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Abstract. Melanoma is a common malignant skin tumor
with highly invasive features and a high metastasis rate that
can be difficult to treat clinically. Large-scale resection of
primary cutaneous melanoma is often used to avoid post-
operative recurrence. For advanced patients, radiotherapy,
targeted therapy and immunotherapy are often needed.
Low-temperature plasma has been proved to have significant
antitumor effects on a variety of cancer cell lines cultured
in vitro. The main limitation of direct low-temperature
plasma treatment is that it has weak penetration ability and
can only treat superficial lesions. In recent years, research
on low-temperature plasma-activated solution has revealed
that it also have good antitumor effects and low-temperature
plasma penetration depth problems can be solved by local
injection. The present study revealed that low-temperature
plasma-activated phosphate buffer solution exhibited good
antitumor effects and biosafety against melanoma in vitro and
in vivo. It demonstrated that low-temperature plasma-acti-
vated solution has antitumor effects due to its regulation of
intracellular redox, destruction of mitochondrial function
and DNA damage. In vivo experiments demonstrated that
treatment with low-temperature plasma-activated solution
not only exhibited antitumor effects but also caused no
significant damage to hematopoietic function or liver and
kidney functions in mice. All these results demonstrated
that low-temperature plasma-activated solution represent
a promising antitumor treatment strategy.
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Introduction

Low-temperature plasma is an ionized gas at approximately
room temperature that is composed of charged particles,
neutral particles and electrons (1). Over the past two decades,
low-temperature plasma medicine, as a newly developed
discipline, has made preliminary achievements in disinfection
and sterilization, wound healing, antitumor effects and other
applications (2-4). In in vitro experiments, low-temperature
plasma inhibits proliferation and induces apoptosis in a variety
of tumor cell lines (5-7), but the mechanism has not been fully
clarified. In vitro,low-temperature plasma initially contacts the
cell culture medium, resulting in a series of complex physical
and chemical reactions (8). The active substances (reactive
nitrogen and oxygen species) in solution further interact with
cells to exert antitumor effects (1,6,8). This finding confirms
that the low-temperature plasma-activated solution (PAS)
also has good antitumor effects and eliminates the limita-
tion of the shallow penetration depth of direct treatment with
low-temperature plasma (9). Therefore, low-temperature PAS
treatment has the advantages of eliminating the limitations of
instruments and equipment and convenient storage (10,11).
The skin is the largest and most superficial organ of the
human body. This characteristic gives low-temperature plasma
broad application prospects in skin diseases (12). Melanoma
is a malignant tumor derived from melanin. Epidemiological
analysis revealed that its incidence and mortality rates have
been increasing in recent decades (13). Malignant melanoma
is more common in the skin but can also occur in the mucosa,
respiratory tract, gastrointestinal tract, reproductive system and
other parts of the skin and is characterized by early metastasis
and a high recurrence rate (14,15). The incidence of melanoma
is greater in light-skinned individuals. Importantly, melanoma
is one of the most common malignant tumors in young indi-
viduals and the mortality rate in young individuals is greater
than that of most other cancers (16,17). Surgical resection is
generally used for early localized lesions, whereas compre-
hensive treatments, including cytotoxic drug chemotherapy,
immunotherapy and molecular targeted therapy, are used
for patients with late-stage disease or multiple organ metas-
tases (14,18). However, these treatments often cannot yield
satisfactory results. Therefore, more effective methods need
to be developed for the adjuvant treatment of melanoma (13).
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The present study used the melanoma cell line A375 as the
experimental object and used low-temperature plasma-acti-
vated phosphate buffer solution (PBS) as the medium to
observe the imbalance in reactive oxygen species (ROS) levels
and mitochondrial and DNA damage in A375 cells treated
with PAS. In vivo, the antitumor effect of a PAS on subcutane-
ously transplanted melanoma in nude mice was observed by
intratumoral injection. Moreover, the biological safety of PAS
was evaluated by monitoring the weight, blood parameters and
liver and kidney functions of the mice.

