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Non-thermal dielectric barrier discharge plasma induces
angiogenesis through reactive oxygen species
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Abstract— Vascularization plays a key role in processes such
as wound healing and tissue engineering. Non-thermal plasma,
which primarily produces reactive oxygen species (ROS),
recently emerged as an efficient tool in medical applications.
Liquids and endothelial cells were treated with a non-thermal
dielectric barrier discharge plasma. Plasma treatment of
phosphate buffered saline (PBS) and serum-free medium
increased ROS concentration in a dose-dependent manner,
with a higher concentration in serum-free medium. ROS
concentration in cells peaked 1 hour after treatment. 4.2 J/cm’
increased cell proliferation, 2D and 3D migration, as well as
tube formation. A fibroblast growth factor-2 (FGF-2)
neutralizing antibody and ROS scavengers for hydrogen
peroxide and hydroxyl radicals abrogated these angiogenic
effects. Non-thermal plasma may be a potential tool for
applying ROS in precise doses to enhance vascularization.

I. INTRODUCTION

A ngiogenesis plays a key role in physiological

processes [1]. Insufficient vascularization contributes to
impaired wound healing in patients with diabetes [2]. In
vitro, vascularization is essential for engineering complex
tissues such as bone, muscle, liver and heart [3]. Over the
past few decades, many angiogenic growth factors have been
discovered, including fibroblast growth factor-2 (FGF-2) [4].
FGF-2 is associated with cell survival, proliferation, and
migration [5]. FGF-2 does not have a recognized signal
sequence for secretion and is known to be released by
injured cells [6]. Thus, cells that suffer an injury prepare
themselves against subsequent injuries through FGF-2.
While these growth factors are critical to the angiogenic
process, their success depends on timing, dose, and gradients
[7]. Efforts to apply growth factors in wounds or in tissue
engineered constructs to induce angiogenesis have met with
limited success [8].

Plasma medicine is a rapidly expanding interdisciplinary
field combining engineering, physics, and life sciences [9].
Plasma is an ionized gas composed of charged particles,
excited atoms and molecules, radicals, and UV photons. In
non-thermal plasma, electron temperature is much higher
than heavy particle temperature. While high temperature
electrons interact with gas molecules to create reactive
species, overall gas temperature remains close to room
temperature and hence non-thermal plasma can be applied
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directly to cells and tissue without measurable damage [10].
Non-thermal plasma recently emerged as a novel technology
for medical applications such as blood coagulation [11],
dental cavity treatment [12], malignant cell apoptosis [13]
and tissue engineering scaffold treatment [ 14].

Non-thermal plasma devices, specifically dielectric barrier
discharge (DBD) plasma, are used extensively in medicine
due to their selectivity, portability, scalability, ease of
operation, and low manufacturing and maintenance costs.
DBD plasma is generated at atmospheric pressure in air
when short duration, high voltage pulses are applied between
two electrodes, with one electrode being insulated to prevent
a current increase [15]. Non-thermal DBD plasma produces
a variety of biologically active reactive species, in particular
reactive oxygen species (ROS) including hydrogen peroxide
(H,0,), superoxide (O,-), hydroxyl radicals (OHe), and
singlet oxygen (O,(1Ag)) [15].

We previously demonstrated that non-thermal DBD
plasma promoted endothelial cell proliferation in vitro
through FGF-2 release [74]. However, the mechanism for
this effect was unknown. We hypothesized that FGF-2
release is related to plasma-induced ROS, and that the
combination of ROS and FGF-2 further induce endothelial
cells to create new blood vessels. In the current work, we
measured plasma-produced ROS in liquid and cells over
time, and then quantified plasma ROS and cell-released
FGF-2 effects on endothelial cell proliferation, migration,
and tube formation.

II. METHODS

A. Cell culture and materials

Porcine aortic endothelial cells (PAEC) were cultured in
low glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum, 1% penicillin-
streptomycin, and 1% L-glutamine. An intracellular ROS
scavenger, N-acetyl cysteine (NAC) and an extracellular
ROS scavenger, sodium pyruvate (SP), were used to block
plasma-produced ROS.

B. Plasma treatment

Non-thermal DBD plasma was generated by applying
alternating polarity pulsed voltage (1.5 kHz, 20 kVpp)
between an insulated high voltage electrode and the
grounded base holding the cell sample. A variable voltage
and current power supply custom was connected to a 25.4
mm diameter copper electrode with a 1 mm thick quartz
insulating dielectric covering its bottom surface. The

2447



discharge gap was fixed at 2 mm. Discharge power density
was calculated to be 0.84 W/ecm® (1.5 kHz) using
MATLAB). The plasma treatment dose in J/cm® was
calculated by multiplying plasma discharge power density
with plasma treatment duration. Cells in glass bottom dishes
or on coverslips were directly treated with plasma in the
presence of 100 pl serum-free medium. There was no
significant change in PBS and serum-free medium
temperature or pH.

