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Abstract

In this study, we investigated whether nitric oxide (NO) generated using a non-thermal plasma
system can mediate osteoblastic differentiation of osteoprogenitor cells without creating
toxicity. Our objective was to create an NO delivery mechanism using NO-dielectric barrier
discharge (DBD) plasma that can generate and transport NO with controlled concentration

to the area of interest to regulate osteoprogenitor cell activity. We built a non-thermal
atmospheric pressure DBD plasma nozzle system based on our previously published design
and similar designs in the literature. The electrical and spectral analyses demonstrated

that N, dissociated into NO under typical DBD voltage—current characteristics. We

treated osteoprogenitor cells (MC3T3-E1) using NO-plasma treatment system. Our results
demonstrated that we could control NO concentration within cell culture media and could
introduce NO into the intracellular space using NO-plasma treatment with various treatment
times. We confirmed that NO-plasma treatment maintained cell viability and did not create any
toxicity even with prolonged treatment durations. Finally, we demonstrated that NO-plasma
treatment induced early osteogenic differentiation in the absence of pro-osteogenic growth
factors/proteins. These findings suggest that through the NO-plasma treatment system we

are able to generate and transport tissue-specific amounts of NO to an area of interest to
mediate osteoprogenitor cell activity without subsequent toxicity. This opens up the possibility
to develop DBD plasma-assisted tissue-specific NO delivery strategies for therapeutic
intervention in the prevention and treatment of bone diseases.

Keywords: bone regeneration, nitric oxide, plasma medicine, osteoprogenitor cells
Online supplementary data available from stacks.iop.org/JPhysD/48/345401/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction Increasing evidence suggests that lower or impaired nitric
oxide (NO) contributes to decreased osteoblastic function or

The elderly population (>65 years) in 2009 was numbered at  impaired bone remodeling [3-5].

40 million in the US alone. More than 25 million of the elderly Nitric oxide (NO) is a bioactive gaseous molecule gener-

suffer from decreased bone formation and delayed fracture ated endogenously by mammalian cells through conversion

healing possibly due to defective osteoblast function [1, 2].  of molecular oxygen (O,) and L-arginine (amino acid) to
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L-citrulline in a reaction catalyzed by NO synthase (NOS)
enzymes [6-8]. A growing body of evidence from clinical,
animal, and in vitro studies has demonstrated that NO plays
an agonist role in bone hemostasis [9, 10]. A study conducted
with amenorrheic female athletes with an established spinal
osteopenia demonstrated that these athletes had a decreased
level of NO metabolites [11]. In vivo studies conducted with
eNOS knockout mice models demonstrated retardation in
postnatal bone formation [12] and a reduced trabecular bone
volume and turnover compared to their wild-type counter-
parts [13]. In vitro studies conducted with fetal dural cells
and calvarial osteoblasts also demonstrated that NO enhanced
proliferation and differentiation of these cells [14]. Riancho
et al [15] proved that NO-inhibition through NG-monomethyl-
L-arginine (NMMA) reduced proliferation and alkaline phos-
phatase activity (ALP) of the osteoblast-like cell lines MG63
and ROS 17/2.8.

Estrogen treatment and NO donors are used to overcome the
limitations caused by impaired NO production in bone remod-
eling related pathological cases including osteoporosis [16—-18].
FDA-approved NO donor, nitroglycerin, releases NO upon bio-
activation by mitochondrial aldehyde dehydrogenase. However,
it may become inactive due to oxidative stress [19] and patients
develop tolerance after the continuous administration of nitro-
glycerin [4, 20]. The sodium nitroprusside (SNP), another
common NO donor, releases NO enzymatically and non-enzy-
matically in the presence of vascular tissue or light irradiation
[21]. However, cellular toxicity due to cyanide release is a major
concern in SNP usage [22]. The estrogen treatment therapy also
has been used in clinical settings to enhance endogenous NO
production and to recertify NO deficiency in postmenopausal
women [10, 23]. Though, in recent years long-term safety
of estrogen replacement therapy has been questioned due to
increased risk of impaired liver function, breast carcinoma,
dementia, and acute vascular thrombosis [24].

In addition to their individual limitations, both NO donors
and estrogen replacement therapy are not able to generate
tissue-specific NO concentration. However, it is known that
the location and concentration of NO dictate its physiological
function [25-28]. Furthermore, their administration to the
body is conducted via intravenous or oral methods, in which
the entire body is exposed to the treatment and its possible
negative side effects. Thus, there is a great demand for a local-
ized NO delivery mechanism, which is capable of generating
a tissue-specific and controlled NO concentration to enhance
osteoblastic cell activity.

In recent years, applied physics’ principles and tools that
are designed based on these principles have been employed
in biology and cell-based therapeutic applications, including
cell differentiation. Electromagnetic fields [29-38], vibrations
[39-45], and plasma physics [46, 47] are the areas among
applied physics utilized for progenitor cell differentiation to
the specific linage commitment. Jansen et al [37] investigated
the effect of pulsed electromagnetic field (PEMF) on human
bone marrow-derived stromal cell (BMSC) metabolism and
their osteogenic differentiation. BMSCs were exposed to a
15Hz, 1 Gauss EM field, consisting of Sms bursts with 5 us
pulses. Non-treatment cells served as a control group. Their

