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ABSTRACT

Cold atmospheric plasmas (CAPs) have been shown to be capable of enhancing stem cell differentiation, especially directed differentia-
tion of neural stem cells (NSCs). Consequently, one-step CAP treatment shows promise as an aid to tissue transplantation. However, the
mechanisms involved in the enhancement of NSCs differentiation by CAP treatment are not yet fully understood. We have previously
shown that in atmospheric helium plasma jet treatment, nitric oxide (NO) is the main factor involved in promoting NSC differentiation.
This article further investigated the possible signaling pathways stimulated by NO in the neuronal differentiation of C17.2-NSCs after
plasma treatment. Extracellular and intracellular NO concentrations were measured at different time points of incubation to monitor NO
production. Meanwhile, the expressions of related genes and proteins were detected by quantitative real-time polymerase chain reaction
and western blot, respectively. It is found that plasma treatment could both generate extracellular NO and increase extracellular NO con-
centration by inducing inducible nitric oxide synthase expression. The synergetic effect of extracellular and intracellular NO then downre-
gulated Notch1 and Id2, and upregulated Ngn2 and Ascl1, thereby activating downstream NeuroD expression and finally enhancing and
directing differentiation of NSCs into neurons.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5060650

I. INTRODUCTION

Neurological diseases and disorders, particularly those that
affect the brain, such as Alzheimer’s disease and other dementias,
Parkinson’s disease, and brain tumors, occur more commonly in
elderly people and are found to be the largest cause of disability
worldwide.1 According to a Global Burden of Disease Study, the
population with neurological diseases has recently grown sub-
stantially, with the number of deaths from neurological disorders
increasing by 36.7% between 1990 and 2015, and this burden will
continue to increase as the global population continues to age.2

In addition to drug treatment, surgery, and gene therapy, the use
of neural stem cells (NSCs) in tissue engineering represents one
of the most promising approaches to the treatment of neurode-
generative and neurotraumatic diseases.

NSCs are able to differentiate into neurons, oligodendrocytes,
and astrocytes in vitro under certain conditions. It has been
shown that a number of growth factors and other biological mole-
cules, as well as electrical stimulation and the microenvironment,
have significant effects on NSC differentiation.3,4 For example,
insulin may act as a myogenic differentiation signal for NSCs,5

seeding on three-dimensional collagen gel scaffolds can increase
the differentiation potential of NSCs,6 and the application of a
pulsed electrical current to poly(3,4-ethylenedioxythiophene)
doped with poly(styrene sulfonic acid) (PEDOT:PSS) can elon-
gate both NSCs and neurons.7 However, none of these methods
could precisely control and enhance cell fate commitment or
differentiation into a desired cell lineage. In addition, chemical
toxicity, scar formation, and other deleterious side effects have
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limited the clinical application of NSCs to tissue engineering
and regeneration.

Neurons are the core components of the brain, spinal cord, and
peripheral nervous system, and so the direct differentiation of NSCs
into neurons is of great importance for cell-based nerve regeneration
strategies. For example, Parkinson’s disease is characterized by loss of
A9 nigral dopamine neurons, and clinical trials of cell transplantation
have already been performed for this prototypic neurodegenerative
condition.8 The differentiation of NSCs into neurons is a coordinated
response which is regulated by many genes,9 such as the Tlx gene, the
Sox gene family, the basic helix–loop–helix (bHLH) family, and the
Pax gene family. Tlx is expressed in sensory neurons and postsynaptic
neurons in central relay stations, and its expression determines neuro-
nal connectivity.10 The Sox gene family plays a role in maintaining
the undifferentiated state of NSCs, and Sox2 is not expressed in layers
where differentiated neurons are present.11 The bHLH family is
reported to play a critical role in the maintenance and differentiation
process of NSCs.12 Pax6 is expressed in immature neurons.13

Nitric oxide (NO) is a short-lived, highly reactive gas that serves
as a gaseous chemical messenger in biological systems and partici-
pates in various physiological processes. It can be synthesized inside
the cell by reaction of O2 and L-arginine under enzymatic catalysis by
three isotypes of NO synthase (NOS).14 NO also acts as a neurotrans-
mitter in the brain and plays possible roles in the regulation of pro-
genitor cell proliferation, differentiation, and migration in brain
development. Zhang et al.15 found that NO is involved in the regula-
tion of progenitor cells and that injection of the NO donor diethyle-
netriamine (DETA) NONOate could induce neurogenesis and reduce
functional deficits after stroke in rats. NO also acts as an amplifier of
calcium signals in neuronal cells,16 and intracellular increases in Ca2+

