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1. Introduction

The use of plasmas for biomedical applications in encountering a growing interest, especially in
the framework of so-called “plasma medicine”, which aims at exploiting the action of low-power,
atmospheric pressure plasmas for therapeutic purposes [1–4]. Several applications have already
reached the stage of clinical trials, while others are on their way, a large set of different plasma sources
able to work at atmospheric pressure with low dissipated power have been created, and some of
them are already certified as medical devices. From the scientific viewpoint, action mechanisms for
the interaction of plasmas with cells, tissues and pathogens are being elucidated, although this is a
slower process which still requires great efforts. Furthermore, the indirect action through the use of
plasma-treated liquids is also being explored, presenting promising possibilities. Finally, one should
mention the possibility of plasma-cell interactions not directly related to a therapeutic action of the
plasma, but of great importance for facilitating other therapeutic approaches, such as plasma-mediated
gene transfection and drug penetration.

The plasmas used in this kind of applications have two main requirements: To be produced
at atmospheric pressure, and to keep the treated substrate at temperatures below 37 ◦C. These two
requirements imply that we are dealing with cold atmospheric plasmas (CAP), where only the electrons
have a high temperature (of the order of 1 eV, that is 11,600 K), while ions and the neutral molecules
are at or near room temperature. These are weakly ionized plasmas, where most of the gas molecules
are neutral, and electron-neutral collisions are the main drive of transport processes. In order to keep
the power deposition, and thus the gas heating, to low values, a method for limiting the current
needs to be employed in the plasma generation, so as to avoid transition to an electric arc: The
two most widespread approaches are the dielectric barrier discharge (DBD), where a dielectric layer
separating the electrodes rapidly extinguishes the current when enough charge deposits on it, and the
radiofrequency (RF) discharge, where the voltage is reversed very fast, at frequencies above 1 MHz [5].

This special issue was launched to collect the latest advancements in this exciting and
interdisciplinary field of research. There were 13 papers submitted, of which 11 papers were
accepted. When looking back to this special issue, various topics have been addressed: Mechanisms of
interaction of plasma with substrate (two papers), technologies for production of plasma-activated
water (two papers), and applications to cancer treatment (three papers), disinfection (two papers),
regenerative medicine (one paper) and dentistry (one paper).

2. Interaction of Plasma with Substrate

There are two papers in this special issue dealing with the problem of the interaction of the
plasma with the substrate, and in particular with substrates composed of living tissues. The first one,
by Schweigert and co-workers, deals with a problem which has gained considerable interest in the last
few years, that is the effect on the plasma-substrate interaction of the substrate grounding condition [6].
The study was performed both experimentally, using DBD sources operating in helium and argon
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with cylindrical and planar geometries to treat cancer cells in vitro, and through 2D simulations. It was
shown that a metal grounded target positioned below the plate with cells and medium led to an
increase of the electric field over the plasma-medium interface, resulting in higher electron energy
and density and OH-radical production rate. As a consequence, the ability of killing cancer cells was
enhanced, pointing to the importance of grounding to achieve relevant biological effects.

In the second paper, Cordaro and co-workers analyzed the performance of a plasma
source, based on the helium DBD jet concept, designed for non-thermal blood coagulation [7].
They demonstrated that the plasma action indeed accelerates platelet aggregation and fibrin formation,
thus inducing coagulation, while at higher powers and for longer treatment times also harmful effects
appear, such as red cells lysis, with destruction of collagen fibers and dehydration of muscle fibers.
In carrying out this task, it was ascertained that the main sample heating mechanism was due to the
electric current flowing to the sample. This led to the conclusion that a power deposition evaluation
performed on sample targets (as could be prescribed, for example, in a technical norm) could not be
representative of what happens when the plasma is applied to actual living tissues. In agreement with
the previous paper, this also implies that the grounding condition of the substrate is an important
issue.

3. Production of Plasma-Activated Water

The indirect treatment realized using water or other liquids (most often, cell culture medium)
previously treated with the plasma is an important part of plasma medicine studies. A wealth of
devices have been proposed to perform this treatment in an efficient way [8].

In the first paper of this section, a new device based on a low-current arc formed in ambient
air is proposed [9]. The idea (already exploited also by other authors) is that, being the treatment
indirect, the requirement of low thermal load holding for direct plasma treatments can be relaxed,
so that the plasma used to treat liquids does not need to strictly be a CAP. The authors demonstrated the
possibility of generating a stable discharge, even when using liquids that have low electrical conductivity,
and confirmed the possibility of treating a continuously flowing liquid. The concentration of reactive
oxygen and nitrogen species in water after treatment using the low-current arc object of this study
was two orders of magnitude higher than that of water treated using conventional CAP under similar
conditions. Strong bactericidal effects of the treated water were demonstrated on Escherichia coli cultures.

The second paper, by Schmidt and co-workers, uses a different approach, that is an inductively
limited discharge, to treat large volumes of water, overcoming the limitation of few millilitres associated
to the most usual approaches [10]. The proposed technique uses high voltage leakage transformers for
discharge current limitation to avoid arcing. The authors treated tap water, saline solution and distilled
water, and observed that, except for tap water, the treated liquids became acidic and the conductivity
increased. In all liquids, distinct nitrification was observed. The microbiological studies showed that
physiological saline solution and tap water became antimicrobial. The authors concluded that with the
proposed, portable setup, significant volumes of plasma-treated water can be easily produced in less
than 30 min.

4. Cancer Treatment

There are several intriguing evidences that the reactive oxygen species (ROS) originated in the
plasma can kill cancer cells selectively, preserving healthy ones. This has been attributed, in analogy
to other redox therapies, to the faster formation and loss level of these species in cancer cells as
compared to healthy ones, leading to higher baseline concentrations. The plasma action will raise
ROS concentration in both cell types, but only in cancer cells this will go beyond the threshold leading
to apoptosis [11]. Reactive nitrogen species are also considered to be important in determining the
plasma action, although their role is less understood [12].

In the paper of Hasse and co-workers, a pre-clinical study on the use of argon plasma as adjuvant
therapy on progressive head and neck cancer is described [13]. The plasma was produced by the
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certified medical device kINPen MED, operating at radiofrequency with an argon flow. The response
of healthy and tumour cells of head and neck cancer to CAP exposure was addressed. In addition,
tissue samples from 10 patients with histologically proven cancers of the maxillofacial region were
treated and then investigated for induction of apoptosis and secreted proteins with antitumour activity.
The viability of cancer cells was found to be strongly reduced by the plasma action, although no clear
selectivity of cancer cells could be observed. However, induction of apoptosis was superior in tumour
tissue than in healthy mucosal tissue. Furthermore, CAP treatment significantly decreased cell motility
in squamous cell carcinoma cells only but not in non-malignant keratinocytes. Overall, these results
point to CAP treatment as a promising adjuvant treatment option to eliminate minimal residual cancer
cells after radical surgery of carcinoma.

The antitumour effect of the reactive species generated by the plasma can be displayed through
direct plasma application, as in the previous study, or through the application of liquids previously
treated with the plasma. This is the theme of the second paper of this section, by Nguyen and
co-workers, which shows that plasma-activated medium can be stored for up to six months in a freezer
and then exhibit cytocidal effects on human cervical cancer HeLa cells, similar to those of a direct
plasma treatment [14]. The treated medium was Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum and antibiotics, and the treatment was performed with a micro plasma-jet
nozzle operating in air flow. The cytocidal effect was attributed to H2O2 and nitrite/nitrate formed in
the liquid by the plasma action.

Apart from the previoulsy mentioned mechanism, a new paradigm is also taking momentum as a
possible way of inducing cancer cell death through the plasma action. This is the immunogenic cancer
cell death, which proposes stimulation of an immune response against apoptotic tumor cells, and is
the theme of the third paper, by Rodder and co-workers [15]. In this work, the role of plasma-treated
murine melanoma cells in modulating murine immune cells’ activation and marker profile was
investigated. The results indicate a tumor-static action in terms of metabolic activity and cell motility
and a negligible protective effect of protein present during the treatment. A role of plasma-mediated
activation of splenic immune cells and a modulation of inflammatory parameters, in agreement with a
pro-immunogenic role of plasma treatment, were also observed.

5. Disinfection

The ability of atmospheric pressure plasma to kill bacteria, either by disruption of the cell envelope
or through more subtle effects [16], is well known, and indeed is the first effect which has been invoked
for utilization in medical practice [17].

The first paper of the special issue related to CAP disinfection properties is a review, by Gupta and
co-workers, concerning the effectiveness of this technique on biofilms [18]. While most studies in this
field test the plasma action against bacteria cultures in planktonic form, in real life applications bacteria
are often found in the form of biofilms, that is groups of microorganisms adhered to a substrate within a
self-produced matrix of extracellular polymeric substance, mostly composed of water, polysaccharides,
proteins, and extracellular DNA. Biofilms are much more resilient to antibiotics and antiseptics,
thanks to the fact that the extracellular polymeric substance forms a physical barrier, responsible for
limiting the transport of chemicals into and out of the biofilm, and are usually challenging to eradicate.
The ability to significantly affect biofilms is thus a crucial property to be demonstrated if plasma-based
disinfection is to be brought to the market. The paper of Gupta et al. reviews the existing literature on
biofilm eradication through CAP, concluding that the technology appears to be promising, but further
effort is required in developing (and certifying, I would add) plasma sources adequate for use in real
world environments.

The second paper, by Liu and co-workers, is aimed at fully understanding the bio-decontamination
process in a reduced-pressure oxygen plasma, using Escherichia coli as the target microorganism [19].
This study does not completely fall into the plasma medicine realm, as defined in the introduction,
in the sense that it makes use of low-pressure conditions. It is however very interesting, as it makes
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a thorough comparison of the role of different agents, that is UV radiation, charged species and free
radicals, in the decontamination process, and thus offers valuable information also for processes
operating at atmospheric pressure. In particular, the authors found that the essential effectiveness on
E. coli of the oxygen plasma can to be attributed to the intense etching action of charged species, that is
electrons and ions, on the bacilli materials. Lipid peroxidation in the cell membrane by oxygen radicals
plays a major role only during the initial phase (< 40 s), and is then restrained by the effect of charged
particles. The function of UV radiation is to assist in the whole process, resulting in slight damage and
rupture of DNA. This study, while confirming the marginal role of UV radiation, adds another bit to
the ongoing debate about the importance of charged species in the deactivation process.

6. Regenerative Medicine

The beneficial effects of plasma exposure in regenerative processes, such as wound healing,
is one of the most advanced applications of plasma medicine. Holganza and co-workers have
studied the effects of the exposure to a helium plasma produced in a DBD plasma jet on tadpoles
of Xenopus laevis, in relation to developmental effects such as tail regeneration and metamorphosis
[20]. The effect of plasma treatment following tail amputation was investigated. The experiment
confirmed previous observations about the fact that the plasma treatment accelerates tail regeneration
while slowing down the metamorphic progress, the latter possibly indicating the physiological
cost of enhanced regeneration involving metabolic machinery at the cellular and organelle level.
These effects, associated to higher oxidative stress, were linked to increase in Ca2+ content during
wound healing, possibly derived from extracellular stores such as the endoplasmatic reticulum.
Additionally, adherens junctions between epidermal cells of the tail and reduction of intercellular
spaces following plasma exposure were observed, indicating adaptive changes in order to maintain
skin integrity.

7. Dentistry

The paper by Shahmohammadi Beni and co-workers [21] adds to the application for which the first
plasma medicine tool was originally designed [17], that is the use of a CAP to perform dental treatments
in the oral cavity [22,23]. The authors have investigated numerically the transport by convection
and diffusion of OH radicals and of hydrogen peroxide (H2O2) generated by CAP over treated teeth.
This is important, as OH radical and hydrogen peroxide are two of the most important reactive species
generated by the plasma, in terms of biological effects. The model used by the authors consists of an
equation for the carrier gas motion, based on the level set method, that is a conceptual framework
allowing to perform numerical computations involving curves and surfaces on a fixed Cartesian grid
without having to parametrize these objects, and transport equations giving the evolution of the OH
radical concentration and of the H2O2 concentration. The equations were solved in a realistic geometry
model of the mandibular jaw and of the space between it and the plasma source. The simulation results
allowed a realistic evaluation of the deposition of the two active species on the different teeth of the
simulated jaw. Overall, apart from the scientific merit of the specific results, this code appears to be a
valuable tool for carefully assessing the actual deposition of active chemical species (possibly including
also other species) in a complex geometry, thus allowing to optimize the design of the plasma source,
and could be possibly extended also to different environments and plasma treatments.

8. Conclusions

As a matter of fact, it is clear that the strongly interdisciplinary plasma medicine community
is evolving towards a higher level of scientific depth and analysis detail, while at the same time
progressing towards bringing applications from the laboratory to the patient. This is crucial to fulfill
the expectations created by this new discipline, which is foreseen to soon become, at least in some
contexts, part of the tools routinely available to the practitioner.
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Abstract: The cold atmospheric pressure plasma jet interaction with the bio-target is studied in
the plasma experiment, 2D fluid model simulations, and with MTT and iCELLigence assays of
the viability of cancer cells. It is shown, for the first time, that the use of the grounded substrate
under the media with cells considerably amplifies the effect of plasma cancer cell treatment in vitro.
Plasma devices with cylindrical and plane geometries generating cold atmospheric plasma jets are
developed and tested. The sequence of the streamers which forms the plasma jet is initiated with a
voltage of 2.5–6.5 kV applied with the frequency 40 kHz. We suggest using the grounded substrate
under the bio-target during the plasma jet treatment of cancer cells. The analysis of the measured
plasma spectra and comparison of OH-line intensity for different voltages and gas flow rates allows us
to find a range of optimal plasma parameters for the enhanced OH generation. The time-dependent
viability is measured for human cell lines, A431 (skin carcinoma), HEK 293 (kidney embryonic
cells), and A549 (human lung adenocarcinoma cells) after the plasma jet treatment. The results with
cell-based experiments (direct treatment) performed with various plasma jet parameters confirm the
maximum efficiency of the treatment with the optimal plasma parameters.

Keywords: cold atmospheric plasma jet; plasma device; bio-target; plasma-surface interaction

1. Introduction

Recently, plasma devices generating the streamer type of breakdown in a mixture of noble gases
and air have been widely used in medicine (see, for example [1,2]). The most typical plasma devices
operate at 10–50 kHz frequency with the voltage of 2.5 kV–20 kV, applied to the electrode embedded
inside of the dielectric tube. The streamer appears over the positive cycle of the applied voltage and
propagates inside and outside of the dielectric tube [3,4]. Usually a noble gas is pumping through the
dielectric tube since the critical voltage of the breakdown in the noble gases is essentially lower that in
the atmospheric air. The streamers propagate over a laminar jet of a noble gas and induces multiple
chemical reactions in the mixture of nitrogen, oxygen, water vapor and noble gas some distance apart
from the dielectric tube inlet [5,6].
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The bio-target treated with the plasma jet is exposed to a chemical cocktail of different radicals,
ions and the large electric field delivered by the streamer head. The efficiency of treatment depends on
numerous parameters, such as the discharge voltage and frequency, plasma device geometry, type
of working gas, velocity of flow gas, distance between a discharge tube nozzle and tissue, time of
exposing to the plasma etc.

The effect of different types of targets placed in free plasma jets on the plasma characteristics
and OH-production was studied previously. In numerical calculations in Ref. [7], it was shown that
an increase of permittivity of targets ranged from plastics to metals enhances the speed of ionization
wave and the electron density in the plasma column. In Ref. [8], the images of plasma interaction with
different targets showed an increase of intensity of the optical emission for the grounded electrode
beneath. The electric field profile between the nozzle and target over the He plasma jet generated
with 30 kHz discharge with 2 kV voltage amplitude was measured in Ref. [9], using optical emission
spectroscopy on a forbidden line of Helium (21P41F). The electric field E delivered by the streamer to
the metal grounded electrode is shown to be higher than E for the glass target case. A considerable
rise in OH density values was found in Ref. [10] with the presence of the metal target compared to
the free jet results at the high AC voltage amplitude of 10 or 14 kV. This enlarged value of the OH
density was provided with the counter-propagating streamer after impinging the target. In Ref. [11],
an original method to increase the OH generation was developed. Using multiple ring electrodes,
more OH-radicals were generated. Compared to the case with only one ring, the device with 12 ring
electrodes can generate 3–5 times more OH. It was shown that the multiple electrodes enhance the
plasma and OH-radical production only inside the tube rather than in the plasma plume in the
surrounding air. A higher discharge current and active species densities were achieved in Ref. [12]
with the installation of an additional floating inner electrode in the plasma device compared to the
device only with two outer electrodes. In Ref. [13], an external biased ring electrode installed between
the plasma device and target was used to intensify the streamer characteristics near the target surface.
It was shown that the surface electric field and ionization rate were much higher on the dielectric
surface than on the conductive one, due to an accumulation of the surface charge, especially with the
presence of negatively biased external electrode.

In this work, in the experiment and 2D fluid model simulations, we study the influence of the
presence of the grounded substrate beneath the plate with the media and cells on plasma characteristics
and the efficiency of cancer cell treatment. Based on the theoretical and experimental results the optimal
conditions of CAP jet are formulated and implemented in cancer cell-based experiments. Monitoring
the viability of cancer human cell lines A549 and A431 after the CAP jet treatments with various
plasma conditions confirms an increase of plasma impact for the optimal plasma parameters.

Following a description of the experimental setups in Section 2, the results of measurements
of plasma jet characteristics and the intensity of OH-line in spectra are given in Section 3. A brief
description of 2D fluid model and a comparison of simulation results of plasma-target interaction with
and without the grounded substrate are presented in Section 4. Materials and methods for study of
cells response on CAP treatment are provided in Section 5 and an influence of CAP jet treatment on
the viability of A549, A431 and HEK 293 cells are discussed in Section 6. Conclusions are given in
Section 7.

2. Experimental Setups

The experimental study of generation of CAP jet is carried out in discharge devices with the
coaxial and planar geometries. The plasma sources are shown in Figure 1. The coaxial device is a
dielectric tube with a length of 100 mm and an inner diameter of 8 mm.
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Figure 1. Plasma devices with the cylindrical (a) and planar (b) designs. The plasma jets are generated
in helium.

A copper powered electrode with a length of 50 mm and with a diameter of 2 mm is inside of the
dielectric tube. A capillary insert with a length of 6 mm and an inner diameter of 2.3 mm is placed
some distance from the powered electrode. A copper grounded ring with an inner diameter of 18 mm
is outside the quartz tube.

In the planar design of the plasma device, two quartz plates (2 mm × 30 mm × 45 mm) are
inserted in the cylindrical dielectric frame. The gap between plates is 2 mm. The powered electrode is
a copper multi-tip stripe located inside and the grounded electrode is outside. The capillary gap is
1 mm. As seen in Figure 1b, for the planar plasma device the treated area was elongated up to 45 mm.

In atmosphere, the helium plasma jet length is of 5–6 cm, but it can be elongated and redirected
with a flexible dielectric tube. In Figure 2a,b, the images of plasma jets without and with a flexible tube
inserted in the plasma device are shown. It is seen that the pathway of streamers can be controlled.
The argon plasma jet shown in Figure 2c demonstrates an instability inside of the dielectric tube.
The discharge current cords permanently change their trajectories inside the device tube in contrast to
the helium quasi-stationary discharge glow (see Figure 2a).

Figure 2. Images of cylindrical plasma devices and plasma jets generated in working gas helium (a),
with a flexible tube (b) and in argon (c).

The gas system supplied working gases with the typical gas flow rate v of 1–10 L/min. A purity
of helium and argon are of 99.995% and 99.998%, respectively. The power supply provided a sinusoidal
voltage with a frequency of 40 kHz, voltage amplitude U up to 6 kV. In the experiment, the voltage and
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current of CAP were recorded with a Tektronix TDS 2024 oscilloscope with a passband of 200 MHz.
The spectral composition of CAP was registered in the range of 200–750 nm, using a spectrometer with
a resolution better than 0.5 nm.

3. Experimental Results on Plasma Jet

With increasing voltage amplitude, the discharge development in helium exhibits four steps. First,
at a small voltage, luminous spots on a tip of the powered electrode appear. Then a glow spreads
over the gap between the powered electrode and capillary insert. With further increasing U, the glow
propagates inside the capillary and finally at some critical voltage Ucr the plasma jet starts to propagate
beyond the dielectric tube over the inert gas flow in surrounding atmosphere. We found that in argon
Ucr is essentially higher than in helium for the same gas flow rate v and diameter of capillary insert
d. For example, for v = 2 L/min and d = 2.3 mm, Ucr is 2.6 kV for helium and Ucr = 3.5 kV for argon.
Note that Ucr does not depend on the flow rate for d > 2.3 mm. The plasma jet length can be up to
60 mm in helium and only 20 mm in argon. An optimal geometry for the argon plasma jet is with the
capillary placed at the edge of dielectric nozzle.

The experimental study of plasma jet generation with the planar one slit design source
(see Figure 1b) shows the CAP formation picture which is similar to the coaxial geometry case.
The feature of the planar design is that the presence of a multi-tip structure on the plane powered
electrode is critical for the plasma jet formation. Please note that the critical voltage of CAP jet
generation in helium for the planar source Ucr ≈ 6 kV, which is much higher than Ucr for the
cylindrical design.

The developed plane design of the CAP source allowed us to enlarge the zone exposed to the
plasma jet. However, in our experiments with the cancer cell treatment discussed below we used the
cylindrical plasma device to provide better uniformity of irradiation of wells with the media and cells
without touching the plastic edge of wells.

In Figure 3, the waveforms of the voltage and current are shown for helium working gas. It is
seen that the current increases at a positive half-wave of voltage as was observed in Ref. [4]. For all
considered conditions of the CAP generation the discharge current does not exceed 10 mA.

Figure 3. Discharge voltage and current with time in helium for U = 5 kV.

The examples of typical emission spectra of helium and argon CAP are shown in Figure 4.
In addition to helium and argon lines in the plasma jet, there are lines of molecular nitrogen N2,
molecular nitrogen ions N+

2 , and nitric oxide NO. In the UV range, weak O2 and O+
2 lines are observed,

as well as the Balmer series of the hydrogen line.
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Figure 4. CAP spectra (a) in helium, v = 9.4 L/min, U = 5 kV, and (b) in argon, v = 3 L/min, U = 6.3 kV.

As seen in Figure 4, hydroxide OH appears in both spectra of helium and argon CAPs. In our
experiments, the OH-radical production with CAP jet over the plasma-target interface was studied
for the cases with and without the grounded substrate beneath the plate with the media and
cells. As discussed below in Section 4, the presence of the grounded substrate must amplify the
plasma-target interaction.

The spectra were measured in gas phase near the interface of plasma and liquid media. A variation
of the intensity of OH-peak at λ = 309 nm in spectra was recorded for different voltages and gas flow
rates. Please note that the peak at λ = 309 nm is always dominant in a group of OH-lines over our
range of plasma parameters. A part of spectrum with OH-lines and the peak at 309 nm is shown
in Figure 5 for the cases with and without the grounded substrate for U = 4.8 kV. It is seen that the
intensity of OH-lines unexpectedly increases by an order of magnitude after the installation of the
grounded substrate. An arrow in Figure 5 shows the OH-line at λ = 309 nm used for our analysis.

Figure 5. Part of spectrum with of OH peaks measured with the presence of the grounded substrate (1)
and without it (2). An arrow indicates the peak at λ = 309 nm, helium, U = 4.9 kV, v = 3 L/min.

In the experiment, the spectra were measured within a range of the voltage from 2.5 kV to 6.5 kV.
The intensity of the OH-peak depending on the voltage is given in Figure 6a. This intensity and
consequently, the production rate of OH-radicals start to increase quickly for U > 4 kV. To illustrate the
difference in the OH-production the ratio R of intensities of OH peaks with and without the grounded
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substrate is shown in Figure 6b. For a lower voltage, U < 3.5 kV, the occurrence of the substrate weakly
affects the OH-radical production, whereas for U > 3.5 kV the ratio R exhibits a rise of a factor of 10.

Figure 6. Intensity of OH-peak at λ = 309 nm in helium for different applied voltages with the grounded
substrate (a) and the ratio of intensities of OH peaks with the grounded substrate and without it (b),
v = 3 L/min.

The effect of gas flow rate on the intensity of OH-line at λ = 309 nm in spectrum is shown in
Figure 7. The results of measurements indicate a range of flow rate from 2.5 L/min to 4 L/min is
optimal for the OH-radical production.

In conclusion to this Section, the plasma devices for plasma jet generation with cylindrical and
plane designs were developed and tested. The OH-radicals production rate was studied for different
applied voltages and rates of gas flow. A change of the OH-radical intensity peak at λ = 309 nm
was analyzed from the spectra recorded over the point of contact of the plasma jet and target.
The comparison of the OH-peak in spectra measured (a) with the grounded substrate beneath the
treated target and (b) for the electrically isolated target shows a considerable increase of OH-production
for the case (a).

Figure 7. Intensity of OH-peak at λ = 309 nm in helium for different gas flow rates with the grounded
substrate, U = 4.9 kV.

4. Effect of Grounded Electrode Simulation Results

The purpose of this theoretical study is to check the idea to use the grounded metal substrate
under the bio-target to enhance the streamer characteristics near the target. The simulations of streamer
formation in the plasma device and propagation to the target are performed in the framework of 2D
fluid approach with the cylindrical symmetry. The fluid model of the discharge and streamer dynamics
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includes continuity equations for electrons, ions and mean electron energy and the Poisson equation
for the electric potential and electric field. The transport coefficients in the continuity equations for
electrons and their mean energy are calculated from the electron energy distribution function, which
is calculated with solving the Boltzmann equation for a given E/N, where E is the strength of the
electric field and N is the gas density, and a gas mixture. The detail model description is presented in
Ref. [13]. A part of cylindrical simulation domain with the electric potential distribution is shown in
Figure 8a. In simulations, as in the experiment, the streamer propagates to the target and interacts with
it. The gas discharge ignition, streamer dynamics and interaction with the target were considered and
compared for two positions of the (GR) substrate. In the first case, the GR substrate is placed 1 mm
beneath the target and in the second case, the GR substrate is 500 mm from the target. The first and
second cases refer to the experimental conditions with and without GR substrate, respectively.

Figure 8. (a) Spatial distributions of electric potential at the moment when the streamer touches the
target. Color palette is for 0–5000 V with the 500 V increment. (b) Ionization rate profile over z for the
cases without the GR substrate (1) and with it (2), argon, U = 4.9 kV.

In simulation domain in Figure 8a, the target is at z = 36 mm. A depth of liquid layer is 5 mm.
The radii of nozzle and dielectric tube are 1.15 mm and 2.4 mm, respectively. The length of dielectric
tube is 25 mm. The dielectric permittivities of the quartz tube and liquid are 10 and 80, respectively.
The radius of calculation domain is 60 mm. The powered electrode is embedded in the dielectric
tube as in the experimental plasma device. The external ring grounded electrode with h = 3 mm and
r = 4.8 mm is placed at z = 17.5 mm on the dielectric tube. The voltage amplitude U0 is 4.9 kV and
working gas is argon.

In simulations, the gradual voltage increase initiates the streamer formation near the tip of the
powered electrode. The streamer propagates first inside of dielectric tube and then over the argon gas
flow in the direction to the target. With approaching to the target, the streamer begins to accelerate and
the ionization rate increases. The spatial potential distribution for the case without the GR substrate
is shown in Figure 8a for the moment when the streamer touches the target. The potential gradually
increases behind the streamer head in the direction of the powered electrode inside the dielectric tube.
The position of the grounded ring electrode is seen as a potential dip. The streamer has a toroidal
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shape, and the point of streamer contact with the water layer is seen in Figure 8a as the potential
bump with coordinates z = 3.58 cm and r = 1.25 mm. At this point the ionization rate has a maximum
value. For this moment, the profiles of the ionization rate over z at r = 1.25 mm is shown in Figure 8b.
In simulations, we found that the presence of the grounded substrate beneath the target essentially
affects the streamer characteristics. It is seen in Figure 8b that the ionization rate is four times higher
with the GR substrate (curve 1) compared to the case without it (curve 2). The explanation of an
increase of the ionization rate can be found from the analysis of the potential distribution.

Figure 9 shows a zoom of the electric potential distribution near the liquid layer for two considered
cases. The potential on the plasma-liquid interface ϕw ≈ 1 kV without the GR substrate beneath and
ϕw = 372 V with the GR substrate. It is seen that without the GR substrate beneath the target (when the
grounded substrate is 500 mm apart from the target) the electric potential on the plasma-liquid interface
φw is more elevated since the potential drop between the liquid layer and the remote GR substrate
is relatively large. The potential drop over the liquid layer is negligible since εw = 80. The electric
field strength is determined with the potential gradient according the Poisson equation for the electric
potential ϕ and electric field E:

div∇ϕ = 4πe(ne − ni), E = −∇ϕ, (1)

where ne, ni are electron and ion densities, e is the elementary charge. Thus, the elevation of ϕw on
the plasma-water interface decreases the electric field near the surface and consequently the electron
energy and the ionization rate.

The white line in Figure 9a indicates a trace of the maximum of the ionization rate during streamer
propagation from the discharge tube to the target.

Figure 9. Spatial distributions of electric potential (a) without the GR substrate, color palette is for
900–2100 V, and (b) with the GR substrate, color palette is for 240–1700 V, argon, U = 4.9 kV.

The potential profiles (over white line in Figure 9a) for different times during the streamer
approaching the surface is shown in Figure 10 for the cases with and without the GR substrate.
A higher electrical field near the liquid surface for the case with the GR substrate is provided with a
steeper potential drop compared to the case without the GR substrate.
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Figure 10. Potential profile over z for different times, t = 381.1 ns (1) and 382.8 ns (2) for the case
without the grounded substrate and t = 374.5 ns (3) and 375 ns (4) for the case with GR substrate, argon,
U = 4.9 kV.

The spatial distributions of the electron density, electron energy, normal component of electric field
and ionization rate are shown in Figure 11 for enhanced plasma jet parameters with the GR substrate.

Figure 11. Spatial distributions of electron density, color palette is for (1010–2.7 × 1013) cm−3, log
scale (a), electron energy, color palette, (0.1–9.2) eV (b), normal component of electric field Ez, color
palette, (5.2 × 103–5.2 × 104), V/cm (c) and ionization rate νi, color palette, (1019–2 × 1023) cm−3s−1,
log scale (d), with the GR substrate.
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The maximum of the electron density and energy are 2.5 × 1013, cm−3 and 8.3 eV. The Ez and Er

are 56 kV/cm and 26 kV/cm, respectively. If the GR substrate is absent these values are smaller that
leads to decrease of the rate of plasma enhanced chemical reactions.

In conclusion of this section, in 2D fluid model simulations, the discharge ignition and streamer
dynamics were studied for our experimental conditions. The streamer interaction with the target
was calculated for the cases with and without grounded substrate beneath the target. It was
shown that the electron density and energy, electric field strength and ionization rate considerably
rise with the presence of the grounded substrate without increasing the discharge input power.
This recommendation for the plasma jet enhancement was used in the cell-based experiments.

5. Materials and Methods for Study of Cells Response on CAP Treatment

Human cell lines, HEK 293, A431 and A549 were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). HEK 293 (kidney embryonic cells) were grown in DMEM
medium (Sigma-Aldrich, St. Louis, MO, USA), A431 (skin carcinoma) and A549 (human lung
adenocarcinoma cells) were grown in DMEM F12 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco BRL Co., Gaithersburg, MD, USA), 2 mM
L-glutamine, 250 μg/mL amphotericin B, and 100 U/mL penicillin/streptomycin—complete medium.
When cells were grown for the indirect treatment, all cell lines were cultured in DMEM F12 to unify
the experimental conditions.

MTT Assay (Colorimetric assay, 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)
was used to assess cytotoxicity and cell viability.

iCELLigence Assay. Cell proliferation and survival are monitored in real time with the
iCELLigence RTCA (Real-Time Cell Analyser) system (ASEA Biosciences lnc., San Diego, CA, USA).
The cells were seeded in 8-well E-plates with the integrated microelectronic sensor arrays and
cell-to-electrode response is measured. The presence of adherent cells at the electrode-solution interface
impedes electron flow. The magnitude of this impedance depends on the number, size and shape of
cells. First, the cells were seeded at a density of 30,000 cells per a well in a total volume of 500 μL of
DMEM F12. For the cytotoxicity assay, after the initial 24 h of cell proliferation, E-plates were pulled
from iCELLigence RTCA system and the cells in an 8-well E-plates were treated with CAP jet. Since the
diameter of wells on E-plate is larger than the diameter of the plasma jet the E-plates were periodically
moving to ensure uniformity of treatment: E-plates were moved 3 times (rectangle-type moving):
from the start point of irradiation plate was moved right for 5 mm, next down for 3 mm, next 6 mm
left. Period (in seconds) of irradiation in each point was 0.25 of total irradiation. Then, E-plates were
returned into the iCELLigence device and cell proliferation was monitored in real time for at least
100 h. Cell index, which reflects cell proliferation in real-time mode was calculated for each E-plate
well by RTCA Software 1.2 (Roche Diagnosis, Meylan, France).

6. Viability of A549, A431 and HEK 293 Cells after CAP Jet Treatment

In the indirect treatment of cells with the irradiated medium the various sensitivity of different
types of cells was observed. The human cell lines, A431 and HEK293 were seeded in 96-well flat-bottom
plates at a density of 5000–10,000 cells in 100 μL of DMEM F12 media per well. The same cell-free
DMEM F12 media in 12-well plates was exposed to the argon CAP jet during 5 min, 10 min and 15 min
at U = 4.9 kV and v = 4 L/min. The indirect treatment of cells with the irradiated medium was carried
out according to the scheme: 1:1, 50% of the initial medium and 50% of the medium treated with
plasma. Therefore, 100 μL of treated media was added to each of 96-well flat-bottom plates with cells
15 min after the plasma treatment. To analyze the effect, MMT–Assay of Cell Viability was applied after
the treatment. The viability of A431 cells and HEK 293 cells shown in Figure 12 was quantified 24 h
after the media was added. A greater than 90% reduction in A431 cell viability was registered for the
case of indirect treatment with the media exposure to the argon CAP jet during 5 min (see Figure 12a).
For the cases of 10 min and 15 min, A431 cells viability is almost the same. In contrast to A431 cells
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viability, the HEK 293 cells shown in Figure 12b were less sensitive to the indirect CAP treatment.
Indeed, the data showed 80% live cells after the treatment with the media exposed to CAP jet during
5 min. For the cases of 10 min and 15 min, the viability of HEK 293 cells decreases to 40% and 38%,
respectively.

Figure 12. Live cells in % 24 h after the indirect argon CAP treatment of A431 human skin carcinoma
(a) and HEK 293 human embryonic cells (b). Irradiation of media was 5, 10 and 15 min with CAP,
without the grounded substrate, at U = 4.9 kV and v = 4 L/min.

The direct treatment with the CAP jet was carried out with A549 cells. In the experiment, A549
human lung adenocarcinoma cells were exposed to argon and helium CAP jets for different voltages,
working gas flow rates and with and without the presence of the grounded substrate beneath the
plates with the media and cells. MTT assay results in Figure 13 show the viability of A549 cells 24 and
48 h after the direct argon CAP treatment with and without the grounded substrate. The cells were
exposed to the plasma jet during 1 min at U = 3.6, 4.2 and 4.9 kV.

Figure 13. Number of survivals of A549 cells in % for cases with and without the grounded substrate
after 24 and 48 h of direct argon CAP treatment, 1 min, at U = 3.6, 4.2 and 4.9 kV, gas flow rate
v = 4 L/min.

For a lower voltage plasma treatment, at U = 3.6 kV, 60% cells survive 24 h after the treatment
and approximately 35% after 48 h for both cases. So, no visible effect of the grounded substrate was
registered. However, at higher voltages, at U = 4.2 kV and 4.9 kV, the use of the grounded substrate
significantly enhances the effect of plasma treatment. In this case, the number of survivals drops to
almost zero, whereas without the grounded substrate the statistics of cell viability remains the same for
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all voltages U = 3.6, 4.2 and 4.9 kV. It is seen that for the case of an electrically isolated target an increase
of the input power in the plasma device does not enhance an efficiency of the plasma treatment.