Materials and methods

Low-temperature plasma equipment and preparation of
low-temperature PAS. Low-temperature plasma equipment
was provided by the Institute of Plasma Physics, Chinese
Academy of Sciences. The equipment mainly consists of a
high-voltage electrode, a grounding electrode and a power
supply (Fig. 1A). Two electrodes were placed in the center of
the PBS dish. The spacing between the liquid surface and the
high-voltage electrode was fixed at 5 mm. The power supply
was set to a constant voltage of 40 V and a current of 2 A. The
time of PBS exposure to low-temperature plasma is defined as
the dose of the PAS. The prepared PAS was used to treat cells
cultured in vitro and subcutaneous tumors in nude mice. In the
in vivo experiment, 50 ul of the PAS was injected intratumor-
ally every two days. The chemotherapy drug cisplatin (QIU
Pharmaceutical Co. Ltd.; batch no. aa2a0038b) was injected
into the caudal vein to treat the tumors in the positive control
group. The drug concentration was 5 mg/kg and the injection
volume was 1 mg/ml (Fig. 1B and C).

Cell culture. A375 melanoma cell line (American Type Culture
Collection) was grown in RPMI-1640 medium (cat. no. G4531;
Wuhan Servicebio Technology Co., Ltd.) supplemented with
10% FBS (cat. no. C04001; Shanghai VivaCell Biosciences,
Ltd.) and 1% penicillin and streptomycin (cat. no. C0222;
Beyotime Institute of Biotechnology). The cells were cultured
in a culture flask (cat. no. CCF-T25H; Wuhan Servicebio
Technology Co., Ltd.) in a humid environment at 37°C and 5%
CO, and passaged every 2-3 days.

Cell viability. Cell viability was determined using MTT assay.
Cells in the logarithmic growth stage were digested, counted
and inoculated into 96-well cell culture plates. Each well
contained 10,000 cells and 100 ul of culture medium. After
24 h of culture, the experiment was conducted once the cells
had adhered completely to the surface of the wells. After the
cells were treated with PAS for 1 h, fresh medium was added
to the culture plate and the culture was continued for 24 h.
The antioxidant catalase (cat. no. s0082; Beyotime Institute
of Biotechnology) was added to each well of the control
group. MTT reagent was added to the culture plate and the
absorbance at 570 nm was detected using a SpectroMax i3x
(Molecular Devices, LLC).

Intracellular reactive oxygen species (ROS). The ROS kit
was purchased from Beyotime Institute of Biotechnology
Biological Company (cat. no. s0033s). The cell inoculation
procedure was consistent with that used for the MTT assay.

The fluorescent probe DCFH-DA was added to the cell culture
and the changes in cellular ROS levels were measured after
cells were treated with PAS for 1 h. Using a SpectroMax i3x
(Molecular Devices, LLC) fluorescence microplate reader,
fluorescence was determined at an excitation wavelength of
488 nm and an emission wavelength of 525 nm and the level
of ROS was detected.

Mitochondrial membrane potential. A JC-1 kit was used to
detect the mitochondrial membrane potential (cat. no. c2006;
Beyotime Institute of Biotechnology). Cells in the logarithmic
growth phase were harvested and inoculated into 10-mm
diameter circular cell culture dishes. When the cell density was
~70%, the cells were treated with PAS for 1 h. The cells were
stained and washed with JC-1 stain followed by JC-1 buffer.
The cells were observed with fluorescence microscopy. When
detecting the JC-1 monomer, the excitation wavelength was set
to 490 nm and the emission wavelength was set to 530 nm.
When detecting the JC-1 polymer, the excitation wavelength
was set to 525 nm and the emission wavelength was set to
590 nm.

DNA damage marker. Intracellular DNA damage was detected
using immunofluorescence. The cells were inoculated and
cultured in 10-mm cell culture dishes and the experiment was
performed when the cell density reached 70%. Histone family
2A variant (H2AX) was used as a marker of DNA damage. The
H2AX antibody was purchased from Abcam (cat no. ab81299)
and the fluorescent secondary antibody FITC was purchased
from Beyotime Institute of Biotechnology (cat no. a0562).
After the cells were treated with PAS for 1 h, they were fixed
with methanol at -20°C overnight. After the cells were washed,
primary antibody diluent was added and the cells were incu-
bated overnight at 4°C. After the cells were rinsed again, they
were incubated with a FITC-conjugated secondary antibody in
the dark at room temperature for 30 min. Then, the cells were
observed under a fluorescence microscope.