may protect neurons from developmental cell death.17

Cold atmospheric plasma (CAP) is an ionized gas containing
reactive oxygen/nitrogen species (RONS) with a gas temperature
which could close to room temperature and is a potentially useful
tool for various biomedical applications, including, among others,
cancer treatment, enhancement of cell proliferation and stem cell
differentiation, decontamination, skin wound treatment, and root
canal treatment in dentistry.18–24 In recent years, a number of clinical
trials of CAP treatment have been reported, and several CAP devices
are now commercially available.25–28 It has been shown that effective
generation of gaseous NO from a CAP is possible using a range of
plasma source designs. The concentration of RONS created in the
plasma depends mainly on the nature of the working gas mixture
and the input power. In a surface microdischarge (SMD), as the
input power is increased, three production modes appear: the O3

mode, the transient mode, and the NOx mode. Pavlovich et al.29

found a quantitative relationship between these three modes, and
ozone is produced at low power density; at high enough power
density, above approximately 0.10Wcm−2, the gaseous chemistry will
eventually transit from an ozone-producing mode to a nitrogen
oxides-producing mode; and at high power density above ∼0.4
Wcm−2, the NOx production will dominate the gaseous chemistry.
Douat et al.30 studied the production of nitric and nitrous oxides by
an atmospheric-pressure plasma jet (APPJ) and found that the pro-
duction regime depends on the power, flow, and gas mixture.
Pipa et al.31 also performed an experiment on controlling the NO
production in an APPJ and concluded that the NO radicals could be

controlled by variation of the air content in an Ar/air mixture. From
these results, it, therefore, appears that CAP may serve as a viable and
controllable NO source for application to neuronal differentiation.

In our previous work, we found that a cold helium/oxygen
atmospheric plasma jet was able to induce differentiation of both the
murine immortalized neural stem cell line C17.2 (C17.2 NSCs) and
primary rat neural stem cells in vitro.32 By using the NO donor
sodium nitroprusside (SNP) as a positive control and the NO scav-
enger hemoglobin (Hgb) as a negative control, it was found that NO
played a dominant role in the differentiation process. A recent study
by Jang et al.33 used a dielectric barrier discharge (DBD) device to
accelerate the differentiation of mouse neuroblastoma Neuro 2A
(N2a) cells, thus confirming our results, and even to realize the pro-
motion of neural maturation in zebrafish in vivo. They claimed that
NO served as an upstream extracellular messenger that played a criti-
cal role in communicating with cells during CAP-induced neural
differentiation. However, studies on the application of CAPs to NSCs
differentiation are limited, and the mechanisms by which CAPs
enhance this differentiation are far from understood. Hence, the
present investigation focuses mainly on how the NO generated by an
atmospheric plasma jet enhances selective and directed differentia-
tion of C17.2 NSCs into neurons, in particular, through gene regula-
tion and signaling protein expression.

II. EXPERIMENTAL PREPARATION AND METHODS

A. Cell culture

The murine immortalized NSC line C17.2 (C17.2 NSC) was
used in this investigation and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco BRL, Grand Island, NY) with
10% fetal bovine serum (FBS), 5% horse serum (HS), and 1% pen-
icillin/streptomycin (Hyclone, Logan, UT) as supplements in a
humidified atmosphere of 5% CO2 and 95% air at 37 °C. Cells in
the logarithmic phase were detached by trypsin and planted onto
a 12-well plate with a cell density of ∼2 × 104 cells/well. After
attachment, cells were washed twice with serum-free DMEM and
cultured in differentiation medium containing DMEM/F-12
(Hyclone, Logan, UT) with 1% N-2 supplement (Gibco BRL,
Grand Island, NY) for 48 h prior to plasma treatment. Controls
were kept in differentiation medium at room temperature during
the experimental procedures.

B. Low-temperature atmospheric plasma jet device
and in vitro plasma treatment

A single-electrode atmospheric low-temperature plasma jet
device was used, as shown in Fig. 1, where (a) is an overview of the
whole system and (b) is a three-dimensional sketch of the plasma
jet source. A high-voltage wire in a quartz tube sealed at one end,
acting as a high-voltage electrode, was inserted into a syringe. A
holder with holes was mounted in the center of the syringe for
fixation of the high-voltage electrode and to supply a gas flow. The
high-voltage wire was connected to a pulsed DC power supply with
fixed output (8 kV, 1600 ns, and 8 kHz). A high-voltage probe
(Tektronix P6015A) and oscilloscope (Tektronix DPO3034) were
used to detect the output voltage. The working gases (helium plus
1% O2) were fed under the control of a mass flow controller (MKS,

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 163301 (2019); doi: 10.1063/1.5060650 125, 163301-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


USA). The distance between the syringe tip and the surface of the
cell culture medium was fixed at 15 mm for all treatments. More
details of the plasma jet device can be found in Ref. 34.

