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Abstract: (1) Background: The purpose of this study was to investigate the effects of low-dose
non-thermal atmospheric plasma (NTP) on the proliferation and migration of human immortalized
keratinocytes (HaCaT cells) and its molecular mechanisms. (2) Methods: The effects of NTP on
HaCaT cells were detected by cell viability, wound healing assay, cell cycle, mitochondrial membrane
potential detection, and western blot, and the role of reactive oxygen species (ROS) content in low-
dose NTP was explored. (3) Results: Results showed that the proportion of cells in G1-S phase
transition, cell migration ability, and the expression of Cyclin D1 and STAT3 reached the peak at
10 s treatment group, while the cell viability and the expression of PI3K, AKT, mTOR, ERK, WNT,
and β-catenin proteins reached the peak at 15 s treatment group. (4) Conclusions: These results
manifested that ROS produced by low-dose NTP promoted the proliferation of HaCaT cells by
activating the PI3K/AKT/mTOR signaling pathway and also promoted the migration by activating
the WNT/β-catenin signaling pathway. Therefore, these results will be useful for the application of
low-dose NTP in the treatment of wound healing.

Keywords: non-thermal atmospheric plasma; HaCaT cell; reactive oxygen species; proliferation;
migration; wound healing

1. Introduction

Plasma is usually defined as an ionized gas, which is produced by the decomposition
of polyatomic gas molecules or the removal of electrons from monoatomic gas shells [1].
Non-thermal atmospheric plasma (NTP) is one of them, which can produce reactive oxygen
species (ROS), reactive nitrogen species (RNS), ultraviolet radiation, infrared radiation,
electronic ion electric field, and so on [2]. The physiological level of ROS (mainly hydrogen
peroxide) generated by plasma entering cells is a key redox signaling factor which emits
signals through specific protein targets and participates in cell metabolism regulation
and stress response to support cells to adapt to changing environments and pressures [3].
These special ingredients make NTP a powerful tool for many applications, such as cancer
treatment [4,5], coagulation [6], oral treatment [7], sterilization [8], skin disease treatment [9],
and wound healing [10,11] etc.

As the largest organ of the human body, the skin is the first line of defense against
microbial invasion, physical and chemical damage, and trauma [12]. However, when this
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line of defense is destroyed by mechanical or chemical damage, the skin needs wound
healing rapidly. Wound healing is a complex and dynamic process generally divided into
four stages, starting with hemostasis, inflammation, then proliferation, and finally tissue
remodeling. In the micro environment of damaged tissue, there are many biological factors
and cell types involved in this process. One cell type is keratinocytes, which proliferate
and migrate to the site of the injury during proliferation under the induction of growth
factors [13]. In clinical practice, there are various therapeutic strategies for wound healing,
such as the most common drug therapy [14], growth factor therapy [15], epidermal stem
cell transplantation [16], spray and stem cell therapy [17], etc. Although there are many
methods, there are still many limitations, such as drug resistance, high price, and complex
operation. Therefore, there is an urgent need for new treatments to promote wound healing,
especially for complex chronic wounds.

Low-dose NTP is promising to achieve this strategic goal [18–20], which can promote
wound healing not only by killing bacteria in the wound area [21], but also by stimulating
the proliferation of vascular endothelial cells [22], inducing the expression of IL-6, IL-8,
MCP-1, TGF-β1, and TGF-β2 [23], which is related to wound healing, and promoting an-
giogenesis [24], etc. The proliferation stage of wound healing is characterized by extensive
activation of keratinocytes, fibroblasts, macrophages, and endothelial cells to coordinate
wound closure matrix deposition and angiogenesis [25]. As early as 12 h after injury,
keratinocytes are activated by various alterations [26], which lead to partial epithelial–
mesenchymal transition in keratinocytes at the edge of the wound [27]. Furthermore,
keratinocytes with altered polarity migrate horizontally through the wound to reconstruct
the epidermis [28]. The keratinocytes behind the leading edge regulate their cell adhesion
through PCKα-mediated desmosomal adhesion changes [29] and Eph-mediated adhesion
junction changes [30], so that they can rearrange their order with the migrated epithelial
sheets [26]. Keratinocytes in new epidermis release matrix metalloproteinases in the neoepi-
dermis to assist their migration pathways and rebuilt the basement membrane [31], and
then completely remodel the basement membrane and undergo terminal differentiation to
stratification and regeneration of the epidermis [32,33].

Keratinocyte is one of the most important cells in wound healing, and the HaCaT
cell is a cell line of immortalized keratinocytes from adult humans. Previous studies
have found that low-dose NTP treatment promotes the proliferation of basal epidermal
keratinocytes [34], but the mechanism of action is not elucidated. Subsequent studies
have found that microvesicles extracted from human adipose stem cells and dracorhodin
perchloratecan can stimulate HaCaT cells to promote wound healing [35,36]. In this study,
low-dose NTP is applied to promote the proliferation and migration of HaCaT cells, and
the mechanism is investigated. The effect of NTP on HaCaT cells is studied by cell viability
assay, cell migration assay, cell cycle detection, western blot (WB), and the changes of
reactive oxygen and nitrogen species (RONS). What is more, the effects of NTP treatment
on mitochondrial membrane potential in HaCaT cells is detected by 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethyl-pyridoxal (JC-1). In addition, the mechanism of NTP-promoted HaCaT
cell proliferation and migration is investigated via WB to clarify the role and mechanism of
NTP stimulating HaCaT cells in skin wound repair, which will lay a theoretical foundation
for NTP in the clinical treatment of various wounds.