C. Reactive oxygen species detection

Plasma ROS in liquid were quantified with 2'.7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), which
fluoresces following reaction with H,O,, OH-, O,(1Ag), and
ROO- [17]. The probe was activated by removing acetate
groups using an alkaline solution [18]. 150 pl PBS or serum-
free medium containing 20 uM DCFH was plasma treated.
100 pl of treated liquid was then transferred to a 96-well
plate, and fluorescence was measured at ex/em: 488/525 nm
using a microplate reader. H,O, was the positive control.

Intracellular ROS was assessed using the Image-iT LIVE
Green ROS Detection Kit (Invitrogen). The assay is based
on 5-(and6)-carboxy-2’,  7’-dichlorodihydrofluorescein
diacetate (carboxy-H,DCFDA), a fluorogenic marker for
ROS in live cells [17]. Carboxy-H,DCFDA is internalized
by cells and metabolized by intracellular esterases to
carboxy-DCFH, which then reacts with ROS to form
fluorescent carboxy-DCF. 100,000 PAEC were plasma
treated and were labeled for ROS according to
manufacturer’s protocol. Tert-butylhydroperoxide (tBHP),
which induces intracellular ROS, was the positive control.
Samples were imaged using an Olympus IX81 inverted
confocal microscope at ex/em: 488/520 nm.

D. Cell proliferation, migration, and tube formation

Endothelial cell proliferation in response to plasma
treatment was measured by cell counts. 10,000 cells were
treated with plasma or 10 ng/ml FGF-2 on day 0. Medium
was changed on days 2 and 4. On days 1, 3 and 5 after
plasma treatment, PAEC were trypsinized and counted using
a Coulter counter. Cell proliferation was defined as fold
change in attached cell number on day 5 compared to day 1.

3D migration was quantified using the QCM cell invasion
assay kit (Millipore). 1x10° PAEC in 100 pl serum-free
medium were plasma treated (4.2 J/cm®) and then added to
the chamber upper compartment. Cells were plasma treated
prior to being added to the chamber because the DBD
plasma electrode was too large for direct cell treatment in
the chamber. 150 pl DMEM with 10% FBS was added to the
lower compartment. FGF-2 (10 ng/ml) was used as positive
control. Samples were incubated at 37°C for 24 hours. Cells
that migrated through the membrane were quantified
according to manufacturer’s protocol.

An in vitro tube formation assay was performed as
described [19]. 4 mg/ml rat tail type I collagen was mixed
with plasma treated PAEC (4.2 J/em?, 3x10° cells) in serum-
free medium. 200 pl cell-collagen mixture was immediately

added to a 24-well plate and incubated for 1 hour at 37°C.
Supplemented medium was then added, and medium was
replaced every day. Phase contrast microscopy images were
taken at 0, 24, 48 and 72 hours. Tube formation was was
assessed by measuring tube length from a branch point or
between branch points using Image J. Eight tubes were
measured in each image, with three images per condition.

E. Statistical analysis

Statistical analysis was performed with Prism software.
All experiments were performed in triplicate and repeated
three times. Data are expressed as mean + SD. Comparisons
between two groups were analyzed using Student’s t-test.

III. RESULTS

A. Plasma ROS in liquid and cells

In both plasma-treated PBS and serum-free medium, ROS
concentration increased with plasma dose. ROS levels
increased rapidly at low treatment doses and more slowly at
higher treatment doses, likely due to ROS reactions with air
and liquid components. ROS concentration was consistently
25-35% higher in plasma-treated serum-free medium
compared to PBS (Fig 1a).

Plasma treatment also induced a dose-dependent increase
in intracellular oxidative stress immediately after treatment
(Fig 1b). 4.2 J/cm® plasma increased intracellular ROS 14%
compared to untreated cells, and 8.4 J/cm?® plasma produced
an 8% further increase. Plasma-induced intracellular ROS
peaked by 1 hour after treatment and then returned to near
baseline levels by 3 hours after treatment (data not shown).
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Fig. 1. DBD plasma ROS in liquid and cells. (a) Extracellular ROS in PBS
and serum-free medium (b) Intracellular ROS.
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Fig. 2. 3D endothelial cell migration was enhanced by low dose plasma
treatment via ROS-induced FGF-2 release. (a) Plasma treated PAEC
migration with a neutralizing FGF-2 antibody.*p<0.01 compared to control.
+p<0.01. (b) Plasma treated with extracellular ROS scavenger sodium
pyruvate. #p<0.05 compared to control, +p< 0.05.

B. Cell proliferation, migration, and tube formation

We previously demonstrated that plasma increased
endothelial cell proliferation through FGF-2 release [16].
We now show that plasma-produced ROS are critical to
enhanced cell proliferation. Cells treated with 4.2 J/cm?
plasma on day one had ten times as many cells on day five,
whereas control cells had only six times as many cells. An
FGF-2 neutralizing antibody and ROS scavengers N-acetyl
cysteine and sodium pyruvate abrogated the plasma-induced
cell proliferation enhancement.