Before treatment, the medium of the predifferentiated cells
was replaced with 800 μl of fresh differentiation medium. Then,
samples were randomly divided into three groups: control, gas flow
control, and plasma-treated. The control and gas flow control
groups refer, respectively, to untreated cells and cells treated by gas
flow alone with the plasma off. After plasma treatment, 1 ml new
differentiation medium was added to each hole to replace the origi-
nal culture medium. The samples were then incubated in a
humidified atmosphere of 5% CO2 and 95% air at 37 °C.

C. Immunofluorescence and cell morphology
observation

In preparation for immunofluorescence analysis, cells were
seeded on PDL-coated coverslips with a diameter of 20mm (Sigma
Chemical Co., St. Louis, MO). The cell culture preparation was
described in Sec. II A. After plasma treatment and incubation, the
samples were fixed with 4% paraformaldehyde (Beyotime, Jiangsu,
China) for 20min at room temperature and then permeabilized
with 0.2% Triton X-100 for 10min. Next, the cells were washed
three times with phosphate-buffered saline (PBS) and incubated
with 10% goat serum for 1 h to block any nonspecific interactions.
The samples were then incubated with β-Tubulin III antibody
(Sigma Aldrich, USA) at 4 °C overnight. The cells were further incu-
bated with Cy3-conjugated secondary antibody (Jackson Immuno
Research, USA) for 1 h at room temperature after being washed
with PBS. Hoechst 33258 (Beyotime, Jiangsu, China) was used to
label nuclei. A Nikon fluorescence microscope (80i, Nikon, Tokyo,
Japan) was used to image specific protein expressions.

General cell morphology was recorded by an inverted phase
contrast light microscope (XD-202, Nanjing Jiangnan Novel
Optics Co., Ltd) and photographs were taken every day for mor-
phological analysis.

D. Quantitative RT-PCR

Total RNA was extracted with the RNAprep pure cell/bacteria
kit (Tiangen Biotech, Beijing, China). Approximately 1.5 μg RNA
from each sample was reverse transcribed into cDNA and subse-
quently served as the template for quantitative real-time polymerase
chain reaction (qRT-PCR) using a RevertAid first-strand cDNA
synthesis kit (Fermentas, USA). The primers of the target genes are
listed in Table I, and qRT-PCR was performed on a Bio-Rad
CFX-96 detection system (Bio-Rad, Hercules, CA). The reaction
mixture contained 10 μl SuperReal Premix Plus (2×) (Tiangen
Biotech), 1.2 μl of a 10 μM solution of sense/antisense primers, 1 μl
template DNA, and 7.8 μl ddH2O. The qRT-PCR program con-
sisted of one cycle of 95 °C for 15 min, and then 40 cycles of 95 °C
for 10 s, 60 °C for 20 s, and 72 °C for 20 s. At the completion of
each run, melting curves from 65 °C to 94 °C were monitored to
assess the dissociation characteristics of double-stranded DNA
product. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a reference for normalization. Each sample was tested
three times, and samples from three independent experiments were
used for analysis. The relative level of gene expression was calcu-
lated using the 2−ΔΔCt method.35

E. Western blot analysis

After plasma treatment, cells were cultured for 2, 4, or 6 days
and then harvested in lysis buffer (Beyotime, Jiangsu, China) with

FIG. 1. (a) Sketch of the experimental setup. (b) Structure of the He/O2 plasma jet device.
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the protease inhibitor phenylmethanesulfonyl fluoride (PMSF,
Beyotime, Jiangsu, China). The proteins in each sample were then
separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE), with ∼30 μg of total cellular proteins being
loaded per lane. The separated proteins were then transferred onto
a nitrocellulose membrane, which was incubated with antibodies
against iNOS (Santa Cruz, CA), Notch1 (Abcam, Cambridge, MA),
Id2 (Abcam), Ngn2 (Santa Cruz), Ascl1 (Abcam), NeuroD (Santa
Cruz), and β-actin (Santa Cruz) after blocking with 5% nonfat
dried milk. HRP-conjugated goat anti-mouse or goat anti-rabbit
IgG was used to detect the primary antibodies above. The detection
of transferred proteins (antigens) was performed with an enhanced
chemiluminescence detection kit (Millipore, USA) using the
ChemiDoc XRS+ system (Bio-Rad, USA).

F. Nitric oxide detection

Extracellular and intracellular aqueous NO concentrations were
determined using an NO detection kit (Beyotime, Jiangsu, China)
according to the manufacturer’s instructions. For determination of
extracellular NO, the conditioned medium from C17.2-NSC cultures
immediately after plasma treatment and after a further 2, 4, or 6
days’ incubation was collected as test samples. For determination of
the intracellular NO concentration, cells were washed twice with
ice-cold PBS and were then lysed using cell lysis buffer (Beyotime,
Jiangsu, China) at the same time point described above. The lysates
were collected and centrifuged for 5 min at 4 °C. The supernatants
were then used as samples for testing.