The cell viability was also monitored with iCELLigence instrument to quantify cell proliferation.
30,000 cells were planted per a well of an iCELLigence plate the day before the experiment. A549
cells in an 8-well E-plates were treated for 2 min with argon and helium CAP jets. Taking different
parameters of CAP, we wanted to show that the treatment does not work if the plasma parameters are
chosen without optimization. First we made experiment with helium plasma jet parameters which
are far from the optimal values found in Section 3, U = 4.2 kV and v = 5 L/min. For argon plasma jet
the parameters of the plasma source U = 3.6 kV and v = 3 L/min. The cell-based experiments were
carried out (a) with the grounded substrate under the plate with cells and (b) without a substrate.
In Figure 14, the real-time generated outputs from the iCELLigence system before and after direct
CAP jets treatment are shown. Cell index was calculated for each E-plate well by RTCA Software 1.2
(Roche Diagnosis, Meylan, France). A dip in Figure 14 refers to the moment when the plate was taken
from iCELLigence instrument, irradiated by CAP jet and returned for analysis. Planted cells grow
during 24 h before the treatment and 76 h after treatment. iCELLigence data show typical cell index
curves that reflect cell proliferation in real-time mode.

Figure 14. iCELLigence data showing typical Cell Index curves (CI) that reflect cell proliferation in
real-time mode. Data are presented as average of three independent repeats. A549 cells were irradiated
without the grounded substrate (a) or with it (b) for U = 4.2 kV and v = 5 L/min (helium) or 3.6 kV
and v = 3 L/min (argon). The point at which cells were irradiated by CAP is indicated by the arrow.
Students t-test was used to compare treatment effects, and the difference between control and groups
was statistically significant at * p < 0.05.
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For the case without the grounded substrate shown in Figure 14a, the viability of the cells exposed
to helium plasma jet is practically the same as the viability of control cells, whereas for the argon
plasma jet the number of survivals essentially diminishes. The low efficiency of helium CAP in this
case can be explained by a large helium flow rate, v = 5 L/min. The presence of the grounded substrate
enhances the effect of plasma treatment (see Figure 14b). For this case, the proliferation rate of the cells
lowers to 52 % after the treatment with the helium CAP jet and the argon plasma jet treatment kills
almost all cells after 24 h.

We found that the argon CAP has a greater impact on the cell viability at lower voltages compared
to the helium CAP jet. As seen in Figures 13 and 14a, even without grounded substrate, the number
of survivals quickly decreases during 48 h. An impact of the argon CAP jet at U = 3.6 kV looks less
aggressive for the case without the grounded substrate, since the cell response begins after several
hours after treatment, but not immediately, as with the grounded substrate. It means the U can be
decreased for the former case.

To increase an efficiency of the helium CAP we use the optimal parameters for the OH-radical
generation found in Section 3 and the grounded substrate beneath the plate with cells proposed in
Section 4. According to experimental data shown in Figures 6b and 7, the OH-radical generation rate
exhibits a maximum at U > 4.8 kV and v = 3 L/min. The optimal parameters were applied in the
experiment with A549 cells. The plasma jet was generated at U = 5.5 kV, v = 3 L/min and with the
grounded substrate beneath the plates. In Figure 15, the time-dependent viability measured with the
iCELLigence system is shown before and after the helium CAP treatment.

Figure 15. Cell Index of A549 cells before and after helium CAP treatment, with the grounded substrate
for U = 5.5 kV and v = 3 L/min. 1—control, 2—direct (2 min), 3—direct (3 min), 4—indirect treatment
with the media exposed to CAP during 2 min with the grounded substrate.

It is seen that after the 2 min and 3 min treatments at the same plasma parameters less than 25%
and 2.4% of cells, respectively, survived during 100 h of monitoring. In Figure 15, the data of the
indirect CAP treatment is also shown. The media was exposed to the same helium CAP jet during
2 min (with the grounded electrode) and added 15 min after to the wells with cells. The cell index for
the case of this indirect treatment practically coincides with the control one. Thus, for indirect treatment
the irradiation of media for 2 min, even with the presence of grounded substrate, is insufficient to
affect cells.

In conclusion of this Section, the indirect CAP jet treatment of A431 and HEK293 cells with
the irradiated medium (>5 min) showed various sensitivity of different types of cells. In the direct
treatment, the A549 cancer cells were exposed to argon and helium CAP jets at different voltages and
gas flow rates. The plate with the media and cells was placed on a) the dielectric electrically isolated
plate or b) the metal grounded substrate. The viability of cells was monitored with MTT assay 24 and
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48 hours after the CAP treatment and with iCELLigence Assay 100 h after the treatment. The results of
measurements show the high efficiency of CAP treatment during 1–2 min with the presence of the
grounded substrate and for optimal values of the voltage and gas flow rate. Note that there is no effect
on cell proliferation rate after the indirect treatment with the media with 2 min irradiation in the case
of grounded substrate.

7. Conclusions

The typical cold atmospheric plasma jet device with 40 kHz-driven AC voltage of 2.5–6.5 kV
amplitude and with the cylindrical and plane designs were developed and tested. The inert gas
(helium or argon) was pumping through the plasma device with the rate of 1–5 L/min. The cylindrical
plasma device was used for the treatment of cancer cells in vitro.

In this work, for the first time, the grounded substrate was installed beneath the plate with the
cells and media for the intensification of the plasma jet treatment. Previously, a strong dependence
of the plasma jet characteristics near the surface of targets on their permittivities was reported
(see, for example, Refs. [7,8]). The metal grounded target was shown can essentially intensify the
plasma jet characteristics near the surface. In the experiments and 2D fluid model simulations,
the interaction of CAP jet with (a) the bio-target placed on the grounded substrate and (b) electrically
isolated bio-target without the metal substrate have been studied and compared. The presence of
the grounded substrate was shown to lead to the considerable increase of the electric field over the
plasma-media interface. More elevated electron energy and density and OH-radical production rate
were registered with the grounded substrate compared to the case without it.

A range of optimal voltage and gas flow rate values for the plasma device for the efficient OH
generation was obtained from the measurements of plasma spectra over the plasma-target interface.
The intensities of OH-lines at λ = 309 nm were compared for different plasma jet characteristics and
with and without the grounded substrate. When the plate with the media was placed on the grounded
substrate, the OH-peak began to increase quickly at U > 4 kV and with further voltage it became
10 times higher than the OH-peak without the substrate. So, the voltage amplitude from 4.5 kV to
5 kV is optimal for the purpose of the OH-production. Please note that for a lower voltage, U < 3.5 kV,
the occurrence of the substrate weakly affects the OH-peak in spectra. The measured effect of gas flow
rate on the intensity of OH-line at λ = 309 nm showed that the gas flow rate ranging from 2.5 L/min to
4 L/min is optimal for the OH-radical production.

A drastic effect of the occurrence of the grounded substrate beneath the plate with cancer cells and
media have been observed in the measurement of viability of cancer cells after the indirect and direct
CAP treatment. The time-dependent viability of human cell lines, A431 (skin carcinoma), HEK 293
(kidney embryonic cells) and A549 (human lung adenocarcinoma cells) was monitored with MTT and
iCELLigence assays after the plasma treatment with different CAP jet parameters. It was shown that
the direct cancer cell treatment with CAP jets with the optimal plasma parameters and the grounded
substrate visibly increased the impact of CAP.
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Abstract: Plasma Medicine tools exploit the therapeutic effects of the exposure of living matter
to plasma produced at atmospheric pressure. Since these plasmas are usually characterized by
a non-thermal equilibrium (highly energetic electrons, low temperature ions), thermal effects on
the substrate are usually considered negligible. Conversely, reactive oxygen and nitrogen species
(RONS), UV radiation and metastables are thought to play a major role. In this contribution, we
compare the presence of thermal effects in different operational regimes (corresponding to different
power levels) of the Plasma Coagulation Controller (PCC), a plasma source specifically designed for
accelerating blood coagulation. In particular, we analyze the application of PCC on human blood
samples (in vitro) and male Wistar rats tissues (in vivo). Histological analysis points out, for the
highest applied power regime, the onset of detrimental thermal effects such as red cell lysis in blood
samples and tissues damages in in-vivo experiments. Calorimetric bench tests performed on metallic
targets show that the current coupled by the plasma on the substrate induces most of measured
thermal loads through a resistive coupling. Furthermore, the distance between the PCC nozzle and
the target is found to strongly affect the total power.

Keywords: atmospheric pressure plasma jet (APPJ); cold atmospheric plasma (CAP); plasma
medicine; blood coagulation; tissue damage

1. Introduction

The basic idea of plasma medicine is to create a therapeutic effect based on a chemical rather than
a thermal interaction with the living substrate. To do that, plasma medicine tools, through different
schemes [1,2], produce a cold plasma in which the ion branch is kept at room temperature and the
temperature increase of the target due to the plasma action is rather small. Such a cold plasma produces,
interacting with the air, reactive nitrogen and oxygen species (RONS) which, together with electrons,
electric field, UV radiation and metastable species, are considered the main factors responsible for
the therapeutic action on biological tissues [3–5]. The recognized applications, most studied so far in
the field of plasma medicine, are the disinfection of bacteria and fungi and decontamination [4–10],
dermatological diseases [11–14], surface treatment of materials and bio-materials [15–18], wounds
healing [10,13,19–21], blood coagulation [22–24] and the selective killing of cancer cells [13,25–27].
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In the Dielectric Barrier Discharge (DBD) scheme, the one used in the Plasma Coagulation
Controller (PCC) [23,28], plasma is usually produced by applying high voltage pulses at kHz
frequencies between two close electrodes, separated by a dielectric layer. This last feature, together
with the short duration (from hundreds ns to 1 μs) of the applied pulses, limits the amount of current
flowing along the plasma to the target (and, of course, prevents the formation of an arc discharge).
Indeed, reported measured currents on the target are usually of the order of few mA averaged over
the entire duty cycle in a way that thermal effects are widely considered negligible.

However, even though a tentative standardization of the parameters within which plasma sources
for bio-medical applications should operate has been proposed [29,30], a certain degree of variability
is still present in the plasma medicine arena in terms of applied power during the treatment and in its
relative effect on the living substrate.

Although the thermal effects induced by biomedical cold plasmas are typically considered
negligible, we believe they should be quantified and properly taken into consideration, to be sure
of working under such conditions that the plasma has no unwanted consequences. The aim of this
work is to focus on the main mechanisms that determine such thermal effects and whether they can be
deleterious for application to living matter. In our case, the flexibility of PCC enables a fine tuning
of the power coupled to the plasma, making possible an extensive characterization of the thermal
component. As it will be shown throughout this paper, this feature makes PCC a suitable plasma
source for clinical applications.

This contribution has two main goals—from one, side we analyze the effect of PCC on biological
samples highlighting the presence of thermal effects in specific operational conditions (Section 2);
on the other side, we estimate the power delivered by PCC through different bench tests on metallic
targets (Section 3). The basic idea behind this analysis is, thus, to clarify in the different PCC operational
regimes whether thermal effects take place in the plasma action and which roles they could have.

2. The Effects of PCC on Biological Samples

The Plasma Coagulation Controller (PCC), an innovative plasma medicine tool, has been designed
to promote non-thermal blood coagulation in patients where normal coagulation cannot act properly
or sufficiently fast.

In the PCC plasma source, rapid periodic high voltage pulses are applied to a main electrode
covered by a pyrex capillary closed at the end. A gas (typically helium or argon), flowing through a
nozzle, is ionized by the induced electric field and then expelled, resulting in a plasma plume which
can be directly applied to a substrate.

The main features of PCC has been described elsewhere [28] as well as the preliminary results on
blood samples [23].

In this analysis, we study the effect of the PCC treatment at different powers on two biological
samples—Male Wistar Rats tissues (in vivo experiments, Section 2.1) and blood samples taken from
patients following anti-coagulant therapy (in vitro experiments, Section 2.2). This is possible thanks
to the high flexibility of PCC allowing the modulation of the power coupled on the substrate to be
treated—applied voltage ΔV and discharge repetition rate f can be easily varied through a graphic
interface. For the sake of simplicity, in the following we compare three different operational regimes
called, according to the applied power, LOW (ΔV = 6 kV, f = 5 kHz), STD—standard (ΔV = 8 kV,
f = 5 kHz) and HIGH (ΔV = 8 kV, f = 10 kHz). In the following we will refer to these acronyms.
It must be said that, under none of the mentioned conditions, excessive heat is felt when the plasma
touches the fingers.
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2.1. In Vivo Experiments

2.1.1. Methods

Animal procedures have been performed conforming to the directive 2010/63/EU of the European
Parliament and approved by the Italian Ministry of Health and by Institutional Animal Care and Use
Committee of Magna Graecia University of Catanzaro, Italy. Male Wistar Rats, weighing 300–350 g,
were randomly divided into four experimental groups—control (CTRL) that received no treatment, Low
intensity (LOW), Standard intensity (STD) and High intensity (HIGH)—according to the PCC applied
power. Rats from each experimental group have been anesthetized by intra-peritoneal injection of
Zoletil (zolazepam hydrochloride and tiletamine hydrochloride; 20 mg/kg body weight) and Xylazine
(10 mg/kg body weight). A slight cut was made at the femoral muscle level and the skin layer was
removed. Right after, the PCC nozzle exit has been placed at 1cm of distance from the muscle, and
a single application at the relative intensity has been performed. The rats were euthanized by an
overdose of Zoletil (100 mg/kg body weight) and Xylazine (10%). Biopsies of femoral muscle of each
experimental group have been withdrawn within 10’ and embedded in paraffin; 5 μm cross sections
were prepared. Hematologist/Rosin (H/E) stainings were performed following the standard protocol.

2.1.2. Results

A rat model has been used to test the PCC potential side effects. After 90′′ of PCC treatment
directly on the femoral muscle a biopsy has been taken and processed as described in the method
section. Representative images are reported in Figure 1.

Figure 1. Plasma Coagulation Controller (PCC) effect on living tissue: representative images of H/E
staining on rat muscle after PCC treatment. (A) CTRL (no treatment). (B) 90′′ Low intensity treatment.
(C) 90′′ STD intensity treatment. (D) 90′′ High intensity treatment.

As shown in Figure 1B, 90′′ of low intensity treatment does not affect the muscle fibers, which
look mainly like the control (Figure 1A). On the contrary, few nematodes formations appear following
90′′ treatment at STD condition (Figure 1C); even if no major signs of damage, such as necrosis, are
present. High intensity treatment has also been tested; in this case after 90′′ of treatment disruption of
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collagen fibers and dehydration of muscle fibers were beginning, suggesting that this action could be
too aggressive for a potential use in the clinical practice (Figure 1D).

2.2. In Vitro Experiments

2.2.1. Methods

Blood samples have been withdrawn, after obtaining informed consent, from patients undergoing
anti-coagulant therapy, enrolled in an on-going study registry at Magna Graecia University. A 50 μL
blood drop has been placed on the top part of a glass slide, placed at 1cm from the tip of the PCC, treated
for different time points following distinctive conditions (LOW, STD, HIGH) and a smear obtained.
The sample was left to dry in the air for about 1 h, fixed in formalin o/n and Hematoxylin/Eosin (H/E)
stainings have been performed following standard protocol.

2.2.2. Results

The histological analysis performed on blood smear after PCC treatment has showed both platelets
aggregation and fibrin polymerization, indicating a pro-coagulant effect of the plasma source on the
blood, even ex-vivo, with all the setting tested. Indeed, 60′′ at low intensity were sufficient to induce
platelet aggregation and fibrin polymerization (Figure 2B) and the percentage of aggregation detected
was proportional to the treatment intensity (Figure 2C,D). Despite the remarkable result observed for
the blood coagulation, some concerning results appeared with the increase of intensity; after 60′′ at
STD conditions, red cell lysis begins (Figure 2C) and rapidly increase with longer treatments (data
not shown). Also, 60′′ of high intensity treatment cause a dramatic platelet aggregation and fibrin
polymerization but also a robust red cell lysis. Of note, following longer treatments (more than 90′′)
the samples volume was strongly reduced, suggesting that, as expected, the heat developed has the
tendency to dry the sample and possibly play a role in the coagulation process. Moreover, high
intensity treatment also display peculiar black colored spots at the platelet clot areas, possibly due to
the accumulation of iron released by the red cells.

Figure 2. Blood Coagulation Analysis in vitro. Representative images of H/E staining on blood smears.
(A) CTRL (no treatment). (B) 60′′ LOW intensity treatment. (C) 60′′ STD intensity treatment. (D) 60′′

HIGH intensity treatment. The arrows indicate some platelet aggregates and fibrin networks.
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2.3. Discussion

One of the first steps in healing process is the hemostasis, which prevents the continuous bleeding
through the clot formation. In this work, we demonstrated how PCC treatments can induce platelet
aggregation and fibrin formation, suggesting that this tool might be extremely useful for accelerating
clot formation and subsequent wound healing. This is not surprising, since it is known that reactive
oxygen and nitrogen species induce platelet aggregation [31,32]. Recently, it has been shown that low
temperature plasma tools, like PCC, are able to promote the clot formation by activating different
pathways, which include not only the platelets but also red cells aggregation as well as inflammatory
process driven by white cells. In our case, longer treatments displayed red cell lysis [33,34], according
to Ikehara et al. 2013 [33], while at shorter time points the hemolysis was absent, indicating that in
vitro shorter treatments resulted more efficacious. At the same time, direct PCC usage on the skeletal
muscle has not shown deleterious effects, at least for short treatments.

Taken together these data show a direct effect of the plasma source on blood samples, as well
as on muscle tissues. In both cases, the effect observed was proportional to the treatment time and
intensity, even if the extent of the consequence was different in the two targets. Indeed, at the same
condition, the substrate of living tissue showed a lower effect compared to the blood samples. These
results are very promising for a possible use of the PCC in the clinical routine and, on the other side,
point out the appearance of thermal effects in some operational conditions linked to the treatment
duration, the applied power on the target and the electric features of the target itself.

3. Calorimetric Measurements

In order to assess the heat flux which may be coupled by plasma to a surface placed in front
of the PCC, calorimetric measurements have been performed by means of an infra-red (IR) camera.
Metallic targets were used since their thermal and electrical properties are known. In order to identify
the key mechanism for the power deposition, targets of different materials and size were considered.
In addition, the dependence of the delivered power from the target distance was investigated. Targets
were either left floating or connected to ground.

3.1. Experimental Setup

A picture of the experimental setup is given in Figure 3. The PCC is horizontally oriented and the
plasma plume is fed to the target, a thin metal foil placed vertically. The target distance from the PCC
can be modified by means of a micrometric translation stage. The IR camera looks at the metal target
from the opposite side with respect to the PCC head, hence the plasma is not seen directly.

Figure 3. Experimental setup for calorimetric measurements. (Left) Plasma source and camera are
placed on the opposite sides of the target. (Right) PCC plasma plume impinging on target. The distance
between plasma source and substrate can be varied by means of a micrometer linear actuator.
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Dealing with a small average power (few Watts), thin foils (from 40 to 80 μm) were used, so to have
a sufficiently small heat capacitance. In fact, considering the power level of the PCC, the temperature
increase of thick sample would be quite small and thus affected by considerable errors. The adopted
metal sheets, made of steel and brass, had dimensions of 12.7× 12.7 mm2 and 12.7× 5 mm2. To increase
the thermal emissivity up to ε = 0.8, the surface observed by the IR camera was coated with a
blackening layer (Molykote). The contribution of such a layer to the heat capacitance of the sample is
considered negligible.

The IR camera (a FLIR A655sc) has a maximum sampling frequency of fs = 50 Hz and a field of
view of 15◦ × 11.25◦ with a 640 × 480 pixel2 sensor. The thermal power Pcal is estimated from the
average temperature increase ΔTavg of the target at t = 0.5 s after the plasma ignition as Pcal = CΔTavg/t,
where C is the target heat capacitance. Such a short measurement interval was chosen to limit both the
underestimation of Pcal due to the convective losses towards air and the error due to timing at 1/ fs t,
that is 4%.

Typical time traces of the target average temperature are shown in Figure 4.

Figure 4. Time evolution of the average temperature of a stainless steel target (12.7 × 12.7 × 0.08 mm3)
at a distance dPCC = 10 mm from the source nozzle, at different working frequencies. The transparency
area indicates the time interval in which the thermal power Pcal is estimated.

3.2. Results

As a first step, the expected dependence of Pcal from the operational frequency was verified
(see Figure 5a) and a linear fit was found to be suitable. The calculated slope AGR for the grounded
sample was found to be much larger (up to one order of magnitude) than the slope AFL calculated
for the floating sample. This result suggests that the key mechanism for the power deposition to the
sample is the current flow within the target itself. This hypothesis is confirmed by the dependence
of Pcal from the target thickness. In particular it was found that thicker samples have a significantly
lower power deposition (see Figure 5b). Furthermore, for the same sample geometry, a smaller power
(about 20% less) was measured on brass samples than on steel samples (steel electrical resistivity is
about 70% larger).
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(a) (b)

Figure 5. Calorimetric estimates of power at different frequency. (a) Comparison between grounded
and floating samples. (b) Comparison between grounded samples of different thickness.

The dependence of Pcal on the target distance was found (for grounded samples) to be clear
and monotonous as shown in Figure 6. In the first approximation, this is consistent with the lower
interaction time between the plasma discharge (which propagates forward) and the substrate, as the
distance source-substrate is increased. On the other hand, the plasma metal interaction region is
strongly affected by the distance variation—this implies a difference in the resistive coupling, since the
current patterns cannot be considered constant.

Figure 6. Calorimetric estimates of power at different distances from the PCC.

3.3. Discussion

The thermal power delivered by plasma has been determined, in several conditions of both power
supply and distance, in different metallic foil samples. The performed analyses allowed to identify
resistive coupling as the dominant mechanism for power deposition on the substrate. As a consequence,
in order to precisely determine the heat load coupled upon a plasma treatment, it is necessary to infer
the target resistivity. For this reason, extrapolating the load to biological samples is not trivial, since the
substrate resistivity is not known and depends on the specific nature of the substrate. It could be useful,
in this context, to use alternative materials, such as the soft gels described in Szili et al. (2014) [35], used
as a model to simulate the transport of reactive species from plasma to biological tissues. However,
even in that case, the thermal and electrical properties of such materials are almost unknown. So we
preferred estimating the power carried by the plasma through the use of materials, of which we can
precisely infer the chemical-physical properties.
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It must also be said that the estimated power values are comparable with those reported in
Weltmann et al. (2009) [36]. In that work, as in ours, it is shown how the power decreases with the
distance from the source. In addition, the importance of controlling the plasma dose was emphasized
to avoid deleterious effects on living tissues. To our knowledge, there are not many publications
showing the thermal output of the plasma, like the one we reported. However, the importance of
avoiding overheating of the biological substrate is widely recognized to avoid cellular damage [37,38].
Among the latter, we can report the denaturation of proteins, evaporation of cellular liquid, structural
alterations of the cell membrane, up to cell death [37,39]. The heat dose control is therefore fundamental
for the clinical applications of cold plasmas. This control can be done in multiple ways—by varying
the power coupled to the plasma, controlling the distance and the treatment time. In this context, PCC
is a useful source of plasma for biomedical applications, thanks to its flexibility. We have shown that it
is indeed possible to vary the power coupled to the plasma in such a way as to induce coagulation but
avoiding, at the same time, the appearance of deleterious effects on biological tissues. Our calorimetric
analysis therefore serves as a preliminary activity for tuning such a plasma dose. It must be said
however that a direct thermographic measurement on the biological sample could be helpful to avoid
undesired thermal loads. Furthermore, it shall be noticed that hand-held use of plasma sources would
hardly grant a mm precision in the distance source-substrate, while mechanical suspension has to be
preferred where possible (e.g., in vitro).

4. Conclusions

The effectiveness of cold plasmas in inducing a wide range of biological and therapeutic effects is
demonstrated by a large and ever growing body of scientific literature. In most cases, it is generally
assumed that thermal effects are negligible. This assumption is mostly based on the evaluation of the
power deposition to the tissues performed through calorimetric measurements on targets of known
material, typically metals. Also the existing international standards prescribe an evaluation of power
transfer using copper targets of known features.

The objective of the present work was to evaluate the effectiveness of the PCC plasma source at
different power levels, in relation to the task of inducing non-thermal blood coagulation. Our in vitro
and in vivo tests showed that the plasma, at low power and for short time treatments, is indeed able to
effectively accelerate platelet aggregation and fibrin formation, thus inducing coagulation. However,
at higher powers and for longer treatments, also harmful effects appear, such as red cells lysis, with
destruction of collagen fibers and dehydration of muscle fibers. It is worth mentioning that, in our
case, higher powers and longer treatments have been applied only for characterization purposes, while
are not necessary for obtaining therapeutic effects. On the other hand, this study demonstrates the
importance of controlling the plasma dose for clinical applications, in order to avoid the appearance of
tissue damage.

In carrying out this task, it was ascertained that the main heating mechanism is due to the
electric current flowing in the sample. This leads to the conclusion that a power deposition evaluation
performed on targets of given material could not be representative of what happens when the plasma
is applied to actual living tissues. Indeed, the effect is expected to be remarkably different than in the
case of metal targets. One might be tempted to prescribe the use of target materials which more closely
resemble actual tissues in terms of resistivity, however also in this case a large uncertainty may be
expected, due to the large variations of resistivity among different biological samples, especially when
one includes conditions such as the presence of blood or other fluids. Furthermore, grounding of the
treated sample is an issue which also affects power deposition.

Overall, these findings point to the necessity of having plasma sources where input power can be
varied, as is the case for the PCC, so that it can be adjusted to the substrate conditions. Furthermore,
being the thermal load and not the dissipated power the relevant quantity to be adjusted, one may
envision, for the next generation of devices, methods to locally measure the substrate temperature
and feedback systems to adjust power levels and/or distance between source and substrate so as to
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keep this quantity to a desired value [40]. The identification of the best technical solutions for the
development of this new generation of tools will be the task for plasma physicists and engineers
working in the plasma medicine field for the years to come.
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Abstract: In this work, we developed a portable device with low production and operation costs for
generating an ambient air low-current arc (AALCA) that is transferred to the surface of a treated liquid.
It was possible to generate a stable discharge, irrespective of the conductivity of the treated liquid,
as a sequence of corona, repeating spark, and low-current arc discharges. The estimated concentration
of reactive oxygen and nitrogen species (RONS) in plasma-treated water (PTW) produced using
AALCA treatment was two orders of magnitude higher than that of PTW produced using conventional
He nonequilibrium atmospheric pressure plasma jets or dielectric barrier discharges. The strong
bactericidal effect of the treatment using AALCA and the water treated using AALCA was confirmed
by survival tests of Escherichia coli. Further, the possibility of treating a continuous flow of liquid
using AALCA was demonstrated.

Keywords: plasma; RONS; low-current arc; water treatment; antimicrobial activity

1. Introduction

Recently, treatment of liquids using various atmospheric pressure plasmas has attracted much
attention owing to its wide range of possible applications, such as synthesis of nanocarbons and
nanoparticles, sterilization of microorganisms, growth enhancement of plants, plasma farming, cancer
therapy, and water purification [1–13]. Typically, low-temperature nonequilibrium atmospheric
pressure plasma jets (NEAPPJs) or dielectric barrier discharges (DBDs) are used for activation of liquids
by plasma [5,12–16]. However, in both the case of atmospheric pressure plasma jet (APPJ) and DBD,
the production rate of reactive oxygen and nitrogen species (RONS), which play key roles in bactericidal
effect and plant growth promotion, is low and irradiation of the liquid takes a long time (from several
minutes to hours) due to the low density of the plasma [5,12–21]. Moreover, in most cases, plasma is
generated using pure gases (e.g., argon, helium, or oxygen) at a high voltage, so a substantial amount
of electrical energy is required to sustain the discharge and only a limited volume (typically several
milliliters) of medium can be treated at one time [4,7,17,19–22]. The low efficiency, the requirement of
pure gases, and the limited volume of liquid that can be treated make plasma-treated water (PTW)
expensive and its use in medicine and agriculture impossible. The most promising method for effective
and low-cost production of PTW is treating liquids with high-density plasma generated by using
air as a process gas [3,18,23–26]. Furthermore, it may be possible to scale up production and reduce
the cost of PTW by applying plasmas generated in ambient air to treat a continuous flow of liquid.
Several works have reported on treating a liquid flow using air as the process gas, however, the major
drawback of these studies is the considerably low production rate of RONS, which limits the wide
application of the produced PTW [13,15,18,27,28].

Typically, cold nonequilibrium plasmas are used for biomedical and agricultural applications to
avoid thermal damage of the treated target [12,13,29,30]. However, in the case of using liquids treated
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by plasma, a plasma-treated medium (PTM) could be stored after treatment to reduce the temperature
and for use after storage considering the presence of the long-living RONS [31,32]. For that reason,
thermal and warm plasmas could be used for irradiation of medium following the cooling of PTM and
use in biomedical applications. Considering the high efficiency of arc or gliding arc discharges in the
decomposition of CO2 and other gases and the effective production of RONS, this type of discharge could
also be employed for the effective generation and fast delivery of RONS to the target liquid [3,25,33,34].
There are many works on the generation of arc and discharges and other types of plasmas inside or on
the surface of highly conductive liquids using various configurations and experimental conditions,
however, generation of high-density plasma transferred to the surface of deionized water (DI) or other
liquids with low electrical conductivity in ambient air is still challenging owing to the relatively high
electric currents required for the stable generation of the discharge [10,11,18,23,35–39]. It appears
that it is possible to generate a low-current arc in ambient air that can be transferred to the surface of
a liquid that has low electrical conductivity by using a high-voltage pin electrode as the anode and the
target liquid as the cathode. In this work, we developed a simple and compact generator for direct
treatment of liquids using an ambient air low-current arc (AALCA) and analyzed the discharge process
and production rate of RONS.

2. Materials and Methods

2.1. Experimental Setup

The experimental setup is presented in Figure 1. A plasma discharge was generated in ambient
air between the needle electrode (cut of stainless-steel wire, 751487, Nilaco, Tokyo, Japan) and the
surface of the liquid by applying a positive high voltage to a needle electrode (anode). A grounded
ring electrode (Ni wire, NI-311386, Nilaco, Tokyo, Japan) was introduced into the liquid, and during
the discharge, the grounded liquid was used as a cathode. Using the needle electrode as the anode
allowed us to avoid strong heating and melting of the electrode.

Figure 1. Experimental setup.

A high voltage was produced by a custom power supply consisting of a regulated direct
current power supply (DC PSU), a push–pull generator, a high-voltage transformer, a diode rectifier,
and a reservoir capacitor. The voltage and current waveforms during the discharge were monitored
using a high-voltage probe (P6015A, Tektronix, Beaverton, OR, USA) and a current probe (2877,
Pearson Electronics Inc., Palo Alto, CA, USA), and stored in a digital oscilloscope (TBS2000, Tektronix
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Beaverton, OR, USA). The discharge gap between the surface of the liquid and the pin of the needle
electrode was set at 8.5 mm using a micromanipulator.

The optical emission spectrum from the plasma was recorded using a multichannel spectrometer
(Maya 2000 Pro, Ocean Optics, Largo, FL, USA) with a measurement range of 200–665 nm and a quartz
optical fiber (QP1000-2-SR, Ocean Optics, Largo, FL, USA).

2.2. Investigation of Properties of the Treated Water

DI water (18.2 MΩ·cm at 25 ◦C) was produced by a Direct-Q 3UV (Millipore, Tokyo, Japan) system.
To compare the performance of the developed AALCA to commonly used plasma sources, DI water
was treated using AALCA, a commercially available NEAPPJ (PN-110/120TPG, NU Global Co., Ltd.,
Nagoya, Japan) [40], and a high-density nonequilibrium atmospheric pressure radical source (NEAPRS,
Tough Plasma FPA10, Fuji MFG Co., Ltd., Tokyo, Japan) [4,31,41].

The concentration of H2O2 in the produced PTW was measured using high-performance
liquid chromatography (HPLC) with an electrochemical detector (ECD-700s, Eicom, Kyoto, Japan)
and a column (5020-07146 Inertsil CX, 5 μm, 4.6 × 250 mm, GL Sciences, Torrance, CA, USA).
Concentrations were estimated from the measured HPLC spectra of PTW using the calibration curve
obtained from H2O2 (081-04215, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) diluted to
various concentrations.

Concentrations of NO2
− and NO3

− were measured using ion chromatography with a conductivity
detector (CDD-10Avp, Shimadzu, Kyoto, Japan) and a column (Shim-pac IC-A3, 4.6 × 150 mm,
Shimadzu, Kyoto, Japan). Concentrations were estimated from data measured by the ion
chromatography spectra of PTW using the calibration curve obtained from a reference solution
(228-33603-93, Shimadzu, Kyoto, Japan) diluted to various concentrations. The composition of the
reference solution is presented in Table 1.

Table 1. Composition of reference solution.

Component Anion Concentration (mg/L)

NaF F− 5
NaCl Cl− 10

NaNO2 NO2
− 15

KBr Br− 10
KNO3 NO3

− 30
KH2PO4 PO4

3− 30
Na2SO4 SO4

2− 40

The pH value of PTW was measured using a pH meter (S SevenCompactTM pH/Ion, METTLER
TOLEDO, Columbus, DC USA) and a probe (InLab Pure Pro-ISM, METTLER TOLEDO, Columbus,
DC, USA). The pH meter and probe were calibrated using a standard buffer solution set (101-S, Horiba,
Kyoto, Japan). The conductivity of PTW was measured using a conductivity measurement cell (LAQUA
3551-10D, Horiba, Kyoto, Japan).

2.3. Microorganism Culturing and Colony Counting

A survival test of Escherichia coli was performed to evaluate the bactericidal efficacy of direct
treatment using AALCA and the bactericidal effect of the produced PTW. E. coli (O1:K1:H7) was
precultured in 3 mL of nutrient broth (DifcoTM, BD, San Jose, CA, USA) at 250 rpm with a regulated
temperature of 30 ◦C for 17 h. Then, E. coli was separated by centrifugation at 5000 × g for 3 min and
diluted with DI water to obtain a concentration of bacteria of approximately 1 × 107 mL−1.

To investigate the bactericidal effect of treatment using AALCA, the prepared E. coli suspension
was treated with AALCA under various conditions. To investigate the bactericidal effect of the
produced PTW, a water sample was treated with AALCA and a 0.3 mL E. coli suspension was mixed
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with 2.7 mL of the produced PTW and incubated at 250 rpm with a regulated temperature of 30 ◦C for
up to 24 h. The 0.3 mL E. coli suspension was mixed with 2.7 mL of pristine DI water as the control.

Then, the analyzed suspensions of E. coli were diluted, and samples of 0.1 mL were spread onto
nutrient agar medium (DifcoTM, BD, San Jose, CA, USA) and cultured at 37 ◦C for 24 h. The number
of E. coli that survived after the treatment was estimated using a colony-forming units (CFU) assay.

3. Results and Discussion

3.1. Generation of the Discharge

It was found that it was possible to generate various types of discharges between the pin electrode
and the liquid depending on the input power. In the case of a low input power of 6 W supplied to the
push–pull generator, it was possible to generate a stable positive corona. During the corona discharge,
the current was negligible, resulting in a charge of the reservoir capacitor at the high-voltage side and
stabilization of the voltage at about 11.25 kV, as shown in Figure 2a. A photo of the corona discharge is
shown in Figure 2b. With an increase in input power to 6.5 W, the voltage during the corona discharge
increased to about 12 kV, resulting in the generation of occasional spark discharges. The moment
of breakdown and the number of consequent spark discharges were random. After breakdown,
the voltage dropped to 1–2 kV and a short current pulse was observed during the spark discharge.
After termination of the spark discharge, the current dropped to 0 following oscillation and the voltage
increased to the initial value. Owing to a low input power, it took several tens of milliseconds to charge
the reservoir capacitor and reach the initial voltage. A further increase of power resulted in an increase
in the number of occasional spark discharges, and finally at an input power of 9.5 W, consequent spark
discharges were observed, as shown in Figure 2c,d. In the case of the 9.5 W input power, the spark
discharges were similar to those observed for the lower input powers. On the basis of the current and
voltage (I and V) waveforms, the type of discharge was the same. Some variation of peak current
and voltage and frequency observed in the I and V waveforms were related to the migration of the
discharge spot on the surface of the liquid. In the case of repeating spark discharges, the sparks had
a scanning area of about 5 mm in diameter on the surface of the liquid, as shown in Figure 2d.