Since maximum cell proliferation was observed at 4.2
J/em® plasma, 3D cell migration was measured at this dose.
24 hours after plasma treatment (4.2 J/cm?), the PAEC
number that migrated through the chamber increased
significantly. An FGF-2 neutralizing antibody reduced the
number of plasma-induced migrated cells by 7% (Fig 2a),
while sodium pyruvate caused a 22% reduction in migrated
cell number (Fig 2b).

Finally, endothelial cell tube formation following plasma
treatment was tested. Cells treated with a 4.2 J/cm® plasma
formed an extensive tube network 24 hours after treatment,
while untreated samples formed only tube segments (Fig 5a).
Average tube length in plasma treated samples was 121 £+ 22
pm, approximately 2.6 times longer than average tube length
in control samples (Fig 5b). The FGF-2 neutralizing
antibody reduced tube length by 70% (37 + 8um). Similarly,
a 67% decrease in tube length occurred after plasma
treatment in the presence of sodium pyruvate.

IV. DISCUSSION

Vascularization is critical to a variety of processes,
including wound healing and tissue engineering. We now
show that non-thermal plasma treatment produces ROS in
liquid and cells in a dose-dependent manner. These ROS
enhance endothelial cell proliferation, migration and tube
formation through FGF-2 release and this increase was
abrogated by a neutralizing FGF-2 antibody as well as
intracellular and extracellular ROS scavengers. These data
suggest that plasma may be a useful tool for promoting
vascularization.

Plasma produces ROS in gas phase, and these ROS then
diffuse into liquid where they react with organic matter. We
measured higher ROS levels in plasma-treated serum-free
medium as compared to PBS. We believe this occurred
because plasma ROS react with medium components such
as amino acids, which are not present in PBS. Medium
components are readily oxidized by ROS [20] to form
organic hydroperoxides, or ROS can also carbonylate
medium amino acids such as lysine, arginine, proline and
threonine. Since many ROS are short lived, plasma ROS
effects on cells may be extended through these ROS
interactions with organic medium components.
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Fig. 3. Endothelial cell tube formation was enhanced by plasma treatment.
(a) Phase contrast images of tube formation at24 hours. (b) Tube length
+p<0.001 compared to control, +p<0.0001 compared to plasma.
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Plasma ROS, whether extracellular or intracellular, can
cause sub-lethal cell membrane damage and subsequent
FGF-2 release [16]. Extracellularly, ROS such as
hydroperoxides or carbonylated amino acids damage the
plasma membrane through lipid peroxidation [21].
Intracellularly, ROS may cause cell membrane damage
through membrane lipid and protein oxidation. Disruption
size may range from 1 nm to greater than 1 pm, thus
allowing large molecule movement in and out of the cell
[22]. Sub-lethal cell membrane damage by plasma leads to
endothelial cell FGF-2 release [16]

Non-thermal plasma has many advantages over other ROS
vascularization methods. Plasma is safe, cheap and portable
compared to other mechanisms of inducing ROS or releasing
FGF-2, such as electrical stimulation, pulsed
electromagnetic fields and ionizing radiation. Unlike these
technologies, non-thermal plasma does not cause measurable
damage to surrounding tissue. Since plasma devices are
portable, they can be used in hospitals, disaster areas, and in
the military. Plasma devices can also be scaled to meet
specific treatment requirements and modified to produce
specific reactive species [45]. As shown in our previous
work, if direct plasma treatment is not possible, conditioned
medium from plasma treated cells containing growth factors
can also be used to promote angiogenesis [74].

While plasma can apply ROS to wounds or tissue
constructs and thereby promote vascularization, it is unlikely
that plasma alone will be produce efficient angiogenesis.
Angiogenesis is a complex physiological process involving
several angiogenic factors that must be released at specific
times and in specific concentration gradients. Hence, it
might not be possible to achieve angiogenesis of clinical
significance through one treatment technique but rather
multiple treatment techniques may be necessary. Growth
factor therapy for promoting angiogenesis has been
disappointing in clinical studies, even though it showed
promise in animal studies [28]. This could be attributed to
insufficient growth factor concentrations for the time needed
to generate a response due to difficulties in delivery methods
and dosing. Non-thermal plasma enables localized ROS
application in precise doses, which may be optimized to
release sufficient growth factor concentration. Thus plasma
may be an adjuvant to conventional vascularization
techniques. Adding plasma-treated cells could also
accelerate vascularization in wounds and tissue engineering
scaffolds.

We now show that non-thermal DBD plasma can
stimulate angiogenesis. Plasma dose can be varied by
changing treatment time, and plasma composition can be
modified by changing electrical parameters. Plasma
treatment could be used to promote tissue engineering
scaffold vascularization as well as accelerate wound healing
via enhanced angiogenesis. For tissue engineering scaffolds,
cells could be treated with plasma prior to seeding them in
the scaffold. For wound healing, plasma ROS could be used
initially at higher doses to sterilize the wound and later at

lower doses to promote healing. This novel tool could make
ROS a practical, physiological method to create new blood
vessels either in vitro or in vivo.
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