G. Statistical analysis

The morphology analysis and the percentage of β-Tubulin
III-positive cells over the total number of cells (labeled with
Hoechst) were determined for a minimum of 10 randomly selected
fields by using Image-Pro Plus software. GraphPad Prism 7 soft-
ware was used for statistical analysis. Results were expressed as the

mean ± standard error of the mean (SEM), and reproducibility was
confirmed in at least three independent experiments. Paired t-test
and two-way ANOVA were used to assess statistical differences
between groups. * represents p < 0.05; ** represents p < 0.01.

III . RESULTS

Plasma pretests were carried out to determine the optimum
plasma dosage used in the differentiation experiments. WST-1
method was used to evaluate the effects of different plasma doses
(0, 5 s, 15 s, 30 s, 60 s, and 90 s) on the proliferation of C17.2
NSCs in 96-well plates. As can be seen from Fig. S1 in the
supplementary material, low-dose plasma treatment (plasma
treatment for 5 s and 15 s) basically does not inhibit the prolifera-
tion of C17.2 NSCs, and, to a certain extent, plasma can promote the
proliferation of C17.2 cells (48 h detection); however, high-dose
plasma treatment (plasma treatment for 60 s and 90 s) has an
obvious inhibitory effect on C17.2 proliferation, which is unfavorable
to the in vitro differentiation of neural stem cells.

Since the WST-1 experiment used a 96-well plate with an area
of 0.37 cm2 per well; however, the subsequent differentiation exper-
iment used 12-well plates with an area of 3.8 cm2 per well, which
was about 10 times the area of 96-well plates. Therefore, the energy
density of plasma that <15 s per well of 96-well plates and <150 s
per well of 12-well plates were considered to have no cytotoxic
effect on C17.2 NSCs and could be used to study the effect of
plasma on the differentiation of C17.2 NSCs. To determine the
optimum plasma dosage used in the differentiation experiments in
12-well plates, different plasma dosages of 30 s, 45 s, 60 s, and 90 s
were used and the general cell morphologies were recorded by the
inverted phase contrast microscope on the 2nd, 4th, and 6th day
after plasma treatment. As shown in Fig. S2 in the supplementary
material, 60 s plasma treatment can effectively induce the differen-
tiation of C17.2 NSCs, while 90 s plasma treatment will cause cell
shedding with a large area. Thus, 60 s plasma treatment was the

TABLE I. Primer sequences for qRT-PCR.

Gene Primer sequence Length (bp)

Nestin 50-GGGTCTACAGAGTCAGATCGCTCA-30

50-AGCGAGAGTTCTCAGCCTCCA-30
122

β-Tubulin III 50-ACCTATTCAGGCCCGACAACTTTA-30

50-GCAGGCAGTCACAATTCTCACAC-30
144

GAPDH (NM_008084.2) 50-TGTGTCCGTCGTGGATCTGA-30

50-TTGCTGTTGAAGTCGCAGGAG-30
150

Notch1 (NM_008714.3) 50-ATGCTGCTGTTGTGCTCCTGA-30

50-ATCCGTGATGTCCCGGTTG-30
149

Id2 (NM_010496.3) 50-ATGAAAGCCTTCAG TCCGGTG-30

50-AGCAGACTCATCGGGTCGT-30
144

Ascl1 (NM_008553.4) 50-AAGAGCTGCTGGACTTTACCAACTG-3
50-ATTTGACGTCGTTGGCGAGA-30

122

Ngn2 (NM_009718.2) 50-CCCAGATTCGTCACAATGCCTA-30

50-ACGCTTGCATTCAACCCTTACA-30
168

NeuroD (U28068.1) 50-CAGGGTTATGAGATCGTC-30

50-GTTTCTGGGTCTTGGAGT-30
131
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optimum plasma dosage and was used in the subsequent differen-
tiation experiment.

Figure 2 shows the general cell morphology recorded by the
inverted phase contrast microscope on the 2nd, 4th, and 6th day
after plasma treatment. While being maintained in the differentia-
tion medium, the C17.2 NSCs in each group gradually differenti-
ated into nerve cells. However, at a given incubation time,
accelerated cell differentiation was observed in the 60 s plasma-
treated group, with much greater numbers of neurites and cell
body extensions. There were no significant changes in cell mor-
phology between the untreated control group and the 60 s gas flow
control group. More specifically, a neural network started to form
in the 60 s plasma-treated group after incubation in differentiation
medium for 6 days, which was rarely seen in the other two groups.