Western blotting. For western blot analysis, cells were seeded
in 6-well plates. When the cells were completely attached to the
plate, they were treated with PAS and cultivated for 8 h. The
cells were then washed three times with ice-cold PBS. RIPA
solution (cat no. p0013B; Beyotime Institute of Biotechnology),
protease inhibitor and phosphatase inhibitor (cat no. p1050;
Beyotime Institute of Biotechnology) were added to the wells
at aratio of 100:1:2. After 30 min of lysis on ice, the cell lysates
were scraped and collected in Eppendorf tubes. The protein
concentrations were determined using a BCA Protein Assay
Kit (Beyotime Institute of Biotechnology) after centrifuging
the lysates at 16,363 x g at 4°C for 25 min. Using a 7.5% gel,
proteins were separated electrophoretically after loading 10 ug
of protein per lane and then transferred to a PVDF membrane.
Next, the PVDF membranes were blocked for 30 min with
protein-free rapid blocking buffer (EpiZyme, Inc.) at 4°C and
incubated overnight at 4°C with the corresponding primary
antibodies (H2AX, 1:10,00; Cell Signaling Technology cat
no. 7631T; y-H2AX, 1:10,00; Cell Signaling Technology
cat no. 2577S; GAPDH: Dilution 1:50,00; Proteintech cat
no. 10494-1-AP). The membranes were incubated for 1 h
at indoor temperature with the corresponding secondary
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Figure 1. CAP apparatus used in the present study and the experimental schematic. (A) PBS was activated with CAP. The CAP equipment was used in the dark.
(B) Cells were exposed to PAS for 1 h. (C) Intratumoral injection of PAS and tail vein injection of DDP. CAP, cold atmospheric plasma; PBS, phosphate buffer

solution; PAS, plasma-activated solution; DDP, cis-dichlorodiamineplatinum.

antibodies (Dilution 1:10,000; ProteinTech cat no. SAO0001-2,
SA00001-1) on the next day and protein bands were visualized
with visualization reagent (Biosharp; cat no. BL520A) using
a western blot imaging instrument (Thermo Fisher Scientific,
Inc.). Bands of interest were analyzed using ImageJ (win-javas,
National Institutes of Health).

Cell subunits. Changes in intracellular subunits in A375 cells
treated with PAS were observed using transmission electron
microscopy. A375 cells were exposed to PAS for 1 h and then
fresh medium was added to continue the cultures for 6 h for
improved observation of organelle morphology. The cells were
then collected by digestion and centrifugation. Glutaraldehyde
(3%) was added and the cells were fixed overnight at 4°C. Then,
1% osmium tetroxide was added to the samples and the cells
were collected following a series of ethanol dehydrations. The
samples were treated at room temperature with epoxy resin
(Sigma Aldrich; cat no. 31185) and acetone (v/v=1/1) for 1 h,
epoxy resin and acetone (V/V=3/1) for 3 h. The osmotically
treated samples were embedded and heated at 70°C overnight
to obtain the embedded samples. The samples were dried and
cut into 80 nm sections on an ultrathin microtome, and then
stained with lead citrate solution and hydrogen peroxide acetic
acid 50% ethanol saturated solution for 5 min each at room
temperature and then the cell morphology was observed by
transmission electron microscopy. Photographs were analyzed
and processed using Digital Micrograph (Digital Micrograph
3.5, Gatan USA, Inc.).

Subcutaneous tumor transplantation in nude mice. A375
cells in logarithmic growth were inoculated subcutaneously
into BALB/c-nu mice at a density of 5x10° cells/100 ul/mouse.