A further increase of power up to 23 W did not change the discharge type and the same type of
repeating sparks was observed, however, the increase of the input power resulted in some changes of
the current and voltage waveforms, as shown in Figure 2e. An increase of input power resulted in
an increase of peak current during the spark discharge, which decreased the time required for charging
the reservoir capacitor, causing an increase of frequency of the spark discharges. On the other hand,
the increase of input power resulted in stabilization of the spot of the spark and the repeating spark
discharges looked like steady glow plasma (Figure 2f).

Increasing the input power to values above 23 W resulted in the occasional formation of low-current
arc discharges, and a stable repulsing low-current arc discharge was generated at an input power of
25 W. Compared with the repeating spark discharges, the repulsing low-current arc discharge featured
a lower peak voltage of about 2.5 kV, continuous current during the discharge, and high stability of the
current and voltage waveforms, as shown in Figure 2g. A photo of AALCA at the input power of 25 W
is presented in the Figure 2h. In the present setup, a low-pass filter was not employed, resulting in
an AC ripple of voltage, which can be observed in Figure 2e,g.

In the case of the direct application of an input power of 25 W, the discharges occurred in the same
order as described above, that is, as a sequence of a corona discharge, repeating sparks with increasing
frequency, and finally, a low-current arc discharge. At the moment of voltage application, a corona
discharge was generated first and was followed by repeating spark discharges for several seconds.
Corona and spark discharges delivered RONS and ions originating from the air, evaporated liquid,
and electrodes to the liquid, resulting in an increase of the electric conductivity of the liquid in a similar
way to what was reported elsewhere [18,24,42]. With the increase of the conductivity of treated DI
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water, occasional pulsed arc discharges appeared and finally, after 17–20 s of treatment, the discharge
changed from repeating sparks to the stable AALCA.

 
 

(a) (b) 

 
 

(c) (d) 

 
 

(e) (f) 

 
 

(g) (h) 

Figure 2. I & V waveforms (a) and photo (b) of corona discharge, I and V waveforms (c) and photo (d)
of spark discharges at 9.5 W of input power, I and V waveforms (e) and photo (f) of spark discharges at
23 W of input power, and I & V waveforms (g) and photo (h) of ambient air low-current arc (AALCA)
at 25 W of input power.
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Figure 3 shows the conductivity of 5 mL of DI water as a function of the duration of the treatment
by AALCA. The conductivity of the water sample increased from about 0.1 μS/cm for pristine DI water
to 190 μS/cm after treatment for 20 s by spark discharges, which enabled the generation of a low-current
arc that was transferred to the surface of the DI water, which initially had low conductivity.

Figure 3. Conductivity of deionized water (DI) water as a function of the duration of plasma treatment.

Moreover, the pH value gradually decreased from 6.76 for pristine DI water to 2.89 after treatment
for 2 min, as shown in Figure 4, which is a considerably low value as compared with the PTW reported
elsewhere [18,24,31,43]. The low pH value suggests a high concentration of RONS and possibly some
ions (delivered from the electrodes by erosion) in the treated liquid, which could explain the increase
of conductivity after the plasma treatment.

Figure 4. pH value of DI and tap water as a function of the duration of plasma treatment.

The presented approach allows generation of a stable AALCA discharge that is transferred to
the surface of a liquid, even if it has initially low electrical conductivity (such as DI water), without
preparation and modification of the liquid. Variation of conductivity affected only the duration of
the state of the repeating spark discharges (17–19 s for DI water with an initial conductivity of about
0.1 μS/cm and 0–2 s for tap water with an initial conductivity in the range of 170–250 μS/cm).

38



Appl. Sci. 2019, 9, 3505

The main drawback of using AALCA is the heating and evaporation of the treated liquid, which is
used as the cathode and interacts with high-energy ions and other charged species. Thermographic
observations showed that the temperature of the 5 mL DI water sample treated by AALCA did not
exceed 45 ◦C (see Figure 5a) after 1 min of treatment and 70 ◦C (see Figure 5b) after 5 min of treatment.

The relatively low temperature of the small volume of liquid treated with AALCA could be
explained by local evaporation of the liquid. During treatment, the liquid was heated to the boiling
temperature locally and evaporated when a bulk liquid was heated at a lower rate and remained below
the boiling temperature. The higher temperature of the liquid in the area of contact with the plasma
can be observed from thermographic images (Figure 5a,b).

 
(a) (b) 

Figure 5. Thermographic image of DI water treated with AALCA for 1 min (a) and 5 (b) min.

It was confirmed that 1.2 mL of water was evaporated from the original 5 mL sample after 5 min
of treatment. To ensure stable generation of AALCA even after partial evaporation of the liquid and
change in the length of the discharge gap, 28 W of input power was used in all the experiments
described below.

3.2. Species Generated in Gas Phase

Optical emission spectrometry (OES) in the wavelength region from 200 to 665 nm was used to
investigate the main excited species generated by AALCA. OES spectra of AALCA is presented in
Figure 6.

Figure 6. Optical emission spectrometry (OES) spectra of AALCA.

39



Appl. Sci. 2019, 9, 3505

Owing to the high concentration of nitrogen in the air, the observed spectrum was dominated by
N2 (C→B) emissions as a result of many excitation processes in the plasma. As shown in Figure 6,
the optical emissions from the N2 second positive system (C3Π→ B3Π) at 316, 337, 357, 380, and 405 nm;
the N2 + first negative system (B2Σu +→ X2Σg +) at 391.4 nm; and the OH emissions from the transition
of A2Σ+→ X2Π at 309 nm were clearly observed for AALCA [44]. Evaporation of the liquid discussed
above could be the source of OH radicals, which could be produced by electron impact dissociation of
water molecules [14]. Despite the presence of hydrogen from evaporated water, hydrogen emission
lines (e.g., Hα and Hβ) were not observed in the spectra.

The observed OES spectrum that was dominated by N2 emissions was similar to emission spectra
observed in other types of air plasmas transferred to the surface of water reported elsewhere [18,24].
The OES results indicated the presence of excited OH radicals and atomic nitrogen in the AALCA
which could be delivered to the liquid from the gas phase and converted to other RONS in the solution,
such as hydrogen peroxide (H2O2), nitrite (NO2

−), and nitrate (NO3
−).

3.3. Generation of RONS in Water

To check the production efficiency of RONS in the liquids treated with AALCA and compare
it to commercially available plasma sources, samples of 5 mL DI water were treated with AALCA,
NEAPPJ, and NEAPRS. The sample was treated with AALCA at an input power of 28 W for 30 and
60 s. NEAPPJ was operated using He gas with a flow rate of 3 slm and a distance from the nozzle of
the plasma jet to the surface of the liquid of 20 mm, ensuring contact of plasma with liquid and the
effective delivery of RONS. NEAPRS was operated with a mixture of Ar (4.75 slm), N2 (200 sccm),
and O2 (50 sccm) at a total flow rate of 5 slm recommended by the manufacturer. The ratio of N2 to O2

was chosen to be similar to the ratio in air for reliable comparison to the plasma operated in ambient
air. Estimated values of RONS concentrations are summarized in Figure 7.

Figure 7. Comparison of concentrations of reactive oxygen and nitrogen species (RONS) in
plasma-treated water (PTW) produced using treatment of 5 mL of DI water with AALCA, nonequilibrium
atmospheric pressure radical source (NEAPRS), and nonequilibrium atmospheric pressure plasma jets
(NEAPPJ); treatment of 10 mL/min flow of DI water with AALCA in the present work; and air plasma
treatment of circulating liquid reported elsewhere [18].
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It was found that the concentrations of H2O2, NO2
−, and NO3

− were 7.4, 8.3, and 8.9 mg/L,
respectively, after 30 s of irradiation by AALCA; moreover, the concentrations of H2O2 and NO3

− further
increased to 14.5 and 53.7 mg/L, respectively, when the concentration of NO2

− decreased to 2.7 mg/L
with an increase of the treatment duration to 60 s. Owing to the longer treatment duration, NO2

− might
convert to more stable NO3

−, resulting in a change of concentration ratios. The observed concentrations
were two orders of magnitude higher than those of 5 mL DI water treated for 1 min with commercially
available NEAPPJ operated with He (0.37 mg/L of H2O2, 0.18 mg/L of NO2

−, and 0.06 mg/L of NO3
−).

Additionally, considerably small concentrations of RONS in water treated using NEAPPJ (up to
890 μg/L of H2O2, up to 180 μg/L of NO2

−, and up to 410 μg/L of NO3
−) [20–22,45,46] and custom

plasma jets operated with air or addition of air (up to 9.3 mg/L of H2O2, up to 4 mg/L of NO2
−, and up

to 5.5 mg/L of NO3
−) [14,28,47,48] were reported elsewhere, confirming the high efficiency of the

developed AALCA as compared with commonly used nonequilibrium plasma jets.
Considering the low power consumption of conventional NEAPPJ compared with AALCA,

a more reliable comparison is to NEAPRS, which has a power consumption of about 50 W, which is
comparable to AALCA. After treatment of 5 mL of DI water with NEAPRS for 1 min, the concentrations
of H2O2, NO2

−, and NO3
− were 3.1, 0.2, and 3.6 mg/L, respectively, which was one order of magnitude

lower than the 5 mL of DI water treated with AALCA for 1 min.

3.4. Inactivation of E. coli

There are numerous reports about cancer therapy, disinfection, and inactivation of fungi using
PTW, and the high concentration of RONS in PTW produced by AALCA looks promising for many
such applications. To confirm the bactericidal effect of direct treatment using AALCA, a suspension
containing E. coli in a concentration of 107 mL−1 was treated with plasma. The number of surviving
E. coli was estimated using the colony counting method and the results are presented in Figure 8.

Figure 8. Number of surviving E. coli after treatment by AALCA, NEAPRS, NEAPPJ [43], dielectric
barrier discharges (DBD) [49] or corona [50], discharges for various time of irradiation.

It was found that the number of surviving E. coli was about 2 × 103 mL−1 after direct plasma
treatment for 10 s and decreased to the colony counting method detection limit of 10 mL 1 after 30 s,
showing a 6-log reduction in the concentration of bacteria. As shown in Figure 8, the bactericidal
effect of treatment with AALCA was significantly higher than the bactericidal effect of treatment with
NEAPRS and APPJ, corona, or DBD discharges reported elsewhere [9,43,49–56]. It was confirmed by
thermographic observation that the suspension was heated by irradiation to temperatures up to 38 ◦C,
which is below the temperature harmful for E. coli reported elsewhere, suggesting that heating of the
sample was not involved in the sterilization process [57]. On the other hand, the low pH value of about
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3.4 after treatment of DI water by AALCA for 30 s could be effective for inactivation of bacteria [43].
To investigate the effect of temperature and pH on killing the bacteria, E. coli was suspended for 30 s
in DI water heated to 40 ◦C (to ensure that the temperature of the suspension was higher than the
temperature of the sample treated by AALCA for 30 s), citrate-phosphate buffer solution with a pH
of 3.3 (similar to the pH observed for DI water treated by AALCA for 30 s), and citrate-phosphate
buffer solution with a pH of 3.3 heated to 40 ◦C. Then, the number of surviving bacteria was estimated
using the colony counting method. It was found that the concentration of bacteria did not change
after suspension for 30 s in DI water heated to 40 ◦C or citrate-phosphate buffer solution with a pH of
3.3; however, a 1-log reduction in the concentration of E. coli was observed in the case of suspension
in the citrate-phosphate buffer solution with a pH of 3.3 that was heated to 40 ◦C, indicating that
the combination of heating the sample and reducing the pH value during AALCA treatment could
contribute to observed bactericidal effect.

On the other hand, the high concentration of RONS in the DI water treated by AALCA (Figure 7)
could be the origin of the observed bactericidal effect. To investigate the effect of H2O2, NO2

−,
and NO3

− on sterilization of the bacteria, a solution containing 7 mg/L of H2O2, 8 mg/L of NO2
−,

and 9 mg/L of NO3
− (similar to the concentrations observed after treatment by AALCA for 30 s) was

prepared using chemical reagents, and E. coli was suspended for 30 s in the prepared solution. It was
found by the colony counting method that the concentration of E. coli did not change after suspension
for 30 s in the solution containing H2O2, NO2

−, and NO3
−, indicating that the high concentration of

long-living RONS did not contribute to the strong bactericidal effect observed after 30 s of treatment.
However, in the case of direct treatment with AALCA, not only long-living RONS could be involved
in the bactericidal effect but also short-living RONS (e.g., ONOO− and HOO�), the strong electric field
at the stage of corona and repeating spark discharges, and ultraviolet emissions, as it was reported
elsewhere [18,41,58,59].

On the other hand, a long-term bactericidal effect produced by long-living RONS in PTW was
reported elsewhere, which suggests a strong long-term bactericidal effect of PTW produced by AALCA
owing to its high concentration of RONS [31,32,43]. To investigate the bactericidal effect of PTW,
5 mL of DI water was treated with AALCA for 1 min at an input power of 28 W. Then, 0.3 mL
of the E. coli suspension was mixed with 2.7 mL of the produced PTW and incubated for various
times. After incubation, the number of surviving bacteria was estimated using the colony counting
method. The estimated values of E. coli after various durations of incubation are presented in Figure 9.
It could be clearly observed that the concentration of E. coli gradually decreased as the incubation time
increased after suspension of E. coli in DI water treated with AALCA and reached the detection limit of
10 CFU/mL at 60 min, showing a 6-log reduction in the concentration of bacteria. Considering that the
concentration of E. coli did not change in the control sample of E. coli suspended in pristine DI water
even after 24 h of incubation, it could be concluded that the DI water treated with AALCA had a strong
bactericidal effect that originated from the high concentration of RONS and the low pH level [31,32,43].

Treatment of liquid using AALCA could be performed irrespective of its electrical conductivity;
therefore, further reduction of production costs is possible by using tap or spring water. Tap water
was treated with AALCA under the same conditions and the bactericidal effect of plasma-treated tap
water was investigated in the same way as for DI water. It can be clearly observed in Figure 9 that
tap water treated by AALCA also had a bactericidal effect, and the concentration of bacteria reached
the detection limit of 10 CFU/mL after 90 min, showing a 6-log reduction in the concentration of
bacteria. Considering that the concentration of bacteria in the control sample of E. coli suspended in
pristine tap water did not change after 90 min of incubation and reduced by 1 log only after 24 h of
incubation, it can be concluded that, like with DI water, tap water treated with AALCA has a strong
bactericidal effect that originates mostly from the high concentration of RONS. The difference in the
bactericidal effect can be explained by the complex composition of tap water. Some components of tap
water may interfere with chemical reactions in PTW and reduce the amount of species responsible for
the bactericidal effect. Additionally, the pH value of the tap water was higher than that of DI water
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(Figure 4), which may have reduced the bactericidal efficacy of tap water treated with AALCA as
compared with DI water [33,43].

Figure 9. Dependency of the number of surviving bacteria on the duration of incubation after mixture
of E. coli suspension with DI or tap water treated with AALCA, DI water treated with NEAPRS, or DI
water treated with AALCA at a 10 mL/min flow.

The observed bactericidal effect of both DI and tap water, together with its low production cost,
makes PTW produced by AALCA appear to be promising as a low-cost disinfectant which could be
used in biomedical applications. However, the composition and properties of tap water can vary
strongly depending on the area of use. Therefore, more comprehensive investigations are needed for
the practical use of plasma-treated tap water in various locations.

3.5. Treatment of Flowing and Circulating Liquid

The evaporation of liquid reported above might be a problem for AALCA treatment; however,
considering the high efficiency of RONS production and the moderate temperature of the liquid treated
using the proposed method, AALCA treatment looks promising for practical PTW use. A possible
approach to reduce the production cost of PTW and ameliorate the problems associated with heating
and evaporation of the liquid is treatment by continuous flow of liquid. Treatment of a flow of DI
water was performed using the same setup and two peristatic pumps, as shown in Figure 10. Pristine
DI water was introduced to a dish at a flow rate of 10.25 mL/min using the first pump and PTW was
evacuated from the dish at a flow rate of 10 mL/min using the second pump. The flow allowed for
reducing the temperature of the liquid during treatment. It was found by thermographic measurements
(Figure 10) that the temperature of the treated water was about 45 ◦C in the area of contact with plasma
after 5 min of operation, which was significantly lower than the case of the 5 mL sample treatment.
Figure 10 shows a thermographic image of plastic tubes with water on the input and output of the
plasma treatment device. The temperature of the water increased from about 25 ◦C to about 30 ◦C
during the treatment (similar results were confirmed by measurements using a thermocouple). The use
of flow allows for a temperature of the produced PTW below 37 ◦C, which is safe for the human body
and could be used in medical applications [47,60]. Additionally, the difference in the flow rate allowed
for compensation of the evaporation of the liquid and retention of the same level of liquid inside the
dish, ensuring the same discharge gap and parameters of the plasma during treatment.
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Figure 10. Schematic of experimental setup for treatment of continuous flow of liquid, thermographic
image of flowing DI water treated with AALCA (right, bottom), and comparison of water temperatures
in tubes before and after treatment (right, top).

The treated water was collected from the output of the second pump and concentrations of RONS
in the collected PTW were estimated using HPLC and ion chromatography. Estimated concentrations
of H2O2, NO2

−, and NO3
− in the produced PTW were 9.6, 0.2, and 32.2 mg/L, respectively, as shown

in Figure 7. The pH value of the produced PTW was about 3.25. The production rate of RONS was
comparable to the treatment of stationary samples of 5 mL. Despite the reduced efficiency of production
of NO2

−, the total amount of RONS in the case of the flow of water was still two orders of magnitude
higher than the amounts observed for the case of conventional NEAPPJ or DBD [14,20,32,43]. Zhou et
al. reported PTW production by cold plasma treatment at ambient air of 50 mL of circulating liquid at
a flow rate of 200 mL/min [18]. It is difficult to perform a direct comparison of results considering the
difference in the flow ratio of the liquid and the experimental setup. It would take 5 min to produce
50 mL of PTW using AALCA with a 10 mL/min flow of the water used in the present work; therefore,
the results of the present work were compared to the results reported by Zhou et al. for 5 min of
treatment (0.4 of H2O2, 0.2 of NO2

−, and 0.75 of NO3
−) [18]. It can be clearly observed in Figure 7 that

treatment with AALCA is more effective than the method reported by Zhou et al., and treatment of
a liquid flow can be applied to produce a large volume of PTW. However, the concentration of NO2

− in
the produced PTW was lower than that of the fast treatment of stationary liquids with small volumes,
and the ratio of concentrations of NO2

− and NO3
− depends on the flow rate, duration of treatment,

and discharge parameters.
To investigate the bactericidal effect of treatment of flowing liquid using AALCA, an E. coli

suspension with a concentration of bacteria of 107 mL−1 was treated with AALCA at an input power of
28 W and a flow rate of 10 mL/min. It was found by the colony counting method that the concentration
of bacteria decreased to the detection limit of 10 CFU/mL after treatment by AALCA at a flow rate of
10 mL/min, showing a 6-log reduction in the concentration of bacteria. This result demonstrates that
treatment of a continuous flow of liquid by AALCA is applicable to disinfection of larger volumes
of liquids.

To investigate the bactericidal effect of PTW produced by treatment of flowing liquid using
AALCA, DI water was treated with AALCA at an input power of 28 W and a flow rate of 10 mL/min
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and collected in a clean vial. Then, 0.3 mL of the E. coli suspension was mixed with 2.7 mL of collected
PTW and incubated for various times. After incubation, the number of surviving bacteria was estimated
using the colony counting method. The estimated values of E. coli after various durations of incubation
are presented in Figure 9. It can be clearly observed that the concentration of bacteria gradually
decreased as the incubation time increased after suspension of E. coli to produce PTW, and it reached
the detection limit of 10 CFU/mL at 180 min, showing a 6-log reduction in the concentration of bacteria.
Considering that the concentration of E. coli did not change in the control sample of E. coli suspended
in pristine DI water, it can be concluded that PTW produced by treatment of a continuous flow of
liquid with AALCA has a strong bactericidal effect originating from the high concentration of RONS.
The difference in bactericidal effect observed for the 5 mL sample and the flowing DI water can be
explained by the difference in concentrations of RONS and the higher pH. In the case of flowing DI
water, the concentration of NO2

− was about 10 times lower and the pH was higher than the 5 mL of DI
water treated by AALCA. Moreover, in the case of a flowing liquid, the concentrations of short-living
reactive species could be different, resulting in a reduced bactericidal effect.

We found in this work that AALCA is effective at generating RONS and features low production
and operation costs, which helps to overcome a number of problems in existing systems for plasma
treatment of liquids. However, a major drawback of AALCA is the heating and evaporation of the
liquid. We demonstrated that these problems can be solved by treatment of a continuous flow of liquid,
which avoids changes in the discharge gap by evaporation and achieves a temperature safe for the
human body that is below 37 ◦C after treatment [60]. The low temperature and high concentration of
RONS in PTW produced by treatment of flowing liquid looks promising for biomedical and agricultural
applications. Furthermore, production of PTW using a continuous flow of liquid could be easily scaled
to large volumes, which looks promising for water disinfection and purification, as well as other
applications requiring low-cost treatment of large volumes of liquid. Treatment of a liquid flow using
AALCA allows for the low-cost production of PTW and solves several problems associated with using
a stationary solution, however, further tuning of the discharge conditions and development of a custom
pumping system is necessary for precise control of RONS concentrations in the produced PTW.

Additionally, the stable generation of AALCA was confirmed using liquids with various
conductivities, such as DI water, tap water, ethanol, propylene glycol, phosphate buffer, phosphate
saline buffer, and phosphate buffer containing amino acids. The possibility of generating such a type
of plasma on the surface of a liquid irrespective of the electrical conductivity could be essential for
various biomedical and agricultural applications, where buffer solutions with various conductivities
are commonly used to control the pH level.

Moreover, the possibility of treating liquid precursors of various conductivities by AALCA looks
promising for the synthesis of nanoparticles and nanocarbons [1,8,10,11].

4. Conclusions

In this work, we developed a compact tool for irradiation of liquids by a low-current arc at
ambient air. It was possible to generate a stable discharge, even when using liquids that had low
electrical conductivity, as a sequence of corona, repeating spark, and low-current arc discharges.
Moreover, the possibility of treating a continuous flow of liquid was confirmed. It was found that
the concentration of RONS after treatment using an ambient air low-current arc was two orders of
magnitude higher than that of PTW produced using conventional APPJs or DBD plasmas under similar
treatment conditions. The strong bactericidal effect of treatment with AALCA and the produced PTW
was confirmed by survival tests of E. coli. Additionally, we demonstrated a method to overcome the
overheating problem and increase the volume of produced PTW by treatment of a continuous flow
of liquid. This work is a step towards the practical use of plasma-treated liquids in biomedical and
agricultural applications.
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Abstract: A new configuration of a discharge chamber and power source for the treatment of up to
1 L of liquid is presented. A leakage transformer, energizing two metal electrodes positioned above
the liquid, limits the discharge current inductively by utilizing the weak magnetic coupling between
the primary and secondary coils. No additional means to avoid arcing (electric short-circuiting),
e.g., dielectric barriers or resistors, are needed. By using this technique, exceeding the breakdown
voltage leads to the formation of transient spark discharges, producing non-thermal plasma (NTP).
These discharges effected significant changes in the properties of the treated liquids (distilled water,
physiological saline solution, and tap water). Considerable concentrations of nitrite and nitrate
were detected after the plasma treatment. Furthermore, all tested liquids gained strong antibacterial
efficacy which was shown by inactivating suspended Escherichia coli and Staphylococcus aureus.
Plasma-treated tap water had the strongest effect, which is shown for the first time. Additionally, the
pH-value of tap water did not decrease during the plasma treatment, and its conductivity increased
less than for the other tested liquids.

Keywords: inductively-limited discharge; plasma-treated water; tap water; antimicrobial activity

1. Introduction

In recent years, investigations of plasma-liquid interactions have become an important topic
in plasma science and technology, not least being stimulated by the accelerating field of plasma
medicine. Consequently, electrical discharges in combination with liquids have been extensively
studied. Resulting from plasma-liquid interactions, very complex physical as well as chemical processes
occur starting from gas phase chemistry via multiphase species transport, mass and heat transfer up to
interfacial reactions and very complex liquid phase chemistry. In the case of low-temperature plasma
sources working at atmospheric air conditions (cold atmospheric plasmas—CAP), this chemistry is
mainly determined by reactive oxygen and nitrogen species transferred from the gas/plasma phase
into the liquid phase or generated in the liquid phase by secondary reactions [1,2]. Several electrode
configurations and modes of electrical operation for liquid treatment were investigated. Generally,
these discharges can be ignited directly in the liquid [3], between one electrode above the liquid and
the surface of the liquid itself serving as the counter electrode [4–6], and in close vicinity to the water
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surface, e.g., by a dielectric barrier discharge [7] or with a gliding arc discharge [8]. Configurations using
plasma jets [9] or high-voltage-fed hollow needles [10] and electro-spraying were also investigated [11].
The discharges can be energized with DC, AC, or pulsed high voltage [4,12,13].

Besides the various ways of operating these discharges, their physical properties like breakdown
voltage, discharge current and morphology, gas temperature, and light emission are discussed.
As liquids, different kinds of water were used (distilled water, saline solution, buffered solutions,
or tap water). For comprehensive summaries of the broad variety of discharges in combination with
liquids, please refer to [1,14,15]. Regarding the treatment of water, changes of its properties have been
examined by many researchers [6–9,16–19]. In all cases of discharges operated in contact with or in close
vicinity to water, acidification (except for tap water) and nitration was observed. Additionally, it was
described that chemical contaminations, e.g., with pharmaceuticals, in the water were decomposed
over the course of the plasma treatment [20–22]. Further experiments revealed that the plasma-treated
water became antimicrobial [5,7,18]. In these experiments, bacteria such as Staphylococcus aureus and
Escherichia coli were significantly inactivated. Several tests were performed with bacterial suspensions,
i.e., the microorganisms to be inactivated were present during plasma treatment of the liquid (direct
plasma treatment). However, it was also demonstrated that plasma-treated liquids show antibacterial
activity if the microorganisms were added immediately after plasma treatment of the liquid (indirect
plasma treatment) [18,23]. Traylor et al. [24] have shown that distilled water which was plasma
treated for 20 min retained its antibacterial activity for 7 days. Hänsch et al. [18] discussed that the
plasma-generated species hydrogen peroxide and nitrite decrease but are still present 1.5 h after the
treatment was finished. According to the present state of knowledge, reactive oxygen and nitrogen
species (ROS and RNS) play an important role in plasma-mediated inactivation of microorganisms [25].
These findings have given rise to the conclusion that plasma treatment of aqueous liquids might be
useful to produce biologically-active formulations for several applications in the medical field like
disinfectants or antiseptics [26,27].

Many of the aforementioned experiments were performed with rather small volumes of water, i.e.,
in the range of milliliters. For the characterization of the plasma itself and the antimicrobial properties,
as well as the chemistry of the liquids, this volume is sufficient. To enable relevant conditions for
applications using plasma-treated liquid, larger volumes are required. Therefore, we designed a
discharge configuration for the activation of liquid volumes up to 1 L. In order to ensure easy operation
and handling, we used a pin-to-liquid design. The limiting of the discharge current turned out to be
the most challenging part of the development, because dielectric barriers on the electrodes require
very high operating voltages, whereas current limiting resistors waste too much electrical energy by
heating. As a solution, we found inductive limiting of the discharge current by a choke. This resulted
in the use of a leakage transformer, which will be discussed later in detail.

2. Materials and Methods

2.1. Electrical and Optical Investigations

For the investigations, two different experimental setups were designed. The experimental setup
used for the assessment of the discharge parameters consisted of two electrodes made of stainless steel
(diameter 4 mm, length 32 mm). These electrodes were fixed to an electrode holder and positioned
about 3 mm above the surface of the liquid in a beaker with a volume of 250 mL (Figure 1). The electrode
holder was a round shape disk made of polycarbonate with a diameter of 120 mm and a thickness
of 80 mm. The electrodes were connected to the output transformer of a commercial high-voltage
source (Neon-Pro NP 10000-30) operating the discharge at a frequency of approximately 25 kHz and
ignition voltages of about 2–3 kV (amplitude). The high voltage source was driven by a variac (RFT
LTS 002) connected directly to the net. Details of the electrical parameters are given in the electrical
characterization section.
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Figure 1. Experimental setup.

The beaker with the electrode holder was placed on a magnetic stirrer (Thermo Scientific Cimarec
i Mono) and the water was stirred permanently. The electrical data were monitored with high voltage
probes (Tektronix P6015A) and current probes (Pearson 2877) and recorded with a digital oscilloscope
(Tektronix DPO 4104, Tektronix, Beaverton, OR, US). The power dissipated into the high voltage source
was measured by a voltage meter (PCE-PA 6000). The discharges were optically investigated with a
fiber spectrometer (Ocean Optics HR4000, Ocean Optics, Largo, FL, US) via an orifice in the beaker.

For the plasma-treatment of water, the electrode configuration described above was doubled,
as described in [28]. Thus, four electrodes were positioned with a holder on top of a beaker with a
volume of 0.5 L or 1 L. Pictures of the discharge configurations (Figure 2) were taken with a digital
camera (Canon EOS 70D with a macro lens Tamron XR Di II). Tap water, physiological saline solution
(distilled water with 0.85% NaCl), and distilled water were treated for up to 30 min.

 
Figure 2. Photograph of the 4-electrode configuration for treatment of up to 1 L water [28].

2.2. Investigation of Properties of the Treated Water

The pH-value, the conductivity, and the temperature were measured with a multiparameter
meter (Hanna Instruments HI 9828, Vöhringen, Germany. Nitrogen species, namely nitrite and nitrate,
were detected by ion chromatography using a Dionex ICS 5000 system (Thermo Scientific, Dreieich,
Germany) with a UV and conductivity detector. The system was controlled by Dionex Chromeleon
Version 7.1.2.1541. Separation of substances was performed via an anion-exchange column (6 μm,
2 × 250 mm, Dionex IonPac AS23, Thermo Scientific) with a guard column (0.25 mL min−1, Dionex
IonPac AG23, Thermo Scientific). An eluent concentrate (Dionex AS23, Thermo Scientific) was diluted
to produce a solvent system of 4.5 mM sodium carbonate and 0.8 mM sodium bicarbonate. Nitrite
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as well as nitrate were detected at 210 nm. Identification and quantification was performed with
reference substances (sodium nitrite and sodium nitrate, purity ≥ 99%, Carl Roth GmbH & Co. KG).
The amount of hydrogen peroxide (H2O2) generated in the plasma-treated water was measured
spectrophotometrically at 405 nm (UV-3100PC, VWR International, Hannover, Germany) after reaction
with titanium sulfate.

2.3. Microorganisms and Culture Conditions

The bacteria Staphylococcus aureus DSM 799/ATCC 6538 (DSM-German Collection of Microorganisms
and Cell Cultures, ATCC—American Type Culture Collection) and Escherichia coli K-12 DSM
11250/NCTC 10538 (NCTC—National Collection of Type Cultures) were cultured on tryptic soy
agar plates (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). After an incubation of 24 h at 37 ◦C the
agar plates were stored at 8 ◦C.

For the experiments, the respective microorganism was cultured in 20 mL tryptic soy broth (Carl
Roth GmbH & Co. KG, Karlsruhe, Germany). After an incubation time of 24 h at 37 ◦C, 10 mL of
the culture was centrifuged (4700 rpm; Heraeus Multifuge 1S, Thermo Fisher Scientific) for 5 min.
The supernatant was discarded and the cells were suspended in 10 mL physiological saline solution
(0.85% NaCl). The bacteria suspension was adjusted to a total viable count of 106 cfu/mL (colony
forming units/mL, stock suspension).

2.4. Determination of the Antimicrobial Effect of Plasma-Treated Liquids

The respective liquid-physiological saline solution or tap water was treated with plasma for 10,
20, and 30 min, defined as treatment time (ttreat). Afterwards, these liquids were mixed with the
microorganism—S. aureus or E. coli—and incubated for 30 or 60 min, defined as exposure time (texp).
For this purpose, 100 μL of the bacteria stock suspension was added to 5 mL of the plasma-treated
liquid filled in a petri dish 55 × 14.2 mm (VWR, Darmstadt, Germany). The liquid was incubated on a
multi-functional orbital shaker (PSU-20i, biosan, Riga, Latvia) for up to 30 or 60 min. Over the course
of the exposure time, samples were taken in regular intervals and used to determine the total viable
count as colony forming units/mL. The spiral plate method (spiral plater: Eddy Jet 2, IUL, Barcelona,
Spain [29]) was used, with tryptic soy agar plates which were incubated for 24 h at 37 ◦C. The total
viable count was measured by an automated colony counter (Flash & Go, IUL, Barcelona, Spain). As a
control, 100 μL of the microorganism suspension was added to 5 mL of untreated liquid. This mixture
was also used for the determination of the total viable count. All measurements were performed
6 times (n = 6).

The reduction of the total viable count is expressed as log10(NR) which was calculated as log10(NR)
= log10(N0) − log10(NS), where N0 is the total viable count of the control and NS is the total viable
count after the respective exposure time.

3. Results and Discussion

3.1. Electrical Characterization of the Discharge

To ignite a plasma between the metal electrodes and the surface of the liquid, we used a
commercially available high voltage source usually used to operate gas discharge lamps [30]. This
device provides two outputs with sinusoidal high voltages. As depicted in Figures 1 and 3, these
voltages are phase-inverted to each other, meaning that the voltage on one electrode increases whereas
the voltage on the other electrode decreases and vice versa. This leads to a sufficient potential difference
between one electrode and the other with the liquid and the gas gaps in between. The discharge
configuration could also work with grounded liquid, but this was not necessary in our configuration.
Typical voltage and current waveforms for the two-electrode configuration with tap water as the liquid
are shown in Figure 3. When the discharge occurs, the voltages at the electrodes (black and grey
lines) collapse and the current (red and green lines) flows for some tens of nanoseconds. In these
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commercially available devices, high voltage is provided by use of leakage transformers to ensure
short-circuit resistance. This means that the magnetic coupling between the primary and the secondary
coil of the high-voltage transformer is weak, and thus, the output voltage collapses when the output is
loaded and, consequently, the output current is limited. No additional current limiters like dielectric
barriers or resistors are needed.

Figure 3. Electrical characterization of one discharge event with tap water as liquid [30]: Driving
voltage at the electrodes (black and grey lines) and discharge current (red and green lines), discharges
take place at both electrodes simultaneously.

In Figure 4, the influence of the liquid on the electrical parameters of the discharge is shown.
For clearance, only the data for one electrode are presented. Generally, discharges occur very erratically,
with varying breakdown voltage and different numbers of discharges per period. The presented
waveforms are the most common. It was determined that for tap water (conductivity σ = 0.648 mS/cm)
and saline solution (σ = 16.23 mS/cm) the voltage drop and the discharge current was significantly
higher than for distilled water (σ = 0.013 mS/cm). The higher discharge current was the result of the
higher initial conductivity of tap water and saline solution compared to distilled water (Figure 7).
It also means a higher electrical load of the secondary coil of the output transformer, resulting in a
higher magnetic stray flux, leading to a lower output voltage.

The significant influence of the conductivity of the liquid was also studied by Bruggeman et al. [31].
There, it was shown that a conductivity of 0.5–1 mS/cm leads to the highest current compared to larger
and smaller conductivities. This was also confirmed in our experiments with the highest current using
tap water (σ = 0.648 mS/cm).

