist, U. Non-Thermal Atmospheric-Pressure Plasma
Possible Application in Wound Healing. Biomol. Ther. 2014, 22, 477–490. [CrossRef] [PubMed]

45. Ryu, S.; Park, S.; Lim, W.; Song, G. Quercetin augments apoptosis of canine osteosarcoma cells by disrupting
mitochondria membrane potential and regulating PKB and MAPK signal transduction. J. Cell. Biochem. 2019,
120, 17449–17458. [CrossRef] [PubMed]

46. Park, H.; Park, S.; Bazer, F.W.; Lim, W.; Song, G. Myricetin treatment induces apoptosis in canine osteosarcoma
cells by inducing DNA fragmentation, disrupting redox homeostasis, and mediating loss of mitochondrial
membrane potential. J. Cell. Physiol. 2018, 233, 7457–7466. [CrossRef] [PubMed]

47. Yamaguchi, K.; Whitlock, N.C.; Liggett, J.L.; Legendre, A.M.; Fry, M.; Baek, S.J. Molecular characterisation of
canine nonsteroidal anti-inflammatory drug-activated gene (NAG-1). Vet. J. 2007, 175, 89–95. [CrossRef]

http://dx.doi.org/10.1155/2016/3907147
http://dx.doi.org/10.1016/j.freeradbiomed.2017.01.004
http://dx.doi.org/10.4103/2045-9912.215752
http://dx.doi.org/10.1002/jcb.20198
http://dx.doi.org/10.3390/cancers9060061
http://www.ncbi.nlm.nih.gov/pubmed/28555065
http://dx.doi.org/10.1016/j.freeradbiomed.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29870749
http://dx.doi.org/10.1007/s11259-014-9623-0
http://www.ncbi.nlm.nih.gov/pubmed/25422073
http://dx.doi.org/10.3390/cancers11122011
http://www.ncbi.nlm.nih.gov/pubmed/31847101
http://dx.doi.org/10.1016/j.freeradbiomed.2017.06.017
http://dx.doi.org/10.1371/journal.pone.0064498
http://dx.doi.org/10.3390/cancers11091270
http://dx.doi.org/10.18632/oncotarget.10849
http://dx.doi.org/10.1088/1361-6463/ab31c1
http://dx.doi.org/10.3390/ijms18050966
http://dx.doi.org/10.1007/s10266-020-00487-y
http://www.ncbi.nlm.nih.gov/pubmed/32030565
http://dx.doi.org/10.1016/j.joms.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27637776
http://dx.doi.org/10.4062/biomolther.2014.105
http://www.ncbi.nlm.nih.gov/pubmed/25489414
http://dx.doi.org/10.1002/jcb.29009
http://www.ncbi.nlm.nih.gov/pubmed/31131468
http://dx.doi.org/10.1002/jcp.26598
http://www.ncbi.nlm.nih.gov/pubmed/29663365
http://dx.doi.org/10.1016/j.tvjl.2006.12.001


Int. J. Mol. Sci. 2020, 21, 4556 13 of 13

48. Lee, J.; Kim, I.; Yoo, E.; Baek, S.J. Competitive inhibition by NAG-1/GDF-15 NLS peptide enhances its
anti-cancer activity. Biochem. Biophys. Res. Commun. 2019, 519, 29–34. [CrossRef]

49. Vinci, M.; Box, C.; Eccles, S.A. Three-Dimensional (3D) Tumor Spheroid Invasion Assay. J. Vis. Exp. 2015,
e52686. [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/10.1016/j.bbrc.2019.08.090
http://dx.doi.org/10.3791/52686
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	CAP Generation by Dielectric Barrier Discharge 
	CAP Induces Cell Growth Arrest in Canine Osteosarcoma Cell Lines 
	CAP Generates ROS and Causes DNA Damage in A Canine Osteosarcoma Cell Line 
	CAP Induces Apoptosis in a Canine Osteosarcoma Cell Line 
	CAP-Treated Canine Osteosarcoma Cells Showed Decreased Invasion and Migration Activity 

	Discussion 
	Materials and Methods 
	Cell Cultures and CAP Induction 
	ROS Detection 
	Western Blot Analysis 
	Cell Viability Assay 
	De novo DNA Synthesis Detection 
	Apoptotic Bodies and Mitochondrial Membrane Potential Detection 
	Detection of Apoptotic Cells Using Flow Cytometry 
	Cell Migration Assay 
	Three-Dimensional Tumor Spheroid Invasion Assay 
	Statistical Analysis 

	Conclusions 
	References