Figure 3 shows immunofluorescence images of neurons after
6 days’ incubation in all three groups. Nuclei were stained with blue
dye (Hoechst 33258), and red (β-Tubulin III +) represents neurites
in neuron cells. There is further confirmation here that atmospheric
plasma jet treatment can enhance the differentiation of C17.2 NSC
into neurons. For direct comparison, Table II presents the differen-
tiation ratio, neurite length, and number of branching dendrites in
both the control group and the 60 s plasma-treated group. The
ratio of β-Tubulin III-positive cells is much greater in the plasma-
treated group: 77.23 ± 3.06, compared with 31.87 ± 2.37 in the
control group (p = 0.007, p < 0.01). The neurons are more mature
in the plasma-treated group, with elongated neurites of 275.6 ±
31.44 μm compared with 156.6 ± 13.13 μm in the control group
(p = 0.006, p < 0.01). The average number of primary dendrites is
also greater in the plasma-treated group: 3.47 ± 0.39 compared with
2.00 ± 0.169 in the control group (p = 0.002, p < 0.01).

Quantitative PCR and immunoblotting assays were used to
measure the expression of specific genes after plasma treatment.
Nestin and β-Tubulin III genes after 2, 4, and 6 days’ incubation were
quantified by qRT-PCR. Nestin has been reported to be expressed in
undifferentiated neural cells and β-Tubulin III to be expressed only in
neurons.36,37 The results shown in Fig. 4 demonstrate that plasma
exposure downregulated the expression of Nestin and upregulated
that of β-Tubulin III in a plasma dose-dependent manner. The rela-
tive Nestin gene expression in the 60 s plasma-treated group
decreased from 1.0 to 0.6 on the 2nd day and from 0.8 to 0.15 on the
6th day, compared with the control group. In contrast to Nestin
expression, β-Tubulin III expression increased with plasma treatment
time and it was ∼2 times higher in the 60 s plasma-treated group
than that of control (p < 0.01). We also compared the expressions of
biomarkers in the control group and the gas flow control group and
no significant differences were found between the two groups (see
Fig. S3 in the supplementary material). These results indicated that
the gene expression profiles were changed in a plasma dose-
dependent manner, and the downregulation of Nestin and upregula-
tion of β-Tubulin III led to the promoted neuronal differentiation.

Changes in the related transcription factors were also detected
by qRT-PCR. As can be seen in Fig. 5, Notch1 was downregulated
in the plasma-treated group in a plasma dose-dependent manner,
while Ngn2 and Ascl1 were upregulated. Id2, encoding an inhibitory
protein in the bHLH family, was upregulated with prolonged incu-
bation time. However, the expression of Id2 in 45 s and 60 s plasma-
treated groups were significantly lower than that in the untreated
control group at the same time point. This may be due to the regu-
lation of neuronal differentiation balance. The relative expression of
NeuroD, which showed no significant difference among groups on

FIG. 2. Comparison of C17.2 NSCs
differentiation in control, gas flow, and
60-s plasma-treatment groups by the
inverted phase contrast light micro-
scope images on the 2nd, 4th, and 6th
days.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 163301 (2019); doi: 10.1063/1.5060650 125, 163301-5

Published under license by AIP Publishing.

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-125-006916
https://aip.scitation.org/journal/jap


the 2nd day and 4th day, was greatly increased on the 6th day (by
∼4 times compared with the control group) in a plasma dose-
dependent manner. This indicated that NeuroD was a relatively
downstream transcription factor and plasma treatment enhanced its
transcriptional activity. However, the expression of signaling factors
in the gas flow group showed no statistical differences to that of the
control group (Fig. S3 in the supplementary material). The results
for transcription factor expression demonstrate that plasma treat-
ment inhibited the Notch1 signaling, downregulated the expression
of Id2, and enhanced the expression of Ngn2 and Ascl1, thereby ini-
tiating neuronal differentiation and activating the downstream
differentiation factor NeuroD.

The expressions of related proteins in neuronal differentiation
were also detected by western blot analysis. The expression trends
of signaling proteins are consistent with the expressions of the cor-
responding genes, as can be seen in Fig. 6.