When the mean tumor volume reached ~90 mm?, 20 mice
were randomly divided into 4 groups (G1-4) of 5 mice each
according to the tumor volume. Group G1 was the negative
control; 50 ul PBS was injected into the tumors. In addition,
50 ul PAS was injected into the tumors in Groups G2 and G3.
Group G4 mice were subjected to cisplatin tail vein injection
as a positive control group. The day of grouping was defined
as day 0, which was also the day of administration. The drugs
were administered every 2 days for 2 weeks. After initiation of
drug administration, tumor size was observed and mice were
weighed on days 0, 3, 6,9, 12 and 15. The humane endpoints
identified in the present study were as follows: i) Tumor
volume exceeding 3,000 mm? in a single mouse; ii) persistent
loose stools; iii) retarded activity (unable to eat or drink);
iv) arching of the back and lying on the side; v) decreased
activity and signs of muscle wasting; vi) difficulty in breathing;
vii) processive lowering of body temperature; viii) paralysis
and/or spasms; ix) persistent bleeding; x) inability of the
animal to move normally due to a tumor that is too large or for
other reasons; and xi) inability to move normally due to severe
ascites or increased abdominal circumference. The endpoint
of the experiment was day 15 post-dose. Blood collection was
performed through the submandibular vein of mice before
the endpoint of the experiment, collecting 50 pl per mouse
and then the samples were sent to Jiangsu GemPharmatech
Co., Ltd. for the testing of blood indexes and liver and kidney
functions, no anesthetic injection was administered prior to
submandibular blood collection. Mice were sacrificed using
cervical dislocation and the complete absence of vital signs
was confirmed by observing the pinch reflex of the animals.
Tumor was removed, weighed, and the tumor tissue specimen
was fixed in formalin for 12 h, dehydrated, embedded in
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Figure 2. Cell viability and intracellular ROS detection. (A) A375 cells were
exposed to PAS solution and PAS + catalase solution for 1 h and allowed to
grow for an additional 24 h after the medium was changed to fresh medium.
An MTT assay was utilized to detect cell viability. (B) After 1 h of PAS
and PAS + catalase treatment, the cells were stained with dichloro-dihydro-
fluorescein diacetate and fluorescence was measured using a microplate
reader to assess changes in ROS levels in A375 cells. “"P<0.001. ROS,
reactive oxygen species; PAS, plasma-activated solution.

paraffin, and cut into 4-micron sections. Tissue sections were
dewaxed, dehydrated and immersed in methanol containing
0.3% hydrogen peroxide for 30 min. The sections were heated
in an autoclave containing 10 mM EDTA) buffer (pH 8.0)
for 2 min. Sections were incubated in 1% blocking serum
for 30 min to minimize non-specific binding. The sections
are then incubated with primary antibody (1:250) at 4°C
overnight. Sections were then incubated with biotinylated
secondary antiserum, followed by incubation with horse-
radish peroxidase-conjugated streptavidin-biotin complex.
Finally, sections were visualized with DAB) and stained with
hematoxylin. Tumor tissue sections were deparaffinized and
stained with hematoxylin for 4 min at room temperature,
rinsed under running water for 10 min and differentiated
with ethanol hydrochloride for 3 s. Sections were again
rinsed under running water until they returned blue, and then
stained at room temperature with eosin for 1 min. The cellular
experiments, mouse feeding, mouse modelling, blood sample
collection and tumor sample collection of the present study
were performed at Anhui Medical University (Anhui, China)
and blood sample analysis and tumor immunohistochemistry
were performed at Jiangsu GemPharmatech Co., Ltd. No
mice in this experiment reached the humane endpoints. The
content related to animal use and the experiments in this
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Figure 3. Detection of the mitochondrial membrane potential. A375 cells
were exposed to different concentrations of PAS solution and PAS + catalase
solution for 1 h. The cells were subsequently stained and washed with JC-1
staining solution and JC-1 buffer solution and changes in the mitochon-
drial membrane potential were observed under a fluorescence microscope.
Magnification, x200x. CCCP treatment served as a positive control.
PAS, plasma-activated solution; cat, catalase; CCCP, carbonyl cyanide
3-chlorophenylhydrazone.
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Figure 4. Transmission electron microscopy of intracellular subunits. The
mitochondria exhibited a variety of sizes and shapes. Most mitochondria
were visibly swollen and the mitochondria were turbid, disorganized, or
cracked.

experimental scheme were reviewed and approved by the
TACUC Committee (Anhui, China).