results demonstrated that PEMF induced osteogenic differen-
tiation and enhanced mineralization compared to the control
groups. To induce osteogenic differentiation of mesenchymal
stem cells (MSCs), Schwartz and his group [38] treated MSCs
with PEMF consisting of 4.5 ms bursts of 20 pulses repeating
at 15Hz in the presence of osteogenic factor of bone morpho-
genetic protein 2 (BMP-2). Their results demonstrated that
PEMF enhances osteogenic effects of BMP-2 on MSCs cul-
ture and promote osteogenic differentiation. Tirkkonen et al
[44] utilized vibration to stimulate differentiation of human
adipose stem cells (hASCs) towards osteogenic linage. They
applied vibration at 3 g peak acceleration at frequencies of 50
and 100 Hz to cells cultured on well plates. Osteogenesis char-
acterization was conducted using alkaline phosphatase (ALP)
activity, collagen production, and mineralization. Their results
demonstrated that vibration significantly increased ALP
activity and collagen production of hASCs compared with the
static control. Pre and his colleagues [45] studied the effects
of low amplitude, high frequency vibrations on the differenti-
ation of hASCs toward bone tissue. They applied 30 Hz vibra-
tion for 45min daily and characterized the mineralization,
collagen deposition, and osteogenic gene expressions. Their
results showed the effectiveness of high frequency vibra-
tion treatment on hASC differentiation toward osteoblasts. It
should be noted that application of plasma physics towards cell
differentiation is a completely new avenue of research. Thus,
there is limited number of studies on plasma physics applica-
tion for cell differentiation. Steinbeck et al [47] investigated
the non-thermal dielectric barrier discharge (NT-plasma) for
chondrocyte and osteoblast proliferation and differentiation.
They demonstrated that NT-plasma selectively initiates reac-
tive oxygen species (ROS) signaling to enhance differentia-
tion. Xiong and his colleague [46] treated neural stem cells
(NSCs) with atmospheric-pressure room-temperature micro-
plasma jets (MPJs) to differentiate NSCs into neuronal lin-
eage. Microplasma treated cells exhibited rapid proliferation
and differentiation with longer neurites and cell bodies even-
tually forming neuronal networks. Treated cells expressed dif-
ferent cell lineage markers as #-Tubulin III (for neurons) and
Oy (for oligodendrocytes), while the expression of GFAP (for
astrocytes) remains unchanged. They proved that the plasma-
generated nitric oxide (NO) was a factor in the fate choice and
differentiation of NSCs followed by axonal growth.

The non-thermal and atmospheric pressure dielectric bar-
rier discharge (DBD) plasma has been utilized lately in the
plasma medicine field for wound healing [48], skin decontam-
ination [49], bacteria decontamination [50, 51], and cancer
cell apoptosis [52]. The ROS and reactive nitrogen species
(RNS) generated through various plasma discharge systems
[53] have enhanced and regulated the activity of endothelial
cells [54, 55], keratinocytes [56], and stem cells [57]. To this
end, utilizing non-thermal DBD plasma to generate various
concentrations of NO for bone regeneration is a viable option.
In this study, we hypothesized that nitric oxide (NO) gener-
ated by non-thermal DBD plasma system, can mediate early
osteoblastic differentiation of osteoprogenitor cells without
creating toxicity. Our objective was to create an NO delivery
mechanism using NO-DBD plasma that can generate and
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transport NO with controlled concentrations to the area of
interest to regulate osteoprogenitor cell activity.

2. Materials and method

2.1. Fabrication and characterization of dielectric barrier
discharge (DBD) NO-plasma nozzle system

The exogenous NO was produced and transferred using a
DBD NO-Plasma nozzle system, which was built based on
our design published previously [58] and similar designs in
the literature [59, 60]. It combines the advantages of non-
thermal and atmospheric pressure plasma processing [58].
Figure 1 demonstrates the schematic of the DBD NO-plasma
nozzle system and its components. DBD NO-Plasma nozzle
system contained a high voltage copper electrode (@ 3 mm)
inserted within a dielectric (quartz) tube with outer diameter
(OD) of 12mm and a wall thickness of 1.5mm. The ground
electrode covered the outside of the dielectric tube. The med-
ical grade, high purity N, (Airgas) was utilized as a working
gas in the system with 500 mLmin~' flow rate. The system
was powered using a pulsed power supply (Advanced Plasma
Solutions), which was capable of generating up to 35kV peak
voltage with 100 Hz—1 kHz repetition rate. In this study, to ini-
tiate NO-plasma, high voltage with an amplitude of 9kV was
applied at S00Hz with 3 us pulse width. The application of
high voltage to the centric copper electrode resulted in dis-
sociation of N, in the annular space between the high voltage
electrode and the ground electrode. The NO-plasma propa-
gated to the cell culture media through a curved nozzle tip
with a 6mm OD and 1.5mm wall thickness. The reason for
using a curved nozzle tip was to prevent the direct transporta-
tion of UV light within the plasma to cell culture media.

The characterization of DBD NO-Plasma nozzle system
was conducted through waveform analysis and optical emis-
sion spectra.

2.1.1. Waveform analysis. To analyze the high voltage and
current waveforms produced by the DBD NO-Plasma sys-
tem, a high voltage probe (1000: 1) was connected in parallel
with a plasma electrode and a high voltage cable was passed
through current probe (1VA~"). The changes in voltage and
current waveforms with time were recorded using a digital
oscilloscope (Tetronix).

2.1.2. Optical emission spectra of NO-plasma. To investigate
the components of the gas mixture produced within NO-plasma
ignition, the optical emission spectra was collected from the
discharge area using an optic fiber tube and analyzed using
a spectrometer (Ocean Optics, USA). The spectra was fur-
ther processed using software provided by the manufacturer’s
(SpectraSuite) to identify the NO, N, and O, associated peaks.