Because of the erratic behavior of the discharges, the electrical power dissipated into the plasma
was difficult to quantify. For a preliminary assessment of the efficiency of the process, the plug power
(in this case the power dissipated into the high voltage source) was measured by a commercially
available power meter. It was less than 50 W for the 4-electrode configuration, regardless of the treated
liquid. This resulted in the consumption of less than 50 Wh for the production of 1 L plasma-treated
water (equaling an expense of presently ≈ 0.02 € per liter for electricity and water).
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Figure 4. Electrical characterization for different treated liquids measured on one electrode: (a) tap
water σ = 0.648 mS/cm, (b) saline solution σ = 16.23 mS/cm, (c) distilled water σ = 0.013 mS/cm.

3.2. Optical Characterization of the Discharge

It was visible with the naked eye that the color of the discharge was dependent on the treated
liquid. The typical bluish/pinkish color of a non-thermal plasma operated in air changed to greenish
when saline solution was treated instead of distilled water or tap water. The assumption that this
was attributed to the emission of sodium was verified by optical emission spectroscopy (Figure 5).
Significant emission of the Na-D-line at 589 nm (for the performed investigation it was not necessary
to resolve the sodium doublet) was detected in the case of saline solution as the liquid. Although the
nitrogen (N2) emissions dominated the spectra, for tap water and saline solution, small emissions
of nitrogen monoxide (NO) were also detected. Additionally, it was clearly shown that in the case
of distilled water the general emission intensity was the lowest in good agreement with the lowest
discharge current.

3.3. Chemical Characterization of the Liquids

Many researchers report strong acidification of the liquid by plasma treatment as long as
non-buffered solutions are used [5,18]. The presence of a phosphate buffer inhibits the acidification [7,32].
Depending on the treated volume and the plasma source used, the acidification takes only one minute
(V = 1.5 mL, [7]) or more than 10 min (V = 1 L, [5]). We treated in our experiments 500 mL of water for
30 min and opted for 10 min interval of measurement to investigate the general behavior of the liquid
(Figures 6 and 7). In the slightly acidic (pH = 5.1) saline solution and demineralized water (pH = 4.8),
the pH-value decreased to about 3 within 10 min treatment time whereas tap water (pH = 6.6) was not
acidified at all. To our knowledge, this is due to the sufficient amount of buffering components like
carbonate which corresponds to the high hardness of the local water used in this study (23.3◦ dH [33]
compared to an average of 16◦ dH in Germany [34]).
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Figure 5. Optical characterization of the discharge for different liquids, the Na-D line is almost missing
for liquids not containing sodium.

Figure 6. Change of pH-value with treatment time.

Figure 7 shows the change of the conductivity σ of the tested liquids. It was determined that the
conductivity of the almost non-conductive distilled water increased significantly by around 300 μS/cm,
which was in the range of the values reported in [4] (Δσ = 150 μS/cm in 10 min). Also, for saline
solution with a very high initial conductivity, an increase of about 700 μS/cm was measured. Again,
we found different results for tap water. The increase in conductivity was less than 50 μS/cm after
30 min treatment.

After ttreat = 30 min, the concentrations of NO2
− and NO3

−were 1.55 mM and 0.77 mM, respectively
(data not shown). Contrary to many other reported experiments, the concentration of H2O2 was
negligible [6–8,32]. The optical emission spectra (Figure 5) show significant emissions of nitrogen and
also emissions of nitrogen monoxide. This indicates that the nitration of the liquids is caused by the
input of nitrogen species into the liquid by the discharge itself. Sivachandiran and Khacef [35] reported
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positive effects on germination and growth of plants such as radish, tomato, and sweet pepper with
plasma treated water containing approximately 0.26 mM of NO3

−. Thus, this kind of application could
be an interesting field of research regarding a possible utilization of plasma treated water in agriculture.
The temperature of the liquids increased slightly with a rate of ΔT ≈ 0.7 K/min. Therefore, also 30 min
treatment does not cause notable evaporation of the liquid.

Figure 7. Change of conductivity with treatment time.

3.4. Antimicrobial Properties of the Plasma-Treated Liquids

In order to investigate the antimicrobial effect, a benchmark test was performed with plasma-treated
physiological saline solution and the gram-negative bacterium E. coli K-12 DSM 11250/NCTC 10538.
During the experimental procedure, the liquid was treated with plasma for 10, 20, or 30 min.
The microorganisms were exposed to the plasma-treated liquid for up to 30 or 60 min (Figure 8; data
for 60 min not shown).

Figure 8. Antimicrobial effect of plasma-treated saline solution on the gram-negative bacterium E. coli
for different treatment times: ttreat = 10, 20, and 30 min, determined by total viable count [cfu/mL]
within an exposure time texp = 30 min.

The exposure of the microorganism E. coli to physiological saline solution treated with plasma
for 10, 20 or 30 min resulted in a reduction of 5.3 orders of magnitude (log10 cfu/mL) within texp =

30–60 min. The inactivation of E. coli was dependent on the treatment time. Thus, within an exposure
time of 10 min a reduction of total viable cell count of 0.5 orders of magnitude was determined for
ttreat = 10 min whereas for ttreat = 30 min already a reduction of 2.3 orders of magnitude was reached.
The fastest inactivation for E. coli occurred with the 30 min plasma-treated saline solution. For this
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treatment time, no microorganisms were detected after texp = 30 min and for ttreat = 20 min, the
residual viable count was negligible (3.9 cfu/mL) after the same exposure time (Figure 8). Moreover,
a prolongation of texp to 60 min resulted also for ttreat = 10 min in complete inactivation of tested
microorganisms (data not shown). Thus, the antimicrobial effect of the plasma-treated liquid was
dependent on the treatment time and the exposure time. The inactivation of the microorganisms was
faster with longer treatment time or exposure time. These two factors can be used for the regulation of
the antimicrobial activity. This correlation of treatment time and antimicrobial activity has been shown
previously for other plasma sources [18,36,37].

The results of the benchmark test showed that the antimicrobial effect of the plasma-treated
saline solution was strong enough to inactivate successfully E. coli in all experiments performed.
The antimicrobial properties of plasma-treated water like deionized or sterilized water have already
been shown by Liu et al. [9] and Lukes et al. [17]. Thus, we investigated the antimicrobial effect
of tap water, which differed in the important fact that it shows no decrease of the pH-value due to
plasma treatment (Figure 6). Again, the microorganism E. coli was used. Additional experiments
were performed with the gram-positive bacterium S. aureus. The results of the experiments with tap
water were compared with those of plasma-treated saline solution. Since the liquid treated for 30 min
showed the strongest antimicrobial effect we decided to use ttreat = 30 min in all experiments.

The reductions of the total viable count of E. coli and S. aureus in plasma-treated tap water were
more than 5 orders of magnitude (Figure 9). In general, it was found that the level as well the kinetics
of inactivation of the microorganisms was dependent on the kind of plasma-treated liquid. Thus, the
inactivation by 5 orders of magnitude was achieved for E. coli in saline solution after texp = 15 min
whereas for tap water already texp = 5 min resulted in the same reduction. In the case of S. aureus,
after texp = 30 min, the reduction was approximately 3 orders of magnitude in plasma-treated saline
solution but again 5 orders of magnitude for plasma-treated tap water. The plasma-treated tap water
was much more effective against the tested microorganisms E. coli and S. aureus than saline solution.
This confirms that using this pin-to-liquid plasma device the plasma-treatment of tap water delivers a
liquid which has a stronger antimicrobial effect than plasma-treated saline solution.

Figure 9. Antimicrobial effect of plasma-treated saline solution (NaCl) on E. coli (boxes) and S. aureus
(triangles) as well as plasma-treated tap water (TW) on E. coli (circles) and S. aureus (rhombi), ttreat = 30 min.

In general, non-buffered aqueous systems such as saline solution are characterized by a decrease
of the pH-value in course of the plasma treatment. It was assumed that pH-decrease has an indirect
influence on the antimicrobial activity of the plasma-treated liquid [7]. The decrease of the pH-value is
hypothesized to be caused by the dissociation of nitric oxides in water. The resulting formation of
reactive oxygen and nitrogen species (ROS/RNS) indicated by nitrite and nitrate generation leads to
the antimicrobial effect. Thus, the acidic pH plays a rather subordinate role [11,38]. Such an indirect
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influence of the pH-value in saline solution cannot be assumed for tap water because the pH remains
constant. The origin of the antimicrobial effect in tap water despite constant pH is rather unclear, but
Marotta et al. described experiments with a DBD regarding the degradation of phenol in plasma-treated
deionized and tap water [39]. In these tests, it was confirmed that tap water has a higher degradation
efficiency because of the presence of sodium bicarbonate (NaHCO3). Sodium bicarbonate maintains
the pH-value of the liquid and is a quencher for OH radicals, which is an unwanted effect; however,
it leads also to the formation of the CO3

−• anion, which oxidizes organic compounds efficiently [39].
Thus, we assume that sodium bicarbonate may also play an important role for antibacterial activity of
plasma-treated tap water.

The plasma-treatment of tap water resulted in antimicrobial properties which are even stronger
than achieved for saline solution. This is very promising because tap water is easy available and
inexpensive. No additional means are necessary for decontamination. Thus, deionization or the
addition of sodium chloride is not required to generate water with antimicrobial properties. But it
is important to note that the chemical composition of tap water strongly depends on the area of use.
Therefore, more comprehensive investigations are needed.

4. Conclusions and Outlook

A new configuration of discharge chamber and power source was presented utilizing high voltage
leakage transformers for discharge current limitation to avoid arcing. The electrical operation of
discharges between metal electrodes and a liquid was discussed. It was found that the conductivity of
the liquid influenced the discharge current and voltage at breakdown. The kind of liquid influenced
the optical appearance of the discharge. Sodium emissions were present in the spectra recorded with
saline solution but were almost absent for distilled water and tap water. Except for tap water, the
treated liquids became acidic and the conductivity increased. In all liquids, distinct nitrification was
observed. The microbiological studies showed that physiological saline solution and tap water became
antimicrobial, which is especially noteworthy for the case of tap water. Despite the lack of acidification,
an inactivation of the tested microorganisms E. coli and S. aureus was determined.

In order to obtain more detailed insight in the discharge process itself, additional investigations
are needed. To clarify the origin of the antimicrobial properties of tap water, measurements regarding
the production of reactive oxygen and nitrogen species (ROS/RNS) and an evaluation of the influence
of sodium bicarbonate are necessary.

With the presented discharge configuration, significant volumes of plasma-treated water can be
easily produced in less than 30 min. Because the device is portable, the water can be treated on-site.
The properties of the treated water are controllable by setting the treatment time. The antimicrobial
effect of the plasma-treated water can be adjusted by varying the exposure time. Thus, the discharge
configuration is an appropriate experimental setup for the investigation of practical applications of
plasma-treated water. Besides its use as a disinfecting agent, application as a fertilizer with additional
disinfecting properties in agriculture is also conceivable. Additionally, the use of the plasma device for
cleaning of contaminated water should be considered.
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Abstract: Investigating cold argon plasma (CAP) for medical applications is a rapidly growing,
innovative field of research. The controllable supply of reactive oxygen and nitrogen species through
CAP has the potential for utilization in tumour treatment. Maxillofacial surgery is limited if tumours
grow on vital structures such as the arteria carotis. Here CAP could be considered as an option for
adjuvant intraoperative tumour therapy especially in the case of squamous cell carcinoma of the head
and neck. Further preclinical research is necessary to investigate the efficacy of this technology for
future clinical applications in cancer treatment. Initially, a variety of in vitro assays was performed
on two cell lines that served as surrogate for the squamous cell carcinoma (SCC) and healthy tissue,
respectively. Cell viability, motility and the activation of apoptosis in SCC cells (HNO97) was
compared with those in normal HaCaT keratinocytes. In addition, induction of apoptosis in ex vivo
CAP treated human tissue biopsies of patients with tumours of the head and neck was monitored
and compared to healthy control tissue of the same patient. In response to CAP treatment, normal
HaCaT keratinocytes differed significantly from their malignant counterpart HNO97 cells in cell
motility only whereas cell viability remained similar. Moreover, CAP treatment of tumour tissue
induced more apoptotic cells than in healthy tissue that was accompanied by elevated extracellular
cytochrome c levels. This study promotes a future role of CAP as an adjuvant intraoperative tumour
therapy option in the treatment of head and neck cancer. Moreover, patient-derived tissue explants
complement in vitro examinations in a meaningful way to reflect an antitumoral role of CAP.

Keywords: cold argon plasma; head and neck squamous cell carcinoma; apoptosis; keratinocytes;
plasma medicine

1. Introduction

Squamous cell carcinoma (SCC) is the second most frequent type of skin cancer after basal cell
carcinoma [1] and arises frequently in the head and neck area. Treatment is multifaceted, challenging
and has to be performed on an individualised basis. Complexity and variability of different tumour
entities demand specific cancer therapies including surgery, chemotherapy or radiotherapy. Standard
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therapy for most of the extra- and intraoral tumours is based on a radical surgery combined with
stage-based neo-adjuvant and / or adjuvant chemotherapy or radiation. Yet to date, patients suffering
from advanced head and neck cancer are still faced with a poor prognosis, if cancer cells are infiltrating
sensitive anatomical structures such as the skull base, the ocular bulb or main arteries that cannot
be resected safely (one example is given in Figure 1). To reduce chemotherapy side effects and
improve clinical outcomes, additional intraoperative antitumor treatment tools are urgently needed
to complement current therapies. Cold atmospheric pressure plasma (CAP) at temperatures within
physiological ranges offers versatile options for biological and medical applications in general [2–5]
and recently was promoted to aid in cancer therapy [6–9].

 

Figure 1. Axial (left) and coronal (right) cross sectional radiographic images of a lymph node metastasis
(*) of the left cervical level IIb of a 38 years old male patient suffering from an advanced squamous cell
carcinoma of the oral cavity at retromolar region (UICC stadium IVa). Primary carcinoma has been
surgically removed with a surrounding safety margin. Due to the metastasis´ closeness to the vascular
wall of the arteria carotis interna (#) and externa (+), a surgical removal could not be performed with a
safety distance. Biopsy testing for the presence of possible remaining tumour cells at the vascular wall
could not be performed. So, possible remaining tumour cells can be the reason for tumour recurrence
or metastasis.

Plasma is often referred to as the fourth state of matter and is considered the most reactive
one. Therapeutic effects are achieved in a single treatment modality due to the combined action of
ultraviolet radiation, charged particles, reactive oxygen species (ROS), reactive nitrogen species (RNS)
and electrical fields [2,10]. First results on the compatibility and application of CAP were gained in the
field of dermatology as well as in plastic and aesthetic medicine [11–17]. CAP applications can range
from anti-inflammatory [18] and antimicrobial [19,20] to tissue stimulatory [21] therapeutic effects.
In addition, recently Vandamme et al. and others have shown that CAP can inhibit tumour growth by
ROS-mediated apoptosis [6,22,23]. Moreover, there are indications that CAP works selective for cancer
cells by killing them more effectively than non-neoplastic cells [24,25]. Consequently, the concept of
using CAP in the manner of intra-operative neo-adjuvant tumour therapy is to treat remaining cancer
cells after conventionally tumour bulk reduction by surgery as far as possible. Hence, CAP offers the
potential for new adjuvant tumour therapies [6,8].

In this study, the response of healthy and tumour cells of head and neck cancer to CAP exposure
was addressed by means of cell viability, cell cycle changes and motility behaviour, including possible
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target proteins and apoptosis. In addition, excised tissue samples of head and neck squamous cell
carcinoma and healthy neighbouring tissue of the oral cavity of the same patient were investigated for
induction of apoptosis and secreted proteins with antitumor activity. We were able to demonstrate
a significant impact of CAP against malignant cells in tissue and partially in vitro. These insights
are reason for hope that CAP could be an effective tool to support radical resection of head and
neck cancers.

2. Methods

2.1. Cell Culture

Non-malignant HaCaT keratinocytes and malignant HNO97 (head and neck squamous cell
carcinoma of the oral cavity) were employed in this study (Cell Line Service, Eppelheim, Germany).
Both cell types were maintained in Roswell Park Memorial Institute (RPMI) 1640 cell culture medium
supplemented with 8% heat inactivated foetal bovine serum, 100 IU/mL penicillin, 100 μg/mL
streptomycin and 2 mM glutamine in a humidified atmosphere at 37 ◦C and 5% CO2 (all PAN Biotech,
Aidenbach, Germany).

2.2. Tissue Samples

Non-malignant and malignant tissue samples were collected from 10 patients (6 men, 4 women;
mean age 59.9 years; median age 56 years; age range 43 to 75 years) with histologically proven cancers
of the maxillofacial region [9 squamous cell carcinoma of the floor of the mouth (n = 5), the cheek
(n = 2), the tongue (n = 1), the retromolar region (n = 1) and one adenocarcinoma of the maxillary
sinus] during their preoperative inpatient care at the clinic of maxillofacial surgery / plastic surgery at
the University Medicine Greifswald. Specimen were immediately immersed in William’s medium
(Biochrom, Cambridge, UK) supplemented with 0.25 μg/mL amphotericin B, 100 IU/mL penicillin and
10 μg/mL streptomycin (Corning, Amsterdam, The Netherlands). Subsequently, the tissue samples
were treated with CAP and kept in serum free William’s E medium supplemented with 100 IU/mL
penicillin/ 10 μg/mL streptomycin, 2 mM glutamine, 10 μg/mL insulin and 10 ng/mL hydrocortisone
(Sigma Aldrich, Taufkirchen, Germany) for 24 h, as described elsewhere [21,26]. All volunteers gave
their written and informed consent to participate in the laboratory study and permitted the non-invasive
collection of tissue samples for additional histological examinations after radical tumour surgery.

2.3. Plasma Source and Plasma Treatment

The certified medical device kINPen MED® (neoplas tools, Greifswald, Germany) was used to
realize plasma treatment. It consists of two electrodes, a pin type high voltage electrode inside a
ceramic capillary and one grounded electrode. It generates a radiofrequency signal of about 1 MHz
and a voltage amplitude of 2–3 kV. The discharge is switched on and off at a frequency of 2.5 kHz
(50:50). Argon gas (Air Liquide, Kornwestheim, Germany) flow rate was set to 5 standard litres per
minute. The plasma was generated at the tip of the pin type electrode and expanded about 1 cm to the
surrounding air outside the capillary.

In case of monolayer cells, the culture medium was exposed to the plasma effluent for the indicated
length of time and plasma-treated medium was immediately added to the adherent cells whose cell
culture medium was thereby replaced. By contrast, tissue samples were directly exposed to the plasma
effluent at a distance of about 8 mm from the capillary outlet as previously described [27]. Untreated
tissue samples served as negative control. The gas temperature at working distance is 35–39 ◦C.

2.4. Cell Viability

A test for cell viability was performed with a resazurin-based assay (Alamar Blue®Assay) and was
evaluated as described in detail earlier [28]. Briefly, 3500 cells were seeded per well in 96-well plates
and allowed to attach overnight. Plasma-treated cell culture medium (150 μL) was added to each well
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and incubated for 72 h. Plates were washed twice with Hanks buffered saline solution prior to the
addition of 100 μM resazurin (Alfa Aesar, Kandel, Germany) in complete cell culture medium without
phenol red. Formation of resorufin was observed at λex 530 nm and at λem 590 nm using a microplate
reader (Tecan, Männedorf, Switzerland). Cell viability was calculated as percentage of control (100%).

To investigate apoptosis in cell culture, CellEvent caspase 3/7 detection reagent (Life Technologies,
Carlsbad, CA, USA) was added to cells 6 h after exposure to plasma-treated medium. Cell fluorescence
was acquired at λex 485 nm and λem 535 nm using the same microplate reader.

2.5. Cell Cycle Analyses

One million HaCaT and HNO97 cells, respectively, were seeded into 60 mm cell culture dishes.
CAP-treated cell culture medium was added and incubated for 24 h. Cells were detached by incubation
with trypsin/EDTA. Cells were transferred into FACS tubes, washed in PBS, fixed and permeabilised in
ice-cold ethanol (70% v/v) overnight at 4 ◦C. Subsequently, cells were washed, and DNA was stained
with 4,6-Diamidin-2-phenylindol (Sigma, Taufkirchen, Germany) in FACS-buffer for 1 h. DNA content
analysis was carried out using flow cytometry (Gallios; Beckman-Coulter, Brea, CA, USA).

2.6. Cell Motility Assay

1 × 106 cells in 5 mL of fully supplemented RPMI 1640 were seeded in 60 mm cell culture dishes.
Just before the cell culture medium was replaced by CAP treated medium a diagonal scratch was
created using a 10 μL pipette tip. Dishes were placed on a heated and CO2-gassed microscope stage
(Zeiss, Jena, Germany). Microscopic images were taken at 24 h. The initial gap size was set to 0% and
gap closure was calculated as percent.

2.7. DNA Fragmentation

As a marker for apoptosis in tissue, DNA fragmentation was detected by terminal dUTP nick-end
labelling (TUNEL), employing a commercially available fluorescein kit (in situ cell death detection
kit, Roche applied science, Mannheim, Germany). Positive cells were evaluated using fluorescence
microscopy (Zeiss, Jena, Germany) and an open source image processing software (ImageJ, version
1.47, NIH, USA).

2.8. Cytochrome C Measurements

Twenty-four hours after CAP treatment, supernatant of cultured tissue samples were collected
and stored at −80 ◦C until they were subjected to cytochrome c ELISA, according to the manufacturer’s
instructions (eBioscience, Affymetrix, ViennaAustria). Concentrations were normalized to total
extracellular protein content (Biorad, Heracles, CA, USA).

2.9. Cytokine Detection

The same supernatant medium was analysed for tumour necrosis factor α (TNFα), interferon γ

(INFγ), interleukin (IL) 10 and IL22 using a bead-based assay, according the manufacturer’s instructions
(BioLegend, San Diego, CA, USA). At least 300 beads per analyte were acquired utilizing a CytoFlex
flow cytometer (Beckman-Coulter, Brea, CA, USA).

2.10. Global Protein Expression

Global protein expression was carried out as previously described [28]. Briefly, peptides were
separated using nanoliquid chromatography (Dionex Ultimate 3000; PepMap RSLC column, 75 μm
ID/15 cm length, Sunnyvale, CA, USA) and eluates were ionized by electrospray ionization and
analysed by high resolution mass spectrometry (positive mode, QExactive, Thermo, Waltham, MA,
USA). Data processing was done using Proteome Discoverer 1.4 (Thermo). Protein candidates were
selected upon their involvement in pathways of metabolisms and proliferation as well as on statistical
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criteria (≥ ± 2.0-fold expression). Data were also analysed with Ingenuity Pathway Analysis software
(IPA, Qiagen, Hilden, Germany) and free web-based applications (PANTHER and Uniprot.org).

2.11. Statistics

Statistical analysis was performed using Prism 6 (GraphPad software, version 6.05, San Diego,
CA, USA). Two-way analysis of variances (ANOVA) with Dunnett correction (comparison to untreated
control for each cell type separately) was employed to statistically describe cell motility data, whereas
matched one-way ANOVA with Dunnett correction was applied to caspase, cell cycle, cytochrome c
and cytokine data detection. The level of significance was displayed on the plots as follows: p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***).

3. Results

3.1. Examinations on Cultured Cells

3.1.1. CAP Reduced Viability in Normal and Tumour Cells

CAP expels reactive species which are known to confer cytotoxic effects in eukaryotic cells
in a concentration dependent manner. HaCaT keratinocytes and HNO97 cells were exposed to
plasma-treated medium and their metabolic activity was reduced in a treatment time-dependent
manner (Figure 2A). In order to compare both cell lines an IC50 value was calculated by sigmoid
regression of relative resorufin fluorescence as a function of treatment time. The viability after
incubation in CAP treated medium between both cell lines revealed very similar IC50 values; that is,
31 s for HaCaT keratinocytes and 36 s for HNO97 cells (Figure 2A). This suggests a comparable
sensitivity towards plasma-induced redox stress for these two cell types of epidermal origin.

Figure 2. Cont.
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Figure 2. Comparison of the viability of HaCaT keratinocytes (blue line) and HNO97 (black line) in
response to cold atmospheric pressure plasma (CAP) treated cell culture medium. (A). Cell viability is
reduced after CAP treatment in both cell lines similarly. Formation of resorufin is plotted as a function
of treatment time (log scale). Both curves summarize two individual experiments with 12 single
measurements. 50% of viable cells (IC50) are reached after CAP treatment for 31 s and 36 s, respectively.
Cell cycle analyses revealed a G2/M-arrest in HaCaT keratinocytes and HNO97 cancer cells by CAP
treated cell culture medium. Representative histograms for control (red line) and 150 s treatment
time (blue line) are displayed for HaCaT keratinocytes (B) and for HNO97 cancer cells (D). Both,
HaCaT keratinocytes and HNO97 cells responded by a G2/M arrest with increasing CAP exposure time,
most pronounced at 80 s and 150 s (C and E).

3.1.2. Cell Cycle Arrest after CAP Treatment in HaCaT Keratinocytes and in HNO97 Cells

The distribution of DAPI-stained cells was analysed according to the histogram plot of DNA
content against cell numbers of both cell lines (representative examples are shown in Figure 2B,D.
In HaCaT keratinocytes, CAP treated medium (80 s and 150 s) caused a significantly elevated level of
cells in the G2/M phase concomitant with a decrease in the proportion of cells in G0/G1 (Figure 2C).
Of untreated cells 49% were in G0/G1 phase while this portion decreased significantly to 37% after
150 s CAP treatment. At the same time, cells in the G2/M phase increased from 18.6% to 30% for 150 s
of CAP exposure. The impact of CAP treated medium on HNO97 cell cycle progression was less
pronounced and revealed a decrease from 65% to 57.7% in the G0/G1 phase and a significant increase
of 14.5% to 19.3% in the G2/M phase (Figure 2E).

3.1.3. CAP Exposure Activated Caspase in HNO97 Cancer Cells and HaCaT Keratinocytes

Both cell lines, normal and head and neck squamous cell carcinoma cells, significantly activated
caspase 3/7 when incubated in CAP treated medium. (Figure 3). A treatment time dependent activation
of caspase 3/7 was present after CAP exposure in both cell types. Hence, significant activation of
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caspase 3/7 levels occurred after the longest treatment times of 80 s and 150 s (Figure 3). This result
indicates a non-selective induction of apoptotic events in both cell lines.

Figure 3. Activation of caspase 3/7 by CAP treated cell culture medium in HaCaT keratinocytes
and HNO97 cells. CAP treatment took place for 0, 20, 40, 80 and 150 s and incubation followed for
6 h. Activation is detected as relative fluorescent units (RFU). Each bar resulted of three individual
measurements (mean +SD).

3.1.4. Motility of Malignant Cells Was Significantly Impaired by CAP Treatment

Motility and migration were analysed in a 2D-setup following incubation with CAP-treated
culture medium comparing non-malignant and head and neck squamous cell carcinoma cells. Into a
confluent layer of cells, the scratch width was measured at start (0 h), after 12 h and 24 h following
addition of CAP-treated culture medium. By comparison, untreated HNO97 cells moved significantly
faster (Figure 4A) than untreated HaCaT keratinocytes (Figure 4B); gap closure within 24 h constituted
50% and 20%, respectively (Figure 4C). CAP treatment on HaCaT cells had no significant influence for
the tested treatment time regimen (Figure 4C). However, in head and neck squamous cell carcinoma
cells gap closure was significantly reduced from 50% in untreated cells to 20% after CAP treatment.
In summary, CAP treatment caused a significant impairment in the motility behaviour of HNO97
while HaCaT keratinocytes remained nearly unaffected.
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Figure 4. Cell motility was tested in HNO97 cancer cells and HaCaT keratinocytes in response to CAP
treatment. Representative microscopic photographs of a scratch assay are depicted for (A) HNO97
and (B) HaCaT keratinocytes. Cell motility was evaluated as gap closure in % of the initial distance
after 12 and 24 h, respectively and displayed as bar graph (C) for both cell lines. HaCaT keratinocytes
are significantly less motile compared to their malignant counterpart HNO97 (compare both ctrl).
Addition of CAP treated medium reduced cell motility significantly in HNO97 (empty bars) while
HaCaT keratinocytes are not affected (dark bars). The assay was performed at least in triplicates. Bars
represent mean + SD. Magnification × 100.
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3.1.5. Total Protein Expression Modulated by CAP Treatment Reflect Changes in Cell Motility

Several thousand proteins were detected in the investigated cell lines with a false discovery rate of
1% (5445 HaCaT/8258 HNO97), allowing a materially oversight of cell processes at sampling. Of these,
229 HaCaT and 419 HNO97 proteins are connected to cell migration (according to Uniprot gene
ontology annotations) with 185 proteins detected in both cell types. Selected proteins are summarized
in the Table 1 below.

Table 1. Expression of selected proteins in normal and malignant cells 3 h and 24 h after CAP treatment.
Protein changes are indicated as: up to two-fold increased →↑; two-fold increased ↑; 5 to 12-fold

increased ↑↑; two-fold decreased ↓; 5-12-fold decreased ↓↓; not changed.

Protein Name Uniprot ID HaCaT HNO97 Function

Ki67 P46013 →↑ Proliferation

NQO1 P15559 →↑ Nuclear factor erythroid 2-related factor 2 (NRF2)
related signalling

TMX2 Q9Y320 ↑ NRF2 related signalling

GSTM3 P21266 ↑ NRF2 related signalling

PRDX1,2,4,6 Q06830 Redox regulation, elimination of peroxides
SBNO2 Q9Y2G9 ↑↑ ↑ Transcriptional co- regulation, interleukin signalling

ILKAP Q9H0C8 ↑↑ Cell adhesion and growth factor signalling
AAMP Q13685 →↑ ↓ Cell migration, angiogenesis
ROCK2 O75116 →↑ ↓↓ Regulation of actin cytoskeleton, cell adhesion and

motility
CTTB2 Q8WZ74 ↑↑ →↑ Cytoskeleton rearrangement, cell migration and motility

CFA20 Q9Y6A4 ↑↑ Cell motility
SRGP2 O75044 n.d. ↑ Cell migration inhibition, actin dynamics

ELMO3 Q96BJ8 ↓ Cell motility

CASP8/10 Q14790/Q92851 ↑ Pro-apoptotic caspases

3.2. Examinations on Tissue Specimen

Induction of apoptosis by CAP treatment was superior in tumour tissue compared with healthy
mucosal tissue.

Following CAP triggered cytotoxicity and induction of early apoptotic events in cultured cells we
next extended this view to biopsies of human non-malignant mucosa and squamous cell carcinoma of
the head and neck area and investigated differences between these tissues after CAP treatment (3 min).
The number of apoptotic cells was evaluated in situ in the tumour tissue and in healthy mucosal
tissue of the same patient. In healthy tissue, DNA fragmentation after CAP exposure indicative for
apoptosis was marginal. Low numbers of TUNEL-positive cells were counted, namely 2.58% versus
0.79% at median in untreated samples and CAP treated tissue specimens, respectively (Figure 5).
In contrast, the tissue samples of head and neck squamous cell carcinoma displayed a significantly
elevated median number of apoptotic cells of 5.6% compared to untreated tumour tissue (1.4%). In this
context, it is noteworthy to mention that individual responsiveness varies (Figure 5).

To strengthen the finding of induced apoptosis by CAP in tissue samples, the supernatant medium
was analysed for cytochrome c and selected cytokines. As a marker for cell death, cytochrome c is
released by mitochondria upon induction of apoptosis. Initially, the tumour tissue even without CAP
treatment revealed a much higher amount of cytochrome c than the corresponding healthy tissue
(1729 ng per mg protein versus 385 ng per mg protein) (Figure 6). However, the CAP treatment
triggered apoptotic pathways and the cytochrome c concentration raised significantly to as high as
5155 ng per mg protein in the supernatant of the tumour tissue (three-fold increase). Strikingly this
was not the case for the corresponding healthy tissue. Here the same CAP treatment regimen led to a
mean cytochrome c content of 698 ng per mg protein (1,8-fold increase) (Figure 6).
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Figure 5. Induction of apoptotic cells by CAP application in tumour tissue in situ. TUNEL-positive
cells were detected in several specimen of squamous cell carcinoma as well as in healthy tissue donated
by the same patient. Results are displayed as scatter dot plot with a line at median. While healthy
tissue revealed only very few TUNEL-positive cells after CAP exposure for 3 min the number increased
in tumour tissue. Note the inter individual variance.

Figure 6. Detection of extracellular cytochrome c (A) and different cytokines (B–E) released by the
tissue samples into the supernatant after CAP treatment. Secreted proteins were detected in the
supernatant medium in which tissue specimen have been maintained for 24 h after CAP exposure.
Higher extracellular cytochrome c levels were detected in tumour tissue compared to healthy mucosa
of the same patient after CAP treatment (n = 9). The concentration of cytochrome c was normalized to
total extracellular protein and bars represent mean + SEM. TNFα, IFNγ, IL10 and IL22 (n = 5) were
simultaneously detected by a bead based immunoassay and compared between tumour tissue and
healthy tissue. Bars represent mean + SEM.
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Taken together, the results revealed that tissue of healthy and malignant origin differed significantly
in their response to CAP treatment. Induction of apoptosis occurred predominantly in tumour tissue
while in healthy tissue the impact of CAP was not significant. This finding inspired us to look for
mediators like cytokines in conditioned medium in a preliminary test. Tumour necrosis factor α

(TNFα), interferon γ (IFNγ), interleukin (IL) 10 and IL22 were detected and results are presented
in Figure 6B–E. Due to small sample size and inter individual variances, only a tendency can be
derived (Figure 6B–E). Strikingly higher concentrations of IL22 were released from healthy tissue
while INFγ, TNFα and IL10 were found predominantly in tumour tissue of the corresponding patient
(Figure 6B,C,D). CAP treatment tends to increase the levels of TNFα and IFNγ in tumour tissue but
showed no effect in corresponding healthy tissue.

4. Discussion

The delivery of CAP-generated ROS and RNS through the liquid environment to cells changes
the redox environment, which ultimately may induce cytotoxic effects [29,30]. With respect to cancer
treatment, it is widely accepted that CAP-generated ROS and RNS are the main agents to induce cell
death and apoptosis in cancer cells [6,24,31]. After CAP application an increasing number of apoptotic
cancer cells positively correlate with an increased concentration of nitric oxide (NO), ROS and lipid
peroxidation products [32]. Others demonstrated that CAP induces apoptosis via ROS and dysfunction
of mitochondrial membranes [23]. In addition, autophagy has been discussed as another way of cell
death after CAP exposure especially in primary cells [33]. This illustrates the great potential of CAP
in the therapeutic concept of tumour treatment on the basis of ROS/RNS generation. In this context
eliminating cancer cells by pharmacological ROS insults has also been developed independent of CAP
technology [34]. The mode of action of some chemotherapeutic agents employs partly the production
of ROS and therefore enhances their cytotoxic effectiveness (e.g., cisplatin or bleomycin) [35–38].
Even more so, a synergistic effect of gemcitabine and CAP in killing pancreatic tumour cells has been
described recently [39].

Squamous cell carcinoma of the head and neck can grow in very close vicinity to vital structures
(Figure 1), hence pose a surgical challenge for resection. Therefore, this study investigated CAP
application as a potential adjuvant tool in the treatment of squamous cell carcinoma in this region.
Unique advantages of the CAP application are the accessibility of localized areas and upon this time
no known side effects [5,9].