2. Materials and Methods
2.1. Cell Culture

HaCaT cells were purchased from KeyGEN BioTECH (Cas: 20210513) and cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum
(LONSERA, Shanghai, China, S711-001S) and 1% penicillin/streptomycin (NCM BioTECH,
Suzhou, China, 15140-122), which were cultured at 37 ◦C and 5% CO2 in an incubator
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown in a single layer on
60 mm petri dishes (Biotech, Shanghai, China, QN2911) until about 80% of the bottom area
was covered, before NTP treatment.
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2.2. NTP Device

The atmospheric pressure dielectric barrier discharge (DBD) plasma device in our lab
was illustrated in Liu et al. [37]. The NTP was generated under a voltage of 3.78 kV (peak
to peak) with a frequency of 25 kHz. In addition, industrial-grade pure helium (99.999%)
was used as discharge gas, whose flow rate was 1 L/min. Helium was introduced for
90 s before cell treatment to ensure sufficient helium in the reactor. An amount of 5 mL
fresh medium was replaced before NTP treatment in order for the cells to be nutritionally
adequate within 24 h of incubation after NTP treatment. After the cells were treated with
NTP for 0, 5, 10, 15, 20, and 25 s, they were further cultured in the incubator for 0, 4, 12,
and 24 h for various experiments.

2.3. Cell Viability

HaCaT cells were cultured in 60 mm petri dishes, and when the concentration required for
the experiment was reached, the old medium was discarded and replaced with new medium.
After NTP treatment, the cells were incubated for 24 h. The medium was discarded again, and
1.5 mL of preconfigured 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, St. Louis, MO, USA, 298-93-1) working solution was added to each dish.
After further incubation in the incubator for 4 h, an equal volume of dimethyl sulfoxide
(DMSO, Sangon Biotechnology, Shanghai, China, 67-68-5) was added and shaken for 10 min
to completely dissolve the blue-purple crystals in living cells. The culture solution was
then transferred to a 96-well plate and the absorbance of each well was measured with
a microplate reader at 492 nm. Cell viability was calculated from a standard curve. To
investigate the effect of ROS on the viability of HaCaT cells, N-acetyl-L-cysteine (NAC,
Beyotime, Shanghai, China, S0077), a scavenger of ROS, was used to verify the results.
HaCaT cells were pretreated with 100 µL NAC (10 mM) for 1 h before NTP treatment and
their cell viability was measured again.

In addition, in order to explore whether short-term NTP treatment (15 s) promoted
the viability of HaCaT cells through the PI3K/AKT/mTOR pathway, we added PI3K
inhibitor LY294002 (Beyotime, Shanghai, China, S1737) to conduct an MTT experiment; the
working concentration was 25 µM, and cells were divided into four groups: the control
group (without NTP treatment and LY294002 pretreatment), the NTP treatment group
(NTP treatment 15 s), the inhibitor group (LY294002 pretreatment only), and the inhibitor
pretreatment group (LY294002 pretreatment before NTP treatment). The MTT experimental
method was the same as before.

2.4. Extracellular Reactive Species Detection

After HaCaT cells were treated with NTP, the concentrations of ROS and RNS in the cell
culture medium were detected immediately using a H2O2 detection kit (Beyotime, Shanghai,
China, S0038) and NO detection kit (Beyotime, Shanghai, China, S0021S), respectively.
Incubated for 4 h after NTP treatment, and detected the concentration of ROS in the
medium again. The absorbance was measured at 540 nm, and the concentration was
calculated according to the standard curve.

2.5. Intracellular Reactive Species Detection

Intracellular ROS levels were measured by incubation for 4 h after NTP treatment. An ROS
detection kit (KeyGEN BioTECH, Nanjing, China, S0033S) containing 2′,7′-Dichlorodihydro
-fluorescein diacetate (DCFH-DA) was used as a fluorescent probe. After the fluorescent
probes were mounted, the incubation was continued in the incubator for 30 min, and
the fluorescence intensity of ROS in the cells was observed and photographed using a
fluorescence microscope (Olympus, Tokyo, Japan). Image J software (version V1.8.0.112)
was used for analysis and recording.
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2.6. Mitochondrial Membrane Potential Detection

After 4 h of NTP treatment, the original medium was discarded, and then the cell was
washed twice with PBS. Then 2 mL DMEM medium was added to each petri dish, which
was added the pre-prepared JC-1 staining working solution and was fully mixed according
to the mitochondrial membrane potential kit (JC-1, Solarbio, Beijing, China, M8650). After
incubation in the incubator for 20 min, the solution in the petri dish was discarded, washed
twice with pre-prepared JC-1 staining buffer, which was discarded afterwards. Then 2 mL
DMEM medium was added to each petri dish again, and the fluorescence images were
observed and recorded under a fluorescence microscope. Quantitative fluorescence analysis
was performed using Image J software.