2.2. Effect of NO-plasma treatment on NO amount within cell
culture media

NO-plasma treatment was used to introduce moderate levels
of exogenous NO to the cell culture media. NO amount within

the media was measured immediately after 30s, 60s, 120s,
and 180s plasma treatment using Griess assay (Cayman
Chemicals). NO introduced to the medium rapidly reacts with
oxygen to yield stable metabolites of nitrate (NO3) and nitrite
(NO,), which can be measured by Griess reaction [61, 62].
100 41 of cell culture media was placed in a 96 well-plate and
treated with NO-plasma for 30, 60, 120, and 180s. Following
plasma treatment, 50ul of Griess Reagent-1 (Sulphanilic
Acid) and 50ul of Griess reagent-2 (N-alpha-naphthyl-
ethylenediamine) was added to the medium. The solution was
incubated at room temperature for 10 min then moved to the
spectrophotometer (SpectraMax) for absorbance measure-
ment at the 548 nm wavelength. Serial dilutions of standard
sodium nitrite (NaNO,) solution were used to prepare calibra-
tion curve for nitrite (NO;) versus absorbance measurement.

2.3. Treating of Osteoprogenitor cells with NO-plasma
and assessing the effect of NO-plasma treatment
on osteoprogenitor cells

In this study, MC3T3-E1 cells (osteoprogenitor cells) (ATCC)
were treated with NO-plasma for various treatment times. The
MC3T3-El cell line was chosen because these cells produce
low or undetectable amounts of NO in basal conditions [63].
Thus, the effect of NO-plasma treatment of these cells could
be studied without interference from endogenous NO produc-
tion. Furthermore, in order to ensure that only NO-plasma
affected the cells, the possible intracellular NO production
was inhibited using eNOS inhibitor, L-NIO, added to the
complete media. Finally, to eliminate the possible effect of
reactive oxygen species (ROS) created within the plasma, an
ROS scavenger sodium pyruvate, was added to the complete
osteogenic media.

The cells were cultured in a complete osteogenic media that
consisted of sodium pyruvate (10mM, Life Technologies),
LNIO (ImM, TOCRIS), oaMEM (Life Technologies),
10% FBS (Life Technologies), 1% penicillin/streptomycin
(Thermo Scientific), 10mM p-glycerophoshate (Sigma),
10nM dexamethasone (Sigma), and 50 ugml~" ascorbic acid
(SIGMA). Upon confluency, cells were trypsinized and seeded
on well-plates for overnight incubation at 37 °C and 5% CO..
Next day, cells were treated with NO-plasma for pre-defined
plasma treatment durations. Two control groups (positive and
negative control) were used throughout the study. The posi-
tive control group represented untreated cells, while negative
control group contained untreated cells with intracellular NO
inhibitor (LNIO).

2.3.1. Effect of NO-plasma treatment on intracellular NO
level. To identify whether NO-plasma generated nitric oxide
penetrates into intracellular space and increases the intracel-
lular NO level of MC3T3-El1 cells, cells were incubated with
DAF-2DA (Cayman Chemicals) prior to NO-plasma treat-
ment. DAF-2DA is a cell permeable reagent that is converted
into DAF-2, which reacts with NO and forms a strong fluo-
rescent triazolofluorescien (DAF-2T) that can be visualized
using fluorescence microscopy. Briefly, 50 x 103 cells were
plated into 24-well plate (each well) and incubated overnight
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Figure 1. Schematic of non-thermal dielectric barrier discharge (DBD) NO-plasma system. The NO-plasma system was used to dissociate
N, gas into NO and to introduce NO to the osteoprogenitor cell culture environment. A curved tube was used to deliver only NO to cells

and to prevent UV light cytotoxicity. (Schematic is not to scale).

at 37°C. The following day, cells were washed twice with
phosphate buffer saline (PBS) and incubated with 10uM
DAF-2DA in phenol red-free cell culture media for 60 min.
Following the incubation, cells were treated with NO-plasma
for 180s. The penetrated-NO in the intracellular space was
visualized using fluorescence microscope (AMSCOPE) at
490/525 nm excitation/emission wavelengths. Untreated cells
were used as a control to identify the basal intracellular NO
level within MC3T3-El cells.

Furthermore, to understand whether NO-plasma induced
increase in intracellular NO-level can be reduced to its basal
level, the intracellular NO scavenger, cPTIO (50 uM, ENZO),
was used for this experiment. Following the NO-plasma
treatment, cells were cultured with the complete media sup-
plemented with cPTIO. The cells were then visualized with
fluorescence microscopy. The 50 uM concentration of cPTIO
was chosen based on a supplementary MC3T3-El cytotox-
icity study (provided as supplementary data (stacks.iop.org/
JPhysD/48/345401/mmedia)), in which cells were cultured
within a media supplemented with 0, 50, 100, and 200 M
cPTIO.

2.3.2. Effect of NO-plasma treatment on osteoprogenitor cell
viability and toxicity. The effect of NO-plasma treatment on
MC3T3-El cells’ viability was assessed immediately and
24h after NO-plasma treatment using a live/dead assay. The
toxicity study was also conducted using Lactate Dehydroge-
nase (LDH) assay. For cell viability assessment, 20 x 10°
cells were plated in a 24-well plate (each well) and incubated
overnight at 37 °C. The following day, cells were treated with
plasma for Os (untreated), 30s, 120s, and 180s and stained
with 1:4 ratio of Calcein-AM: Ethidium Homodimer-1 pro-
vided with live/dead assay kit (Life Technologies) to assess
the viability immediately after plasma treatment. Cells then
were moved to the incubator for 15 min then washed with PBS
twice prior to visualization. Live cells were visualized using
490/525nm excitation/emission wavelengths while dead
cells were visualized using 557/576nm excitation/emission

wavelengths. Untreated (0s) cells were used as a control for
viability study. To evaluate the possible indirect cell treatment
due to NO-plasma treatment, cell viability was assessed again
24 h after the treatment following the same protocol.