Statistical analysis. The results of the experiments were
expressed as mean + standard error of the mean. Comparisons
between the two groups of samples were made using the inde-
pendent samples paired Student's t-test, Kruskal-Wallis tests
were used for datasets containing =3 groups and the data were
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Figure 5. The DNA damage marker y-H2AX was detected in cells using immunofluorescence and western blotting. (A) Intracellular DNA damage was
detected using immunofluorescence. A375 cells were treated with PAS at different concentrations and PAS + cat for 1 h. Scale bar, 50 ym. Magnification,
x200x. Nuclei were stained with DAPI (blue fluorescence). y-H2AX was stained with Beyotime Institute of Biotechnology cat. no. a0562 (green fluorescence).
(B) Western blotting analysis of y-H2AX and H2AX in A375 cells treated with different concentrations of plasma-activated solutions. GAPDH served as
the internal control. (C) y-H2AX and H2AX expression levels were quantitatively analyzed. Each set of strips was transferred from the same film. “P<0.01,
“*P<0.001, ns, not significant. H2A X, histone family 2A variant; PAS, plasma-activated solution; cat, catalase.

analyzed using SPSS (IBM SPSS Statistics 25) P<0.05 was
considered to indicate a statistically significant difference.

Results

Treatment with a PAS decreases cell viability and increases
intracellular ROS levels. As shown in Fig. 2A, after A375 cells
were treated with different doses of the PAS for 10-50 sec, the
cell viability tended to decrease. Treatment with a 50-sec dose
of PAS for 1 h resulted in a cell survival rate of ~30% after
24 h. Under the same conditions, the survival rate of cells
treated with the antioxidant catalase increased significantly.
Intracellular ROS in the PAS group increased significantly
compared with the control group. By contrast, the intracellular
ROS level increased only slightly after the cells were cotreated
with the antioxidant catalase (Fig. 2B).

Low-temperature plasma-activated solution treatment
induces mitochondrial and DNA damage. A decrease in
the mitochondrial membrane potential is a hallmark feature
of apoptosis (19) JC-1 accumulates in the mitochondrial
matrix and forms polymers (J-aggregates) that produce red
fluorescence when the mitochondrial membrane potential
is high and the JC-1 monomer produces green fluorescence
when the mitochondrial membrane potential is low. As shown
in Fig. 3, after the cells were subject to PAS treatment, the
mitochondrial membrane potential decreased. This decreasing
trend was dose dependent. The antioxidant catalase was able
to effectively alleviate this effect. Carbonyl cyanide 3-chlo-
rophenylhydrazone (CCCP) was used as a positive control of
reduced mitochondrial membrane potential.

The cells subject to PAS treatment were observed using
transmission electron microscopy. Dense microvilli were
observed in the cell membranes of the normal control group.

The nuclei were large and centered and the organelle structures
were normal. After PAS treatment, the cell volume gradually
decreased. Moreover, the microvilli of the cell membranes
were reduced and the nuclei were smaller. Different sizes
and diverse shapes of mitochondria were observed. Most
mitochondria were obviously swollen and the cristae of the
mitochondria were fuzzy, disordered and even broken. Vacuole
formation in the cell indicated inevitable cell death (Fig. 4).
A number of DNA damage markers were also detected by
immunofluorescence and western blotting. y-H2AX was
overexpressed after A375 cells were treated with PAS and the
degree of injury remained dose dependent (Fig. 5).