2.7. Scratch Wound Assay

After the cells had grown to cover the bottom of the petri dish, the original cell medium
was discarded, and 200 µL of a sterile yellow pipette tip was used to scratch the bottom of
the petri dish in a vertically uniform straight line. The plates were washed three times with
PBS to remove scraped cells and cell debris, and the new medium was added. After NTP
treatment, the cells were cultured in an incubator for 0, 4, 12, and 24 h, and the degree of
cell migration was observed and recorded under a microscope (Guangzhou, China). Image
J software was used to calculate the scratch area.

2.8. Cell Migration Assay

Cell migration assay was performed in 24-well transwell chambers (Costar, Washing-
ton, DC, USA, 3415) with 8 µm wells. Cells were treated with NTP and left for 4 h before
being digested with trypsin to prepare a cell suspension. Cells were counted so that the
cell number was approximately 1 × 105/mL. An amount of 200 µL of FBS-free DMEM cell
suspension was added to the upper chamber. In the lower chamber, DMEM containing
10% fetal bovine serum (500 µL) was added as a chemical attractant. After incubation for
approximately 24 h, the cells that had crossed the membrane were washed with PBS, fixed
with 4% paraformaldehyde and stained with crystal violet. The cells that did not pass
through the superior ventricular membrane were gently wiped with a cotton swab, and
the remaining cells were observed under a low-power microscope (100×) in five randomly
selected fields.

In addition, in order to explore whether short-term NTP treatment (15 s) promoted the
migration of HaCaT cells through the Wnt/β-catenin pathway, we added IWP-2 (Beyotime,
Shanghai, China, SF 6831), an inhibitor of the Wnt/β-catenin pathway to conduct the tran-
swell experiment; the working concentration was 25 nM. The cells were divided into four
groups: control group (no NTP treatment and IWP-2 pretreatment), NTP treatment group
(NTP treatment for 15 s), inhibitor group (IWP-2 pretreatment only) and inhibitor pre-
treatment group (IWP-2 pretreatment before NTP treatment). The transwell experimental
method is the same as before.

2.9. Cell Cycle Analysis

Cells grown to about 80% of the bottom of the dish were subjected to NTP treatment
and then incubated for 24 h at 37 ◦C in a 5% CO2 incubator. The original medium was
blotted dry, cells were washed with PBS, dissociated by trypsin, and then fixed by sus-
pension in 70% cold alcohol overnight at 4 ◦C temperature. The prefabricated propidium
iodide staining solution was added at room temperature and incubated for an additional
30 min in the absence of light according to the manufacturer’s instructions (KGI Biology,
Nanjing, China, KGA512), then the FACs Calibur system (BD Biosciences, Franklin Lakes,
NJ, USA) was used for cell cycle analysis. ModFit Version 3.1 Software (Verity Software
House, Inc., Topsham, ME, USA) was used to analyze the percentage of cells in G0/G1, S,
and G2/M phases.
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2.10. Western Blot

WB was used to detect the protein expression of the proliferation-related PI3K-AKT
signaling pathway and migration-related WNT/β-catenin signaling pathway. Briefly,
proteins (20 µg) were separated by SDS-PAGE (sodium dodecyl sulfatepolyacrylamide gel
electrophoresis, P0012A) and then transferred to nitrocellulose membranes. Rabbit anti-
PI3K antibody (1:1000 3011S), rabbit anti-AKT antibody (1:1000 4685S), rabbit anti-CyclinD1
antibody (1:1000 55506), rabbit anti-ERK antibody (1:1000 A16686), rabbit anti-mTOR
antibody (1:1000 2983), and rabbit anti-STAT3 antibody (1:1000 4904), were purchased
from Cell Signaling, Danvers, MA, USA and used for incubation membranes. Rabbit
anti-WNT3A antibody (1:1000 A0642), rabbit anti-β-catenin antibody (1:1000 A19657) and
rabbit anti-ACTB antibody (1:1000 AC062) were purchased from Abclonal, Wuhan, China
and also used for incubation membranes. Horseradish peroxidase-coupled anti-rabbit IgG
secondary antibody (1:10,000 AS014) (AB Clone, Wuhan, China) was then incubated for
40 min. Chemiluminescence kit (Thermo Fisher Scientific Searle Scientific Company, USA
A3855) and chemiluminescence gel imaging system (Tanon, Shanghai, China) were used
to detect and quantify protein. Finally, the ratio of fluorescence intensity of each objective
band to the 0 s control group was calculated.

To further validate the effect of low-dose ROS produced by NTP treatment on the
phosphorylation of protein, we supplemented the WB experiments with p-AKT (Beyotime,
China, 1:1000, AF5740) and p-β-catenin (Wuhan, China, 1:1000, AP0979). According to
the needs of the experiment, they were divided into four groups: control group (no NTP
treatment and NAC pretreatment), NTP treatment group (NTP treatment for 15 s), NAC
group (NAC pretreatment only) and NAC pretreatment group (NAC pretreatment before
NTP treatment for 15 s).