For cytotoxicity assessment, Lactate Dehydrogenase (LDH)
released from non-living cells into the cell culture media was
measured using an LDH assay. 20 x 10° cells were plated in
a 24-well plate (each well) and incubated overnight at 37 °C.
The following day, cells were treated with plasma for 120s,
180s, 360s, and 480s. The cells were then incubated for
45min at 37°C. 50ul from cell culture media was admixed
with LDH reaction mixture (Thermo Scientific, USA) with
1:1 ratio and incubated at room temperature for another
30min. LDH release in culture media was determined colori-
metrically at 480nm and 590 nm. Percentage cytotoxicity was
calculated using both spontaneous LDH activity (non-treated
cells) and maximum LDH release (lysed cells) according to
the following equation.

% Cytotoxicity

_ [ Plasma treated cells LDH activity — Spontaneous LDH activity % 100
Maximum LDH activity — Spontaneous LDH activity ’

2.3.3. Effect of NO-plasma treatment on osteoprogenitor
cell proliferation. The effect of NO-plasma treatment on
MC3T3-El cells’ proliferation was assessed using Picogreen
assay (Life Technologies) with 30s, 60s, 120s, and 180s
NO-plasma treated cells on day O, 1, 3, and day 7. For pro-
liferation assessment, 10 x 10> cells were plated in a 24-well
plate (each well) and supplemented with complete osteogenic
media with/without eNOS inhibitor, L-NIO (1 mM, TOCRIS)
and incubated overnight at 37°C. The following day, cells
were treated with plasma for Os (control groups), 30s, 120s,
and 180s. Cells were then harvested and lysed using lysis buf-
fer (50 mM Tris HCI, 1 mM CaCl,, pH = 8). Proteinase K was
also added to the lysis buffer at a concentration of 200 ug ml~
to degrade cellular proteins and limit interference with
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Table 1. Forward and reverse primers for RT-qPCR.

Gene Forward primer Reverse primer Reference
HMBS 5'GAGTCTAGATGGCTCAGATAGCATGC '3 5" CCTACAGACCAGTTAGCGCACATC '3 [64]
COL-1 5" AACCCGAGGTATGCTTGATCT '3 5" CCAGTTCTTCATTGCATTGC '3 [65]
ALP 5" GATCTTCTTTCTCCTTTGCCTGG '3 5" TGTTTGCAGTGGTGGTTCTGGCA '3 [66]
OP 5" GGCATTGCCTCCTCCCTC '3 5" GCAGGCTGTAAAGCT TCTCC '3 [67]
OCN 5" TGCTTGTGACGAGCTATCAG 3’ 5" GAGGACAGGGAGGATCAAGT '3 [68]

Picogreen dye. Cell lysate was incubated overnight at 60 °C.
Next day, cell lysate was diluted with 1:10 ratio with 1X TE
buffer and mixed with 1:200 dilution of Picogreen dye. Total
DNA count was determined by measuring fluorescence inten-
sity at 480/520nm excitation/ emission wavelengths along
with a calibration curve prepared by serial dilutions of lampda
dsDNA (Life Technologies).

2.3.4. Effect of NO-plasma on osteoprogenitor cells differenti-
ation. The effect of NO-plasma treatment on osteoprogenitor
(MC3T3-El) cells differentiation was assessed by measuring
the early differentiation marker, cellular alkaline phospha-
tase activity (ALP), and osteoblast-specific gene expression
profiles.

ALP activities of NO-plasma treated cells and untreated
cells were quantified on day 7 by measuring the amount of
p-nitrophenol (pNP) converted from p-nitrophenyl phosphate
(pNPP) substrate (Sigma-Aldrich) in presence of ALP. Briefly,
10 x 103 cells were plated in a 24-well plate (each well), sup-
plemented with a complete osteogenic media and incubated
overnight at 37 °C. The following day, cells were treated with
plasma for Os (control groups), 30s, 120s, and 180s. Cells
were then harvested and lysed using ALP lysis buffer (10 mM
Tris-HCI, 2mM MgCl,, 0.1% Triton X-100, pH 8). 50ul of
the cell lysate was mixed with ALP substrate (SIGMA, USA)
with 1:1 ratio and incubated at 37 °C for 30 min. The reac-
tion was stopped using 3N NaOH and the color developed
was quantified using a spectrophotometer (SpectraMax) at
405 nm wavelength. Total ALP was estimated using a standard
curve obtained with different dilutions of calf alkaline phos-
phatase enzyme and was normalized with respect to the total
protein content in each sample determined by Bradford assay
kit (Thermo Scientific, USA) following the manufacturer’s
protocol.

The effect of NO-plasma treatment on osteoblast-specific
gene expressions was assessed using reverse transcription
quantitative polymerase chain reaction (RT-qPCR) on day
14. On characterization day, NO-plasma treated cells and
untreated cells (control) were lysed using TRIZOL (Life
Technologies). RNA was extracted (RNeasy mini kit; Qiagen)
and was reverse transcribed to cDNA (OMNISCRIPT
kit; Qiagen). RT-qPCR was performed for osteoblast-spe-
cific genes including Collagen Type-1 (COL-1), Alkaline
Phosphatase (ALP), Osteopontin (OP), and Osteocalcin
(OCN) with hydroxymethylbilane synthase (HMBS) as
the normalizing gene. The primers were purchased from
Integrated DNA Technologies and sequences (table 1) were
obtained from published literature [45—49] and verified using

OligoAnalyzer. The amplifications were performed and data
were analyzed for fold difference in gene expression using the
AAC; method.

2.3.5. Statistical analysis. Four samples (n = 4) were used
for experimental and control groups. All statistical difference
was determined using a student #-test with a 95% confidence
interval (p < 0.05). All values are reported as the mean and +
the standard deviation of the mean.

