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Abstract: This paper reviews the principles behind the design and operation of the resistive barrier
discharge, a low temperature plasma source that operates at atmospheric pressure. One of the
advantages of this plasma source is that it can be operated using either DC or AC high voltages.
Plasma generated by the resistive barrier discharge has been used to efficiently inactivate pathogenic
microorganisms and to destroy cancer cells. These biomedical applications of low temperature plasma
are of great interest because in recent times bacteria developed increased resistance to antibiotics and
because present cancer therapies often are accompanied by serious side effects. Low temperature
plasma, such the one generated by the resistive barrier discharge, is a technology that can help
overcome these healthcare challenges.

Keywords: low temperature plasma; barrier discharge; cells; bacteria; apoptosis; cancer; reac-
tive species

1. Introduction

One of the most widely used approaches to generate low temperature atmospheric
pressure plasmas is the dielectric barrier discharge (DBD). The dielectric barrier discharge
original concept, which was first developed by Du Moncel in 1855 [1], was further devel-
oped, improved, and its physics elucidated by several investigators [2-17]. In its most basic
form the DBD uses a dielectric to cover one or two metal electrodes, which are separated
by a small gas gap. The electrodes are driven by voltages of several kV at frequencies in the
kHz range. Atmospheric pressure plasmas generated by DBDs have been extensively used
in material processing, surface modification, as UV-VUYV sources, as flow control actuators,
the generation of ozone [18-20], and since the mid-1990s in biomedical applications [21].

One of the DBD limitations is that it needed to be operated with frequencies ranging
from the kHz to the MHz. This required special high voltage power supplies at those
frequencies, which added to the complexity of operating a DBD-based system. This
shortcoming was overcome by replacing the dielectric barrier covering the electrodes by a
high resistivity layer. Doing so allowed the extension of the frequency range all the way
down to 0 Hz (DC) [22]. This paper first discusses the basic principles of operation of
such resistively stabilized discharge and then a brief overview of its use in biomedical
applications is presented.

2. Mechanism of Operation of the Resistive Barrier Discharge

Few methods can be used to extend the operating frequency range of barrier dis-
charges. One approach was the use of dielectric wire mesh electrode in a DBD to generate
a glow discharge at a frequency of 50 Hz [23]. Laroussi and Alexeff developed another
method to design a device that is known as the resistive barrier discharge (RBD) [22].
The RBD can be operated with DC or AC (50 or 60 Hz) power supplies. This discharge
is somewhat similar to the DBD configuration, but instead of a dielectric barrier, a high
resistivity (few M(Q).cm) sheet/layer is used to cover one of the electrodes (see Figure 1).
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The high resistivity sheet plays the role of a distributed resistive ballast, which helps avoid
the discharge from localizing and inhibits the current from increasing to high values and
turning the discharge into an arc. If helium gas was used and if the electrodes gap distance
was below 5 cm, relatively uniform plasma could be maintained (see Figure 2). However, if
air (>1%) was added to helium the discharge formed filaments which randomly appeared
within the bulk of the volumetric plasma.
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Figure 1. Schematic of the resistive barrier discharge.

Figure 2. Photograph of the plasma generated by a resistive barrier discharge (RBD) in helium. The
gap distance between the electrodes is 4.5 cm, and the voltage is 13 kV RMS at 60 Hz [22]. The input
power is around 100 W.

The RBD can be operated under DC or AC excitation modes. Under both modes, the
discharge current exhibits a series of pulses, suggesting that like the DBD, the RBD is also a
self-pulsed discharge. Figure 3 shows a typical current characteristics (top waveform) under
DC excitation and the corresponding light emission intensity (bottom waveform) detected by
a photomultiplier tube (PMT). The current pulses are few microseconds wide and occur at a
repetition rate of few tens of kHz. The pulsing of the discharge current can be explained by
a combined resistive and capacitive model of the device. When the gas breaks down and a
current of sufficient magnitude flows, the equivalent capacitance of the electrodes becomes
charged to the point where most of the applied voltage appears across the resistive layer
of the electrodes. The voltage across the gas gap then becomes insufficient to maintain gas
breakdown. At this point, the equivalent capacitor discharges itself through the resistive layer.
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This results in a decrease of the voltage across the resistive layer and an increase in the voltage
across the gas gap and breakdown occurs again. Figure 4 shows an electrical model of the
RBD [24].

-

Figure 3. Current waveform (top curve) of a DC-powered (20 kV) RBD and discharge integrated
light intensity detected by a photomultiplier tube (PMT) (curve is inverted to visually distinguish it
from the current waveform). Note the correlation between the timing of the current and light pulses.