2.11. Statistical Analysis

Data were reported as means ± SD of three independent experiments. The p-values
were determined by Student’s t-test for comparison between two groups, and by one-way
analysis of variance (ANOVA) with Bonferroni’s correction for comparison among three or
more groups. p < 0.05 was considered as a significant difference.

3. Results and Discussion
3.1. Effect of NTP on Viability of HaCaT Cells

HaCaT cells were stimulated with NTP at an interval of 5 s, and the cell viability
was measured. Compared with the untreated cell group, the survival rate of HaCaT cells
treated for 10 s and 15 s significantly increased (both p < 0.05), and the cell survival rate
of the 15 s treatment group reached the peak (Figure 1A) (p < 0.001). However, when
the plasma treatment time was increased to 20 s and 25 s, the cell survival rate decreased
sharply, which was significantly lower than that of the control group. The results showed
that low-dose NTP promoted HaCaT cell viability, while high-dose NTP inhibited it.

As an important cellular component in the wound healing process, the enhancement of
the cell viability of HaCaT cells was undoubtedly beneficial to wound healing. In addition
to promoting the viability of cells related to wound healing, such as fibroblasts [38] and
vascular endothelial cells [19], low-dose NTP has also been reported to promote the viability
of HaCaT cells [34], but the mechanism of its action has not been elucidated. Furthermore,
both polysaccharide from Gracilaria lemaneiformis [39] and NTP-like low-intensity pulsed
ultrasound [40] promoted wound healing by promoting HaCaT cell viability. In this study,
low-dose NTP treatment (10 s and 15 s treatment groups) promoted cell viability, while
high-dose NTP treatment (20 s and 25 s treatment groups) inhibited it compared with
control group, which was similar to the study of Hasse et al. [34].
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Figure 1. Cell viability of HaCaT cells. (A) HaCaT cell viability after NTP treatment for 24 h. (B) Effect
of NTP on the viability of HaCaT cells pre-incubated with NAC. (C) Effect of PI3K inhibitor LY294002
on cell viability. C 1: cells given neither NAC nor NTP treatment; C 2: cells treated with NAC in
the absence of NTP treatment. Data represent the mean ± SD of three independent experiments.
* p < 0.05, *** p < 0.001, **** p < 0.0001 with ANOVA compared with the control.

3.2. Effects of NTP Treatment on Extracellular Reactive Species Generation

The contents of NO and H2O2 in the culture medium were measured immediately
after NTP treatment. As mediators of many physiological activities, the contents of NO
and H2O2 in the medium increased in a dose-dependent manner with the increase in
plasma treatment time (Figure 2A,B). H2O2 concentrations in each treatment group after
4 h incubation were lower than that of 0 h incubation after NTP treatment (Figure 2B).
Therefore, it suggested that extracellular ROS might enter the cell and play a role in
promoting cell viability.

Previous studies have confirmed that NTP enhances the formation of neovasculariza-
tion in burn wounds by regulating the endothelial NO synthase signaling pathway [41].
The promoting role of NO airflow generated by plasma in wound healing was also demon-
strated [42]. In addition, cancer cells were more sensitive to plasma-induced RONS (espe-
cially nitric oxide (NO) and nitrogen dioxide (NO2

−) radicals) compared with normal cells,
and the apoptotic response induced by plasma mainly occurred in cancer cell [43]. For
normal cells, ROS produced by low-dose NTP in the culture medium promotes fibroblast
proliferation while high doses inhibited it [18]. In addition, high levels of ROS produced
by Erianin inhibited the proliferation and induced apoptosis of HaCaT cells [44]. In our
experiment, with the increase in plasma treatment time, the concentration of ROS in the
culture medium increased in a time-dependent manner and decreased significantly after
4 h of incubation, and the cell viability reached its peak after 15 s of treatment. Therefore,
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we believed that ROS produced by low-dose NTP might enter the cells from the outside,
which promoted the vitality of HaCaT cells, while ROS produced by high-dose NTP may
inhibit this effect because excessive ROS reduces cell viability.
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Figure 2. Extracellular NO and H2O2 content. (A) The concentration of NO in the cell culture
medium after NTP treatment for 0, 5, 10, 15, 20 and 25 s. (B) The concentration of H2O2 in the cell
culture medium for 0 h and 4 h after NTP treatment for 0, 5, 10, 15, 20, and 25 s. Data represent
the mean ± SD of three independent experiments. “ns” was not considered statistically significant.
* p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001 with ANOVA compared with the control.

3.3. Effects of NTP Treatment on Intracellular Reactive Species Generation

Similarly, we used an ROS detection kit containing DCFH-DA fluorescent probes (Bey-
otime, Shanghai) to detect the ROS entering the cell for 4 h incubation after NTP treatment.
Unlike the results of Shi et al. (25 s and 30 s treatment groups showed a substantial decrease
in intracellular ROS content) [18], our study found that the intracellular ROS increased in a
time-dependent manner with the extension of plasma treatment time compared with the
control group (Figure 3A,B), which was in agreement with a time-dependent increase in the
preceding extracellular ROS. Furthermore, the ROS effect validation experiment (Figure 1B)
found that the cell viability of the NTP-treated group was similar to that of the control
group. Therefore, combined with the drastic reduction in ROS in the culture medium for
4 h after NTP treatment, we concluded that the entry of low levels of extracellular ROS into
the cells promoted cell viability.