To investigate the mechanism of plasma-induced neuronal
differentiation, changes in extracellular and intracellular NO con-
centrations during incubation were measured (Fig. 7). The immedi-
ate NO concentration in the cell culture medium after 60 s plasma
treatment reached ∼85 nmol/ml, whereas only ∼2 nmol/ml was
detected in the control and gas flow groups. The immediate intra-
cellular NO concentration was close to zero in all three groups. The
extracellular NO concentrations in the control and gas flow groups
increased slightly, with values ranging from 2 to 10 nmol/ml after 6
days’ incubation. Due to the replacement of plasma-treated
medium, the extracellular NO concentration in the 60 s plasma-
treated group decreased remarkably on the 2nd day (10 nmol/ml),
but it increased significantly on the 4th day (25 nmol/ml) as well as
on the 6th day (30 nmol/ml), compared with control and gas flow
groups. The intracellular NO concentration for the 60 s plasma
treatment was as high as twice that of the control and gas flow
groups on the 2nd and 4th days. It should be noted here that the

cell culture medium was changed every other day, so the extracellu-
lar NO on the 2nd, 4th, and 6th day must have originated from
diffusion of intracellular NO into the cell culture medium as a
result of metabolic processes. These results indicate that plasma
treatment can induce increases in both extracellular and intracellu-
lar NO, which may be critical for the accelerated neuronal differen-
tiation process.

We also measured iNOS expression by western blot analysis.
iNOS is an intracellular NO synthase that regulates NO formation.
Figure 8 shows the expression of intracellular iNOS, which could
indirectly reflect the level of NO in cells. iNOS expression was
much higher in the plasma-treated group and increased with incu-
bation time. This is consistent with the intracellular NO measure-
ment in Fig. 7 and confirms that plasma treatment induced
intracellular NO synthesis by upregulating iNOS expression.

IV. DISCUSSION

Although applications of CAPs in biomedicine have been
investigated for many years, research on their use to enhance
stem cell differentiation is still in its early stages. There have
been only a few reports on such work, especially with regard to
NSC differentiation.38–41 Moreover, the mechanisms involved in the
CAP interactions with microorganisms and living tissues or in vivo
are far from understood. In this study, we investigated the mechanisms
underlying enhancement of NSC differentiation by CAPs, specifically
the role of NO generated by an atmospheric He/O2 plasma jet in the
accelerated differentiation process. We found that 60 s He/O2 plasma
jet treatment can effectively enhance the differentiation of C17.2
NSCs. To follow the course of neuron formation, we used an exclusive
biomarker, β-Tubulin III, which is a cell cytoskeletal protein that is
expressed during axonal outgrowth.42 Immunofluorescence results
clearly showed that 77.23 ± 3.06% cells were β-Tubulin III-positive

FIG. 3. Immunofluorescence images
for identification of neuronal fate. The
red biomarker (β-Tubulin III) represents
axon-growth-specific expression in
neurons. The nuclei were labeled by
Hoechst 33258 (blue).

TABLE II. Comparison of differentiation ratio, neurite length, and number of branching dendrites in the control and 60 s plasma-treated groups.

Control 60 s plasma-treated t-test

β-Tubulin III-positive cells (100%)
(mean ± SEM)

31.87 ± 2.37
(n = 12)

77.23 ± 3.06
(n = 12)

p = 0.007
(p < 0.01)

Neurite length (μm)
(mean ± SEM)

156.60 ± 13.13
(n = 120)

275.60 ± 31.44
(n = 120)

p = 0.006
(p < 0.01)

Number of branching dendrites
(mean ± SEM)

2.00 ± 0.169
(n = 120)

3.47 ± 0.39
(n = 120)

p = 0.002
(p < 0.01)
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(stained red, neurons) and showed more mature cell morphology,
with larger cell bodies, increased number of dendrites, and greater
neurite length, in the plasma-treated group.

There may be various precipitating factors generated by the
He/O2 plasma jet that are involved in this phenomenon, such as
short-lived species, heat, ultraviolet (UV) radiation, and electric
fields, among which reactive oxygen and nitrogen species (RONS)
are thought to be the key factor in many interactions.43,44 Many
short-lived radicals, excited-state particles, and metastable-state
atoms have significant roles in physical and chemical kinetic pro-
cesses and may also be involved in the interactions of the plasma
when it comes into direct contact with other entities.45 However
in this case, during the plasma treatment, the NSCs seeded in

12-well plates were covered with 800 μl cell culture medium, and
therefore these short-lived species could not come into direct
contact with the cells.

No significant differences were observed between the control
and gas flow groups, indicating that gas flow alone has no effect on
C17.2 NSC differentiation. The measured gas temperature of the
pulsed DC power driven He/O2 plasma jet was ∼300 K (close to
room temperature),34 and so thermal effects could also be excluded.

The power consumption of the He/O2 plasma was less than
1W, and the UV radiation produced was of the order of milliwatts.46

Wong et al.47 found that low-dose, long-wave UV light does not
affect gene expression of human mesenchymal stem cells. Besides,
the liquid layer would have prevented the UV radiation from reach

FIG. 4. qRT-PCR analysis showing the
effect of plasma treatment on expressions
of Nestin and β-Tubulin III. Expression
change (-fold) for individual genes was
obtained by comparing the gene expres-
sion in plasma-treated groups with that
of control on the 2nd day. Each column
represents the mean ± SEM of three
independent experiments. *p < 0.05;
**p < 0.01. The p values were obtained
by a two-way ANOVA.