3. Results

3.1. Dielectric barrier discharge (DBD) NO-plasma system
characterization

3.1.1. Electrical characterization. The voltage and current
waveforms over time are presented in figure 2. These forms
of voltage and current are typical for non-thermal DBD plas-
mas [69, 70]. The current leads the voltage waveform, which
indicates capacitive behavior of the DBD NO-plasma nozzle
system (figure 2(A)). In figure 2(B), oscillograms of sinusoi-
dal (blue line) and microsecond-pulsed DBD (red line) were
provided to identify the micro-discharges ignited with 500 Hz
frequency and 3pus pulse width. The similar interval and
magnitudes of micro-discharges confirmed that homogenous
plasma discharge was obtained using non-thermal NO-plasma
system.

3.1.2. Optical Emission spectra of NO-plasma. Optical
spectral analysis of the plasma glow was conducted to iden-
tify the NO-plasma gas mixture components. As expected,
the bands obtained using the spectroscope were distinctive
for NO y system (A% Y * — X°z,) and N, 2nd positive sys-
tem (C’m, — B3]Tg) accompanied by N, Ist positive sys-
tem (B37rg -A Z: ). The conventional spectra from 220 to
420nm wavelength is presented in figure 3. The formation
of Ny A3 Z: long-lived metastable states provide an energy
reservoir for plasma chemical reactions that lead to the forma-
tion of reactive nitrogen species (NO) [71]. On the other hand,
because of the very fast rising time of DBD plasma high volt-
age pulse, the electrons acquire maximum acceleration. Thus,
elastic collisions of the energetic electrons with N, and impu-
rity O, molecules will result in the dissociation, excitation and
ionization of those molecules and consequently formation of
RNS and ROS. The transition from the excited state of NO
(A2 Y * (v =0)) to the ground state (X?x (v")), where v is the
vibrational quantum number, can be governed with the equa-
tions provided in figure 3 [72, 73]:
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pulse width are shown. (B) Expanded view of the two waveforms shows the plasma discharge points.
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Figure 3. Emission spectra in the range of 220-420 nm emitted from NO-plasma treatment at atmospheric pressure using 500 Hz pulse
frequency and 3 us pulse width. NO bands along with N, are dominantly present in the spectra produced by the NO-plasma nozzle system.

3.2. The changes in NO level within cell culture media and
cells following NO-plasma treatment

Following 30s, 60s, 120s, and 180s NO-plasma treatment,
the NO, amount within the culture media was measured using
a QGriess assay. Nitrite (NO,) is the stable metabolite of NO
especially in vitro [74], thus it can be used to measure NO
indirectly. Figure 4 demonstrates the changes in NO, amount
introduced to the cell culture media with the NO-plasma treat-
ment durations. NO amount within the media increased with
prolonged NO-plasma treatment time. The NO amount for
all NO-plasma treated groups was statistically different from
the control group (p < 0.05). Respectively, there were 2-fold,
3-fold, and 7-fold increases in NO amount for 30s, 60s, and
120 s NO-plasma treated media compared to control. For 180s
NO-plasma treatment group demonstrated a sharp rise in NO
amount with an almost 14-fold increase compared to control
group.

The effect of NO-plasma treatment on intracellular NO
level was studied through monitoring whether NO following
NO-plasma treatment penetrates into intracellular space. In
addition, the intracellular NO scavenger, cPTIO, was uti-
lized to understand whether NO introduction to the intracel-
lular space was a reversible action. Cell permeable DAF-2DA
reagent was used to visualize the intracellular NO. Figure 5

demonstrates the fluorescence image of intracellular NO
within MC3T3-E1 cells. For untreated MC3T3-E1 cells,
there was no detectable amount of NO within the cells (figure
5(A)). In contrast, when cells were treated with NO-plasma,
exogenous NO diffused into intracellular space and caused the
cells to exhibit green fluorescence (figure 5(B)). Figure 5(B)
also demonstrates that NO-plasma generated NO penetrated
through cell membrane and homogenously diffused inside the
intracellular space. Figure 5(C) demonstrates that there was
no fluorescence compound observed following the incubation
of NO-plasma treated cells with NO scavenger, cPTIO. This
proves that the exogenous NO introduction though NO-plasma
into intracellular space is a reversible process.

3.3. Effect of NO-plasma treatment on osteoprogenitor cells

3.3.1. Osteoprogenitor cells viability and toxicity following
NO-plasma treatment. To assess whether NO-plasma treat-
ment has immediate and delayed adverse effect on osteopro-
genitor cells (MC3T3-E1) viability, a viability assessment was
conducted immediately and 24 h after NO-plasma treatment
using live/dead assay. The toxicity was also measured using
a Lactate Dehydrogenase (LDH) assay. Figure 6(A) demon-
strates the fluorescence images of live (green) and dead cells
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Figure 4. The changes in NO concentration within the cell culture media with various NO-plasma treatment times. Results are expressed as
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Figure 5. NO-plasma treatment increased intracellular NO level within osteoprogenitor cells. The intracellular NO amount could be also
eliminated using a cell membrane permeable NO scavenger called cPTIO. (A) Control (untreated cells), (B) NO-plasma treated cells, and
(C) NO-plasma treated cells and incubated with 50 uM cPTIO (RNS scavenger). Scale bar is 50 ym.