H2O2 was an important component of ROS produced by NTP. In a previous study,
low-dose H2O2 in honey entered cells through aquaporin 3 to exert a wound healing
effect [45], and ROS produced by low-dose NTP have been shown to promote fibroblast
proliferation [18] and wound angiogenesis [24]. However, high concentrations of ROS pro-
duced by erianin inhibited the proliferation of HaCaT cells [44] and induced their apoptosis.
In addition, ROS produced by high-dose NTP had an anti-tumor effect [46]. In this paper,
our findings showed a time-dependent increase in intracellular ROS concentration with
prolonged NTP treatment, consistent with the increasing trend of ROS concentration in the
assay medium. Therefore, ROS generated by low-dose NTP acted as cell messengers within
the cell and played a role in promoting cell viability, while ROS generated by high-dose
NTP inhibited HaCaT cell viability, which was consistent with the results of previous
studies [18,24,46]. However, the specific mechanism of ROS produced by NTP entering
HaCaT cells to exert their effects remained to be further explored.
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Figure 3. Intracellular ROS levels. (A) Fluorescence images of intracellular ROS generation in HaCaT
cells. (B) The quantification by measuring fluorescence pixel intensity using Image J software. Data
represent the mean ± SD of three independent experiments. * p < 0.05, **** p < 0.0001 with ANOVA
compared with the control.

3.4. Effects of NTP Treatment on Mitochondrial Membrane Potential

The proportion of red and green fluorescence in the 5 s and 10 s treatment groups
was significantly higher compared with the control group (Figure 4D). The results here
were consistent with previous cell viability results, indicating that the cells were in good
condition (Figure 4A,B) and a short period of NTP treatment was beneficial to the cells.
With the further prolongation of treatment time, the red-green fluorescence ratios of the
20 s and 25 s treatment groups decreased sharply (Figure 4B–D), suggesting that high-dose
NTP treatment was not conducive to the cells, which significantly reduced the intracellular
mitochondrial membrane potential of HaCaT cells. According to the previous research
results, we believe that intracellular ROS generated by low-dose NTP promoted cell viability
by increasing intracellular mitochondrial membrane potential, while ROS generated by
high-dose NTP induced early apoptosis and inhibited cell viability by reducing intracellular
mitochondrial membrane potential.

The decrease in cell mitochondrial membrane potential can be used as an indicator of
early apoptosis. The mitochondria are the main sites for ROS production, and the study
has shown that tungstate-induced mitochondrial dysfunction is related to the increase in
ROS produced by mitochondria [47]. In addition, the decrease in mitochondrial membrane
potential in BEAS-2B cells was also closely related to intracellular ROS accumulation, and
the decrease in mitochondrial membrane potential led to the increase in the apoptosis
rate [48]. Compared with the control group, the red-green fluorescence ratio of JC-1 was
increased after low-dose NTP treatment, indicating that the intracellular ROS content
did not damage the intracellular mitochondria at this time, and it might promote the
viability of HaCaT cells by promoting the function of the respiratory chain of intracellular
mitochondria. On the contrary, the proportion of red-green fluorescence was significantly
decreased after high-dose NTP treatment, indicating that the intracellular ROS content was
too high, which destroyed the intracellular mitochondria, induced early apoptosis and
inhibited cell viability.
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Figure 4. Mitochondrial membrane potential in HaCaT cells. (A) Red fluorescence image of mito-
chondrial membrane potential in HaCaT cells. (B) Quantification was performed by measuring the
intensity of red and green fluorescence pixels in HaCaT cells using Image J software. (C) Green
fluorescence image of mitochondrial membrane potential in HaCaT cells. (D) The ratio of red to
green fluorescent pixels was quantified using Image J software. Data represent the mean ± SD of
three independent experiments. * p < 0.05, ** p < 0.001, *** p < 0.001, **** p < 0.0001 with ANOVA
compared with the control.

3.5. Effects of NTP Treatment on Cell Migration

In order to further explore the effect of NTP treatment on the migration ability of
HaCaT cells, the cell scratch test was used to detect the migration ability of HaCaT cells.
Compared with the control group, the cell scratch areas in the 15 s treatment group were
significantly reduced at 4 h and 24 h after NTP treatment, and the areas in the 10 s treatment
group were nearly completely closed after incubation for 24 h. However, we also observed
that with the extension of treatment time, the scratch area of cells in the 20 s and 25 s
treatment groups did not change significantly (Figure 5A,B). To further verify the results
of the scratch test described above, we performed a cell migration test using transwell.
Consistent with the scratch test results, the number of cell migrations was significantly
greater in the 10 s treatment group than in the control group, and was less for the 25 s
treatment group (Figure 5C,D). Therefore, low-dose NTP promoted the migration of HaCaT
cells, while high-dose NTP inhibited the migration of HaCaT cells after NTP treatment.