FIG. 5. qRT-PCR analysis showing the effect of plasma treatment on expressions of neuronal-differentiation-related genes. Expression change (-fold) for individual genes
was obtained by comparing the gene expression in plasma-treated groups with that of control on the 2nd day. Each column represents the mean ± SEM of three indepen-
dent experiments. *p < 0.05; **p < 0.01. The p values were obtained by a two-way ANOVA.
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the NSCs directly. Hence, it can be assumed that UV radiation did
not make a significant contribution to the differentiation process in
this study.

Pulsed DC electric fields with particular characteristics may
have a variety of effects on NSCs differentiation. Chang et al.48

reported that a 300mV/mm 100Hz square-wave DC pulse could
induce differentiation of cortical neural precursor cells with stimula-
tion times of up to 48 h. Kobelt et al.49 found that two days of treat-
ment at 10min/day with 0.53 V/m DC stimulation increased the
length of neural stem progenitor cells by a factor of more than five
compared with controls. These investigations used relatively long
treatment times and low electric fields of strengths, which is close to
those of endogenous electrical fields in the central nervous system,
whereas in the experiments described here, the electric field strength
along the plasma plume was in the range of 9–17 kV/cm (Ref. 50)
and the treatment time was only several tens of seconds. Such a high
electrical field may induce cancer cell apoptosis instead of differentia-
tion,51 and we also found cell death in the center of the treatment
area where the plasma plume directly contacted the liquid surface.

As reported in our previous work and elsewhere,32,33 NO gener-
ated by CAPs may have a key effect on NSCs differentiation. We used
SNP as an exogenous NO donor with a similar aqueous concentra-
tion as the plasma jet created in the cell culture medium. In the posi-
tive control group, exogenous NO with a similar concentration

yielded almost the same neuronal differentiation ratio. Moreover, in
the negative control group, in which the NO scavenger Hgb was
added to the cell culture medium before plasma treatment, there was
nearly no difference in NSCs differentiation compared with the
control (no treatment) group, which indicated that the NO scavenger
compromised the effect of the plasma treatment. Therefore, the elec-
tric field and other long-lived species in the plasma are not important
factors in the process investigated here. Hence, we focused on the
mechanism of accelerated and directed neuronal differentiation
induced by NO from the plasma jet.

Recent research has shown that NO participates in the regula-
tion of synaptic transmission and neurotransmitter release and that
exogenous NO could affect NSCs proliferation and differentia-
tion.52,53 Arnhold et al.54 found that exogenous NO could signifi-
cantly enhance the differentiation of NSCs into neurons and
accelerate axon growth and that lack of NO led to inhibition of
axon growth. Nevertheless, there was NO dose dependence in the
regulation of NSCs differentiation. Covacu et al.55 found that
500 nM NO exposure changed the differentiation fate of NSCs from
neurons to glias. Meanwhile, cell viability is also related to plasma
dosage, which in our case mainly refers to plasma-treatment time.
We performed various pretests to determine the proper plasma
treatment time. Very short treatment had no significant effect on
NSC differentiation. Treatment for less than 15 s (in 96-well plates)
would enhance cell proliferation, but more than 90 s treatment (in
96-well plates) would severely decrease cell viability (Fig. S1 in the
supplementary material). With a plasma-treatment time of less than
60 s (in 12-well plates), the NSCs exhibited obvious differentiation
and no significant cell death. The 60 s plasma treatment created

FIG. 6. Effects of plasma treatment on the expression of neuronal
differentiation-related proteins.

FIG. 7. Extracellular (a) and intracellular
(b) NO concentration detection as func-
tions of incubation time. Each column
represents the mean ± SEM of three
independent experiments. *p < 0.05;
**p < 0.01. The p values were obtained
by a two-way ANOVA.

FIG. 8. Intracellular iNOS expression by western blot analysis.
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∼85 nmol/ml NO in the cell culture medium [immediate measure-
ment, Fig. 7(a)], which is within the physiological NO concentration
of 10–100 nmol/ml in the brain, and would benefit neuronal differ-
entiation. The extracellular NO concentration in the plasma-treated
group on different days showed significant differences compared
with the control group (p < 0.01). As mentioned above, the cell
culture medium was replaced with fresh medium 1 h after plasma
treatment and then again every other day. Therefore, the NO
detected in the culture medium on the 2nd, 4th, and 6th days must
have been synthesized internally by the cells and then diffused out.