(red) following Os (control), 30s, 120s, and 180s NO-plasma
treatment immediately after plasma treatment (day 0) and 24h
after plasma treatment (day 1). As seen in figure 6(A), there
was no significant presence of dead cells even with the pro-
longed NO-plasma treatment durations up to 180s compared
to control cells (Os treated) for both cells assessed immedi-
ately and 24h after NO-plasma treatment. This means that
NO-plasma does not decrease MC3T3-E1 cells’ viability. The
toxicity results from LDH toxicity assay (figure 6(B)) also
showed agreement with cell viability data. Figure 6(B) shows
that no significant cell toxicity was observed following the
120 s and 180 s NO-plasma treatment. When NO-plasma treat-
ment duration increased to 360s and 480s, then 2% and 4%
cell toxicity were observed, respectively. Both cell viability
and toxicity results demonstrated that NO-plasma generated
NO could be applied to osteoprogenitor cells safely without
toxicity and a decrease in cell viability.

3.3.2. Osteoprogenitor cells proliferation following NO-plasma
treatment. The effect of NO-plasma treatment on osteopro-
genitor cells proliferation was assessed through DNA count-
ing using Picogreen assay on day O, 1, day 3, and day 7. The
cells were treated with NO-plasma for 30s, 60s, 120s, and
180s. Figure 7 demonstrates the MC3T3-E1 cells proliferation

with various NO-plasma treatment durations. In figure 7(A),
proliferation data on day O showed that there is no significant
difference in the number of cells between the plasma treat-
ment groups and control groups. However, the proliferation
data on day 1 demonstrated that cells treated with various NO-
plasma treatment showed significant (p < 0.05) increases in
cell number compared to both positive and negative groups.
This indicates the positive effect of NO-plasma treatment on
osteoprogenitor cells’ proliferation. Starting from day 3 (fig-
ure 7(B)), there was a decrease in cell numbers for 120s and
180s NO-plasma treated cells compared to control groups
(p <0.05). The number of cells within 30s and 60s NO-
plasma treated groups were not statistically different than
their counterparts in control groups. The cell proliferation was
observed beyond day 3 to assess whether proliferation rate
continued to decrease for NO-plasma treated cells. On day
7 (figure 7(B)), the number of cells was significantly lower
on all NO-plasma treated groups compared to both control
groups. There was no difference in cell number between all
NO-plasma treatment groups. Overall, although there was an
increase in cell number for 7d, starting at day 3 the cell pro-
liferation rate decreased for NO-plasma treated cells. This can
be attributed to the induction of early cell differentiation for
NO-plasma treated osteoprogenitor cells.
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plasma treatment. Scale bar is 100 um. (B) Effect of prolonged NO-plasma treatment on MC3T3-E1 cell toxicity. Results are expressed as
mean + SD of the percentage toxicity (n = 4). *denotes a statistical difference between NO-plasma treatment groups (p < 0.05).
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3.3.3. Osteoprogenitor cells differentiation following NO-plasma
treatment. The effect of NO-plasma treatment on MC3T3-
El cells differentiation was assessed by alkaline phosphatase
activity (ALP) and osteoblast-specific gene expression pro-
files. In ALP activity analysis, following NO-plasma treat-
ment, cells were cultured with and without ROS scavenger
to isolate the solo effect of NO. Untreated cells were used as
a control for both groups. Figure 8 demonstrates the changes
in ALP activities of osteoprogenitor cells with various NO-
plasma treatment time with/without ROS scavenger.

Figure 8 shows that 180s NO-plasma treatment increased
ALP activity of cells more than two-fold compared to coun-
terparts in control (untreated), 30, 60, and 120s NO-plasma
treatment groups when cultured without ROS scavenger. When
the ROS scavenger was introduced to the cell culture media,
then ALP activities of cells in the control and all NO-plasma
treatment groups increased significantly (#, p < 0.05). In the
ROS scavenger group, the statistical increased ALP activity
was observed in 30s and 180s NO-plasma treatments.
Overall, the ALP data of NO-plasma treated cells with and
without ROS scavenger demonstrated that NO introduced to
the cell culture media using NO-plasma treatment increased
the early osteogenic differentiation of osteoprogenitor cells.

Further, to prove that NO introduced using NO-plasma
treatment was playing a role in increased ALP activity, an
additional ALP study was conducted. In this study, following
the NO-plasma treatment, an RNS scavenger (cPTIO) was
added to the cell culture media to eliminate the NO created
by NO-plasma system. Figure 9 demonstrated the normalized
ALP activities of untreated cells (control), cells treated with
NO-plasma, and cells treated with NO-plasma and cultured
in media with RNS scavenger. The ALP activity increased
two-fold in NO-plasma treated cells compared to counter-
parts in control groups. When NO-plasma treated cells cul-
tured in a media with RNS scavenger, the positive effect of
NO-plasma on ALP activity was negated completely and ALP
activity level reduced to Control level. ALP data given both

N.S
- 2.5 - *
et
>
T 2
<
o
= 154
b
E
s 05 4
=
0
Control NO-Plasma NO-Plasma Treated
(Untreated) Treated and 50 uM cPTIO

Figure 9. Normalized ALP activity (based on control group)

with NO-plasma treatment and RNS scavenger (cPTIO) culture.
The RNS scavenger reversed the effect of NO from NO-plasma
treatment on ALP activity. Results are expressed as mean of the fold
change of normalized ALP activity compared to control (untreated
cells) with mean + SD (n = 4). * denotes a statistical difference
from control (p < 0.05). N.S denotes no significant difference from
control (p > 0.05).

in figures 8 and 9 confirm that increased ALP activity within
osteoprogenitor cells was exclusively due to NO introduced to
the system using NO-plasma treatment.