Wound healing was a complex process with the purpose of restoring skin function.
Skin regeneration involved the proliferation and migration of HaCaT cells. Therefore, the
migration of HaCaT cells to the wound site was extremely important for wound healing,
and many studies have demonstrated the migratory ability of HaCaT cells [49,50]. For
instance, Se-methylselenocysteine stimulates the migration of HaCaT cells [51]. NTP was
often used to inhibit the migration of cancer cells [52], but there were few reports suggesting
that it promotes HaCaT cell migration. Therefore, we attempted to explore the migration
effect of NTP treatment on HaCaT cells. Encouragingly, both cell scratch and transwell
experiments showed that low-dose NTP treatment promoted cell migration, while high-
dose NTP treatment inhibited cell migration. For migration, intracellular ROS often showed
inhibition on cancer cells [53]. However, our results showed that ROS generated by low-
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dose NTP promoted the migration of HaCaT cells, which was consistent with the results
of previous cell viability measurements. The specific mechanism remains to be further
explored.
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Figure 5. Effect of NTP treatment on HaCaT cell migration. (A) Migration of HaCaT cells treated with
NTP by the scratch wound healing assay. (B) Quantitative analysis was performed by measuring
the scratch area of HaCaT cells using Image J software. (C) Migration of HaCaT cells treated with
NTP by the transwell assay, the picture scale size was the same as (A). (D) Quantitative analysis was
performed by measuring the number of HaCaT cells crossing the membrane using Image J software.
Data represent the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.001, *** p < 0.001,
**** p < 0.0001 with ANOVA compared with the control.

3.6. Effects of NTP Treatment on Cell Cycle

To further elucidate the mechanism of NTP stimulating cell proliferation, flow cy-
tometry was used to examine the cell cycle. Compared with the control group, the results
showed that the number of S-phase cell in the 10 s NTP treatment group (25.25%) was
significantly higher than that in the control group (18.23%), and the result from the 5 s NTP
treatment group (19.38%) was also slightly higher than that of the control group. With
increased in NTP treatment time, the cycle phase of treated cells was gradually increased.
The number of S-phase cell in the 15 s treatment group (4.72%) suddenly decreased, and
M-phase cells increased significantly from the 15 s treatment group (54.6%) to the 25 s
treatment group (83.5%) in a dose-dependent manner (Figure 6A,B), which showed that
low-dose NTP treatment (10 s) promoted the proliferation of HaCaT cells by increasing the
proportion of S-phase cells, while high-dose NTP advanced the cell cycle progress, arrested
cells in the G2/M phase, and inhibited cell proliferation.
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Figure 6. Effect of NTP treatment on HaCaT cell cycle. (A) The cell cycle distribution of HaCaT
cells after NTP treatment was detected by flow cytometry. (B) The cell population at each stage
was expressed as a percentage of the total number of cells. Data represent the mean ± SD of three
independent experiments. “ns” was not considered statistically significant. * p < 0.05, ** p < 0.001,
**** p < 0.0001 with ANOVA compared with the control.

Moreover, ROS produced by low-dose NTP promoted the proliferation of fibroblasts
by promoting the transition from G1 to S phase [38], while ROS produced by high-dose
NTP tended to arrest cells in the G2/M phase and fought cancer [54]. The G2/M phase
arrest of cells might be due to DNA damage, which initiated cell cycle checkpoints to
prevent mitosis [55]. In our study, the results showed that the number of cells int the S
phase gradually increased in the 5 s and 10 s treatment groups compared with the control
group. However, when the NTP treatment time increased to 15 s, the number of S phase
cells suddenly decreased, and the number of G2/M phase cells gradually increased with the
increase in the treatment time. The decrease in S phase cells after NTP treatment of HaCaT
cells for 15 s seemed to be inconsistent with the overall result in the article. However, we
could see that although the number of cells in the G2/M phase increased sharply after NTP
treatment of 15 s, the increase in cells in the G2 phase was more significant, suggesting
that NTP treatment of cells for 15 s might promote the process of cell division and thus
cell proliferation, which is consistent with the overall result in the article. In addition,
compared with the NTP 15 s treatment group, the M-stage cells in the 20 s treatment group
and the 25 s treatment group were significantly increased (Figure 6), suggesting that the
cells might be blocked in the cell division stage at this time, and the cells stayed in the
cell division stage and did not continue to divide, thus cell proliferation was inhibited.
Therefore, ROS generated by low-dose NTP promoted the proliferation of HaCaT cells,
while ROS generated by high-dose NTP blocked the cells in the G2/M phase and inhibited
cell proliferation.