In our study the certified medical device kINPen MED was employed to generate CAP.
The therapeutic concept of the kINPen is based on the generation of ROS and RNS (RONS) [40].
Recently, a beneficial effect of this argon plasma jet treatment on head and neck cancer was documented
in a retrospective clinical follow-up study by Metelmann and colleagues [41]. Several repeated cycles
of CAP application for only one minute lead to partial remission of the tumour in 36% of the cases
but prominent histological alterations were absent. Herein ex vivo treated tissue biopsies revealed
an increased number of apoptotic cells within the tissue and elevated levels of cytochrome c in the
extracellular liquid, pointing to profound apoptotic cell damage. This is in good agreement with clinical
findings in head and neck squamous cell carcinoma patients [9]. In our approach, the distribution of
TUNEL-positive cells was rather randomly dispersed throughout the tissue sections (data not shown),
pointing to a non-cell-cell-contact-based mechanism. Contrary, results from Partecke et al. showed
more dying cells in the outermost layers of treated pancreatic carcinoma tissue concomitant with
reduced proliferation [42]. The therapeutic application of CAP in cancer treatment requires certain
selectivity towards malignant cells. In our experimental setup we could show stronger induction of
apoptosis in tumour tissue in situ compared to healthy tissue. In order to follow events in a 2D cell
culture setup, two corresponding cell lines were selected, normal HaCaT keratinocytes and HNO97
derived from a human squamous cell carcinoma of the head and neck. However, the cell lines used
revealed very little difference with respect to induction of apoptotic events after CAP exposure. Hence,
the selectivity was not established in these in vitro tests. This may be due to the simple homogeneous
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cell population. Further the sensitivity towards CAP varies among HNSCC and non-malignant
cell lines and the underlying molecular composition should be considered for future examinations.
By contrast, others found that CAP selectively impairs some cell lines of head and neck squamous cell
carcinoma also through non-apoptotic pathways [24,43]. The idea of CAP selectivity for cancer cells
has been debated recently and a selective CAP effect on tumour cells has been ascribed to divergent
metabolic features, anti-oxidative capacity or erroneous signalling processes [24,25,44,45].

In addition to cytotoxic events, the cells motility also was investigated. To preclude a risk, HaCaT
and HNO97 cells were tested for their ability to move into a scratch. In this model, CAP treatment
significantly decreased cell motility in squamous cell carcinoma cells only but not in non-malignant
keratinocytes. Protein expression profiles support this finding by identifying reduced expression
of several proteins related to cytoskeleton rearrangement, motility and cell migration. Cell motility
as well as cell-cell-adhesion are both closely related to the expression of E-cadherin among other
adhesion molecules. Previous research showed that the expression of E-cadherin negatively correlates
with the progression of oral squamous cell carcinoma and dedifferentiation [46]. Interestingly,
elevated E-cadherin and EGFR expression level were earlier detected after CAP treatment in HaCaT
keratinocytes [47] but not in HNO97 cells.

Notably, the expression of angio-associated migratory cell protein (AAMP) also correlated with
the migratory activity in several cell types, including smooth muscle cells and endothelial cells [48].
The expression of AAMP was reduced after CAP treatment in HNO97, whereas its expression slightly
increased in HaCaT cells depending on the treatment intensity and time point [49]. We also observed
that AAMP was secreted into the extracellular compartment and acts upon neighbouring cells,
potentially contributing to remote effects of CAP.

Interestingly, for non-malignant murine fibroblasts a change in integrin expression concomitant
with reduced motility after CAP exposure was reported earlier [50]. Moreover, we found that also
SK-MEL-147 human melanoma cells displayed significantly decreased cell motility when subjected to
CAP-treated medium [51]. This effect was correlated with alterations in the cytoskeleton, such as actin
fibre rearrangement, and hence agrees well with alterations in non-melanoma skin cancer cells.

Regarding redox signalling events our results are in accordance with Weiss et al., who described
unaltered protein levels of peroxiredoxin 1 and 2 after CAP exposure [52].

Moreover, our results illustrate the high complexity and heterogeneity of tumour tissue consisting
of extracellular matrix, immune cells and epithelial cells. This led us to investigate extracellular cytokines
after CAP exposure that function as mediators. Our results merely detected four immunomodulatory
cytokines with different concentrations in healthy versus tumour tissue. Especially IL10 has been
detected at higher levels in squamous cell carcinoma by others [53] and is in accordance with our
finding. Considering the central role of INFγ in keratinocyte apoptosis and TNFα’s potential to
increase this effect, it is noticeable that our approach revealed an increased concentration of INFγ and
TNFα after CAP treatment in tumour tissue [54]. This is in good agreement with detected elevated
cytochrome c levels after CAP treatment. Effects mediated by second messenger like the AAMP protein
or the interleukins and cellular signalling in response to CAP application remain largely elusive but
require more attention in future approaches.

Intriguingly variations between HaCaT keratinocytes and HNO97 squamous cell carcinoma
cells were rather minor in our 2D cell culture approach whereas patient derived tissue revealed very
differential responses towards CAP treatment. This finding highlights the need to employ clinically
relevant model systems for further preclinical investigations of CAP.

5. Conclusions

• Controlled application of CAP may provide a means to kill malignant cells.
• CAP application may be a promising adjuvant treatment option to eliminate minimal residual

cancer cells after radical surgery of carcinoma of the head and neck area.
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• Investigations towards the underlying mechanism remain to be addressed under consideration of
accompanying cell types.
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Abstract: The therapeutic potential of nonthermal atmospheric-pressure plasma for cancer treatment
via generation of reactive species, induction of decreased mitochondrial membrane potential, and
sequential apoptosis has been reported in our previous studies. Nonthermal atmospheric-pressure
plasma-activated medium produced by jetting air plasma above a liquid surface shows advantages
over direct plasma such as storage and delivery to tissues inside the body. In this study, we
demonstrated that plasma-activated medium can be stored for up to 6 months in a freezer and
that the stored plasma-activated medium has anticancer effects similar to those of direct plasma.
Plasma-activated medium stored for 6 months showed cytocidal effects on human cervical cancer
HeLa cells that were comparable to the effects of fresh plasma-activated medium or direct plasma.
Furthermore, the levels of reactive species in plasma-activated medium persisted for up to 6 months.
These results indicate that therapeutic application of plasma-activated medium is applicable in
plasma medicine and is a promising anticancer strategy.

Keywords: plasma-activated medium; reactive oxygen species; apoptosis

1. Introduction

The fourth state of matter, plasma, is a partially ionized gas containing a high density of electrons
and various reactive radicals and non-radicals. Recently, to enable the use of plasma in biomedical
applications, various types of low-temperature atmospheric-pressure plasmas have been studied [1–6].
Dielectric barrier discharge is most often used to generate plasma because of its high electron density
and insulation ability [4].

Cancer is among the leading causes of mortality worldwide and the treatment of patients
with metastatic or relapsing cancer represents a main therapeutic challenge. New approaches
to cancer therapy may involve the use of plasma. Biomedical applications of plasma have been
demonstrated in a variety of experiments [5–11]. Recently, studies have revealed the ability
of atmospheric-pressure plasma to selectively eliminate cancer cells, indicating the potential
of nonthermal atmospheric-pressure plasma as an anticancer agent [1,3,7–10]. Nonthermal
atmospheric-pressure plasma appears to be safe in the human body and normal cells but shows
anticancer activity [1,3,7–10]. In contrast, plasma treatment may induce the death of normal primary
prostate epithelial cells via DNA damage-mediated necrosis [11]. The selective and non-selective
actions of plasma may occur through its dose-dependent differential effects on cancer and normal
cells or cell type-dependent cytotoxic effects. Therefore, additional studies are needed to validate
the potential therapeutic use of nonthermal atmospheric-pressure plasma, particularly against cancer.
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We and many groups have reported various characteristics of atmospheric-pressure plasma, such as
induction of apoptosis in cancer cells via DNA damage, mitochondrial collapse, and aberrations in the
cellular membrane [1–3,5,9,12–19]. Additionally, recent studies revealed that reactive oxygen species
(ROS) and reactive nitrogen species (RNS) generated by atmospheric-pressure plasma play crucial
roles in inducing cancer cell death [1,3,10,15,16,19].

However, atmospheric-pressure plasma has two main limitations in biomedical applications.
One is the limited penetration of plasma into tissues, the other is storage difficulties. To overcome
these limitations, we employed plasma-activated medium (PAM) generated with nonthermal
atmospheric-pressure plasma [3,8,20–25]. We evaluated the anticancer efficacy and storage feasibility
of the PAM.

2. Materials and Methods

2.1. Reagents and Antibodies

We used the following reagents: fluorescein isothiocyanate (FITC) Annexin V Apoptosis Kit I (BD
Pharmingen, Franklin Lakes, NJ, USA); Amplex UltraRed Kit (Life Technologies, Carlsbad, CA, USA);
Griess Kit (Life Technologies); Live and dead cell assay Kit (Life Technologies); and MTT assay Kit
(Abcam, Cambridge, UK).

2.2. Micro Plasma-Jet Nozzle

The structure of the micro plasma-jet nozzle for the nonthermal atmospheric-pressure plasma
jet is shown in Figure 1a. The nozzle consists of an anode, stainless-steel electrode ring, and cathode.
The anode was a 100-μm-thick nickel-cobalt layer on a 500-μm-thick glass wafer. The anode contained
25 holes with a diameter of 300 μm. The pattern of the hole arrangement was described previously [26].
The cathode was a stainless-steel tube through which gas was supplied and the inner diameter of the
tube was 1.5 mm. The anode was fabricated by photolithography and nickel-cobalt electroplating with
a Cr/Au seed layer on a glass wafer. After chemical mechanical polishing of the glass wafer, the anode
holes were fabricated by sand blasting. These electrodes were packaged in a plastic case.

 
 

(a) (b) 

Figure 1. Nonthermal atmospheric-pressure plasma-jet system. (a) Structure of the micro plasma-jet
nozzle. (b) Experimental set-up for discharge experiments.

2.3. Nonthermal Atmospheric-Pressure Plasma-Jet System

Figure 1b shows the experimental set-up for the discharge experiments using the nonthermal
atmospheric-pressure plasma-jet system. The power controller was a variable AC autotransformer
supplying 15 kVp-p at a frequency of 20 kHz. Air was supplied through the tube at 10 L/min.
We recorded the optical emission spectrum of the plasma jet using an optical emission spectroscope
(SV 2100, K-MAC, Daejeon, Korea, 2012) to identify radicals useful for biomedical applications.
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2.4. Preparation of Plasma-Activated Medium (PAM)

As shown in Figure 2, using this air plasma-jet system, we jetted nonthermal air plasma 2 cm
above the surface of Dulbecco’s Modified Eagle Medium (DMEM) (WELGENE, Daejeon, Korea)
supplemented with 10% fetal bovine serum (FBS) and antibiotics (Life Technologies), a mammalian
cell culture medium, in a chamber of a 12-well-plate for 5 min at atmospheric pressure and room
temperature to generate PAM. The height and diameter of the well chamber were 2.5 and 2.2 cm,
respectively. We evaluated the dissolved ozone concentration in the PAM using a waterproof portable
colorimeter (C105, EUTECH, Singapore). For the storage test, we stored the PAM in a freezer (−20 ◦C)
for up to 6 months.

Figure 2. Generation of plasma-activated medium (PAM) using DMEM by jetting air plasma 2 cm
above the surface of the medium in a well (2.5 × 2.2 cm) of a 12-well-plate.

2.5. Quantification of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS)

The concentrations of extracellular H2O2 were measured using an Amplex UltraRed hydrogen
peroxide assay kit (Invitrogen, Carlsbad, CA, USA). Florescence intensity was measured on a microplate
reader (Bio-Rad, Hercules, CA, USA) at 530/590 nm according to the manufacturer’s protocol.
The relative ROS level was calculated in terms of arbitrary fluorescence units. The production of
RNS in the culture supernatant by plasma was detected as described previously using a Griess assay
kit (Invitrogen).

2.6. Cell Culture and Treatment with PAM

Human cervical carcinoma HeLa cells were obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in DMEM supplemented with 10% FBS and antibiotics. All cells
were maintained at 37 ◦C in a humidified incubator at 5% CO2. Cells (approximately 5 × 104) were
seeded into 12-well plates with 1 mL of DMEM supplemented with 10% of FBS and grown overnight
before treatment with the fresh/stock PAM. The cells were washed with Dulbecco’s phosphate-buffered
saline (Life Technologies) and covered with either the fresh/stock gas-treated DMEM or fresh/stock
PAM. Next, the cells were incubated at 37 ◦C for 24 h to assess the anticancer efficacy of the PAM.

2.7. Detection of Apoptosis

During treatment with PAM, the cells were incubated at 37 ◦C in a humidified incubator at
5% CO2 for 24 h. The cells were harvested with trypsin-EDTA and rinsed with phosphate-buffered
saline. To detect plasma-induced apoptosis, we stained the cells with FITC-conjugated anti-annexin
V or propidium iodide (Invitrogen). After staining, the cells were analyzed by flow cytometry
(BD FACSAria III).
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2.8. Measurement of Cellular Viability

After 24 h of treatment with either the fresh/stock PAM or direct plasma, the live/dead assay
involved double-labeling of the cells with 2 μM calcein AM and 4 μM EthD-1 according to the
manufacturer’s instructions (Life Technologies and Abcam). Calcein AM-positive live cells and
EthD-1-positive dead cells were examined under a fluorescence microscope (Nikon Inverted Microscope
Eclipse Ti-S/L100, Tokyo, Japan). Additionally, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay (Abcam) was performed to evaluate cellular viability and activity as
previously described [1,19].

2.9. Statistical Analysis

All data were expressed as mean ± standard deviation (SD) of at least three replicates. Student’s
t test was used for the analysis of significance of differences between datasets. Differences were
considered statistically significant at p ≤ 0.05 (in figures: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).

3. Results

3.1. Reactive Species Generated in Plasma Jet and PAM

Figure 3a shows the optical emission spectrum of the nonthermal atmospheric-pressure air plasma
jet in the atmosphere 1 cm apart from the nozzle end over a wide range of wavelengths from 280 to
920 nm. The air plasma contained excited oxygen ions (O2+) and excited nitrogen molecules as the
ROS and RNS, respectively.

Dissolution of the plasma indicates that the plasma-jet system is useful for various biomedical
applications [27]. We adopted dissolved ozone among various reactive oxygen species in order to find
an appropriate plasma-treatment time. Figure 3b shows that the concentration of dissolved ozone
in plasma-treated DMEM increases with increasing plasma-treatment time. Since the concentration
reached a saturation level of 0.3 ppm in 5 min, the plasma-treatment time was set to 5 min in the
preparation of PAM.

 
(a) (b) 

Figure 3. Reactive species generated in plasma jet and PAM. (a) Optical emission spectrum of air
plasma jet. (b) Concentration of dissolved ozone in Dulbecco’s Modified Eagle Medium (DMEM) vs.
plasma treatment time.

3.2. Anticancer Efficacy of PAM

Recent studies revealed that treatment of cancer cells with direct nonthermal plasma induces
apoptotic cell death, accompanied by ROS accumulation, reduced mitochondrial membrane potential,
and mitochondrial dysfunction [1,19]. To use of plasma in medical applications, there are several
essential prerequisites including long-term storage and efficient delivery to internal parts of the human
body. Therefore, we first evaluated the anticancer effects of PAM compared to those of direct plasma.
After 24 h of incubating the cells with PAM or gas-treated medium or after 24 h of incubating the
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cells exposed to direct plasma for 5 min, cell viability assay was conducted by double-labeling of
the cells with calcein AM and EthD-1. Calcein AM-positive live cells and EthD-1-positive dead cells
were assessed under a fluorescence microscope (Figure 4a). Additionally, cell viability and activity
were evaluated by MTT assay after plasma treatment (Figure 4b). PAM caused the death of human
cervical cancer HeLa cells, analogously to direct air plasma, while gas treatment had no effects on
cancer cell viability (Figure 4). This suggests that PAM has comparable anticancer effects as direct
plasma (Figure 4).

 
(a) 

 
(b) 

Figure 4. Comparison of anticancer effects of PAM and direct plasma. (a) Human cervical HeLa cancer
cells were treated with either PAM or direct plasma, or gas (gas-treatment), stained with calcein-AM
and EthD-1, and their viability was examined under a fluorescence microscope. (b) Cell viability and
activity were assessed by MTT assay and compared to those of untreated or gas-treated control cells.
NS, not significant; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.3. Anticancer Efficacy of Frozen PAM

Next, we evaluated the period of efficacy of PAM. PAM was stored frozen and thawed at the
indicated time-points to treat HeLa cancer cells. The results in Figure 5a–b show no significant
differences in the effects on HeLa cancer cell viability between fresh and stocked PAM that had been
frozen and thawed. The effect was also comparable to that observed for direct plasma treatment.
Additionally, we examined whether fresh and stock PAM induced apoptosis in cancer cells after 24 h of
treatment with PAM by staining the cells with annexin V conjugated with FITC and PI. After staining,
cell death was analyzed by flow cytometry. Apoptosis was detected by labeling phosphatidylserine on
the membrane surface of apoptotic cells with annexin V, and late apoptosis/necrosis were detected by
labeling cellular DNA with PI. Figure 5c shows that 1- and 6-month stock PAM caused similar levels
of cancer cell death and most PAM-treated cancer cells underwent apoptosis.

Further, we quantitatively assessed the anticancer effects of fresh and stock PAM by diluting PAM
and then evaluating its cytotoxic effects on HeLa cells in a live/dead cell assay (Figure 6a) and MTT
assay (Figure 6b). Dilutions of PAM by half or 1/4 efficiently induced cell death of HeLa cells but
caused slightly lower cell death as compared to undiluted fresh and stock PAM (Figure 6). However,
1/10-diluted PAM did not cause cell death of HeLa cells. Thus, we estimated that the anticancer effect
of fresh and stock PAM ranged from 1/10 to 1/4 dilutions. Moreover, we observed a similar dilution
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effect between the fresh and stock PAM (Figure 6), indicating that the components required for the
anticancer effects in the stock PAM do not decline over time.

 
(a) 

 
(b) 

 
(c) 

Figure 5. Efficacy of frozen PAM. PAM was stored in a freezer (−20 ◦C) for the indicated periods (1 and
6 months), then thawed and added to HeLa cells to evaluate its efficacy. (a) Human cervical HeLa cancer
cells were treated with plasma (direct plasma or fresh and 1- or 6-month stock PAM) (plasma-treatment)
or gas (gas or gas-treated fresh and stock medium) (gas-treatment) for 24 h. Cellular viability was
assessed using calcein-AM and EthD-1 to detect live and dead cells, respectively. (b) Cell viability
was measured by MTT assay and compared to those of gas-treated control cells. (c) Cell death via
apoptosis/necrosis was detected by staining the cells with FITC-conjugated annexin V and propidium
iodide (PI), respectively, and by flow cytometric analysis, and compared to that in gas-treated cells.
The dot plots show representative images of apoptotic cell death after PAM-treatment, identified by
labeling phosphatidylserine on the membrane surface of early/late apoptotic cells with annexin V,
and by labeling DNA of late apoptotic/necrotic cells with PI. The graph shows the populations of
apoptosis/necrotic cells.
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(a) 

 
(b) 

Figure 6. Quantitative assessment of anticancer efficacy of stock PAM. The fresh and 6-month stock
PAM (1×) were diluted by 1/2, 1/4, and 1/10. HeLa cells were incubated in the diluted fresh and stock
PAM for 24 h and then cell viability was evaluated by conducting live/dead assay (a) and MTT assay
(b). NS: not significant; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.4. Maintained ROS Level in Stock Plasma Indicating the Advantage of PAM

We then monitored the levels of ROS and RNS in fresh and stock PAM (Figure 6). In agreement
with the cell death levels induced by fresh and stock PAM (Figures 4–6), the levels of ROS and RNS in
fresh and stock PAM were similar (Figure 7). We performed a hydrogen peroxide assay and Griess
assay to analyze ROS (H2O2) and RNS (nitrite and nitrate), respectively. Interestingly, significantly
increased levels of H2O2 were detected in fresh and stock PAM (37.2–40.5 μM) (Figure 7a), suggesting
that the level of H2O2 in stock PAM was stably maintained. Modest increases in nitrite and nitrate
measured by the Griess assay were observed in both fresh and stock PAM (Figure 7b) compared to
in control medium, and then gradually decreased to the basal level observed in control gas-treated
medium, indicating that nitrite and nitrate were sustained in the stock PAM. Taken together, these
results demonstrate that PAM can be effectively stored for up to 6 months, possibly without a significant
decrease in the levels of reactive ingredients.
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(a) (b) 

Figure 7. Reactive species in stock PAM were stably maintained. H2O2 (a) and nitrite/nitrate (b) in
fresh and stock PAM were quantified. PAM was stored in a freezer (−20 ◦C) for the indicated periods
(1 or 6 months) and then thawed to assess H2O2 and nitrite/nitrate levels. DMEM served as a control.
NS, not significant; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

4. Discussion

Consistent with the results of our previous study, we demonstrated that PAM had anticancer
effects on HeLa cells [1,3,28]. PAM had the same effect on inducing cancer cell death as direct treatment.

The rates of cell viability or apoptosis after treatment with fresh or stock PAM were detected
by live/dead, flow cytometry, or MTT assays. No large differences were observed between the fresh
and stock PAM. Both plasmas induced cell death via apoptosis. This suggests that fresh and stock
PAM induce cell apoptosis through the same mechanism. Our data showed that the concentration of
dissolved ozone, a reactive oxygen species (ROS), increased with increased exposure time. Along with
the optical emission spectrum data, the level of ROS was increased by 10-fold in treated culture media
compared to non-treatment; this rate was similar in fresh and stock PAM. Additionally, RNS (nitrite
and nitrate) in treated culture media showed a modest increase compared to non-treatment and a
gradual decrease during stock. Consistent with previous reports [21,22,28], our findings indicate that
the anticancer effect of fresh and stock PAM depend on H2O2 and nitrite/nitrate. Our study suggests
that fresh and frozen PAM function as apoptotic inducers by generating ROS/RNS products in cellular
cultured media.

Based on our results, PAM may be useful as a pharmaceutical drug. PAM shows anticancer effects
equivalent to those of direct air plasma and the stock PAM showed anticancer efficacy. In summary,
our results broaden the application spectrum and enhance the feasibility of plasma medicine.
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Abstract: Recent advances in melanoma therapy increased median survival in patients. However,
death rates are still high, motivating the need of novel avenues in melanoma treatment. Cold
physical plasma expels a cocktail of reactive species that have been suggested for cancer treatment.
High species concentrations can be used to exploit apoptotic redox signaling pathways in tumor
cells. Moreover, an immune-stimulatory role of plasma treatment, as well as plasma-killed tumor
cells, was recently proposed, but studies using primary immune cells are scarce. To this end,
we investigated the role of plasma-treated murine B16F10 melanoma cells in modulating murine
immune cells’ activation and marker profile. Melanoma cells exposed to plasma showed reduced
metabolic and migratory activity, and an increased release of danger signals (ATP, CXCL1). This led
to an altered cytokine profile with interleukin-1β (IL-1β) and CCL4 being significantly increased
in plasma-treated mono- and co-cultures with immune cells. In T cells, plasma-treated melanoma
cells induced extracellular signal-regulated Kinase (ERK) phosphorylation and increased CD28
expression, suggesting their activation. In monocytes, CD115 expression was elevated as a marker
for activation. In summary, here we provide proof of concept that plasma-killed tumor cells are
recognized immunologically, and that plasma exerts stimulating effects on immune cells alone.

Keywords: kINPen; lymphocytes; macrophages; plasma medicine; reactive species

1. Introduction

Melanoma incidence rapidly increased over the last decades [1], and malignant melanoma is the
most lethal form of skin cancer today [2]. Complicating its clinical treatment, the heterogeneity
of malignant melanoma challenges the design of effective anti-tumor therapies [3]. Gold
standard approaches in treatment and palliation include surgery, radiation therapy, chemotherapy,
electrochemotherapy, adoptive cell transfer strategies, and immunotherapy [4–7]. The outstanding
success of immunotherapies awarded with the Nobel Prize for Medicine and Physiology 2018 has
provided compelling clinical evidence that the immune system plays a critical role in tumor defense [8].
Research interest in oncology is therefore not only focused on whether tumor cells are eliminated by a
given substance or therapy, but also whether they can be recognized by immune cells [9]. Moreover,
plasma treatment itself can also exert effects on immune cells [10–12].
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The concept of immunogenic cancer cell death (ICD) proposes stimulation of an immune
response against apoptotic tumor cells in a living host [13]. Apoptotic tumor cells, exposing plasma
membrane-localized or intracellular molecules (damage associated molecular patterns, DAMPs),
recruit myeloid cells [14]. Internalizing apoptotic cells, myeloid cells are capable to cross-present
processed antigens on MHC class I molecules to tumor specific T cells [15]. This process results in
a pro-inflammatory immune response [16], inducing tumor specific CD8+ T cells potentially able to
target melanoma cells [17]. Physical therapies in oncology have been shown to be potent ICD inducers,
such as ionizing radiation, electrochemotherapy, and photodynamic therapy [18]. Another medical
technology, cold physical plasma, was recently suggested for anti-melanoma therapy and danger
signaling [19–21].

For medical purposes, cold physical plasma is a partially ionized gas operated at atmospheric
pressure and body temperature [22]. It reacts with ambient air and generates RONS species leading
to decreased melanoma cell activity and growth in vitro [23–25] and in vivo [26–28]. High species
concentrations can be used to exploit apoptotic redox signaling pathways in tumor cells [29], and first
cancer patients have benefited from plasma therapy [30]. Plasma treatment can act in concert with
other drugs [31–33], and plasma-generated reactive species induce pro-immunogenic molecules on
tumor cells, such as ecto-calreticulin (CRT) [34–36]. Although the release of this and other DAMP
signals after plasma treatment in melanoma cells has been shown, evidence of immune cell activation
in response to plasma-treated melanoma is scarce. We here performed co-cultures of plasma-treated
murine melanoma cells with murine splenocytes consisting of myeloid as well as lymphoid cells.
Plasma treatment decreased melanoma activity and increased release of danger signals. The cytokine
profile as well as cellular activation markers and signaling pathways were investigated in immune
cells to track a hypothesized perception of plasma-killed tumor cells by lymphocytes or phagocytes.

2. Materials and Methods

2.1. Cell Culture and Preparation of Splenocytes

Murine metastatic melanoma B16F10 cells were cultured in RPMI 1640 (PAN-Biotech, Germany)
supplemented with 10% fetal bovine serum (FCS), 2% penicillin/streptomycin, and 1% glutamine
(Sigma, Germany). A total of 2–4 × 104 cells were seeded in 1 ml cell culture medium in cell-culture
treated 24-well plates one day prior to experimentation and allowed to adhere overnight. Spleens of
eleven mice were prepared across all experiments using mechanical force and a 40 μm cell strainer
(VWR, Germany) to obtain splenocytes suspension containing, for example, T cells and myeloid cells,
including macrophages and dendritic cells (DCs). Cells were washed and red blood cells lysed with
lysis buffer (BioLegend, USA) before washing and suspending splenocytes in fully supplemented
culture medium. Sacrifice and tissue harvesting were performed in accordance with ethical standards.

2.2. Plasma Treatment and Co-Culture

Plasma treatment was performed using an atmospheric pressure non-thermal plasma released
by the plasma jet kINPen (neoplas, Germany), which was shown to exert no mutagenic effects [37].
As feed gas, argon (99.9999% pure; Air Liquide, France) was used with a gas flow rate of 3 standard
liters per minute (slm). Plasma was generated with a sinusoidal voltage of 2–6 kVpp with a frequency of
~1 MHz. The plasma jet was operated for 30 min prior to experiments to reduce effects of residual tube
humidity on the plasma species composition [38]. The melanoma cells and splenocytes, respectively,
were treated directly in 24-well plates. The plasma treatment of one well did not “spill over” into an
adjacent (e.g., control) well as determined via measuring deposition of oxidants in both the treated
and adjacent untreated wells in preliminary experiments (data not shown). The cultured well plate
was placed 20 mm distant from the jet nozzle. The distance from the nozzle does play an important
role as outlined previously [38]. We adjusted the distance in a way that the jet is as close as possible
to the treated solution without liquid spilling into the jet (due to vortexing of the solution by the gas
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flux) that would extinguish the plasma ignition. The evaporation of the liquid induced by the gas
flow of the kINPen was compensated for using a pre-determined amount of double-distilled water
(to maintain iso-osmotic conditions) as described before [10]. For co-culture experiments, 1–2 × 106

splenocytes were added to each well one hour after plasma treatment of melanoma cells.

2.3. Quantification of Cytokines, Chemokines, and ATP

For quantification of 12 different murine cytokines or chemokines, bead-based multiplex analysis
was performed according to the vendor’s instructions (BioLegend). Supernatants were harvested 24 h
(monocultures) or 4 h (trans-well co-culture) after plasma treatment, and stored at −20 ◦C for one
week until final analysis. In preliminary experiments, we could not observe a deteriorating effect on a
single target due to storage, and any of such effect would apply as systemic error to all samples of the
measurement, keeping the relative differences the same. Targets analyzed were interferon (IFN)-γ,
interleukin (IL)-2, tumor growth factor (TGF)-β, tumor necrosis factor (TNF)-α, CCL2 (MCP-1), CXCL9
(MIG), IL-10, IL-6, CCL4 (MIP-1β), IL-4, IL-12p70, and IL-1β. Bead fluorescence was quantified on a
CytoFlex S flow cytometer (Beckman-Coulter, USA), and target concentration was quantified against
a known standard supplied by the manufacturer at a given concentration. The mean fluorescence
intensity of each dilution series of the standard aids in generating standard curves that allow the
absolute quantification of each target investigated in the cell culture supernatant. For quantification
of CXCL1 (KC) in supernatants 6h after plasma treatment, enzyme-linked immunosorbent assay
(ELISA) was used (BioLegend) according to the manufacturer’s protocol. ATP was measured in
supernatants 6h after treatment using the ATP determination kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol.

2.4. Quantification of H2O2

Quantification of total H2O2 concentrations was performed using Amplex UltraRed reagent
(Thermo Fisher Scientific). The assay was performed in 96-well microplates (NUNC, Denmark)
according to the manufacturers’ protocol. Fluorescence was read using a microplate reader (Tecan,
Switzerland) with appropriate filter settings (λex 535 nm λem 590 nm). H2O2 levels were quantified
against a known standard (dilution series of chemically produced H2O2 by Sigma, Germany).

2.5. Metabolic Activity

Metabolic activity was assessed by measuring the reduction of non-fluorescent resazurin (Thermo
Fisher Scientific; final concentration of 100μM) to fluorescent resorufin after 4 h of incubation under cell
culture conditions. In experiments using splenocytes, cells were incubated either with or without PMA
(phorbol 12-myristate-13-acetate; Sigma, Germany) at a final concentration of 100 ng/ml. Fluorescence
was read using a microplate reader (Tecan, Switzerland) with appropriate filter settings (λex 535 nm
λem 590 nm).

2.6. Scratch Assay

The scratch assay is a method to measure cell migration in vitro. The methodical basis contains a
“scratch” in a cellular grown monolayer, monitoring the cellular regrowth until closure of the scratch.
Essentially, the cellular migration is imaged and quantified at different time points after the scratch [39].
B16F10 melanoma cells were seeded at 7.5 × 104 cells per well in 24-well plates, yielding a confluent
monolayer the next day. Melanoma cells were exposed to plasma or were left untreated, prior to
scratching the monolayer with a 200 μl pipette tip vertically across the center of the well. The resulting
gap distance was imaged (Observer Z.1; Zeiss, Germany) and quantified (AxioVision 4.91 software;
Zeiss) at 0 h and 24 h. In between, cells were cultured under standard conditions.
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2.7. Cell Surface Marker Expression

Splenocytes were incubated with Fc-block (BioLegend) to block non-specific binding of antibodies.
In some experiments, cells were incubated for 20 min with Fluo-3 (ThermoFisher Scientific). To assess
subpopulations and activation marker, the following anti-murine monoclonal and fluorescently tagged
antibodies were used: CD3 Alexa Fluor 700, CD11b PE-Dazzle, CD115 Brilliant Violet 421, CD43 APC,
CD44 PE-Dazzle 594, CD4 PE-Cy 7, CD8a PerCP/Cy 5.5, CD28 APC, CD45R APC-Cy7, I-A/I-E Alexa
Fluor 488, Ly-6C Alexa Fluor 700, CD68 PerCP/Cy 5.5, Ly-6G Brilliant Violet 510, FcεRIα PE, CD86
PE-Cy7 (all BioLegend). For kinase activation assays, co-cultured splenocytes were fixed in methanol
for 1 h at −20 ◦C, washed in PBS, and incubated for 20 min with monoclonal antibodies directed against
murine phospho-Erk1/2 PerCP/eFluor 710 (eBioscience, Germany) and lineage markers. Multicolor
flow cytometry data were analyzed with Kaluza 2.1.1 software (Beckman-Coulter).

2.8. Statistical Analysis

Statistical analysis was performed using prism 8.01 (GraphPad Software, USA). Mean and
standard errors are given. Statistical significance was reported with asterisks (n.s. p > 0.05; * p < 0.05;
** p < 0.01; *** p < 0.001).

3. Results

3.1. Plasma-Deposited Oxidants Decreased Melanoma Cell Viability and Motility

Cold physical plasma introduces oxidants into liquids surrounding cells, with hydrogen peroxide
(H2O2) being among the long-lasting products of redox chemistry [40]. In pure PBS (Figure 1a)
and fully supplemented cell culture medium (Figure 1b), H2O2 accumulated in a dose-dependent
manner, validating the introduction of plasma-derived species in culture systems. The concentration
of H2O2 differed only modestly between complex cell culture medium compared to buffered saline
(PBS), suggesting that FCS in cell culture medium has a negligible effect on H2O2 pre-cursor species
from the kINPen. Furthermore, the effect of FCS as a growth factor for B16F10 was measured via
metabolic activity using different FCS concentrations. As expected, the melanoma cell metabolic
activity increased with increasing FCS concentration (Figure 1c). Following this, the effect of plasma
treatment on melanoma growth with and without FCS was analyzed and not found to be substantially
different at 4 h (Figure 1d). This suggests a growth-supporting but not a dramatic antioxidative
effect caused by the proteins of FCS with plasma treatment. To see whether FCS presence or absence
during plasma treatment affects the migratory capability in melanoma cells, scratch assays were
performed (Figure 1e). Results showed that the presence FCS had only a minor impact on cellular
migration, in contrast to plasma treatment, which reduced cell regrowth with increasing treatment
times (Figure 1f). Importantly, FCS-containing medium was added after treatment to both conditions
to focus on short-term effects following plasma treatment. This suggests that within our experimental
system, FCS (composed of various proteins) in solution only played a minor role in mediating or
protecting from plasma effects on tumor cells. Altogether, plasma treatment slowed melanoma cells’
metabolic activity and motility, regardless of FCS presence or absence.
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Figure 1. Effects of plasma treatment in liquids and treatment of B16F10 melanoma cells with physical
plasma. (a) Plasma deposited hydrogen peroxide in PBS and (b) cell culture medium at nearly similar
levels; (c) growth behavior of melanoma cells under different concentration of FCS; (d) reduction of
metabolic activity in melanoma cells after plasma treatment in cell culture medium with or without
FCS, normalization was done with respect to a control in each condition; (e) representative images
of scratches in control or 180 s plasma-treated melanoma cells after 0 h or 24 h, respectively, and (f)
their normalized regrowth quantified; (g) cytokine/chemokine profile of plasma-treated melanoma
cells; (h) release of the danger molecules ATP and (i) CXCL1 in plasma-treated melanoma cells. (a–d,f)
Data are mean +S.E. from several replicates; statistical analysis was performed using t-test; PBS:
phosphate-buffered saline; FCS: fetal calf serum.

3.2. Plasma Treatment Modulated Inflammatory Milieu of Melanoma and Immune Cells

In response to 120 s plasma treatment, melanoma cell supernatants (analyzed after 24 h) showed
significantly increased levels of TNFα, IL-10, CCL4, and IL-1β compared to untreated control cells
(Figure 1g). An increase of damage-associated molecules, such as ATP (Figure 1h) and CXCL1
(Figure 1i), was also observed 6 h after a 120 s plasma-treatment in B16F10 cells. Before investigating
the immunological consequences of murine splenocytes co-cultured with plasma-treated melanoma
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cells, the response of splenocytes alone treated with plasma was investigated. For this, splenocytes
were harvested from mice (Figure 2a) and left unstimulated or were pulsed with PMA. Lymphocyte
activation is typically triggered by the interaction of the cell surface receptor to its specific ligand,
resulting in an activation cascade. In vitro, lymphocyte activation can be induced by chemicals, such
as PMA, leading to an increased cellular proliferation. Following this, splenocytes were exposed to
plasma, and metabolic activity was assessed 24 h later. Reduced metabolic activity was observed in
both naïve and PMA-stimulated splenocytes, but in the latter to a lesser extent (Figure 2b). Studying
the splenocytes’ supernatants, increased levels of cytokines were observed after plasma treatment,
including IL-10, CCL4, IL-4, IL-12, and IL-1β. Altogether, plasma treatment not only affected cell
viability but also the inflammatory profile of tumor and immune cells (Figure 2c).