In vivo experiments confirm that plasma-activated solution
can effectively exert antitumor effects. As shown in Fig. 6A,
mice in each group were administered the appropriate
drugs every two days and the experimental process lasted
for 15 days. The G1-G3 groups received intratumoral injec-
tions and the chemotherapy drug cisplatin was administered
to the G4 group through caudal vein injection. The mice in
the cisplatin group experienced significant weight loss and
could not eat after the 8th day, so the treatment was stopped
(Fig. 6B). Fig. 6C shows the subcutaneous tumors of the
mice in each group that were removed after the experiment.
As shown in Fig. 6D, compared with the control group, the
G2 group (TGitv=33.73%) showed a tumor growth inhibi-
tion effect, but the difference was not significant (P>0.05;
Fig. 6D). The G3 group (TGitv=39.36%) showed significant
tumor growth inhibition and the G4 chemotherapy drug
group (cisplatin; TGitv=66.54%) also showed significant
tumor growth inhibition. Following the experiment, the
tumors were removed from the mice. The size of the subcu-
taneous tumors decreased significantly from the G1 group
to the G4 group. Tumor weight measurements revealed that
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Figure 6. Tumor inhibitory effect of PAS in vivo. A total of 5x10° A375 cells/100 ul/mice were subcutaneously inoculated into BALB/nude mice. A total of 20
mice were divided into four groups (G1-4) according to tumor volume. Gl was administered an intratumor injection of PBS solution as the negative control
group. G2-3 were administered an intratumor injection of PAS and G4 was administered a caudal vein injection of cisplatin as the positive control group.
(A) The grouping day was defined as day 0 and the mice in each group were administered the indicated drugs every 2 days for 15 days. G4 treatment was
discontinued on day 8. (B) Changes in the weights of the mice in the four groups, which were weighed every three days. (C) Tumor resection after treatment.
(D) Tumor volumes were measured every three days. (E) Comparison of tumor quality among the four groups. “P<0.01. PAS, plasma-activated solution; PBS,
phosphate buffer solution; DDP, cis-dichlorodiamineplatinum.
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Figure 8. Routine blood tests of mice in the different groups. Blood samples were collected before tumor removal. "P<0.05. WBC, leukocytes. RBC erythro-
cytes. PLT, erythrocyte; ne%, neutrophil percentage; ne#, neutrophil number; Hb, hemoglobin.

tumor growth was significantly inhibited in the G3 (P=0.037)
and G4 (P<0.001) groups (Fig. 6E).

Low-temperature plasma-activated solution shows improved
safety in in vivo experiments. Liver and kidney function tests
and routine blood tests were performed on the mice before
the end of the experiment. As shown in Fig. 7, compared with
the G1 control group, cisplatin caused a significant decrease in
AST levels (0.01 <P<0.05%) and a significant increase in CREA
levels (0.05 <P<0.01™), indicating that acute renal injury had
occurred in the mice. However, no significant impairment of
liver or kidney function was observed in the G2 or G3 group.
Fig. 8 shows the statistical analysis of routine blood
test results in mice. Compared with those in the G1 control
group, cisplatin treatment in the G4 group caused leukopenia
(P=0.074), neutropenia (0.01 <P<0.05") and thrombocytopenia
(0.01 <P<0.05"). These results indicated that cisplatin caused
bone marrow suppression in mice. In contrast, the G2 and G3

groups did not show any evidence of significant inhibition of
hematopoietic function, although a slight increase in platelet
count was observed in the G3 group (0.01 <P<0.05").

Histological effects in tumor tissues. Hematoxylin/eosin
staining and y-H2AX and Ki-67 immunostaining were used
to evaluate the histological effects in mouse tumors following
treatment (Fig. 9). Hematoxylin/eosin staining revealed
that tumor necrosis occurred in the G2-G4 groups. The
PAS was injected into the tumors in the G2 and G3 groups.
These tumors clearly showed great regional necrosis upon
hematoxylin/eosin staining, whereas the chemotherapeutic
drug cisplatin exhibited more uniform effects in the tumors.
Similarly, in the tumor tissues of mice, y-H2AX expression
was observed in the G2-G4 groups, but the expression level in
the G4 group was significantly greater than that in the other
groups. In G2 and G3 groups, y-H2AX was expressed around
necrotic tumor tissues and displayed regional expression.
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1-H2AX

Figure 9. Hematoxylin/eosin staining was used to evaluate the histological effects of the tumor treatments on the mice. Immunohistochemical staining showed
v-H2AX and Ki-67 expression after tumor treatment in mice. HE, hematoxylin/eosin; H2AX, histone family 2A variant.