Appl. Sci. 2023, 13, 2866 12 of 19

3.7. NTP Activated the PI3K/AKT and STAT3 Pathways in HaCaT Cells

Subsequently, the specific mechanism of NTP promoting cell proliferation was fur-
ther explored. The expression of PI3K, AKT, mTOR, Cyclin D1, ERK, and STAT3 were
detected by WB, and results showed that the expression levels of PI3K, AKT, mTOR, and
ERK reached the peak in the 15 s NTP treatment group while the expression levels of
Cyclin D1 and STAT3 peaked in the 10 s NTP treatment group compared with the control
group. However, the expression levels of all proteins gradually decreased with the further
extension of NTP treatment time (Figure 7A–D). Therefore, we suggested that low-dose
NTP treatment promoted cell proliferation by activating the PI3K/AKT/mTOR signaling
pathway, whereas high-dose NTP inhibited cell proliferation by inhibiting this pathway. In
addition, the expression of STAT3 and Cyclin D1 also suggested that NTP might activate
the JAK/STAT3 pathway and promote cell proliferation.
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Figure 7. NTP activated the PI3K/AKT and STAT3 pathways in HaCaT cells. (A) The expression
of PI3K, AKT, mTOR, Cyclin D1, ERK, and STAT3 were determined by WB. (B) The quantification
by measuring the protein expression with Photoshop software (version 20.0.4). Data represent the
mean ± SD of three independent experiments. ** p < 0.001, **** p < 0.0001 with ANOVA compared
with the control.

To date, it has been frequently reported that low-dose NTP treatment promotes wound
healing by stimulating HaCaT cell proliferation [38,56]. However, the specific mechanism
of NTP promoting cell proliferation was not very clear. The PI3K/AKT/mTOR signaling
pathway was the key pathway for cell proliferation, and its expression was significantly
increased in proliferating HaCaT cells [35,40,50]. In addition, studies had shown that ROS
played an important role in the PI3K/AKT/mTOR signaling pathway [52]. In this study,
the intracellular ROS level increased in a time-dependent manner, while the expression
levels of PI3K, AKT, mTOR, and ERK reached the peak at 15 s, which indicated that ROS
produced by low-dose NTP activated this signaling pathway while ROS produced by
high-dose inhibited it. Studies have shown that Cyclin D1 was a key protein regulating
the G1 phase of the cell cycle [57]. The results here were consistent with the cell cycle
results mentioned above, so ROS produced by low-dose NTP stimulated the G1-to-S cycle
transition of HaCaT cells and thus promoted cell proliferation by promoting the expression
of Cyclin D1. Furthermore, the increasing expression of STAT3 was also confirmed to
be closely related to the proliferation of HaCaT cells [58]. Therefore, ROS produced by
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low-dose NTP might also activate the expression of JAK/STAT3 pathway proteins and
promote the proliferation of HaCaT cells.

3.8. NTP Activated the WNT3A/β-Catenin Pathways in HaCaT Cells

In addition to the scratch test and transwell test, we also used WB test to further study
the mechanism of NTP promoting cell migration. Results showed that the expression
of WNT3A and β-catenin reached the peak in the 15 s NTP treatment group, while the
expression of Cyclin D1 reached the peak in the 10 s NTP treatment group, the expression of
all proteins gradually decreased with further extension of NTP treatment time (Figure 8A,B).
Therefore, we also concluded that low-dose NTP might promote HaCaT cell migration
by activating the WNT/β-catenin pathway, while high-dose NTP inhibits it by inhibiting
this pathway.
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Figure 8. NTP activated the WNT3A/β-catenin pathways in HaCaT cells. (A) The expression of
WNT3A, β-catenin, and Cyclin D1 were determined by WB. (B) The protein expression quantification
measured with Photoshop software. Data represent the mean± SD of three independent experiments.
**** p < 0.0001 with ANOVA compared with the control.

The WNT/β-catenin signaling pathway was an important intracellular activation
pathway for cell migration, and studies had shown that the expression levels of protein
related to this signaling pathway were also significantly increased in HaCaT cells with
promoted migration levels [36,59,60]. In this study, the results showed increased WNT3A
and β-catenin protein expression in the NTP low-dose treatment group and decreased
WNT3A and β-catenin protein expression in the NTP high-dose treatment group. In
addition, it has been shown that ROS were involved in activating the WNT/β-catenin
pathway [61]. Therefore, we can conclude that ROS produced by low-dose NTP may
promote the migration of HaCaT cells by activating the WNT/β-catenin signaling pathway,
while ROS produced by high-dose NTP may inhibit the migration of HaCaT cells by
inactivating the WNT/β-catenin signaling pathway.