Figure 2. Treatment of murine immune cells with physical plasma. (a) Representative murine spleen
after harvesting and prior to homogenization; (b) metabolic activity of naïve (-PMA) and activated
(+PMA) splenocytes after plasma treatment; (c) cytokine/chemokine profile 24 h after 120 s plasma
treatment in naïve splenocytes. Data are mean +S.E. of several spleens, statistical analysis was
performed using t test. PMA: phorbol 12-myristate 13-acetate.

3.3. Activation of Immune Cells with Plasma Treatment

Cellular activation can be assessed using several methods such as calcium signaling. Fluo-3 is
a labelled calcium indicator, and its fluorescence increases 100-fold upon calcium binding. Calcium
influxes were observed in early lymphocyte activation. Total cellular fluorescence was measured
by flow cytometry in macrophages (Figure 3a) and T cells (Figure 3b). After addition of Fluo-3
labeled splenocytes to plasma-treated melanoma cells, there was no significant change in calcium
influx in macrophages (Figure 3c) and T cells (Figure 3d). Of note, a significant calcium influx was
demonstrated for splenocytic T cells directly exposed to plasma and over time (Figure 3c) but not
in macrophages (Figure 3d). Calcium release and protein kinase activity are closely linked. Being a
member of the Ras-Raf-Erk signal transduction cascade, the Erk1/2 (extracellular signal-regulated
Kinase-1/2) kinases are activated via phosphorylation. Upon activation, the Erk kinases function in
cellular proliferation, differentiation, and survival. A significant increase (Figure 3e) of phosphorylated
Erk1/2 was demonstrated for plasma-treated T cells after 1 h and 4 h (Figure 3f). For splenocytes
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co-cultured with plasma-treated B16F10 melanoma cells, a small but significant increase was observable
1 h after culture onset (Figure 3f). This suggests that plasma treatment and plasma-treated melanoma
cells may be able to stimulate immune cells.

 

Figure 3. Activation of selected splenocyte subpopulations after co-cultivation with 120 s plasma-cells.
(a) Representative overlay of calcium release assessed via flow cytometry in macrophages and (b) T cells,
respectively; (c,d) quantification of calcium release over time in macrophages and T cells, respectively
after plasma treatment (e) representative overlay of phosphorylated extracellular signal-regulated
Kinase-1/2 (Erk1/2) kinase in T cells 1 h as measured via flow cytometry; (f) quantification of Erk1/2
phosphorylation in splenocytes with or without co-culture with 120 s plasma-treated melanoma cells
after 1 h or 4 h. Data are mean +S.E. of several spleens; c=control, p=plasma, SPLN=splenocytes.
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3.4. Co-Culture with Plasma-Treated Melanoma Cells Altered the Surface Marker and Cytokine Profile of
Murine Immune Cells

Among splenocytes, CD4+ T helper and CD8+ cytotoxic T cells were identified from CD3+

splenic lymphocytes (Figure 4a). With both lymphocyte subpopulations, the expression of the
activation-indicating surface marker CD28 was assessed after co-culture with either untreated
melanoma cells or plasma-treated melanoma cells (Figure 4b-c). CD28 expression on the cell surface
increased in tendency for CD4+ and significantly for CD8+ T cells (Figure 4d). The CD28 cell surface
marker provides essential co-stimulation during T cell activation. The expression of other activating
T cell markers (CD44, CD152) did not change (data not shown). Only viable cells were included
in the analysis, and we also investigated changes of the CD4/CD8 ratio. This parameter is used to
describe the immune status, and we found an increase of CD4 over CD8 cells upon co-culture with
plasma-treated over non-treated melanoma cells (Figure 4e). This suggests splenic CD4+ T helper cells
survive better in the microenvironment generated by plasma-treated melanoma cells. To assess any
changes of myeloid immune cells under these conditions, splenocytes were gated for monocytes and
macrophages (Figure 5a). Several surface markers for M1 macrophages (CD115), M2 macrophages
(FcεR1), and co-stimulation during antigen presentation (CD86) were investigated (Figure 5b).

Monocytes had upregulated surface marker expression after co-culture with plasma-treated
melanoma cells, with a significant increase of CD115, arguing for an onset of monocyte-to-macrophage
maturation. Macrophages did not show any significant changes, with a non-significant decrease of
CD86. Finally, cytokine analysis of splenocyte-melanoma trans-well co-cultures revealed increased
levels of IL-10 and CCL4, with a trend of increased release with IL-1β, IL-12p70, TNFα, and TGFβ
(Figure 5c). This argued for a modulation of the immune cells inflammatory response in when exposed
to plasma-treated tumor cells.

4. Discussion

Our aim was to identify activation signatures in murine immune cells derived from spleen that
had been co-cultured with plasma-treated melanoma cells. Although many responses observed in
immune cells were rather subtle, their sum point to a principle recognition of plasma-treated compared
to control melanoma cells.

Direct plasma treatment induced pro-inflammatory cytokine release of IL-1β or TNF-α in B16F10
melanoma cells. IL-1β is processed and released under caspase-8 regulated apoptotic cell death [41].
Apoptotic cells release uric acid, activating systemic inflammation and resulting in release of IL-1β [42].
Interleukin-1β is a potent activator molecule in T and B cell responses and supports survival of naive
and memory T cells [43–45], potentially forming anti-tumor immunity. Tumor necrosis factor alpha
(TNFα) leads to pyrogenic activation, inducing apoptotic cell death via the extrinsic pathway [46].
Plasma treatment of melanoma cells in mono and co-culture also increased release of IL-10 and CCL,
both positively regulating T cell function [47]. Hence, plasma-derived oxidative cell stress and/or
death of melanoma cells profoundly affected inflammatory conditioning of cells of the immune system.
Presence of FCS during plasma treatment was of minor importance corroborating previous results that
excess protein has negligible effects on plasma-derived long-lived oxidants [36]. Plasma-induced tumor
cell death supposedly was of an immunogenic nature, as release of ATP and CXCL1 suggests [48],
which is in line with earlier reports [34,35,49,50].

In this study, immune cells derived from spleens were exposed to plasma. Similar to studies with
human immune cells [51–53], splenocytes’ viability was affected by direct exposure to plasma, while
their mitogenic activation (with PMA) reduced plasma-mediated toxic effects. As the conditions (cell
number, treatment time, volume of media, etc.) were the same in both non-activated and activated
regimens but with different outcomes, our results point to differences in intracellular signal translation
upon expose to reactive species, as these responses ultimately determines the amplitude of toxicity.
At lower concentrations, reactive species can also serve in cell signaling [54].
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Several studies manifested the role of ROS, in particular H2O2, as a stimulant and second
messenger in lymphocytes [55]. An increase in intracellular calcium was found in plasma-treated T
cells in our study, which points to their activation [56,57]. Elevated intracellular calcium levels need to
be maintained for more than 30 min for T cell activation [57,58], which was the case with our results.
Moreover, we determined a significant increase in Erk1/2 activation in T cells, which is associated
with activation [59,60]. In general, we do no propose a specific but rather non-specific stimulus
of lymphocytes with plasma as this is highly unlikely without proper T cell receptor stimulation
as previously described [22] and suggested experimentally [61,62]. Co-culture of splenocytes with
plasma-treated melanoma cells provoked calcium influx neither in T cells nor in macrophages. For T
cells, this suggests a lack of specific antigen being presented either on tumor (MHC I) or antigen
presenting cells (MHC II). For macrophages, calcium signaling is often related to aberrant stress of the
endoplasmic reticulum and cell death [63] or sensing of microorganisms [64].

Both CD4+ T helper and CD8+ cytotoxic T cells contribute to antitumor immunity in tumor
patients [65–67]. CD4+ and CD8+ T cells co-cultured with plasma-treated compared to untreated
melanoma cells showed an increased expression of CD28. When binding to its ligands (B7 receptors,
e.g., CD80/86) triggering IL-2 release [68], the CD28 costimulatory receptor is required for efficient and
optimal immune response in T lymphocytes [69]. CD28-signaling through Bcl-2 and Bcl-xL promotes
T cell survival [70–72]. Importantly, basal CD28 expression in healthy volunteers, as well as in patients,
correlates with a T cell phenotype more sensitive to stimulation, and low CD28 expression is a marker of
disease [73]. Moreover, plasma treatment of splenocytes significantly increased levels of IL-4 and IL-12.
The former induces TH2 and the latter TH1 responses, having opposite roles in health and disease [74].
Both cytokines are derived from myeloid cells such as basophils and monocytes/macrophages [75].
Although calcium increase was not observed in immune cells upon co-cultured with plasma-treated
melanoma cells, an upregulation of surface marker was observed in monocytes in that condition. CD86
expression is induced upon stimulation in monocytes, leading to an inflammatory milieu [76] and
proper T cell co-stimulation [77]. Increase of IgE receptor (FcεR) dependent activation of monocytes is
associated with tissue inflammation and cytotoxicity allergic diseases and asthma [78,79]. However,
significantly regulated was only colony-stimulating factor 1 receptor (CSF-1R or CD115). CD115
contributes to macrophage maturation [80] and is crucial for the development of certain myeloid
subsets as CD115 blockage shortens the life span of monocytes [81].

Several studies by others and us have observed plasma-induced tumor cell death before [82–98].
Kumar and colleagues observed in several pancreatic cancer cell lines an increase in apoptosis
concomitant with downregulation of MAPK7, BCL2, and CHK1 [99]. In line with our results,
they have observed an increase in H2O2 with plasma treatment using the kINPen, and moreover
found apoptosis-inducing effects of plasma treatment in lung cancer cells based on increase
in plasma-mediated ROS formation and intracellular oxidation signaled via ATM and p53
machinery [100], which is supported by our recent data in HaCaT keratinocytes [101].
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Figure 4. CD28 expression in T lymphocyte splenocyte subpopulations co-cultured with control or
plasma-treated melanoma cells. (a) Representative flow cytometric dot plots used to gate for two T
lymphocyte subpopulations, namely CD4+ T helper and CD8+ cytotoxic T cells; (b,c) representative
overlay histograms for CD28 marker in expression in CD4+ and CD8+ cells, respectively; (d) fold change
quantification of CD28 expression in T cells co-cultured for 24 h with either control or plasma-treated
melanoma cells; (e) CD4/CD8 of T cells co-cultured for 24 h with either control or plasma-treated
melanoma cells. Data are mean + S.E. of several spleens, statistical analysis was performed using t test.
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Figure 5. Activation of monocyte and macrophage splenocyte subpopulations after co-culture with
melanoma cells. (a) Representative gating strategy to identify monocytes and macrophages within
splenocytes; (b) of change expression of activation marker expression in monocytes/macrophages
24 h after co-culture with either control (C) or plasma-treated (P) melanoma cells; (c) cytokine profile
supernatants retrieved from transwell co-cultures of control or plasma-treated melanoma cells with
splenocytes. Data are presented as mean + S.E. of several spleens; statistical analysis was performed
using t test.
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5. Conclusions

Our findings indicate a tumor-static action in terms of metabolic activity and cell motility of
plasma on melanoma cells and—in our hands—a negligible protective effect of protein present during
the treatment. We further observed a role of plasma-mediated activation of splenic immune cells,
as well as an effect of plasma-treated melanoma cells on immune cells. Specifically, plasma treatment
modulated inflammatory parameters (such as cytokines and cell surface activation markers), which
argue for pro-immunogenic role of plasma treatment. Additional studies with further differentiated
assays and immune phenotyping are needed to understand how plasma technology can be used in
onco-immunology to decrease tumor burden.
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Abstract: The formation of bacterial biofilm on implanted devices or damaged tissues leads to
biomaterial-associated infections often resulting in life-threatening diseases and implant failure.
It is a challenging process to eradicate biofilms as they are resistant to antimicrobial treatments.
Conventional techniques, such as high heat and chemicals exposure, may not be suitable for biofilm
removal in nosocomial settings. These techniques create surface degradation on the treated materials
and lead to environmental pollution due to the use of toxic chemicals. A novel technique known as
non-thermal plasma has a great potential to decontaminate or sterilize those nosocomial biofilms.
This article aims to provide readers with an extensive review of non-thermal plasma and biofilms to
facilitate further investigations. A brief introduction summarizes the problem caused by biofilms
in hospital settings with current techniques used for biofilm inactivation followed by the literature
review strategy. The remainder of the review discusses plasma and its generation, the role played by
plasma reactive species, various factors affecting the antimicrobial efficacy of non-thermal plasma
and summarizes many studies published in the field.

Keywords: biofilm; decontamination; dielectric barrier discharge; infection; jet plasma; non-thermal
plasma

1. Introduction

Biofilms refer to a group of microorganisms adhered to a substrate within a polymeric matrix [1].
Biofilms possess unfavorable conditions like biofouling, pipe plugging, damage of equipment,
prosthesis colonization, and a number of diseases [2]. Due to their greater resistance to antimicrobial
treatment than planktonic cells of the same species, biofilms are usually challenging to eradicate [3–5].
Approximately 13 million people suffer from biofilm-related infections in the United States [6].
The Centers for Diseases Control and Prevention (CDC) estimates that approximately 65% of human
bacterial diseases are due to biofilms, with a higher estimate (80%) proposed by the National Institutes
of Health (NIH) [7]. More than 60% of hospital-acquired infections (HAI) are led by the attachment of
a number of microorganisms to medical implants/devices like catheters, prostheses, fracture-fixation
devices, dental implants, and cardiac devices [5,8–14]. In Europe and USA, the World Health
Organization estimates that about 4.5 million and 1.7 million patients are impacted by healthcare
associated infections that lead to 100,000 and 37,000 deaths per annum [15]. Most of the infections that
occur in nosocomial settings are due to the growth of bacteria such as Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, Streptococcus pyrogens, and Candida albicans in biofilm form [16].

Critical requirements for developing an antimicrobial tool against biofilms in hospital settings are
robustness and the disinfection and sterilization ability without any human side effects or damage to the
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medical devices and implants. Traditional sterilization methods such as heat and chemical treatments
(quaternary ammonium compounds, aldehydes, alcohols and halogens or radiation, chlorhexidine and
silver salts, peroxygens, glutaraldehyde, and ortho-phthalaldehyde) [8,17,18] cannot be considered
as perfect bacterial decontamination techniques because of their potential to eventually degrade
the treated surface. Moreover, chemical usage can be toxic and lead to environmental pollution.
As biofilms are significantly more resistant to antimicrobial treatment than in the planktonic form of
the same species [3], removing them by conventional treatments would be problematic. Also, antibiotic
treatment may not always inactivate overall bacterial cells present in the biofilm as they are more
resistant to antibiotics. In addition to their limited efficacy, other drawbacks of current sterilization and
disinfection methods include their environmental impact, clinical downtime and economic costs [19].
Therefore, a novel antimicrobial treatment technique, such as a non-thermal plasma (NTP), one which
is safer, efficient, and cost-effective in clinical settings, will be of great interest.

The main scope of this paper is to provide a review of the published research in the area of biofilm
decontamination and sterilization using plasma. The emphasis here is on the potential of NTP for
biofilm inactivation. The basics of this novel technology is reviewed, and a brief overview is given of
extensive published research in the field. Other sections provide explanations and reviews of biofilms
and their formation, the varieties of NTP, plasma generation, various plasma reactive species, factors
influencing the antimicrobial efficacy of plasma, and summaries of several significant publications in
the field.

2. Literature Review Strategy

This review was prepared through an extensive literature survey. PubMed and Google Scholar
were used to search for literature, with no date restriction in the field of NTP and biofilm. The following
keywords and phrases were used to find relevant published articles: “medical biofilm”, “hospital
infection by biofilm”, “biofilm formation”, “dielectric barrier discharge”, “NTP and biofilm”, “NTP
towards biofilm decontamination/sterilization”, “antimicrobial efficacy of NTP”. Since the articles
were of heterogeneous nature, it was impossible to apply rigid selection criteria. Instead, articles were
chosen based on their biofilm focus, including investigations of NTP usage for biofilm sterilization,
or decontamination. In addition, the reference lists of each article found during the primary search
were reviewed to identify other relevant literature.

3. Biofilm and Its Formation

Understanding the characteristics and formation of biofilms would be the first step towards
their decontamination or sterilization via NTP. Knowing the structure of biofilms is important as it
serves to protect them against several antibiotics and sterilization procedures. A biofilm refers to a
group of microorganisms adhered to biotic or abiotic surfaces. These adherent microorganisms are
enclosed within a self-produced matrix of extracellular polymeric substance (EPS). The biofilm matrix
is composed of 97% water and mainly polysaccharides, proteins, and extracellular DNA (eDNA)
which provide the biofilm structure and also act as a reservoir for nutrients [20]. Out of the total
organic materials present in the biofilm, 75–90% is EPS, 10–25% is microbial cells and 1–2% is proteins,
polysaccharides, peptidoglycans, lipids, phospholipids, DNA, and RNA [21]. Biofilms are present
in diverse environments such as in households, water sources, pipes, industry, and hospitals. Their
presence in hospitals can lead to diseases, prostheses colonization, product contamination, biofouling,
and equipment damage [22]. Various bacterial species such as Pseudomonas, Staphylococcus and Candida
are frequently isolated in clinically relevant biofilm form [2]. Commonly isolated microorganisms from
indwelling medical devices are shown in Table 1.
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Table 1. Biofilm-associated microorganisms commonly isolated from selected indwelling medical
devices [23].

Indwelling Medical Device Organisms

Central venous catheter
Coagulase-negative staphylococci, Staphylococcus aureus,

Enterococcus faecalis, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Candida albicans

Prosthetic heart valve Viridans Streptococcus, coagulase-negative staphylococci, enterococci,
Staphylococcus aureus

Urinary catheter Staphylococcus epidermidis, Escherichia coli, Klebsiella pneumoniae,
Enterococcus faecalis, Proteus mirabilis

Artificial hip prosthesis

Coagulase-negative staphylococci, b-hemolytic streptococci,
enterococci, Proteus mirabilis, Bacterioides species,

Staphylococcus aureus, viridans Streptococcus, Escherichia coli,
Pseudomonas aeruginosa

Artificial voice prosthesis
Candida albicans, Streptococcus mitis, Streptococcus salivarius,
Rothia dentrocariosa, Candida tropicalis, Streptococcus sobrinus,

Staphylococcus epidermidis, Stomatococcus mucilaginous

Intrauterine device
Staphylococcus epidermidis, Corynebacterium species,

Staphylococcus aureus, Micrococcus species, Lactobacillus plantarum,
Group B streptococci, Enterococcus species, Candida albicans

The biofilm formation is initiated after free floating planktonic bacteria attach on a substrate.
Within a few hours of attachment, these bacteria bind irreversibly and begin to multiply resulting
microcolonies on the surface and produce a polymeric substance around them as shown in Figure 1.
This biofilm when matured becomes resistant to antibiotics. Production of EPS is the maturation stage
of the biofilm that bind cells together on the surface [24]. EPS also forms a physical barrier which is
responsible for limiting the transport of chemicals into and out of the biofilm [24].

Figure 1. The life cycle of biofilms beginning with the initial cell attachment and ending with biofilm
dispersal.

Nutrient depletion, metabolic product accumulation, and other stressors cause cells from the
biofilm to disperse. Ultimately, the dispersion of biofilm refers to the final stage of its life cycle and
consists of three phases—detachment from the existing biofilm, translocation to other areas, and
adherence/colonization on other surfaces [25]. Dispersion of the biofilm spreads the infection to other
areas and increases the contamination of a medical device [21]. Enzymes that are responsible for
degrading the extracellular matrix, for example, dispersin B and deoxyribonuclease may play roles in
this dispersal [26].
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Quorum sensing (QS) is a communicative system for biofilm which allows the bacterial cells inside
the biofilm to act as a community. This facilitates the growth, survival, and colonization of bacterial cells
inside the biofilm [21]. The concentration of other bacteria present within a limited microenvironment
is sensed through QS [27]. The bacteria then respond by activating specific genes which then produce
virulence factors such as enzymes or toxins [27]. The QS molecules are N-acyl-L-homoserine lactones
(AHL) in gram-negative bacteria and peptides in gram-positive bacteria [27].

Many investigations of the mechanism of biofilm resistance to antimicrobial agents have been
carried out. A primary reason is the biofilm matrix preventing the access of antimicrobial agents, such
as antibiotics, to the embedded bacterial cells [28]. Other reasons include slow penetration, resistant
phenotypes, and altered microenvironments [29]. Because of slow penetration, antibiotics may fail to
penetrate deeply into the biofilm. Some of the bacteria in the biofilm may develop into a protected
phenotype resistant to antibiotics. Similarly, the accumulation of waste and nutrient depletion in the
deeper biofilm layers may contribute to antibiotic resistance.

4. Non-Thermal Plasma

Non-thermal plasma (NTP) is a novel and emerging antimicrobial tool that demonstrates the
possibility of improved biofilm decontamination and sterilization [30–33]. Plasma is the fourth
fundamental states of matter after solid, liquid, and gas. The various ingredients present in plasma
such as free radicals, reactive oxygen, and nitrogen species [34], and positive and negative ions [35,36]
are believed to play a significant role as antimicrobial agents. Thermal (equilibrium) and non-thermal
(non-equilibrium) plasma are the two plasma types. They are differentiated based on the relative
energy levels of electrons and heavy particles of the plasma [37]. A thermal plasma is generated at high
pressure and power and contains electrons and heavy particles at the same temperature. In contrast,
NTP is generated at low pressure and power, and contains electrons at higher temperature and heavy
particles at room temperature [37,38].

Previously, thermal plasma was used for tissue removal, sterilization, and cauterization [39]. The
problem with this type of plasma treatment is the high heat production and damage to tissues and other
surfaces. Conversely, NTP can carry out the same functions without causing any such harm or side
effects [40]. NTPs such as Dielectric Barrier Discharge (DBD) and jet plasmas are gaining much interest
because of their non-thermal nature. It enables new applications in biological and medical fields where
substratum to be treated are mostly living tissue, cells, and biomaterials [41]. As listed in Table 2,
recent investigations with NTP show promising results for the sterilization and decontamination of
biofilms of different bacterial species with this novel technology.

Table 2. Uses of non-thermal plasma (NTP) for biofilm decontamination or sterilization.

Bacterial Strain

Plasma Type and
Parameters (Voltage,

Frequency, Power,
Working Gas, and Flow

Rate)

Inactivation Yield

Substrate for Biofilm
Formation with Time
for Decontamination

or Sterilization

Ref.

Neisseria
gonorrhoeae

Jet: 10 kV and 10 kHz, He
at 2 L/min 7 log reduction Coverslips (20 min) [42]

Enterococcus faecalis Jet: 18 kV and 10 kHz,
Ar/O2 (2%) at 5 L/min No CFU detected Root canal (10 min) [43]

Streptococcus
mutants

DBD: 580 kHz and
2 W/cm3 power density,

He at 2 L/min
98% killed Tooth slices (30 s) [44]
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Table 2. Cont.

Bacterial Strain

Plasma Type and
Parameters (Voltage,

Frequency, Power,
Working Gas, and Flow

Rate)

Inactivation Yield

Substrate for Biofilm
Formation with Time
for Decontamination

or Sterilization

Ref.

Weissella confusa Jet: 20 kHz
2.63 and 2.16 log

reduction with and
without sucrose

Cellulose ester
membrane (20 min) [45]

Porphyromonas
gingivalis

Jet: 8 kV and 8 kHz, He/O2
(1%) at 1 L/min

All cells killed in
15 μm biofilm Cover slip (5 min) [46]

Staphylococcus
aureus

FE-DBD: 120 V and
0.13 W/cm2 power

All biofilms were
sterilized

Cover slip and 96 well
plate (<2 min) [47]

Pseudomonas
aeruginosa

Jet: 6 kV with 20 and
40 kHz, He/O2 (0.5%) at

2 L/min

4 log reduction at
20 kHz and

complete
eradication at

40 kHz

Peg lid of Calgary
biofilm device and

polycarbonate coupon
(4 min)

[3]

Pseudomonas
aeruginosa DBD: 120 kV and 50 Hz Biofilm reduced to

undetectable level
96 well plate and
coverslips (5 min) [48]

Staphylococcus
aureus

Jet: 20 kV and 38 kHz, He
at 6.7 L/min 3.06 log reduction Borosilicate slices

(10 min) [49]

Staphylococcus
aureus, epidermidis
and Escherichia coli

Low power gas discharge:
60 W power, oxygen,

argon, and nitrogen at flow
rate of 2.4 ft3 h−1

All biofilms killed

Polyethylene
terephthalate (PET)
films, silicon wafers

and cover-glass
chambers (25–30 min)

[50]

Burkholderia
cenocepacia and
Pseudomonas

aeruginosa

MicroPlaSter B device
plasma with argon gas

0.005% and 2%
bacteria survived Coverglass (10 min) [51]

Staphylococcus
aureus, Pseudomonas

aeruginosa and
Candida albicans

Jet: 5 kV and 61 kHz,
2.5–3.5 W power, Ar+O2

27%, 39%, and 35%
cells survived of

S. aureus,
P. aeruginosa, and

C. albicans

96 well plate (3 min) [52]

Streptococcus
mutans and saliva

multispecies

Jet (KINPen 09): Ar (5 slm)
and Ar+1%(O2) at

0.05 slm, HDBD (hollow
DBD): 8.4 kV and 37.6 kHz,

Ar and Ar+O2 at 1 and
0.01 slm, and VDBD

(volume DBD):10 kV and
40 kHz, Ar at 0.05 slm

5.38 for S. mutans
and 5.67 for saliva

biofilm
Titanium disc (10 min) [31]

Pseudomonas
aeruginosa and
Staphylococcus

epidermidis

Surface dielectric barrier
discharge

(SBD)-Structured electrode
planar SBDA: (13 kV and

20 kHz) and a wire
electrode SBD-B: (8 kV and
30 kHz with compressed

air at 0.5 slm)

7.1 and 3.8 log
reduction by
SBD-A in P.

aeruginosa and
SBD-B and 3.4 and
2.7 log reduction by
SBD-A and SBD-B

in S. epidermidis

Polycarbonate disc
(10 min) [53]
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Table 2. Cont.

Bacterial Strain

Plasma Type and
Parameters (Voltage,

Frequency, Power,
Working Gas, and Flow

Rate)

Inactivation Yield

Substrate for Biofilm
Formation with Time
for Decontamination

or Sterilization

Ref.

Candida albicans

Jet(KINPen09): 220 V and
50/60 Hz, 8 W power, Ar at

5 slm and Ar+(1%)O2 at
0.05 slm, HDBD:9 kV and
37.6 kHz, 9W power, Ar at
6 slm and Ar+(1%)O2 at

0.06 slm and VDBD: 10 kV
and 40 kHz, 16 W power

5 log reduction Titanium disc (10 min) [54]

Candida albicans
Surface microdischarge

plasma technology (SMD):
9 kV and 1 kHz

6 log reduction 6 well plate (8 min) [55]

Pseudomonas
aeruginosa

Atomflo 300 reactor
plasma Jet: 13.56 MHz and
100 W R, He at 20.4 L/min
and N2 at 0.135 L/min at

35 W

Complete biofilm
inactivation

Borosilicate coupon
(30 min) [56]

Pseudomonas
aeruginosa and
Staphylococcus

epidermidis

Jet (Kinpen09): 2–6 kVpp
and 1.1 MHz, 3.5 W power,
Ar and Ar+(1%)O2 at 5 slm

5.41 and 5.10 log
reduction in Ar and
Ar + O2 plasma for

P. aeruginosa and
3.14 and 2.21 log

reduction in Ar and
Ar + O2 plasma for

S. epidermidis

Microtiter plate (5 min) [57]

Enterococcus faecalis
Plasma dental probe:6 kV
and 1 kHz, 0.7 W power,

He/(1%)O2 at 1 slm

93.1% biofilm
killing

Hydroxyapatite discs
(5 min) [58]

Bacillus cereus,
Staphylococcus

aureus, Escherichia
coli and

Pseudomonas
aeruginosa

Jet:6 kV and 20 kHz,
He/(0.5%)O2 at 2 slm

Complete biofilm
eradication

Peg lid of Calgary
Biofilm Device (<4 min

and 10 min)
[59]

Streptococci

Atmospheric pressure air
plasma of corona

discharge: Positive corona
(PC) −8 kV and 20 kHz,

negative corona (NC)
−7 kV and 0.25 to 2 MHz

3 log reduction Tooth surfaces (10 min) [60]

Candida albicans
Jet (KINPen 08): 2–6 kVpp
and 1.7 MHz, Ar at 5 slm
and Ar/[1%]O2 at 0.05 slm

Complete biofilm
removal with

Ar+O2

Polystyrene (PS)
wafers (5 min) [61]

Pseudomonas
aeruginosa

Atomflo 300 reactor
plasma Jet: 13.56 MHz and
100 W RF, He at 20.4 L/min

and N2 at 0.135 L/min at
35 W

100% ianctivation
CDC biofilm reactor on

borosilicate coupons
(5 min)

[62]

Non-thermal jet plasma devices employing atmospheric pressure plasma are commercially
available [63]. kINPen® is a pen-like device developed for biomedical applications that allows precise
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and arbitrary movements in 3D [64]. The plasma is generated after applying a high-frequency (HF)
voltage coupled to the pin-type electrode [63]. It is electrically safe to use as it is certified and complies
with EU standards [64]. The feed gas used is argon with the capability of using other gases in
smaller amounts [65]. The kINPen® MED (Leibniz Institute for Plasma Science and Technology-INP
Greifswald and neoplas tools GmbH, Greifswald, Germany) is a predecessor device of KINPen® 09
and is the first atmospheric pressure plasma jet device to be accredited as a medical device (Class
IIa) for patient use [64]. However, both kINPen® 09 and kINPen® MED are essentially similar [64].
kINPen® plasma has been clinically used for antimicrobial efficacy and for wound healing in animal
and clinical observational studies [64]. To our knowledge, only three other plasma sources have been
accredited as medical devices. These are SteriPlas (AdTec Ltd., Japan), PlasmaDerm (Cinogy GmbH,
Duderstadt, Germany), and PlasmaOne (Medical Systems GmbH, Bad Ems, Germany) [64]. These
plasma sources and several others have been used in various biomedical applications such as wound
healing and chronic leg ulcers [66,67], reducing bacterial populations in wounds [68], and biofilm
decontamination or sterilization [69,70].

Plasma has enormous potential in several biomedical research areas including sterilization
of implant surfaces, surface modification [71], in-vitro blood coagulation [72,73], wound healing
and disinfection [74,75], tissue regeneration [39,73], treatment of various infections [39], bacterial
decontamination and sterilization [69,76,77], dental cavities [78,79], and cancer treatment [80–82].
The methods used for plasma generation are DBD, atmospheric pressure plasma jet (APPJ), plasma
needle, and plasma pencil [83]. These plasmas can be produced in air or with various gases, such as
oxygen, helium, argon, and nitrogen. Plasma can be produced by power sources with different
frequencies such as low frequency, radio frequency, microwave frequency, high voltage AC or DC,
to generate atmospheric and low-pressure glow discharge, corona, magnetron, microwave, gliding arc,
plasma jet, and DBD discharge [84–86].

DBD has been known for more than a century. Floating-electrode dielectric barrier discharge
(FE-DBD) is a DBD-based plasma source that is regarded as the starting point of modern plasma
medicine [87]. FE-DBD is an electrical discharge between two electrodes at atmospheric pressure
and air where one electrode is grounded, and the other is supplied with a high voltage (Figure 2).
The high voltage electrode is enclosed within a dielectric material that limits the discharge current and
the formation of an arc. Different dielectric materials used are quartz, glass or silica glass, polymers,
ceramics, thin enamel, or polymer layers that block DC current [88]. The distance between the two
electrodes ranges from micrometers to centimeters depending on the operating voltage, process gas
and the plasma configuration employed [89]. DBD are usually operated at frequencies up to several
tens of kHz. Two DBD configurations that have been employed for most of the applications are parallel
and concentric configurations. The operating principle of DBD is shown in Figure 3a–d below. Three
different types of DBDs are filamentary, patterned, and diffuse DBD [90]. These DBD types depend
upon the construction and operating conditions of the plasma sources.

Figure 2. Parallel and concentric dielectric barrier discharge (DBD) configurations [91].
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Figure 3. Schematics of DBD plasma operation. (a,b) arc production between two electrodes without
insulation. (c,d) NTP generation after placement of dielectric barrier layer in one of the electrode [41].

Plasma jet is another type of NTP configuration. It is a tube with electrodes which are either
placed inside or around it, through which gas flows and ionizes when it is subjected to the electrical
field between the electrodes [92]. Figures 4b and 5b show the pictorial representations of volume
DBD and jet plasma. In volume DBD, plasma is ignited in the gap between the high voltage electrode
and the sample that is connected to the ground electrode. Whereas in the jet configuration, plasma
is ignited inside the nozzle/tube and transported outside the object to be treated by a gas flow [93].
Usually, the DBD plasma uses atmospheric air as the working gas, while jet plasma uses different
working gases such as helium, nitrogen, argon, oxygen, etc. Different types of plasma jets can be
designed with various electrode configurations, working gases and applied electrical parameters [94].

4.1. Plasma Generation and Treatment

The two most commonly used NTP (DBD and Jet) configurations are shown in Figures 4 and 5,
respectively. However, the three different approaches that can be used to treat samples with NTP are
explained below:

Direct plasma treatment—It uses the target area as a counter electrode where there is a homogenous
generation of plasma with high concentrations of plasma-generated species [95], e.g., DBD plasma.

Indirect plasma treatment—In this treatment technique, the plasma produced between two
electrodes are later transported to the target area either by a carrier gas or diffusion [95], e.g., plasma
needles, jets and torches.

Hybrid plasma treatment—In this approach, the plasma is produced in multiple micros and nano-
discharges in a grounded wire mesh electrode, e.g., surface micro discharge (SMD).

112



Appl. Sci. 2019, 9, 3548

Figure 4. Schematic diagram and photograph of the regular DBD plasma setup. (a) demonstrates the
schematic diagram of the regular DBD plasma and (b) shows the actual experimental setup of DBD
plasma [70].

Figure 5. Schematic diagram and photograph of the jet plasma setup. (a) demonstrates the schematic
diagram of the jet plasma and (b) shows the actual experimental setup of jet plasma [69,96].

4.2. Active Plasma Agents

The main active agents present in the plasma are radicals, charged particles, reactive oxygen
species (ROS-O, O2*, O3, OH), reactive nitrogen species (RNS-NO, NO2), UV radiation, and electrical
field. These active agents in combination are believed to be responsible for the antimicrobial efficacy.
The reactive species (ROS and RNS) possess strong oxidative effects on the outer cellular structure [74].
ROS in cellular level leads to lipid peroxidation, DNA damage, protein modulation and programmed
cell death in microorganisms [97,98]. Some of the molecular marker that is involved in plasma treatment
are listed below in Table 3. UV radiation has fewer effects on bacteria as NTP at atmospheric pressure
is a poor source of UV [97]. Similarly, charged particles play a vital role in rupturing the bacterial outer
cell membrane. The electrostatic force created by the charge accumulation on the outer cell membrane
overcomes its tensile strength and ruptures it [74].
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Table 3. Molecular markers involved in plasma treatment.