The intracellular NO concentration was significantly larger in
the plasma-treatment group than that in the control group: by a
factor of almost 2 times on the 2nd day [Fig. 7(b)] (p < 0.05).
There was a large fluctuation in the intracellular NO concentration
in the plasma-treated group on the 4th day, which may be caused
by individual differences among the samples. The immediate intra-
cellular NO concentration was close to zero, which indicated that
the increase in intracellular NO during incubation was not due to
diffusion of exogenous NO into the cell, but rather to internal NO
synthesis. Arnhold et al.54 pointed out that the expression of the
synthase iNOS in NSCs and the consequent synthesis of intracellu-
lar NO are the key factors in changing the proliferation of NSCs
into a differentiation process. In the present study, iNOS expression
increased after plasma treatment, as shown in Fig. 8. Therefore, we
can conclude that plasma treatment activated the expression of
iNOS, leading to the intracellular formation of NO, which played a
critical role in the differentiation process.

NO is also reported to regulate gene expression in several
ways51 and can regulate the expression of some transcriptional
genes involved in cellular survival and neurogenesis.52 Notch and
the bHLH family are considered to be the most important tran-
scription factors in neural differentiation and regeneration pro-
cesses. Notch1 is expressed mainly in undifferentiated neural stem
cells and maintains the undifferentiated status.56 The bHLH family
participates mainly in the regulation of neuronal differentiation,9 in
which Ascl1 and Ngn2 are responsible for activation of neuronal

generation.57,58 Ngn2 is the transcriptional initiator of NeuroD,
and its main function is activating downstream NeuroD and initi-
ating neuron differentiation. Meanwhile, NeuroD is the main
differentiation factor.59 The bHLH family also includes negative
transcription factors such as Id2, which usually inhibits the differ-
entiation of neurons to maintain a balance. From the present
results, it can be seen that the trends of Nestin and β-Tubulin III
gene expression (Fig. 4) were the same as those of Notch1, Ngn2,
and NeuroD (Figs. 5 and 6), which regularly increased with increas-
ing NO concentrations. In the plasma-treated group, the expression
of Ascl1 showed a significant difference from that in the control
group on the 2nd day, while Id2 expression decreased on the 4th
and 6th days. We are not at present be able to give an exact explana-
tion for the relationship between the expression of these genes and
the NSC differentiation process. However, from the existing results,
we can give a reasonable summary of the mechanism underlying
the accelerated and directed neuronal differentiation of C17.2 NSCs
by an atmospheric He/O2 plasma: see Fig. 9. On the one hand, the
plasma jet creates gaseous NO, which diffuses into the cell culture
medium, playing the role of an exogenous NO donor; on the other
hand, the plasma treatment stimulates iNOS expression in the cells,
leading to the synthesis of intracellular NO. Both extracellular and
intercellular NO then regulate the transcriptional activity of genes
involved in neurogenesis, with Notch1 and Id2 expression being
downregulated, and Ascl1 and Ngn2 expression upregulated, finally
leading to upregulation of downstream NeuroD, causing NSC differ-
entiation into neurons.

Plasma treatment thus represents a promising approach, offering
a one-step, effective and fast way to achieving directed NSC differen-
tiation in vitro compared with traditional methods. However, there
are some challenges during the experiments. It was necessary to
perform pretests to determine the proper plasma dosage, which
needed a lot of work on plasma diagnostics. In the context of plasma
treatment, the gas flow from the plasma jet device comes into direct
contact with the sample, which could cause nonuniformity in the cell
wall. An inwardly directed treatment mode or the use of a plasma

FIG. 9. Summary of the mechanism of
enhanced neuronal differentiation by
plasma treatment.
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active medium might help to eliminate this disadvantage and may
allow bulk processing in the future. For the study of the mechanisms
involved on the gene level, we focused on the relationships between
the expressions of a number of genes and neuronal differentiation,
ignoring other possible genes or signaling pathways, which therefore
remain to be studied in future work.

V. CONCLUSION

We have investigated the mechanism of enhanced and
directed neuronal differentiation of C17.2 NSCs induced by an
atmospheric He/O2 plasma jet. The exogenous NO in the plasma
and the increased intracellular NO synthesized by iNOS after
plasma stimulation are the key factors for directed neuronal differ-
entiation, by downregulating the expression of Notch1 and upregu-
lating those of Ascl1 and Ngn2 to activate downstream NeuroD,
which regulates the differentiation of NSCs into neurons.

SUPPLEMENTARY MATERIAL

See the supplementary material for the plasma dosage pretest
of cell viability and differentiation as well as the comparison of bio-
markers and signaling factors expression in the control group and
the gas flow control group.
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