The effect of NO-plasma treatment on osteoblast-specific
gene expressions was assessed on day 14 using RT-qPCR.
Four different genes were studied including genes associ-
ated with early osteoblastic differentiation (COL-1, ALP) and
genes associated with late osteoblastic differentiation (OP, and
OCN). Untreated osteoprogenitor cells were the control group
while 180s NO-plasma treated cells were NO-plasma treated
group. Figure 10 demonstrates the fold change in expression
of COL-1, ALP, OP, and OCN genes for NO-plasma treated
cells and untreated cells (control) group.
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Figure 10. The effect of NO-plasma treatment on osteoblast-specific gene expressions. NO-plasma induced an almost two fold change
in COL-1 and ALP genes expression compared to the control (n = 3). Late osteoblast-specific gene expressions (OP and OCN) were not
significant compared to the control. * denotes a statistical difference from the control (p < 0.05). N.S denotes no significant difference from

the control (p > 0.05).

In figure 10, fold change represents the gene expression
with respect to control group and house-keeping gene (HMBS)
expression calculated using AAC; method. The expression
of early osteoblastic differentiation genes, COL-1 and ALP,
increased with the NO-plasma treatment. NO-plasma treat-
ment induced a 230% increase in COL-1 and a 170% increase
in ALP gene expressions compared to control group. There
was no statistical difference for OP and OCN gene expres-
sions between NO-plasma treated cells and control groups.
The cell proliferation, early gene expression profile, and
ALP data strongly suggest that nitric oxide generated using
NO-plasma treatment induced the early osteogenic differen-
tiation of osteoprogenitor cells.

4. Discussion

In this study, we investigated whether NO generated using
non-thermal DBD plasma system can mediate osteoblastic
differentiation of osteoprogenitor cells without creating tox-
icity. Our objective was to generate and transport NO with
controlled concentrations to an area of interest to regulate
osteoprogenitor cell activity using a non-thermal atmospheric
pressure plasma system. We built a non-thermal atmospheric
pressure DBD plasma nozzle system based on our design
published previously [58] and similar designs in the literature
[59, 60]. We then characterized the electrical and chemical
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characteristics of the DBD plasma. We identified that NO was
the dominant plasma product following N, dissociation using
DBD plasma nozzle system. Thus, we have referred to the
system as an NO-plasma treatment system. Further, we studied
the NO introduction into cell culture media and intracellular
space using NO-plasma treatment with various treatment
times. We confirmed that NO-plasma treatment maintained
the cell viability and did not create any toxicity even with
prolonged treatment durations. Finally, we demonstrated that
NO-plasma treatment induced early osteogenic differentiation
in the absence of pro-osteogenic growth factors/proteins.

The voltage-current reading (figure 2) of non-thermal
DBD plasma system demonstrates that consistent NO-plasma
discharge can be obtained using the system. It is crucial to
have consistency because possible variation in the NO-plasma
discharge may prevent reliable readings from both spectral
and cellular analysis with the same system parameters. Upon
ensuring the consistency in NO-plasma discharge, spectral
analysis (figure 3) was conducted to identify the products of
NO-plasma treatment. The spectral analysis showed that dom-
inantly NO-plasma treatment generates NO and N, through
dissociation of N.

The various concentrations of exogenous NO were intro-
duced to the cell culture media using different NO-plasma
treatment time. The NO concentration was positively cor-
related with NO-plasma treatment time. With the prolonged
NO-plasma treatment times, the higher NO concentration was



J. Phys. D: Appl. Phys. 48 (2015) 345401

M Elsaadany et al

introduced to the media (figure 4). This fact is very impor-
tant because creating an NO-delivery system able to generate
different concentrations of NO on demand with a well-reg-
ulated fashion can eliminate most of the limitations of the
NO donors used in clinical settings. Once we confirmed that
we could introduce exogenous NO to the media of interest
and could control NO concentration with the treatment time,
we studied whether exogenous NO could penetrate into the
intracellular space following NO-plasma treatment. Cell per-
meable DAF-2DA reagent was used to visualize the intra-
cellular NO. The image of intracellular NO showed that the
untreated MC3T3-E1 cells did not have any intracellular NO
in their basal state, because MC3T3-E1 cells do not produce
NO in their basal condition. Following NO-plasma treatment,
exogenous NO penetrated within the intracellular space and
fluoresced green (figure 5(B)). Then, we have eliminated NO
presence within the cells using RNS scavenger to prove that
exogenous NO introduction though NO-plasma into intracel-
lular space is a reversible process. Since the location, concen-
tration, and source of NO dictate its physiologic function in
vivo [25-28], having the ability to fully control NO concentra-
tion and the area of application using NO-plasma system pro-
vides a great niche to apply the NO-plasma treatment system
to therapeutic applications.

After confirming that NO-plasma treatment generates
exogenous NO (figure 4), which could freely diffuse into
intracellular space (figure 5), it was essential to investigate
whether this NO created toxicity for osteoprogenitor cells.
We have assessed the cell viability following the NO-plasma
treatment and possible toxicity from the treatment. The via-
bility data (figure 6(A)) showed that NO-plasma treatment
does not affect the viability of cells immediately after plasma
treatment and 24h after plasma treatment. Even after 180s
of NO-plasma treatment, there was not a significant amount
of dead cells (shown red) compared to live cells (shown
green). We further increased the NO-plasma treatment time
up to 480s to identify possible toxicity created by excessive
NO-plasma treatment. The LDH toxicity results (figure 6(B))
demonstrated that when treatment time increased to 360s
and 480s, only 2% and 4% osteoprogenitor cell toxicity was
observed, respectively. Both live/dead and LDH assays dem-
onstrated negligible cell death following the NO-plasma treat-
ment with various treatment durations. The toxicity results
along with the viability results (figure 6) both confirm that the
NO generated using NO-plasma system is safe to introduce
into mammalian cells without toxicity.