Ki-67 is a nuclear division- and proliferation-related protein
and its function is closely related to mitosis; it is often used
as a reliable marker of tumor cell proliferation. The greatest
levels of tumor proliferation were noted in the control group.
The percentage of Ki-67-positive cells was ~80% in control
tumors, while the percentage of Ki-67-positive cells in the
G2-G4 groups decreased to varying degrees.

Discussion

The present study described the antitumor effect of PAS on the
melanoma cell line A375 cultured in vitro and subcutaneously
transplanted tumors in mice. As a potential tumor treatment,
low-temperature plasma therapy has been evaluated in a
variety of tumor cell lines (5-7). However, most of the existing
studies have focused on the direct effect of low-temperature
plasma on cells cultured in vitro. Ongoing studies have shown
that low-temperature plasma-activated DMEM has good
antitumor effects (8,20,21). These results suggested that PAS
also exhibits great potential in tumor treatment because the
methodology eliminates the dependence on instruments and
equipment in the treatment process. The effectiveness of
direct treatment with low-temperature plasma may depend on
the size and location of the tumor, as some deep solid tumors
cannot be effectively treated (22,23). PAS can be injected deep
into tumors (24,25), which overcomes the limitations of direct
treatment and provides an accurate and effective method for
tumor treatment.

The transfer of active substances from low-temperature
plasma to a solution medium by physical or chemical means
is the theoretical basis for the biological effects of PAS (26).
It has been demonstrated that the active oxygen components
and active nitrogen components in solution are the main active

substances that induce biological effects, among which H,0,
is the most important (26,27). In our previous studies, changes
in H,0, and NO; concentrations were also detected in DMEM
and PBS exposed to a low-temperature plasma environment at
different time points (28). The results showed that the concen-
trations of these active substances increased with increasing
low-temperature plasma irradiation time (28). The results of
the present study suggested that exposure to low-temperature
plasma-activated PBS for a longer time will increase ROS levels
in A375 cells. Catalase is an important antioxidant enzyme that
plays important roles in scavenging ROS and maintaining the
balance of the redox state (29). Under the same experimental
conditions, catalase can significantly reduce the increase in
intracellular ROS caused by treatment with PAS and further
prevent cell death (5,30). These results also demonstrated that
ROS in PAS are the main active components that cause cell
damage.

Mitochondria are important organelle structures in cells
and play leading roles in cell respiration and maintaining
redox balance. They also play a central role in the apoptotic
pathway (31,32). The present study showed that an increase
in intracellular ROS levels leads to mitochondrial damage.
When mitochondria are damaged, the permeability of the
mitochondrial membrane increases and mitochondrial lipids
are redistributed. The main feature of their structural change
is mitochondrial swelling, which can be accompanied by a
reduction or disappearance of the number of mitochondrial
cristae. An increase in mitochondrial membrane permeability
further leads to dysregulation of the distribution of protons
and electrons in the inner membrane of the mitochondria and
a decrease in or loss of the mitochondrial membrane potential.
Maintenance of the mitochondrial membrane potential is neces-
sary for mitochondrial respiratory function. Therefore, when
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the mitochondrial membrane potential decreases, mitochon-
drial function is disrupted, which leads to apoptosis (33-35).

DNA damage and mitochondrial damage are the most
common causes of damage to cancer cells treated with
low-temperature plasma. Previous studies have shown that
increases in intracellular ROS and DNA damage are observed
after low-temperature plasma treatment (28,36,37). DNA
double-strand breaks are the most important manifestation
of damage. H2AX is a subtype of histone H2A. When DNA
damage occurs in cells, H2AX is rapidly phosphorylated,
producing y-H2AX; therefore, y-H2AX is a good marker of
DNA damage (38). Using immunofluorescence technology,
microscopic evaluation of y-H2AX staining indicated regions
of DNA double-strand breaks, with each focus corresponding
to one DSB. When DNA damage cannot be repaired, cell cycle
arrest occurs, leading to apoptosis.