Ua
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Figure 4. Electrical model of the RBD [24].



Plasma 2021, 4

78

3. Biomedical Applications of the RBD

Since the mid-1990s low temperature plasma (LTP) has been used for various biomed-
ical applications including the inactivation of bacteria, wound healing, and the destruction
of cancer cells and tumors [21,25-31]. LTP was found to provide a rich cocktail of reactive
species, such as reactive oxygen species, ROS, and reactive nitrogen species, RNS, that can
interact with cells and tissues and induce biological effects [32]. The RBD offers a practical
method to generate large volumes of low temperature atmospheric pressure plasma for
many of the above-mentioned biomedical applications. The earliest work reported on the
use of the RBD to inactivate bacteria [33-37].

Richardson et al. used the RBD to inactivate both Gram-negative and Gram-positive
bacteria [33]. They showed that the decimal value (D-value) varies from several tens of
seconds to several minutes depending on the type of bacteria and medium supporting the
cells. Laroussi et al. used the RBD to study the effect of cold plasma on the heterotrophic
pathways and morphology of bacteria [34]. As representative bacteria they used Escherichia.
coli (Gram-negative) and Bacillus subtilis (Gram-positive). They addressed these questions
by using sole carbon substrate utilization (SCSU) and electron microscopy. They reported
that sub-lethally cold plasma can affect cells” enzyme functions and for longer exposure to
plasma E. coli underwent lysis. Although inactivated, B. subtilis cells were not necessarily
lysed [34]. Laroussi et al. also reported that the lysing of cells could be explained by charge
accumulation on the cell’s outer membrane [35]. This causes the creation of an outward
electrostatic tension that stretches the membrane. The magnitude of this force is a function
of the surface potential and is greater for a smaller radius of curvature. So in location
where this radius is very small the electrostatic force can overcome the tensile strength
of the membrane and therefore causes local disruption [35]. They argued that the outer
membrane of E. coli exhibits an irregular/rough surface with small “bumps/pimples” with
very small radii of curvature. This, they argue, why it is easier to lyse Gram-negative
bacteria [35]. It is important to note here that the lysing of cells could happen because of
other causes such as the oxidation and/or peroxidation reactions in the cell membrane.
In addition electroporation that is caused by the presence of electric fields can lead to the
opening of pores in the cell membrane, some of which may be irreversible.

Thyigarajan et al. used the RBD in helium and air to inactivate E. coli. They reported
total killing of the bacterial population in 180 s (but they did not specify the original
concentration) [36]. They detected high concentrations of ozone and traces of NO,. They
attributed these species to the efficient inactivation they observed [36].

Uhm et al. reported on a sterilization chamber that uses several layers of RBDs to
generate large volume plasmas (40 L) [37]. They used this chamber to sterilize medical
tools wrapped in hospital cloths, to sterilize manufactured drugs in typical packaging
materials, and to sterilize biologically contaminated article [37]. As operating gas they used
oxygen and therefore created mostly ozone to interact with items to be sterilized. It took an
applied power of 60 W and residence time of 5 h to accomplish sterilization [37]. They also
used an ozone destruction device to eliminate the ozone after usage.

Thyiagarajan et al. used an RBD specifically designed to mostly produce RNS to study
their effect on human myeloid leukemia cells [38]. The effect of variable treatments of
plasma-generated RNS was tested in THP-1 cells (human monocytic leukemia cell line), a
model for hematological malignancy. These investigators used erythrosine-B staining to
evaluate the number of viable cells. Apoptosis and necrosis were assessed by endonuclease
cleavage observed by agarose gel electrophoresis. Cells detection was done with propidium
iodide (exclusionary dye) and fluorescently labeled annexin-V by flow cytometry and
fluorescent microscopy [38]. They reported that treatment times less than 45 s induced
apoptotic cell death while for times equal or greater than 50 s necrosis was observed. They
suggested that these effects were due to the RNS generated by the RBD, however, they did
not specify the specific nitrogen species.
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4. Conclusions

The resistive barrier discharge is a unique LTP source capable of generating large
volumes of plasma that can be used for various industrial and biomedical applications.
The fact that line frequency (50 or 60 Hz) can be used with a simple step-up transformer to
deliver electrical power to the discharge makes this device extremely practical. The RBD
has been used in various experiments to inactivate bacteria on surfaces, in liquids, and in
air. In fact, it has already been used for several years as part of heating, ventilation, and air
conditioning (HVAC) systems to clean the air from biological contaminants. Finally, the
RBD has been used in studies aimed at elucidating the effects of low temperature plasma
on cancer cells.
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