Beyond preserving viability, proliferation and differ-
entiation data suggest that NO-plasma treatment promote
osteogenic differentiation of osteoprogenitor cells. For pro-
liferation study, two control groups were used (figure 7).
Negative control group, in which, intracellular NO produc-
tion was inhibited using eNOS inhibitor, L-NIO, to ensure
that only NO-plasma affected the cells. There was no statis-
tical difference between negative and positive control groups
throughout the cell culture period. This was expected because
osteoprogenitor MC3T3-E1 cells produce low or undetectable
amounts of NO in basal conditions [75]. Thus, cells in the neg-
ative control group, in which intracellular NO was inhibited,

1

demonstrated no difference in proliferation compared to
cells in positive control groups. Proliferation data (figure 7)
showed that during the cell culture period, osteoprogenitor
cells treated with NO-plasma continue to populate. However,
their proliferation rate decreased over time. Cells treated with
NO-plasma (with various treatment times) exhibited faster
growth on day 1 compared to untreated cells. Beyond day 3,
the proliferation rate was decreased for the cells treated with
longer NO-plasma treatment time (120 and 180s). On day 7,
the number of cells in all NO-plasma treatment groups were
significantly less compared to their counterparts in control
groups (p < 0.05). The decrease in cell proliferation rate for
NO-plasma treated cells can be attributed to the induction of
early cell differentiation of these osteoprogenitor cells. It is
well-established that at the onset of differentiation, prolifera-
tion rate of osteoprogenitor cells decreases to allow the cells
to enter the maturation stage and express osteogenic markers
[76]. It is evident that NO-plasma treatment induces early
osteogenic differentiation of osteoprogenitor cells

NO-plasma induced differentiation of osteoprogenitor
cells (both early and late differentiation) was quantified
through cellular alkaline phosphatase activity (ALP) and
osteoblast-specific gene expression profiles. The ALP study
was conducted with the cells treated with various NO-plasma
treatment times and cultured with or without ROS scavenger,
sodium pyruvate. The ROS scavenger group in the ALP study
was necessary to understand and eliminate the possible effect
of the ROS created within the plasma. ALP data (figure 8)
demonstrated two important facts about NO-plasma induced
early osteogenic differentiation. First was the dependence
of ALP activity on NO-plasma treatment time. The ALP
activity increased with the prolonged NO-plasma treatment
time. Specifically, 180s NO-plasma treated cells showed the
highest ALP activity for both with and without ROS scavenger
groups compared to counterparts treated with 0, 30, 60, and
120 s NO-plasma. This can be attributed to the increased NO
amount within the culture media and intracellular space with
the prolonged NO-plasma treatment time. From NO measure-
ment (figure 4), we showed that NO concentration within the
media increased significantly following NO-plasma treatment
and this increment was linearly correlated with the treatment
time. The intracellular NO imaging (figure 5) confirmed also
that NO-plasma increased the intracellular NO significantly
as a prerequisite of mediating biological effects including dif-
ferentiation. Additionally, to identify the solo effect of NO on
differentiation, we have used ROS scavenger to eliminate the
ROS generated by NO-plasma. Cells cultured without ROS
scavenger demonstrated basal level ALP activity except 180s
NO-plasma treated cells. This showed that ROS played an
antagonistic role in osteogenic differentiation. This can be
explained by inhibitory effect of ROS-mediated oxidative
stress on osteoblastic differentiation [77]. When the ROS
scavenger was incorporated within the media, ALP activity
increased dramatically for control group and all NO-plasma
treatment groups and reached highest for 180s NO-plasma
treated cells (figure 8).

We further investigated whether NO generated using
NO-plasma treatment was responsible for increased ALP
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activity. For this study, we have used RNS scavenger, cPTIO,
within the media to eliminate the NO and subsequently
observe the effect on ALP activity. Figure 9 demonstrated that
following NO-plasma treatment, ALP activity increased two-
fold compared to untreated cells (control). However, when
cPTIO was added to the media, ALP activity decreased to its
basal level. The ALP studies presented in figures 8 and 9, con-
firmed that NO-plasma treatment introduced NO to the system
and this exogenous NO dictated the early osteogenic differen-
tiation of osteoprogenitor cells.

NO-plasma induced early osteogenic differentiation was
also confirmed through measuring the osteoblast-specific
gene expressions (figure 10). We have evaluated COL-1, ALP,
OP, and OCN gene expressions. While COL-1 and ALP are
genes expressed in early osteogenic differentiation, OP and
OCN are expressed in late differentiation and mineralization
[76]. We have seen statistically significant increases in expres-
sion of COL-1 and ALP in NO-plasma treated cells compared
to control (untreated cells) (p < 0.05). However, no statistical
difference was observed for OP and OCN gene expressions
(p > 0.05). This can be attributed to the termination of the
gene expression study at day 14. Our previous studies [78,
79] demonstrated that osteoprogenitor cells (MC3T3-El)
expressed late stage differentiation markers including OP,
OCN, Osterix (OSX), and mineralization after day 14. The
positive effect of NO-plasma treatment on late osteogenic dif-
ferentiation gene expressions could be observed if culturing
period had extended beyond 14 d. Overall, both proliferation
and differentiation study demonstrated that NO introduced to
the osteoprogenitor cells using NO-plasma treatment induced
early osteogenic differentiation of osteoprogenitor cells.

5. Conclusion

In this study, the exogenous nitric oxide (NO) was gener-
ated using non-thermal dielectric-barrier discharge (DBD)
plasma system that could easily penetrate into intracellular
space and enable the differentiation of osteoprogenitor cells
in the absence of pro-osteogenic growth factors or proteins.
This work represents a first attempt to explore NO-plasma-
mediated regulation of osteoprogenitor cell activity. The
NO-plasma treatment is an innovative local delivery mecha-
nism of NO into a defect area, which can be used effectively
to overcome some of limitations of current treatments utilized
for impaired NO production in bone remodeling.
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