Molecular Marker Involved in Plasma
Treatment

Significance

8-hydroxydeoxyguanosine (8-OHdG) andƳ -H2AX
Ubiquitous marker of oxidative stress and a by-product of

oxidative DNA damage [99,100]

3-nitrotyrosine Protein oxidative damage marker causes chemical
fragmentation, inactivation, and proteolytic degradation [100]

Proteinase K Plasma exposure reduces the catalytic activity of proteinase K
by damaging the protein [101]

Malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE)

A marker for oxidative stress that measures lipid peroxidation.
It damages DNA and proteins through the formation of

covalent adducts [99,102]

Polyunsaturated fatty acids (PUFA)
Causes lipid peroxidation of bacterial cell membrane by

extracting H atom from PUFA by plasma Reactive oxygen
species (ROS) [98]

Intracellular ATP
Poly(ADP-ribose) polymerase-1 (PARP-1) results in decreased

ATP level which signifies cell surface damage caused by
leaking cellular proteins/nucleic acids [103,104]

5. Factors Influencing the Antimicrobial Efficacy of NTP

Sterilization of biofilm via NTP is promising. However, it is affected by various factors, and
careful consideration should be given while designing the plasma system for this purpose. Some of
the factors that affect the efficacy of NTP are discussed in the following sections.

5.1. Plasma Treatment Time and the Distance between the Plasma Source and the Sample

NTP is regarded as dose-dependent, i.e., its efficacy depends on the plasma treatment time and
the distance between the plasma nozzle and the sample as shown by one of the study [52]. This study
found an increase in survival rate of S. aureus biofilm upon increasing the distance between the plasma
source and the sample. More biofilm was killed at 8 mm distance in compared to the other distances
used, such as 9, 10, and 11 mm. One of the potential reasons could be the reactive species that can
reach the sample depend upon the distance, at fixed flow rate of working gas [105]. The antimicrobial
efficacy of plasma increases with plasma treatment time and remains constant after a certain exposure
period as revealed by several studies [3,59,106]. Different doses of photon and reactive species can be
directed at the target sample by varying the distance between the plasma nozzle and the sample [107].

5.2. Frequency and Electrical Input Power (Voltage)

Electrical input power is another parameter which can be optimized to increase the antimicrobial
efficacy of NTP [108,109]. The plasma power mainly depends on the distance between the plasma
nozzle and the sample [78]. The amount of photons generated per second in a defined volume
increases with increasing power [108]. One of the studies demonstrated greater reduction of E. coli and
L. monocytogenes viability when using a higher voltage of 70 kVRMS after plasma treatment [110]. They
found significant effects on cell integrity when higher voltage was used with a shorter treatment time
of 5 sec. Another study using DBD plasma of 20 kV and 25 kV resulted 2.43 and 4.12 log reduction in
bacterial cells while those with 16 kV showed 1.0 log reduction. The reason for this is the production of
higher input energy density with higher voltage [98]. Frequency also plays a major role in increasing
the plasma efficacy. One research group showed the complete eradication of P. aeruginosa biofilm after
increasing the frequency from 20 kHz to 40 kHz. This higher frequency results in a higher density of
the plasma reactive species delivered to the target by generating more plasma pulses and effective
plasma on-time [3].
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5.3. Role of the Gas or the Gas Mixture with its Flow Rate

As mentioned earlier, different gases and mixtures have been used in plasma jets to increase
antimicrobial efficacy. Argon requires lower ionization energy than helium and it is cheaper, whereas
helium possesses better thermal conductivity thereby preventing thermal instabilities [107]. Moreover,
the noble gases increase the antimicrobial properties and plasma stability, whereas the addition
of oxygen aids in producing chemically active species [111–113]. One study demonstrated more
inactivation of spores of Bacillus genus when He was combined with 3% O2 in comparison to 100%
He [114]. This is due to the generation of oxygen species such as singlet O and O3 in a He/O2 plasma
environment, as mentioned by the study [114]. These oxygen species play a significant role in the
sterilization process because these species have strong oxidative effects on the outer membrane of the
bacterial cell [39,54,115]. The addition of oxygen in the working gas contributes to the deactivation
efficacy of the plasma jet by the combined action of plasma-induced endogenous ROS and the plasma
generated ROS as reveal by the study [116]. This combined effect damages the bacterial membrane
leading to biofilm deactivation [116]. Nitrogen has also been added to the noble gases to increase the
formation of reactive nitrogen species [107]. Up to 3% of oxygen maintains the discharge stability,
which produces reactive metastables that are long-lived and capable of traveling tens of centimeters at
the nozzle exit velocity. This occurs even though the usual lifetime of atomic oxygen is of the order of
1 ms [117]. However, if more oxygen is added to the helium, the discharge becomes unstable due to
the quenching effect of the oxygen gas, and this would decrease the plasma efficacy as a result of a
decrease in plasma density [111].

Many researchers have chosen argon as the working gas because of its inertness and have
succeeded in achieving planktonic and biofilm sterilization [51,118–120]. One of the study observed
the sterilization effects of microwave-induced argon plasma on E. coli and MRSA and suggested
the generation of free radicals, and UV light, as well as the etching process, are responsible for the
sterilization efficacy [118]. Coupled to effect of the choice of gas, its flow rate determines the velocity at
which the active species are delivered to the target [121]. The study by Nishime et al., uses a He plasma
with a flow rate of 2 and 4 SLM and found that the shape of the inhibition zone and homogeneity were
compromised at higher flows with no significant difference in the size of inhibition zones [121]. With
higher gas flow rates, flow dynamics such as turbulent mixing and buoyancy effects play major roles
in the formation and distribution of active species [122].

6. Biomedical Applications of NTP on Biofilm

A wide variety of research has been published on the use of NTP in biofilm
treatment [3,53,61,62,120,123] with the help of different plasma systems such as corona discharge,
microwave discharges, plasma jet, gliding arc, and dielectric barrier discharge within the past few years.
The literature published in 2015 by Xu et al. demonstrated complete inactivation of Staphylococcus
aureus biofilms that was grown on borosilicate slices placed in the 24-well plates for 12 h [49]. They
used atmospheric pressure plasma jet (APPJ) with helium as a working gas at 6.7 standard liters
per minute (SLM) flow rate. Within 10 min of plasma treatment, the reduction in biofilm cells was
found to be more than 99.9% in comparison to the untreated biofilm samples. The effect of plasma
treatment on biofilm was observed using a confocal microscope, exhibiting many dead bacteria on
the biofilm upper layer in comparison to the bottom layer. Further, intra-bacterial ROS in the biofilm
was detected by ROS monitoring probe 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA). Their
findings also provide insight into the mechanism of biofilm inactivation by plasma reactive species
and plasma-induced intracellular ROS.

Matthes et al. in 2013 studied the antimicrobial efficacy of two surface barrier discharges (SBD)
known as SBD-A (structured electrode planar SBD) and SBD-B (a wire electrode SBD), with air
plasma in Pseudomonas aeruginosa and Staphylococcus epidermidis biofilms. The biofilm was grown on
polycarbonate discs placed into microplate wells for 48 h and treated with plasma from 30–600 s. They
achieved a colony reduction factor (CRF) of 7.1 log10 and 3.81 log10 for P. aeruginosa by SBD-A and
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SBD-B plasma. Whereas for Staphylococcus epidermidis, CRF of 3.38 log10 and 2.69 log10 were found
out by SBD-A and SBD-B plasma at 600 s of plasma exposure. The study used a positive control as
CHX that is used as a treatment for dental biofilm and found around 1 log reduction in biofilm cells.
Furthermore, in a similar study, the cytotoxicity of the plasma system was tested on a mouse fibroblast
cell line concluding that the average viability of the cells did not decrease below 50% until 150 s of
plasma exposure time [53].

Non-thermal plasma has also been used widely in dentistry to remove dental biofilms. A 2014
study used positive corona (PC) and negative corona (NC) discharges on biofilm contaminated teeth
surfaces and tested the effect of water electro-spraying for decontamination [60]. Both discharges were
able to reduce the biofilm cell concentration by 1–1.3 orders of magnitude and 2.73 logs in 5 and 10 min
of plasma treatment time. In addition, 3.16 orders of biofilm cell reduction were achieved after water
electro-spraying through the plasma. The impact of those discharges on tooth surfaces was also studied
by FTIR and SEM, but no significant changes were observed. In 2010 and 2011 Koban et al. used
three plasma devices named as atmospheric pressure plasma jet, a hollow dielectric barrier discharge
electrode (HDBD) and a volume dielectric barrier discharge (VDBD) against dental biofilms. Their
results showed log reduction of 5.38 and 5.67 for Streptococcus mutans (S. mutans) and saliva biofilm
when compared with the CHX as a control which shows a reduction of 3.36 and 1.50 for S. mutans and
saliva biofilm [31]. They also achieved 5 log reduction of Candida albicans biofilm cells and suggested
the plasma to be more effective than CHX in the treatment of single and multispecies dental biofilms.

In comparison to the plasma treated biofilm that has a 5 log reduction, the chemical antiseptics
such as CHX or NaOCl had a reduction factor of 1.5, suggesting that this plasma can be used as an
alternative to chemical antiseptics for dental practice [54]. This study concluded the plasma could be
used as an alternative to chemical antiseptics for dental applications. One of our study [70] showed
2.43 log reduction of biofilm when treated with CHX in compare to more than 3 log reduction after
plasma treatment. We also found some disruption of biofilm cells when treated with CHX, however the
biofilm destruction caused by plasma was more severe. A 2010 study used glass coverslips for growing
biofilm and achieved complete inactivation (7 log reduction) of Neisseria gonorrhoeae biofilm after
treating with jet plasma for 20 min [42]. A mixture of helium and oxygen were used as a working gas
to generate plasma. In the similar study, the effect of plasma on biofilm was visualized by transmission
electron microscopy (TEM). The images show disruption and damage to the cell wall and dispersed
nucleoid region.

In 2014, Vandervoort et al. established complete inactivation of Pseudomonas aeruginosa biofilm
after 30 min of plasma jet treatment. The biofilm in this study was grown for 24 h on borosilicate
glass coupons under continuous culture system [56]. Their atomic force microscopy (AFM) results
show significant loss of the biofilm structure when treated with plasma for a longer time. They also
concluded that changes in biofilm structure that leads to the loss of culturability and viability are related
to a decrease of the biofilm matrix adhesiveness. Similarly, Zelaya et al. claimed 100% inactivation of
the P. aeruginosa biofilm cells after 5 min of applying plasma jet. They used batch culture to grow 1, 3,
and 7 day old biofilm on borosilicate glass coupons [62]. They also showed a decrease in adhesiveness
to borosilicate and biofilm thickness after plasma treatment by AFM.

Another study by Alkawareek et al. in 2012 achieved complete eradication and more than 4 log
(99.99%) reduction in the number of biofilm cells when treated with 40 and 20 kHz plasma jets. Their
confocal microscopy results indicate this from the biofilm thickness after 240 s of plasma treatment
suggesting the penetration of reactive species into the biofilm inner layer. This study demonstrated the
potential to completely remove biofilms formed on inanimate surfaces employed in the manufacture
of indwelling medical devices [3]. Similarly, another study in 2012 showed 6 log reduction of Candida
albicans biofilms after treating with surface micro-discharge (SMD) plasma for 8 min. This contact-free
application of plasma to kill biofilm cells could be beneficial for the eradication of nosocomial infections
in hospital settings [55].
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Liu et al. in 2017 evaluated the bactericidal effects of non-thermal argon/oxygen plasma on
S. mutans and/or S. sanguinis biofilms [124]. The 7 days old biofilm grown on 48-well plate showed 99%
of bacterial cells reduction after 2 min plasma treatment. Their study further suggested the virulence
properties of A. oris by altering its hydrophobicity and capability to co-aggregate with S. sanguinis.
A study by Bhatt et al. in 2018 used a novel argon plasma-activated gas (PAG) for the treatment of
different biofilm species such as S. aureus, P. aeruginosa, and E. coli. These biofilms were grown on
polytetrafluoroethylene channel segments similar to the GI endoscopic channels for 48 h and treated
with PAG for 9 min. Their results demonstrated effective killing of biofilm (8 log reduction) that have a
potential alternative to the high-level disinfectants (HLDs) and/or ethylene oxide in the endoscope
reprocessing procedure [125].

A study by Patenall et al. in 2018 investigated the ability to disrupt and limit biofilms growth
of P. aeruginosa by helium cold atmospheric pressure plasma (CAP) jet. 4–5 log reduction in viable
bacterial cells were found when 8 h grown biofilms were treated with plasma, whereas only 2 log
reduction were achieved after treating biofilms grown for 12 h. The plasma treatment time was 5
min. This study concludes that using CAP in a time-dependent manner is important for reducing the
formation of biofilms [126]. Another interesting study by Lu et al. in 2018 used helium porous plasma
jet on P. aeruginosa biofilms grown on the surface of the glass vial for 24 h. The results showed 4.5 log10

reduction of bacterial cells after 5 min of plasma treatment. This could provide an alternative approach
for inner surface sterilization and decontamination in the medical device, food, and pharmaceutical
industries [127].

Thus, the most commonly used plasma configurations are jet and DBD plasma. In DBD
configuration, the plasma ignites from an electrode array, therefore, covering larger area and can
treat larger surfaces for planktonic as well as bacteria in biofilms. This plasma is more suitable in
clinical settings to treat the biofilm contaminated medical devices and implants. However, jet plasma
has been widely used when compared to the DBD as previously mentioned. Jet configuration is
relatively smaller and is suitable for treating bacteria in nooks and crannies of a surface, for example, in
dentistry. This is possible since a plasma source with jet configuration can be customized in a desired
shape and size depending upon the application. It is also possible to use different gases for plasma
generation in this configuration leading to the generation of more ROS and RNS. When comparing
the inactivation yield, jet configuration has demonstrated better efficacy than the DBD configuration.
The jet plasma can yield complete sterilization of biofilm [56], however, the maximum inactivation
yield by DBD plasma was only 7.1 log reduction [53]. In both cited studies, the bacterial strain used
was Pseudomonas aeruginosa. On the other hand, it has been also found that the performance of NTP
depends upon the parameters used. For example, the study [42] used 10 kV and 10 kHz to generate jet
plasma and yielded 7 log reduction, whereas, another study [3] yielded only 4 log reduction when
treating with plasma generated by 6 kV and 20 kHz source. A similar difference was observed when
comparing the results of other two studies on DBD plasma. One of the studies [53] demonstrated
3–7 log reduction when treated with DBD plasma from 8–13 kV and 20–30 kHz, however, there was
only 5 log reduction when treated with 8–10 kV and 37–40 kHz plasma source [54]. Therefore, it can
be concluded that the antibacterial efficacy of plasma depends on several parameters like plasma
generation, biological, and environmental parameters. Some of the plasma parameters are exposure
time, voltage, frequency, distance between plasma source and the sample, working gas type, and the
flow rate. The biological parameters that might affect the efficacy could be the bacterial species of
interest and gram characteristics, initial inoculum, growth stages, biofilm growth period and mode,
and the thickness of biofilm. Similarly, the environmental parameter affecting the inactivation yield by
plasma could be the matrix composition, its relative humidity (RH), and the acidity [98].

7. Other Medical Applications

The advent of NTP has opened multiple opportunities for its use in several areas. Apart from
biofilm decontamination and sterilization, it is being widely investigated in cancer treatment, blood
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coagulation, wound healing, tissue regeneration, and dentistry. NTP causes selective death (apoptosis)
of cancer cells as these cells are more sensitive to plasma treatment than non-malignant ones [93]. This
anti-cancer effect has also been demonstrated in vivo [93].

Dentistry is another field where plasma has been used to treat dental implants, intraoral disease,
and cleaning or disinfecting dental cavity tissue or tooth root canal [86]. Blood coagulation has also
been possible using plasma without any thermal effects and bacterial contamination [72,128]. Some of
the findings using skin models suggest that using NTP can contribute to decontaminating acute and
chronic wounds and accelerate healing [129]. These advances in plasma surgery wound healing, and
tissue regeneration is because of the development of a plasma device called “Plazon” [39] that has
been in medical use for patients for nine years [130].

8. Conclusions

The extensive studies of recent years clearly show the promising nature of NTP technology in
eradicating biofilms in the medical field. However, there is a long unmet need for the development
of a robust platform that can utilize the advantages of this technology. Therefore, the development
of feasible NTP devices is needed if this technology is to make a paradigm shift in the world of
decontamination/sterilization rather than being currently limited to in vitro and a few in vivo studies.
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Featured Application: The specific findings of this research will deep our understanding for the

mechanisms of bio-decontamination from material surfaces by plasma technology.

Abstract: The main objective of this work was to fully understand the bio-decontamination process
in a reduced-pressure oxygen plasma. Gram-negative Escherichia coli species was chosen as the target
microorganism in this test. The comparison of decontamination efficacy between plasma total and UV
radiation individually under various treatment parameters and tests of DNA agarose electrophoresis
were made to evaluate the inactivation effect of UV radiation. The quantity of protein leakage
and the concentration of malondialdehyde (MDA), which are markers of the end products of lipid
peroxidation, in bacterial suspension after treatment were determined to estimate the contribution
of both charged particles and free radicals for bacterial death. In addition, a scanning electronic
microscope was used to visualize the plasma effect on microorganisms. The results showed that
the essential action of the oxygen plasma on Escherichia coli is believed to be attributed to the fast
and intense etching on cell membrane by electrons and ions. Attacks on polyunsaturation fatty acid
(PUFA) in the cell membrane by oxygen free radicals and the destruction of the DNA in the cell by
UV radiation are accessorial during an effective decontamination process.

Keywords: oxygen plasma; Escherichia coli; bio-decontamination

1. Introduction

The elimination of disease-causing agents from the surfaces of equipment, which can sometimes
be challenging to fulfill without using toxic materials or high temperatures, is an absolutely necessary
requirement in many fields. Historically, many different approaches have been used to inactivate
pathogens. Two widely used inactivation methods, especially in the medical field, are autoclaving and
exposure to gases such as ethylene oxide (EtO). Though effective, both methods suffer from drawbacks
such as exposure to extremely high temperatures (>1000 ◦C) in the case of autoclaves, and toxic exposure
in the case of EtO. Another concern with the latter is the long aeration process which, importantly,
creates a serious threat for both personnel and the environment [1]. For these reasons, it is extremely
important to develop a new bio-decontamination or disinfection technology that is safe and easy to
apply. In recent years, one of the most serious current alternatives to gaseous bio-decontamination is
the use of gas-discharge plasma as a sterilizing agent. Plasma-based bio-decontamination techniques
do not suffer from the problems of traditional techniques. Adequate processes are efficient, do affect
only slightly the bulk material, are environmentally sound, do not produce toxic by-products, and are
fast and cost-effective. Therefore, this kind of method is regarded as a green technique and even as the
most promising bio-decontamination technique [2–4].
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During the plasma process, micro-organisms are exposed to reactive species, which are produced
by applying electromagnetic fields to a gas or gas mixture. But so far, all the mechanisms which
may be responsible for the treatment, such as the interaction of UV radiation with the DNA of cells,
the removal of the material of cells by reactive species and so on [5–10], are only presumed on the basis
of the apparent reactive results in plasma. There is no thorough understanding about the respective
contribution of different reactive species for microbial inactivation. That is, the present conclusions
about plasma bio-decontamination mechanisms, although various, have less persuasion. As we know,
being a bio-decontamination technique, those with higher stability and security than other ones must
be paid attention. It is absolutely necessary to first investigate the bio-decontamination mechanisms of
gas-discharge plasma.

Generally speaking, during plasma bio-decontamination, the complex reactive species can be
divided into three categories: charged species (including electrons and ions), free radicals, and UV
radiation. The last, UV, is the only one can be separated from other species by a special fitting due to its
penetrability. From current research [7,8,11–13], we can see that UV radiation reacts with DNA to injure
the micro-organism; the charged particles remove the material (i.e., etching) of cells, resulting in protein
leakage; and the activated free radicals initiate the lipid peroxidation by attacking polyunsaturation
fatty acid (PUFA) in the cell membrane. In accordance with these reasons, in this paper, the comparison
of germicidal efficacy under various treatment conditions between plasma and UV radiation and
the test of DNA state are combined to determine the decontamination effect of UV radiation firstly;
then the observation of bacterial ultrastructure and the quantity of protein leakage as well as the
yield of malondialdehyde (MDA), being the marker of the end products of the lipid peroxidation, are
measured to ascertain the efficiency of the other two kinds reactive species. Reduced-pressure oxygen
plasma was applied to perform in this experiment and Gram-negative Escherichia coli (E. coli) 8099 was
used as a test strain.

2. Materials and Methods

2.1. Materials

E. coli 8099 slant lawn incubated at 37 ◦C for 24 h was oscillated and eluted by phosphate
buffer solution (PBS), then the eluent was diluted to form certain concentration suspensions of bacilli.
This suspension was taken 0.01 mL to spread uniformly on 15 × 15 mm glass sheet and dried naturally
at room temperature.

2.2. O2 Plasma Treatment

Figure 1 shows the schematic diagram of experimental apparatus. An RF generator was the
type of SY-500 W, used whose power was 13.56 MHz and whose output power could be adjusted in
succession in order to match the SP-II matcher. The reaction chamber was a Pyrex glass tube (length
150 mm, diameter 45 mm), initiated inductively coupled discharge. In addition, a vacuum pump was
used to insure the reduced pressure in reactor.

Figure 1. Schematic structure of plasma reactor for bio-decontamination from surface.
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In the first test, some samples were directly exposed to plasma discharge zone to obtain
the decontamination effects of E. coli by oxygen plasma in consideration of different operation
parameters, such as gas flow—20–100 cm3·min−1, pressure—45 Pa, RF power—20–100 W and treatment
time—20–120 s. In the second test, at the above-mentioned conditions, other samples were treated
under the filter of lithium fluoride (LiF), which achieved the separation of UV and other active species,
to determine the relative contribution of UV radiation to microbial inactivation. All factors of plasma
generated reactive species (e.g., electrons, ion, free radicals and UV radiation) play roles in microbial
inactivation in the former test, whereas in the latter test, microbial inactivation was performed with the
action of UV radiation from plasma discharge with wavelength λ ≥ 120 nm [14].

2.3. Viable Cell Counts and Decontamination Effect

Based on the living conditions of E. coli, the viable cell counts of teat samples was determined by
cell culture methods, which was slightly modified from Hertwig et al. [15]. Simply, treated samples
were withdrawn from the reactor immediately after the above-mentioned treatment. Then, eluting
bacilli from control or treated samples with phosphate buffer solution (PBS) obtained the suspensions
of bacilli, which were transferred to nutrient-containing Petri dish and incubated for 48 h at 37 ◦C
prior to determining the bacilli number of colony forming units (CFU). The decontamination effect (E)
of E. coli by oxygen plasma and UV radiation individual was determined by Equation (1) below [16–19],

E = lgN0 − lgNt (1)

where N0 and Nt represent the number of CFU of control and treated surviving bacilli, respectively.

2.4. Determination of Protein Leakage Quantity

The dye binding method was used as the detection of protein leakage in the cells after plasma
treatment. The preparation of bacilli suspensions was described in Section 2.2. Then, the suspensions
were placed in a beaker containing 5 mL of PBS, shaken for 10 min, and centrifuged at 3000 r/min
for 15 min. We took 1.0 mL of the supernatant to mix with 5.0 mL of Coomassie Brilliant Blue dye,
which was placed for 5 min at room temperature. The absorbency of the mixed solution was measured
at the wavelength of 595 nm, meanwhile, obtained absorbance value was placed in the regression
equation of standard curve of bovine serum albumin to obtain the quantity of protein leakage of cells
after treatment [17,18,20].

2.5. Determination of Malondialdehyde (MDA) Production

Due to the condensation reaction of malondialdehyde (MDA) and thibabituric acid (TBA, obtained
from Nanjing Jiancheng biological engineering institute) formed a red product with a maximum
absorption peak at 532 nm, the determination of MDA production after treatment was obtained
by colorimetry. The bacterial suspension was obtained by the same method as mentioned above.
The MDA concentration was calculated by Equation (2) below [12,20,21],

N =
Am −Amo

As −Aso
× 10−5mol·L−1 × n (2)

where N is the concentration of MDA (mol·L-1), Am is determination tube absorbency, Amo is
determination blank tube absorbency, As is standard tube absorbency, Aso is s standard blank tube
absorbency, n is the sample diluted multiple before test.

2.6. DNA Measurement

The DNA measurement of samples cells was extracted by distilling reagent of Genome DNA
(TIANGEN Biological Technology Co., Ltd., Beijing, China), and measured by ECP3000 agarose
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electrophoresis apparatus (Six-one Instrument Co., Ltd., Beijing, China) [22]. Electrophoresis buffer
was 0.5 × TBE, which pH was maintained at 7.5–7.8.

2.7. Scanning Electron Microscopy

The suspension of bacilli before and after inactivation was taken at 0.03 mL to spread
uniformly on glass sheet to form folium with 1 cm diameter, and then dried naturally at room
temperature. The ultrastructure of bacilli was observed using scanning electron microscopy (SEM)
in a JEOL instrument (Model JSM–6700F, Tokyo, Japan) after coating the dry specimens with gold.
The magnification of 10000×was used.

2.8. Statistical Analysis

In Sections 2.3–2.6 the determination of decontamination effect, protein leakage quantity, MDA
production and DNA for samples were carried out in triplicate to ensure the repeatability. The data
were expressed as the mean ± standard deviation (SD) in Figures 2, 4, and 6. The significant of
differences among data were statistically analyzed by one-way ANOVA test using SPSS software
(version 20.0), choosing p < 0.05 as statistically significant.

3. Results

3.1. Decontamination Effect of UV Radiation in Oxygen Plasma

The decontamination efficiency of oxygen plasma total and UV radiation individual (excluded
the charge particles and free radicals generated by plasma discharge using the LiF) was investigated
at the same operation parameters, respectively, from E as functions of plasma RF power, treatment
time and gas flow rate. The samples were positioned at the center of the induction coil in the Pyrex
glass tube of the reactor. Figure 2 shows the comparison of both the decontamination effects of oxygen
plasma total and UV radiation individually. From Figure 2, for one thing, it could be clearly seen that
the E of oxygen plasma total showed a strong dependence on the conditions mentioned above, and the
effective bio-decontamination was carried out when oxygen plasma discharge under the conditions of
100 W, 60 s and 40 cm3·min−1, where the E was largest, up to 3.42.

Figure 2. Cont.
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Figure 2. Comparison of the decontamination effect between oxygen plasma total and UV radiation
individual under different treatment conditions (a) Time 60 s, O2 flow 40 cm3·min−1, Pressure 45 Pa;
(b) Power 100 W, O2 flow 40 cm3·min−1, Pressure 45 Pa; (c) Power 100 W, Time 60 s, Pressure 45 Pa.
Capital letters A–E are distinguished from a–d to represent statistical significance in direct exposure.

In addition, the decontamination rate of E. coli by oxygen plasma as a function of O2 flow rate
increased firstly (p < 0.05) and subsequently decreased (p < 0.05) with the increase of gas flow and was
optimal at a flow rate of 40 cm3·min−1. This phenomenon was due to the inactivation effect of E. coli
depending on the average energy, number, and residence time of reactive species in the discharge zone.
Reactive species had higher average energy and longer residence time in discharge zone at low flux
than high flux, however, the number of species were limited, as opposed to high flow rate, which
directly affected the performance of plasma on microbial inactivation. For another thing, the E of UV
radiation individual changed only within a narrow range, from 0.4 to 1.5, in the whole process no
matter how many changes these conditions underwent. These values indicate that during effective
bio-decontamination, the contribution of UV radiation to decontaminating features of the oxygen
plasma is less. This conclusion is also confirmed by the following.

It is known that UV radiation kills bacilli through destroying the DNA of cells. So, we investigated
the state of DNA after oxygen plasma treatment in order to further ascertain the effect of UV radiation
on E. coli. Figure 3 displays the DNA agarose electrophoresis of E. coil after three treatment conditions
such as control, UV radiation individual and plasma total treatment at 100 W power, 60 s treatment
time and 40 cm3·min−1 oxygen flow rate. As far as we know, if the skeleton of DNA is destroyed
to generate small DNA fragments or light molecular DNA when exposes E. coli to UV radiation or
plasma [22,23], which will produce tail phenomena during the DNA agarose electrophoresis [24].
But the diagrams in Figure 3 (2), which were treated by UV radiation individually, indicate that there
are only fewer tail phenomena compared to oxygen plasma total Figure 3 (3). This result makes sure
again that UV radiation in oxygen plasma slightly acts on bacilli during bio-decontamination process.
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Figure 3. DNA agarose electrophoresis of E. coil (1) control; (2) UV radiation individual generated by
plasma discharge; (3) plasma total (under 100 W power, 60 s time, 40 cm3·min−1 gas flow rate and 45
Pa pressure).

3.2. Decontamination Effect of Charged Species in Oxygen Plasma

Reactive species strongly bombard the cell surface promoting surface etching. Meanwhile,
the living cell cannot quickly repair, resulting in rapid destruction for some microbials in many cases [5].
In addition, charged particles may converge on the surface of cell membranes and cause electrostatic
stress when the force is greater than the tensile strength of membrane itself, which will cause damage to
cell materials [7,25]. Those action acts on cell materials leading to cell membrane ruptures and leakage
of cellular contents, and finally leads the bacterial death [7,11,12]. Therefore, the protein leakage
quantity of sample cells was chosen as an index to reflect the inactivation effect of E. coli by plasma [24].
Figure 4 shows the tendency of protein leakage quantity in suspensions of bacilli after plasma exposure
under different conditions. Compared with the curves of the total decontamination efficiency of oxygen
plasma in Figure 2, it can be found that both the changed trends are almost accordant, that is, the action
of charged species on the bacilli plays a major role in the inactivation of E. coli.

Figure 4. Cont.
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Figure 4. Quantity of protein leakage under different treatment conditions. (a) Time 60 s, O2 flow
40 cm3·min−1, Pressure 45 Pa; (b) Power 100 W, O2 flow 40 cm3·min−1, Pressure 45 Pa; (c) Power 100 W,
Time 60 s, Pressure 45 Pa. Capital letters A–E represent statistical significance.

This conclusion also can be confirmed further by observing the ultrastructure of bacilli with
SEM, as shown in Figure 5. Clearly, the untreated E. coli is look like a pole (Figure 5a), whereas after
treatment at 100 W power, 60 s treatment time and 40 cm3·min−1 oxygen flow (Figure 5b), bacilli is
swollen, incompact and shows obvious ‘thawing’. The content of cell leaks completely. This is just due
to the intense damage action on cell membrane by the charged particles with high energy.

Figure 5. SEM pictures of E. coil (a) control; (b) treated under 100 W power, 60 s time, 40 cm3·min−1 gas
flow rate and 45 Pa pressure.

3.3. Decontamination Effect of Free Radicals in Oxygen Plasma

Acting on PUFA in cell membrane by oxygen radicals, specifically highly reactive oxygen atom
and hydroxyl radicals, can produce MDA, which is marker as one of the end products of the lipid
peroxidation. MDA can destroy the whole structure and functional properties of cell membrane.
With the increase of MDA concentration, the content of unsaturated fatty acids in cell membrane
reduces, electrical potential of membrane changes and finally, the liquidity of cell membrane is
lost [26,27]. So, the changes of MDA concentration in suspensions of bacilli after treatment, as shown
in Figure 6, can be used to analyze the interaction between oxygen radicals and cell of bacilli [26,27].
From Figure 6, the MDA concentration has an apparent increase (p < 0.05) in a short time (<40 s),
and then, little changes occur up to 60 s. Subsequently, it increases gradually again. Also Compared
with the curves of the total decontamination efficiency of oxygen plasma in Figure 2, one can find that
when treatment time is lower than 40 s, the oxygen radicals in plasma play a major role at a certain
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extent in the E. coli killing process, whereas when the reaction goes on, the contribution of oxygen
radicals for inactivation is weakened, whose possible reason is the restraint by intense etching action.

Figure 6. Changes of malondialdehyde (MDA) concentration with increasing the plasma treatment time.

4. Conclusions

In this study, a thorough understanding about the respective contribution of different reactive species
for the decontamination of E. coli from surfaces in reduced-pressure oxygen plasma was carried out as
the following steps: comparing the decontamination efficacy between total plasma and individual UV
radiation, measuring the state of DNA and the ultrastructure of bacilli as well as the concentration of
protein leakage and MDA production in bacterial suspension after plasma treatment. With the results,
the essential effectiveness on E. coli of the oxygen plasma was believed to be attributed to the intense
etching action of electrons and ions on the bacilli materials. Attacking PUFA in the cell membrane by
oxygen radicals plays a major role at a certain extent only during the initial inactivation, and then is
restrained by the effect of charged particles with the reaction underway. The function of UV radiation is
assistant in the whole process, which results in only the slight damage and rupture of DNA.
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Abstract: Atmospheric pressure plasma has found wide clinical applications including wound
healing, tissue regeneration, sterilization, and cancer treatment. Here, we have investigated its effect
on developmental processes like metamorphosis and tail regeneration in tadpoles. Plasma exposure
hastens the process of tail regeneration but delays metamorphic development. The observed
differences in these two developmental processes following plasma exposure are indicative of
physiological costs associated with developmental plasticity for their survival. Ultrastructural
changes in epidermis and mitochondria in response to the stress of tail amputation and plasma
exposure show characteristics of cellular hypoxia and oxidative stress. Mitochondria show
morphological changes such as swelling with wide and fewer cristae and seem to undergo processes
such as fission and fusion. Complex interactions between calcium, peroxisomes, mitochondria and
their pore transition pathways are responsible for changes in mitochondrial structure and function,
suggesting the subcellular site of action of plasma in this system.

Keywords: atmospheric pressure plasma; developmental plasticity; metamorphosis; mitochondria;
regeneration; tadpoles; ultrastructure

1. Introduction

Advances and interactions between scientific fields such as biology, physics, and medicine
have brought many benefits in tissue engineering and regenerative medicine. Plasma medicine,
combining physics of plasma with medicine, has developed rapidly in the last few years [1] and it is
the subject of this broad interdisciplinary research.

1.1. Plasma Properties

An ionized gas is an ensemble of positively and negatively charged particles. The term plasma
was applied to these systems by Langmuir [2] and should not be confused with blood plasma. Over
the past twenty years, atmospheric pressure plasmas have been the subject of numerous reviews
regarding the state of the art of the devices used to generate these plasmas and characteristics of
the plasmas [3–6]. In the present study, a plasma jet was used to generate a cold (low-temperature)
non-equilibrium (non-thermal) atmospheric pressure plasma and will be designated as APP.

APP is a relatively new approach that is extensively studied for its biomedical applications [7].
These include sterilization, blood coagulation, cancer treatment, cell metabolism modification,
hospital hygiene, antifungal treatment, dental care, skin disease and wound healing [8–13].
Tissue engineering and regenerative process involves a variety of cellular activities such as cell
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proliferation, differentiation and apoptosis. Exposure to APP promotes repair of muscle defects
through control of cell proliferation and differentiation, suggesting that APP exposure has the potential
for use in muscle tissue engineering and regenerative therapies [14]. APP exposure has been shown to
induce differentiation and growth of developing mouse limb buds [15], as well as differentiation of
bone marrow stem cells [16].

1.2. Plasma and Reactive Oxygen Species and Reactive Nitrogen Species

Plasma generated from atmospheric air includes reactive species mainly from N2 and O2, and may
contain N, O, O3, NO, NO2, and OH. The final products of the species present in the plasma are
several Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS). These reactive molecules
expose biological material to oxidation processes [17–20]. The reactive species are generated either
within the plasma itself or in the tissue when brought in contact with plasma [21]. Both ROS and
RNS are also derived within the cell from organelles such as mitochondria, peroxisomes, and the
endoplasmic reticulum.

ROS and RNS have pleiotropic effects on cellular physiology, which include metabolism,
cellular signaling and morphogenetic processes [22,23]. At moderate concentrations, beneficial effects
of ROS/RNS include defense against infectious agents, activating cellular signaling pathways and
mitogenic response [24]. However, overproduction of ROS/RNS in cells or tissue can result in oxidative
stress in the microenvironment of the cells [20], which can damage cell structures including lipids
and membranes, proteins, and DNA [25] triggering cell death by apoptosis or necrosis [26,27]. It was
also reported that exposure to plasma leads to different behaviors in cells in vitro, such as decrease in
cell migration, cell detachment, apoptosis or necrosis depending on power and the exposure time [8].
APP exposure produces dose-dependent effects that range from increased cell proliferation to apoptosis
including DNA damage, oxidative stress and cell cycle modification [26,28–32]. Previous studies on
tadpole tail regeneration from our lab have shown that the longer exposure of the amputated tail of
tadpoles Xenopus laevis to APP resulted in enhanced mortality, ascribed to increased production of
ROS [33].