At present, strategies for the treatment of cancer cells
using low-temperature plasma are divided into direct and
indirect treatments. Direct treatment involves direct irradia-
tion of cancer cells or animal tumor models cultured in vitro
with low-temperature plasma. Indirect treatment uses media
activated by low-temperature plasma to further treat cancer
cells in vitro or tumors in vivo. In existing studies, it has been
confirmed that low-temperature plasma and PAS have clear
anticancer effects on dozens of cancer cell lines cultured
in vitro; however, for some non-superficial tumors, the use of
direct treatment with low-temperature plasma is limited (5-7,9).
Chen et al (2) developed a novel miniature CAP device
(CAP) that is directly connected to endoscopic devices and
#CAP significantly inhibits the growth of brain gliomas in
mice. Vaquero et al (39) established a mouse subcutaneous
transplanted tumor model of cholangiocarcinoma and direct
treatment of subcutaneous tumors with PAS yielded good
antitumor effects. Notably, the jet of low-temperature plasma
must contact the tumor to demonstrate effective antitumor
effects. Therefore, for the treatment of solid tumors, local
injection of PAS seems to represent a promising treatment
strategy. Tanaka et al (40) used the cervical cell carcinoma
line SiHa to establish a mouse subcutaneous transplantation
tumor model and subcutaneously injected low-temperature
plasma-activated Ringer's solution to treat the tumor, achieving
good results. To demonstrate the safety of PAS, Nastasa et al
provided mice with low-temperature plasma-activated water as
a water source for 90 days. Low-temperature plasma-activated
water did not cause functional damage or tissue damage to the
heart, liver, kidney, brain, digestive system or blood system
of mice (41). The present study, proposed a new treatment
method. Specifically, PAS was injected into the tumor to allow
the effective components in the solution to reach the tumor
site more accurately. This treatment method can result in less
toxicity and fewer side effects. When cisplatin was used to treat
tumors, the mice experienced severe renal damage and bone
marrow loss and were depressed and unable to eat. However,
injection of the PAS into tumors did not significantly damage
the liver, kidney or hematopoietic functions of the mice.
Notably, hematoxylin and eosin and immunohistochemical
staining of mouse tumor sections revealed that the tumors
exhibited focal necrosis following injection of the PAS and
that the DNA damage marker y-H2AX was expressed around
necrotic tissue. These phenomena indicated that the effective
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region of PAS is still limited even by intratumoral injection.
Cisplatin, a chemotherapeutic drug, is transported to tumor
sites through the blood circulation and can produce more
extensive antitumor effects (42).

However, the present study had several limitations. First,
only one fluid, namely, PBS, was used and no comparisons
were made with different media. Second, although a number
of researchers have conducted similar studies (5-7,8,28,37), the
present study used only one cell line to validate the effect of
PAS and errors due to chance could not be avoided. Finally,
the present study used BALB mice for allogeneic implant
modeling. This model lacks immune function and cannot
reflect the immune microenvironment of the normal human
body. In addition, several problems were exposed in this
experiment. For example, the parameters and specifications
of low-temperature plasma-forming devices have not yet been
standardized and differences between in vitro and in vivo envi-
ronments made it difficult to monitor the actual concentration
of active substances. The authors are working on exploring
more possibilities, such as using PAS to treat more melanoma
cell lines of different origins as well as normal melanocytes to
explore the specific mechanism of its killing effect on mela-
noma, using 3D tumor microenvironment models to explore
the modulation of the tumor immune microenvironment by
PAS and using mouse homologous melanoma cell implantation
models to preserve the immune function of the mice in order
to explore the PAS interacts with the immune microenviron-
ment in an in vivo setting. In the future, it is hoped to develop
a treatment method that combines PAS with novel materials to
provide more durable, precise and uniform antitumor effects.

Low-temperature plasma has shown good antitumor
effects in dozens of tumor cell lines. However, the method is
limited by currently available instruments and equipment and
is capable of only superficial penetration. PAS also showed
good antitumor effects in vitro. The present study not only
confirmed the effectiveness of local injection of PAS in the
treatment of melanoma A375 cells and mice with tumors
but also confirmed the safety of PAS in terms of hemato-
poietic, liver and kidney functions by monitoring the blood
biochemistry of mice. Additional safety assessments need to
be performed, such as an evaluation of the treatment's repro-
ductive toxicity. In conclusion, the results of the present study
confirmed that PAS represented a promising new agent for the
treatment of melanoma.
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