3.9. Low-Dose ROS Promotes HaCaT Cell Proliferation and Migration by Activating the
PI3K/AKT and Wnt/β-Catenin Pathways

We also explored the effects of the PI3K/AKT pathway inhibitor LY294002 on the
activity of HaCaT cells and the effect of the Wnt/β-catenin pathway inhibitor IWP-2 on
the migration ability of HaCaT cells. An MTT assay showed that the cell viability of the
NTP-treated group was significantly higher than that of the control group. The inhibitor
LY294002-pretreated group showed significantly reduced cell viability compared with the
NTP-treated group (Figure 1C). In addition, the results of the Transwell experiment showed
that the number of migrated cells in the NTP treatment group was significantly higher than
that in the control group. The number of migrated cells was significantly reduced in the in-
hibitor IWP-2-pretreated group when compared with the NTP-treated group (Figure 9A,B).
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To further explore whether short-term NTP treatment (15 s) promoted the proliferation and
migration of HaCaT cells through the low-dose ROS-generated activation of PI3K/AKT
and Wnt/β-catenin pathways, expressions of AKT and β-catenin phosphorylation were
also detected by using a WB experiment. The results showed that the phosphorylated
expressions of AKT and β-catenin in the NTP treatment group were significantly higher
than those in the control group. In addition, phosphorylation was significantly reduced in
the NAC-pretreated group when compared with the NTP-treated group (Figure 9C,D). In
conclusion, the above results indicated that short-term NTP treatment (15 s) promoted the
proliferation and migration of HaCaT cells through the generation of low-dose ROS that
activated PI3K/AKT and Wnt/β-catenin pathways (Figure 10).
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Figure 9. Effect of Wnt/β-catenin pathway inhibitor IWP-2 on HaCaT cell migration and effect
of NAC on protein phosphorylation. (A) Picture of effects of IWP-2, a Wnt/β-catenin pathway
inhibitor, on HaCaT cell migration. (B) Count of the number of migrated cells. (C) Effect of NAC on
protein phosphorylation. (D) Quantification of phosphorylated protein expression. Data represent
the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 with ANOVA
compared with the control.
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Figure 10. Schematic representation of the mechanism by which NTP treatment promoted prolifera-
tion and migration of HaCaT cells. ROS produced by low-dose NTP promoted the proliferation and
migration of HaCaT cells by promoting the expression of PI3K, AKT, mTOR, ERK, PI3K, Cyclin D1,
WNT, and β-catenin.

Studies have shown that cells show different cell states and fates to different concen-
trations of H2O2 [3,62]. For nerve cells, at levels below 1 nM H2O2, cell growth is slow and
development and regeneration are impaired. In addition, the cells tended to be in a resting
state with no tendency to proliferate and differentiate. When the nerve cells were exposed
to H2O2 in the range of 1–10 nM, the growth of axons and dendrites was promoted. It was
mainly because the cells produced oxidative stress under this H2O2 concentration, which
stimulated the proliferation and differentiation of cells. In addition, the study also showed
that a modest increase in H2O2 concentration (up to about 100 nM) further promoted
dendritic growth. Abnormally high H2O2 (more than 100 nM) can lead to the death of
nerve cells and tissue degradation [3].

It is well known that the proliferation and migration of HaCaT cells is essential to
promote clinical wound healing. In this study, NTP directly acted on HaCaT cells for 10 s
or 15 s to promote their proliferation and migration, showing that NTP directly acts on
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such wounds as clinical diabetic ulcer wounds [11] and burn wounds [41] to promote their
healing by promoting the proliferation and migration of HaCaT cells. In addition, results
showed that treatment of cells with NTP for 20 s or 25 s inhibited cell proliferation and
migration, which also made NTP potentially applicable to diseases such as psoriasis [63]
and melanoma [64]. Although the difference was only more than ten seconds, the reaction
of cells to it was not the same. The plasma device finally applied to clinical practice must
undergo repeated improvement and testing. Our experiment here was only to explore the
impact of NTP on the cell level. It was only a preliminary study, which was different from
the final clinical application of NTP. In addition, the sensitivity of cells and tissues to plasma
is different because tissues also contain many other kinds of cells and substances. NTP
treatment of tissues was the result of a comprehensive effect. Therefore, the time for NTP
treatment of cells was relatively short, and the time for final treatment of clinical tissues was
definitely relatively long. Compared with the characteristics of small discharge intensity
and accurate treatment of the plasma jet, the plasma dielectric barrier discharge device we
used had the characteristics of large discharge intensity and wide treatment range, and
could process multiple samples at the same time [4]. In addition, our current NTP device
was an experimental device and was not suitable for use in patients, and further research is
required. In the future, we will manufacture an automatic NTP device with a timer, which
can provide specific treatment times according to different conditions of diseases, such as
wounds or skin diseases, and different treatment areas, and can also target different wound
conditions by adjusting other parameters of the device, such as the flow rate of gas, the
type of gas, or a mixture of gases in different proportions, so as to provide more accurate
treatment. There still are some shortcomings in our experimental results. Next, we need to
conduct a large number of animal experiments and clinical trials before NTP can be finally
applied to clinical practice.

4. Conclusions

This study reported the effects of NTP treatment on the proliferation and migration
of HaCaT cells. With the increase in NTP treatment time, the intracellular ROS and
extracellular RONS levels of HaCaT cells increased in a time-dependent manner. The cell
viability, expression of PI3K, AKT, mTOR, ERK, WNT3A, and β-catenin proteins peaked in
the 15 s NTP treatment group, while the G1-S phase-change cell proportion, cell migration
ability, and expression of STAT3 and Cyclin D1 proteins in HaCaT cells peaked in the 10 s
NTP treatment group. However, the high-dose NTP treatment group exhibited significantly
decreased cell viability, significantly decreased mitochondrial membrane potential and
blocked G2/M cycle, which also increased apoptosis, and inhibited cell migration. In
addition, ROS produced by NTP played an important role in cell proliferation. Therefore,
this study showed that ROS generated by low-dose NTP promote the proliferation and
migration of HaCaT cells by activating the PI3K/AKT/mTOR pathway and WNT/β-
catenin pathway, while ROS generated by high-dose NTP inhibit the proliferation and
migration of HaCaT cells by inhibiting these pathways. In conclusion, the results of
this study provided useful theoretical support for the treatment of wound healing with
low-dose NTP.
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