1.3. Plasma and Wound Healing in Mammals and Amphibians

APP exposure is also a tool that can promote wound healing and epithelial regeneration which
are dynamic and complex processes involving many different types of cells. APP exposure is known
to improve wound healing by its antiseptic effect, stimulation of proliferation and migration of wound
related skin cells, activation or inhibition of integrin receptors on the cell surface or its angiogenic
effect [34]. Appropriate doses of cold plasma have antibacterial effects, activate fibroblast proliferation
in wound tissue and thus promote wound healing in mice [35]. Interaction of ROS and RNS with
wounded tissue accelerates repair processes without any adverse effects on normal tissue [36].

However, mechanisms that cause adult/postnatal mammalian skin healing differ from embryonic
(fetal) skin development and repair as well as from organisms such as amphibians, which regenerate
their injured tissue in a process analogous to development [37,38]. There is no scar formation in
embryonic mammalian skin [39], as well as following tail amputation in amphibians [40] in contrast to
adult mammalian skin. Anuran amphibians, such as Xenopus laevis in its larval stage, can regenerate
their limb and tail by means of the formation of blastema which is a mass of dedifferentiated,
proliferating cells [41]. This remarkable ability of amphibians makes them a very attractive model for
the study of regeneration.

1.4. Cell Organelles, Oxidative Stress, and Apoptosis

Mitochondria and peroxisomes are dynamic organelles that have intricate structural and
functional relationships [42,43]. Both of these organelles play a key role in ROS production, which
is important for cell signaling and ROS scavenging [44]. They also show high plasticity and easily
adapt in response to developmental, metabolic and environmental alterations [42]. Peroxisomal
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function has long been linked to oxygen metabolism due to their high concentration of H2O2

generating oxidases and have several antioxidant systems, such as catalase, superoxide dismutase,
peroxisomal membrane protein 20 and glutathione peroxidase [45]. Mitochondria also possess enzymes
and non-enzymatic antioxidant systems [46]. Mitochondria are quantitatively the most important
source of ROS, which maintain the steady-state concentration at non-toxic levels by a variety of
antioxidant defenses and repair enzymes [47]. Oxidative stress is an expression used to describe
various deleterious processes resulting from an imbalance between the excessive formation of ROS
and limited antioxidant defenses.

Oxidative stress associated with cell death in the developing limb is due to mitochondrial
production of ROS [48]. Mitochondria play a key role in apoptotic processes. The mitochondrial
permeability transition pore (mPTP) is a large conductance channel that opens in the mitochondrial
membrane in response to high calcium (Ca2+), low ATP, and oxidative stress [49–52], and opening of
the mPTP causes abrupt mitochondrial depolarization. APP treatment is associated with an alteration
in morphology of mitochondria, a decrease in mitochondrial membrane potential, mitochondrial
enzyme activity and respiration rate in cancer cells [18,53].

Ca2+, one of the most ubiquitous cellular second messengers, is also known to be involved in cell
death by apoptosis, necrosis and autophagy [54]. Mitochondria are the paradigm of the double-edged
sword effect of Ca2+ on cell survival and death [55]. Ca2+ overload could be detrimental to the cells as it
can lead to mitochondrial depolarization, cytochrome c release, lipid peroxidation, transcription factor
activation and DNA damage, resulting in apoptotic and non-apoptotic cell death [56]. Peroxisomes
also play an important role in Ca2+ homeostasis.

1.5. Developmental Plasticity in Tadpoles

Amphibians are a group of vertebrates with a great range of developmental plasticity in their
life history. Many of them maintain an aquatic larval stage of life as tadpoles that metamorphose
into a terrestrial one. These organisms are also known to show adaptive developmental plasticity in
response to environmental changes [57,58], such as ability for accelerated metamorphosis in drying
ponds. This rapid growth comes at a cost, and one such suggested cost of compensatory growth is
oxidative stress due to increased ROS [59]. Environmental assessment by amphibian larvae is so well
regulated that developmental acceleration can even decelerate if the conditions in the aquatic system
ameliorate [58].

1.6. Organ Regeneration in Amphibians

The restoration of lost or damaged body parts continues to be a topic of great interest for biologists.
The ability to regenerate body parts varies greatly from one species to another. This feature is
extensively studied in amphibian tadpoles of the species Xenopus laevis and Xenopus tropicalis, which
have remarkable abilities to regenerate their tails and limbs following amputation [60–62]. Unlike most
amphibians which undergo metamorphosis, there are some species like the axolotl, which retains
larval features such as external gills and undeveloped limbs throughout their life—a condition referred
to as neoteny. These organisms are aquatic and fully mature but fail to metamorphose and are capable
of regenerating wounds on their skin with scarless healing [40]. Increased regenerative ability of
amphibians makes them excellent lab models for biomedical research, such as traumatic injury.

Most of the studies on effects of plasma are focused on tissue regeneration. The main purpose
of our study is to explore the effect of plasma on organ regeneration, such as tail replacement,
following amputation. Additionally, we also studied the effect of plasma on post-embryonic
development, such as metamorphosis, to get insights into adaptive plasticity in these organisms
to cope with oxidative stress following plasma exposure.
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2. Materials and Methods

2.1. Plasma Discharge Source

Figure 1 illustrates the geometry of the APP discharge source. The flow of high purity Helium gas
(Airgas Zero Grade) was controlled over a range of 10 to 150 standard cubic centimeters per minute
(sccm) by a (Cole Parmer PMR1-010537, Chicago, IL, USA) gas flowmeter and a standardized rate
of 50 sccm was used for all trials. The gas flowed through a 15 cm long quartz tube with an outer
diameter of 6.35 mm. A copper electrode was attached to the outer surface of the tube at a point that
was 5 cm from the end of the tube. An alternating current power supply operating at 15 kHz and 17 kV
was attached to the electrode. The power supply’s operating parameters were controlled such that
the discharge was restricted to the flow region between the electrode and the exit aperture of the tube.
The resulting non-equilibrium plasma had an emission profile that indicated that OH radicals and
molecular nitrogen was present within the tube.

Figure 1. The plasma discharge was generated using a gas flow through a 6.35 mm outer diameter
quartz tube with a single electrode powered by an alternating current power supply. The power supply
used had a frequency of 18 kHz and a 17 kV peak to peak voltage. Helium was flowed through the
tube at a rate of 50 sccm. The tadpoles were exposed indirectly to the glow region of the discharge, but
approximately 3 cm beneath the tube. Inside the tube, optical emission spectroscopy confirmed that
the emissions were produced by OH radicals and molecular nitrogen.

2.2. Maintenance of Tadpoles

Xenopus laevis tadpoles, purchased from Xenopus I (Ann Arbor, MI, USA) were maintained in
the laboratory in aquaria and fed on a standard diet obtained from the same company. Water in the
aquaria was changed on every alternate day. For the present study, the tadpoles at stage 57 were
used [63] (see Appendix A for a description of stages).

2.3. Study of Metamorphosis

Tadpoles at stage 57 were divided in three groups of 20 each. Amputation of tail (40% removal) and
plasma exposure for 40 s was carried out by anesthetizing tadpoles on ice in the groups assigned below:

• Group 1: Amputated and treated with plasma and this group will be referred as experimental in
the text.

• Group 2: Amputated and not treated which will be referred as control in the text.
• Group 3: This group of tadpoles were not amputated or treated with plasma to see the progress

of metamorphosis which served as the control for group 2.

All the three groups were monitored for metamorphic development according to stages described
by Nieukoop and Faber [63].
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2.4. Tail Regeneration Study

Tadpoles at stage 57 were divided into the following two groups:

• Group 1: Tadpoles amputated and exposed to plasma as mentioned above (experimental).
• Group 2: Tadpoles amputated but not exposed to plasma (control).

For the following studies, tadpoles were anesthetized in MS222 and wound epithelium at 24 h
and blastema at 5 days were removed from both of the groups.

2.5. Ca2+ Quantification Assay

Ca2+ assay was carried out using an Abcam calcium assay kit (ac102505) and quantified through
microplate photometry. Wound epithelium and blastema for both of the groups were pooled from five
tadpoles, as tissue from an individual tadpole was not enough for this assay (due to small size of the
organism). The experiment was repeated four times (n = 4).

2.6. Confocal Microscopy

All the kits for in situ staining Calcium (F10489), peroxisomes (S34203) and mPTP (I35103) were
purchased from Molecular Probes (Thermoscientific, Chicago, IL, USA). For Ca2+ staining, Fluo-4 dye
is used which binds to Ca2+ exhibiting green fluorescence. mPTP staining was carried out using a
calcium/cobalt quenching technique which uses calcein acetoxymethyl that enters the cell followed
by treatment with cobalt chloride to quench cytosolic calcein fluorescence (green). Mitochondria are
stained with Mito Tracker dye that appears red. If mPTP is compromised, calcein enters mitochondria
but not the quencher. Thus, green fluorescence of the dye overlays red mitochondria producing yellow
color. Peroxisome staining was carried out using antibody directed against peroxisomal membrane
protein 70 (PMP70).

Tissues were harvested at 24 h and 5 days. For confocal imaging studies of Ca2+, mPTP and
peroxisomes, three tadpoles were used for each staining procedure (n = 3) and carried out according
to the method provided in the staining kit. Tissue samples were visualized under a Zeiss LSM 510
META Confocal microscope (Peabody, MA, USA).

2.7. Transmission Electron Microscopy

Tissue samples at 24 h and 5 days from control and experimental tadpoles (n = 3 per time
point) were fixed in 2.5% glutaraldehyde in 0.1 M cacodyalte buffer for 24 h, washed in the same
buffer, osmicated in 1% osmium tetroxide (OsO4), dehydrated, through a graded series of alcohol, and
routinely embedded in Epon 812. Ultrathin sections in the silver gray range were cut and stained with
uranyl acetate and lead citrate and observed under Hitachi 7700 (Hitachi High Technologies America,
Pleasanton, CA, USA).

3. Results

3.1. Metamorphic Studies

Following tail amputation, APP exposure delayed metamorphosis compared to non-treated, see
Figure 2. In group 1 (amputated and treated), all tadpoles metamorphosed by day 36 compared to
group 2 (amputated and not treated), where by day 17 all of them turned into froglets. At day 10,
there was a significant change between experimental and control tadpoles. There was no significant
difference in the progress of metamorphosis between group 2 (amputated and not treated) and group
3 (not amputated or treated).
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Figure 2. Graphic representation of developmental stages in metamorphosis impacted by tail
amputation and plasma exposure. See Appendix A for details of developmental stages (57, 63, 64).
At stage 57, three groups of tadpoles were divided as follows: Group 1: amputated and treated with
plasma (experimental tadpoles). Group 2: amputated and not treated to plasma (control tadpoles).
Group 3: not amputated and not treated to plasma. At day 6, in group 1, 40% of tadpoles were at initial
stage 57 and the rest had progressed to stage 63, whereas, in group 2, all the tadpoles were at stage 63
and in group 3, 90% of tadpoles were at stage 63. At day 10 in group 1, approximately equal number
of tadpoles (30 to 33%) were at stage 57, 63 and 64 compared to group 2 and 3, where approximately
80% of tadpoles were at stage 63 and the rest at stage 64. By day 17, in group 1, an equal percentage
(15%) were at stage 57 and 63 and the rest had developed into froglets compared to groups 2 and 3
where all the tadpoles had metamorphosed into froglet. By day 36, in group 1, 90% of the tadpoles had
metamorphosed into froglets.

Once the tail was amputated at stage 57 (Figure 3a), wound healing was completed by 24 h and a
wound epithelium was formed (Figure 3c) in both the experimental and control group, subsequent to
which a mass of dedifferentiated cells accumulated under the wound epithelium and by the 5th day a
structure called a blastema was formed (Figure 3d,e).

Figure 3. Wound healing and blastema formation: Following tail amputation at stage 57 (Figure 3a),
wound was healed and two to three layers wound epithelium (WE) was formed in both the groups by
24 h (Figure 3b,c). By the 5th day, a mass of dedifferentiated cells was formed called blastema (BL) in
both the groups (Figure 3d,e); scale bar 100 μm. However, the size of the blastema was slightly
larger in the experimental group compared to the control [33].
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3.2. Ca2+

In situ staining showed that, in wound epithelium at 24 h, fluorescence intensity for Ca2+ was
higher (Figure 4a) compared to control (Figure 4b). In blastema, the fluorescence intensity for Ca2+

had reduced in experimental tadpoles (Figure 4c) in comparison with control (Figure 4d).
Quantitative analysis of 24 h and day 5 blastema from experimental and control tadpoles showed

similar results (Figure 5). However, statistically, the differences were not significant. This could be
explained by the fact that, under microscope, wound epithelium and blastemal are clearly discernible
from the underlying tissues. When samples were pooled from five tadpoles for quantitative analysis,
it is inevitable that some of the underlying tissue like muscles would contribute to total quantity
of Ca2+.

Figure 4. Ca2+ fluorescence staining: At 24 h post amputation, wound epithelium (WE) of experimental
tadpoles show higher intensity of Ca2+ fluorescence (green) (Figure 4a) compared to control (Figure 4b).
However, in day 5 blastema (BL) of experimental tadpoles, fluorescent staining was lower in Figure 4c
compared to control Figure 4d; scale bar 100 μm.

Figure 5. Quantitative Ca2+ estimation: At 24 h post amputation, wound epithelium (WE) of
experimental and control tadpoles show lower Ca2+ content, whereas, in day 5, blastema Ca2+ content
in both groups was much higher. The changes were insignificant between the two groups.

3.3. mPTP

In experimental tadpoles, at 24 h, mitochondrial staining was prominent (Figure 6a) compared
to control (Figure 6b). Similarly, the number of mitochondria and opened pores in the mitochondrial
membrane of the blastema in experimental tadpoles were very distinct (Figure 6c) compared to control
where there is no staining of mPTP observed (Figure 6d).
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Figure 6. mPTP staining: Wound epithelium (WE) at 24 h as well as 5 day blastema (BL) of experimental
tadpoles show increased staining for mitochondria as well as open mitochondrial pores (Figure 6a,c)
compared to control (Figure 6b,d). Mitochondria (M)—red; mPTP open—yellow (calcein has entered
mitochondria); calcein—green (in cytoplasm); nuclei—blue; scale bar 100 μm.

3.4. Peroxisomes

Staining of peroxisomes in blastema of experimental tadpoles is significant (Figure 7a) compared
to control, where there was negligible staining for these organelles (Figure 7b).

Figure 7. Increased peroxisomal staining (green) is seen in experimental tadpoles (Figure 7a) compared
to control (Figure 7b). blue—nuclei. Scale bar 100 μm.

3.5. Light and Electron Microscopy

At 24 h, wound epithelium is formed in both the experimental and the control tadpoles
(Figure 8a,b). However, there is an increased number of lipid inclusions (Figures 8a and 9b) and
decreased visible intercellular spaces in experimental (Figures 8a and 9a) compared to control tadpoles
(Figures 8b and 9c). At 5 days post amputation, plasma treated tadpole tail also displayed swelling of
cells and blebbing of the plasma membrane (Figure 8c,e) compared to control (Figure 8d,f).

Figure 8. 1 to 1.5 μm thick plastic sections showing fully formed wound epithelium after 24 h post
amputation in experimental (Figure 8a) as well as control groups (Figure 8b). Note osmiophilic
lipid bodies (red asterisk *), and decreased intercellular spaces in experimental tadpoles (Figure 8a)
compared to control where intercellular spaces are visible (←−) (Figure 8b). Note blebbing (†) of
the cells in epithelium of blastema (5 days) of experimental tadpoles (Figure 8c) compared to control
(Figure 8d). Ultrastructural studies; Figure 8e,f: Transmission electron micrograph of wound epithelium
of experimental tadpoles shows loss of microvilli and blebbing (†) (Figure 8e) in contrast to control
(Figure 8f). (Figure 8a–d from Rivie et al. [33]). Exp-experimental; Con-control.
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At 24 h post amputation, tail epidermis of experimental tadpoles revealed loss of microvilli
(Figure 9a,b) compared to control (Figure 9c,d). Mitochondria of wound epithelium at 24 h of
the experimental tadpoles shows loss of cristae (Figure 9e) and fusion of mitochondria with wide
cristae (Figure 10a,b) compared to control where mitochondria are small and round with thin cristae
(Figure 9d,f). Additionally, in experimental tadpoles, the mitochondrial matrix is electro-lucent
(Figure 10a,c) compared to control (Figure 10d). Close proximity of mitochondria with endoplasmic
reticulum is seen in experimental (Figure 10c) and control (Figure 10d) tadpoles.

Figure 9. Ultrastructure of wound epithelium at 24 h post amputation showing loss of microvilli (MV),
decreased intercellular spaces (←−) (Figure 9a) and increased number of lipid inclusions (*) (Figure 9b)
compared to control where microvilli (MV) and intercellular spaces (←−) are prominent (Figure 9c,d).
In experimental tadpoles, mitochondria are swollen and fused with wide cristae (Figure 9e) compared
to control (Figure 9f). Exp-experimental; Con-control.

Figure 10. Ultrastructure of blastema from experimental tadpoles after 5 days showing fusion of
damaged mitochondria (M) with near loss of cristae (Figure 10a) and often very long mitochondria due
to fusion (Figure 10b). Mitochondria (M) from plasma-exposed tadpoles have an electro-lucent matrix
(Figure 10c) compared to control (Figure 10d). Note close proximity of endoplasmic reticulum (RER)
and mitochondria in both of the groups (Figure 10c,d). Exp-experimental; Con-control.

4. Discussion

4.1. Adaptive Plasticity

Earlier studies [33] and current results indicate that the plasma treatment accelerates tail
regeneration of tadpoles Xenopus laevis while slowing down the metamorphic progress. This is
an example of adaptive plasticity, essential for many species to cope with changes in the environment.
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Many amphibian species have exploited this trait by accelerating metamorphic events when threatened
by desiccation in their aquatic habitat [58,64]. Increased oxidative stress is considered a key determinant
factor for accelerated growth and metamorphosis [65]. The most important environmental adaptation
for tadpoles is swimming in water for their survival [66]. In the current study, the tadpole tail was
amputated and exposed to plasma at a stage when hind limbs had not yet fully developed and
forelimbs had not erupted (stage 57). Hence, these tadpoles are subjected to two kinds of stress:
(a) removal of the tail hampers their locomotor ability (movement in water) and (b) the stress of plasma
exposure. Restriction of swimming activity in the absence of fully developed limbs contributes to
a faster rate of tail regeneration for their survival but is achieved at the expense of metamorphosis.
One can argue that these tadpoles can hasten the process of metamorphosis instead of regenerating their
tail. However, accelerated metamorphosis cannot take place until the animal has reached a threshold
developmental stage [67,68]. Cost of faster growth of the regenerating tail in these tadpoles following
plasma exposure is associated with increased oxidative stress trade-offs. Differences observed in tail
regeneration and metamorphosis between experimental and control tadpoles indicate the physiological
cost involving metabolic machinery at the cellular and organelle level. However, in the absence of
plasma treatment, there was no significant difference in metamorphic growth between amputated and
non-amputated group of tadpoles. This means that plasma exposure might be increasing the signaling
for tail regeneration via bone morphogenetic protein and Notch, which act as mitogenic factors in
Xenopus organ regeneration as reported by Beck et al. [62]. This topic remains to be explored following
plasma treatment.

4.2. Tail Regeneration

The tail of Xenopus tadpole is efficient in regenerating all the competent tissues after amputation,
including spinal cord, notochord, muscles and epidermis. Upon amputation of the tail, the wound is
healed within 24 h and a population of progenitor cells are produced known as the blastema. Blastema
is a mass of dedifferentiated pluripotent cells that is able to form multiple tissue types following
the amputation and wound healing occurring [69–71]. The process of tadpole tail regeneration is
considered analogous to tissue renewal in mammals [72]. Analogies have also been drawn between
cells undergoing regeneration in salamanders and stem cells [73].

Our previous and current observations have shown that plasma exposure accelerates the process
of regeneration in tadpoles, Xenopus laevis, and it was interesting that, under APP exposure, local
oxidative stress was higher compared to control [33]. Tadpoles’ capacity to adaptively tune to tail
regeneration is controlled by several factors—one of them being oxidative stress. Moderate levels of
ROS act as signaling molecules during tail regeneration in Xenopus [61,74]. Wounding tissue generates
ROS especially H2O2 [75], which freely diffuses between cells and acts as a signaling molecule during
early phases of regeneration and blastema formation in adult fin regeneration of zebrafish [76].

4.3. Ca2+, Endoplasmic Reticulum (ER), Mitochondria and Peroxisomes

Ca2+ is an important second messenger and plays a critical role in the fate of the cell surviving
or dying. Currently, we have an observed increase in Ca2+ with confocal microscopy during wound
healing (24 h post amputation) but a decrease in day 5 blastema. It is possible that increased Ca2+

content derived from intracellular Ca2+ stores, such as ER, following plasma exposure might be
responsible for apoptosis of damaged cells during the wound healing period. Low Ca2+ in the
blastema of experimental tadpoles may support early differentiation of these cells as reported in
mammalian epidermal cells [77], resulting in faster tail regeneration in experimental tadpoles.

Additionally, the relationship between Ca2+ and ROS is complicated and close, either as a crucial
partner in regulating the redox status of cells, determining cell fate, or in signaling in response to
a number of physiological and stress conditions [78]. Our studies find support from the work of
Ma et al. [29] that an increase in intracellular ROS [33] and Ca2+ following APP exposure (current
study) could serve as valuable biomarkers for the oxidative stress.
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Mitochondria also undergo remodeling of their shape and morphology during programmed
cell death—a biological process that usually confers an advantage during an organism’s life-cycle.
Mitochondria are dynamic organelles that continually undergo fusion and fission. These are two
opposing processes that act in concert to maintain the shape, size, and number of mitochondria as well
as their physiological function [79]. Our electron microscopy study shows that some mitochondria
from experimental tadpoles had fused acquiring elongated or giant shapes with wide cristae compared
to controls where mitochondria were round, smaller and with thin cristae. A high level of stress leads
to fission of mitochondria, which would eliminate damaged mitochondria through mitophagy [80].
Mitochondrial fission also inhibits propagation of the Ca2+ signal and protects against Ca2+ mediated
cell death [81], whereas mitochondrial fusion allows them to compensate for one another’s defects
by sharing components, in order to maintain energy output in stressful situations [82,83]. Fission
and fusion interact to create a diversity of mitochondrial structures and ER may play an active
role in determining the sites of mitochondrial fission [84]. Additionally, in experimental tadpoles,
some mitochondria were swollen with an electro-lucent matrix compared to control, which could
be due to ischemia [85], increased Ca2+ overload [18,55], and induction of mPTP [86]. Increase in
Ca2+ (as observed using the confocal microscopy), as well as oxidative stress [33] in the regenerated
tissue following plasma exposure, might be responsible for the opening of mPTP, which changes
mitochondrial morphology as reported by Fridman and Lowe [87]. Currently observed changes in
mitochondrial dynamics may allow cells to adapt to oxidative stress which warrants further studies.

ER is also known to generate peroxisomes [88]. Currently, an observed increase in peroxisomes
in blastema of experimental tadpoles might be generating and releasing important signal molecules;
such as, O−

2 , H2O2 and NO in cytosol, which can contribute to a more integrated communication
system among cell compartments as reported by Corpas et al. [89]. Additionally, peroxisomes must be
providing protective mechanisms to counteract oxidative stress.

4.4. Ultrastructure of Tadpole Epidermis (Epidermal Morphology and Junctional Complex)

The epidermis of vertebrates is the principal barrier against environmental stress.
Higher vertebrates have specific detoxifying molecules and enzymes involved in providing protection
to the organisms. The importance of tight junctions in barrier formation in mammals is very well
documented [90]. However, amphibian epidermis does not have as good a barrier mechanism as
in higher vertebrates. However, they do possess complex junctional systems that help to decrease
trans-epidermal water loss [91] and maintain skin integrity by preventing toxic, infectious or traumatic
stress [92]. In the current study, we have observed adherens junctions (possibly including tight
junctions) between epidermal cells of the tail and reduction of intercellular spaces at 24 h post
amputation and following plasma exposure. Cellular junctions do not function independently and
it is reported that junctional crosstalk, interdependencies, and compensation are necessary for tissue
strength [93]. Since tadpoles do not have a good barrier on skin surface, this means that the tension is
likely to be in the underlying epidermis. Additionally, the outer surface of the epidermis is exposed to
the external environment, and the animal has to prevent the loss of molecules from the cells, which
probably resulted in the loss of microvilli and formation of tight junctions between the epidermal cells
following plasma exposure. These morphological changes in the epidermis following plasma exposure
indicate adaptive changes in order to maintain skin integrity.

5. Conclusions

APP exposure affects wound healing and tail regeneration in larval tadpoles. The APP exposure
stimulates multiple signaling cellular pathways coordinating the morphogenetic processes that
underlie regeneration and metamorphosis, which in turn influences developmental plasticity of
these organisms. Currently, we are extending this work, evaluating gene expression for antioxidant
enzymes superoxide dismutase and catalase, as well as bone morphogenetic protein, a factor required
for regeneration and metamorphosis.
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Abbreviations

The following abbreviations are used in this manuscript:

APP Atmospheric Pressure Plasma
BL Blastema
ER Endoplasmic Reticulum
M Mitochondria
mPTP mitochondrial Permeability Transition Pore
MV Microvilli
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
RER Rough Endoplasmic Reticulum
sccm standard cubic centimeters per minute
WE Wound Epithelium

Appendix A

Tadpole development by stages from Nieukoop and Faber [63]. Stage 57: Lateral view of the
tadpoles showing hind limbs (←−) in early developmental stage and forelimbs have not erupted.
Stage 63: Dorsal view of the tadpole showing well developed hind limbs and erupted forelimbs.
Stage 64: Dorsal view of tadpole tail regression.

Figure A1. Tadpole development by stages. Hind limbs stage 57 denoted by ←−.
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Abstract: Cold atmospheric plasmas (CAPs) are being used in applications related to dentistry.
Potential benefits include tooth whitening/bleaching, the sterilization of dental cavities, and root
canal disinfection. Generated reactive species, such as hydroxyl (OH) radicals, play a critical role
in the effectiveness of CAPs in dentistry. In the present work, the mandibular jaw and teeth were
modeled. The propagation of CAP plume in ambient air was dynamically tracked using the level
set method. The transport and dispersion OH radicals away from the nozzle and towards the teeth
under treatment were also tracked. The distributions of concentration of OH radicals over the teeth
were obtained for nozzle to tooth distances of 2 and 4 mm. The discharge of the OH radicals out
of the nozzle was found to be asymmetrical. Interestingly, depending on the type of tooth treated,
the dispersion of OH radicals out of the nozzle could be altered. The present model and obtained
results could be useful for advancements towards a fear-free dentistry using CAPs.

Keywords: cold atmospheric plasmas; plasma medicine; dentistry; tooth whitening; fear-free dentistry

1. Introduction

In 1879, the fourth state of matter was unveiled by Sir William Crookes and subsequently in 1929
named “plasma” by Irving Langmuir [1,2]. Moreover, considering the phase transition (e.g., gas to
plasma), there was a suggestion that plasmas not be called the fourth state of matter [3]. Plasma research
has evolved rapidly and expanded in various areas including environmental, military, agricultural,
and biomedical research [4,5]. Cold atmospheric plasmas (CAPs) enhance the generation of reactive
species in their flow while the corresponding carrier gases remain at room temperature; this enhances
the interaction of the reactive species with the target upon exposure of the latter to CAPs [6]. CAPs
were also found useful in surface treatment, material processing, and plasma medicine [7–23]. In the
field of medicine/biomedicine, CAPs are found to have significant potential in wound healing [24,25],
cancer therapy [26–28], the inactivation of microorganisms [29], and tooth bleaching [21]. In particular,
in the dentistry industry, CAPs were found effective against infected dental root canals and could
remove microorganisms associated with infection of the root canal [30]. Various studies reported the
effective killing of various types of viruses and bacteria by CAPs [31–35]. Considering the favorable
characteristics of the CAPs, Stoffels et al. [33,36] were among the pioneers who explored the potential
therapeutic use of CAPs in dentistry.
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In dentistry, CAP applications were related to tooth whitening/bleaching, sterilization of dental
cavities, and root canal disinfection. In a recent review [37], the applications of CAPs in dentistry
were reviewed. Interestingly, it was pointed out that CAP treatment of teeth was a new and painless
method for the preparation of cavities for restoration, with a rather enhanced longevity, root canal
disinfection, and bacterial inactivation. In particular, tooth whitening using CAPs were experimentally
studied. For example, Sun et al. [38] deployed a direct current air CAP to enhance tooth whitening.
In a separate study, Lee et al. [21] found that a helium CAP jet enhanced tooth bleaching. The combined
use of hydrogen peroxide (H2O2) with CAPs was found to be three times more effective to enhance
tooth bleaching, when compared with the case without CAP. In another study, 40 extracted human
molar teeth were treated with carbamide peroxide and additionally exposed to CAP, a plasma arc
lamp, and a diode laser, which revealed that exposure to CAPs achieved the most effective tooth
bleaching [12]. In addition, Claiborne et al. [39] applied CAP alongside H2O2 gel to demonstrate
enhanced tooth whitening in 10- and 20-min exposure groups. Interestingly, CAPs were shown to
be able to treat irregular surfaces such as dental cavities without the need of mechanical drilling [1].
As CAPs operate at room temperature, they would not exert detrimental effects on the tissues [33].
As regards root canal disinfection, Lu et al. [40] successfully inactivated Enterococcus faecalis bacterium
in the root canal using a CAP jet device. Shali et al. [41] also examined the effectiveness of CAPs in the
disinfection of the tooth root canal. From the progress in the use of CAPs in dentistry, it was hoped
that CAPs could lead to fear-free and painless treatments in the near future.

Enhancement in plasma treatment of teeth was attributed to reactive species generated in CAPs,
such as hydroxyl (OH) radicals. In the previous work of Pan et al. [42], teeth were exposed to saline
solution with an air blow, 5% H2O2 gel and saline solution, and a CAP microjet. The authors found
that the CAP microjet provided the best tooth whitening, which was due to the OH radicals as revealed
using electron spin resonance spectroscopy [42]. In particular, minor enamel surface morphological
changes were observed and a rougher surface was formed upon a CAP exposure for 20 min [42].
However, it was anticipated that longer CAP exposures could lead to more substantial morphological
changes in the enamel, which might become unacceptable. On the other extreme, underexposures of
the teeth to CAPs could jeopardize the efficacy of the treatment.

CAP devices with different designs could generate different distributions of reactive species over
treated teeth [43], which could thus affect the treatment effectiveness. To the best of our knowledge,
however, there were currently no standardized designs of CAP devices or theoretical models of
CAP discharges and distribution of reactive species over teeth for dentistry. Such theoretical models,
particularly in a time-dependent (i.e., dynamic) manner, would be critical in the success in applying
CAPs to dentistry. Our group previously examined the interaction of CAPs with water medium [44],
blood [45], and skin [46] using the finite element method (FEM). More recently, we studied the
transport mechanism of OH radicals in CAP discharges and their dispersion and distribution over a
skin layer [47], which considered both the diffusion and convection mechanisms in a two-phase flow
system (i.e., CAP carrier gas and ambient air). Based on the success of previous models, in the present
work, we analyzed the dispersion and distribution of OH radicals generated and distributed by CAPs
over treated teeth. The present model could be useful for further development of CAP applications in
dentistry, with the view to progress towards fear-free dentistry using CAPs.

2. Materials and Methods

The human mandibular jaw (i.e., the lower jaw) was modeled. Average dimensions of the main
parts of the mandibular teeth were taken from previous measurements [48] and are shown in Table 1.
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Table 1. Average dimensions of crown and root length of mandibular teeth.

Mandibular Teeth Crown Length (mm) Root Length (mm)

Central incisor 8.80 12.6

Lateral incisor 9.40 13.5

Canine 11.0 15.9

First premolar 8.80 14.4

Second premolar 8.20 14.7

First molar 7.70 14.0

Second molar 7.70 13.9

Third molar 7.50 11.8

The modeled mandibular jaw with teeth is shown in Figure 1, in which CAP discharge from
a nozzle is also schematically shown. For modeling purposes, the mandibular jaw was placed in a
rectangular chamber with the dimensions 90 × 90 × 45 mm3. The chamber was filled with air and
all surfaces were set to be outlets (i.e., exposed to open air). The nozzle was assumed to be filled
with helium (He) gas (i.e., the CAP carrier gas). The air in the chamber was assumed to be initially at
rest and the plasma carrier gas was injected into the air domain at a specific flow rate Q. The plasma
carrier gas (He) was discharged out of the nozzle with a radius of 1 mm and with a flowrate of 1 L/min
(Q = 1 L/min) [47]. Following our previous work [47], the propagation of the carrier gas (He) in the air
chamber was described using the level set method, since the flow resembled a two-phase flow system.
The level set function was

∂φ

∂t
+ u · ∇φ = γ∇·

⎛
⎜⎜⎜⎜⎝ε∇φ−φ(1−φ)

∇φ
∣∣∣∇φ
∣∣∣

⎞
⎟⎟⎟⎟⎠ (1)

where φ was the level set variable, u was the velocity field, t was time and γ was introduced for an
enhanced numerical stability [49]. The level set function (i.e., Equation (1)) was fully coupled with
Equation (2) which described the diffusion and convection of OH radicals:

∂cOH
∂t

+ ∇ · (−DOH∇cOH) + u · ∇cOH = SOH + ROH (2)

where cOH was the concentration of OH radicals, D was the diffusion coefficient, u was the velocity field,
SOH and ROH were the source and reaction terms of the OH radicals [47]. The fluxes of OH radicals were
defined in the nozzle to ensure the flow of these species from the nozzle along the axis perpendicular
to the target (tooth under CAP treatment). The largest inflow concentration of OH radicals (i.e., at the
OH source) was set to be 1 mol/m3, which simplified the task in obtaining the OH concentrations in a
normalized fashion over the target. In addition, variations in concentrations of OH radicals as a result
of their reactions were modeled through a decay rate formulation. Interested readers are referred to
our previous work [47] for more modeling details and for benchmarking with previous CAP discharge
experiments. While OH radicals contributed to the bleaching effect, they might not be the main
effectors. Short-lived reactive species in plasma-air-water system were analyzed [50] and different
reactive species formed in CAPs were found to be responsible for tooth bleaching. In conventional
dental bleaching, H2O2 was used (and still is used) as a bleaching agent. It is formed as a result of the
recombination of OH radicals and via other reactions. Therefore, the transportation and dispersion
of H2O2 species were also considered in our computational model in addition to the OH radicals.
The diffusion coefficient data for H2O2 was taken from the previous work of Tang et al. [51].
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Figure 1. Modeled mandibular jaw with teeth under cold atmospheric plasma (CAP) discharge.

The CAP discharge tube was set to be perpendicular to the tooth under treatment, and the distance
between the tube and the tooth was set to be 2 or 4 mm. The eight teeth on one side of the mandibular
jaw were, starting from the center, the central and lateral incisor, canine, first and second premolar and
first, second and third molar teeth, and eight teeth on the other side, which formed a mirror image of
the previous eight teeth. In the present model, the geometry of the incisor and canine teeth were not
significantly different from each another, hence, we studied the CAP exposure of six different teeth,
namely, canine, first and second premolar and first, and second and third molar teeth. These teeth
were numbered from 1 to 6 as shown in Figure 2.

 

Figure 2. Schematic diagram showing teeth 1 to 6 examined in the present study.

The mandibular jaw bone was not the target of CAP exposures, and was therefore not considered
during the computations, which helped improve the computational efficiency (including the total
computation time and the required computational resources). The present numerical model was solved
in parallel on a computer cluster with Intel Xeon E5-2630 v3 2.40 GHz processors (Intel Corporation,
Santa Clara, CA, USA). The system was solved for 10 ms with time steps of 0.01 ms. It would be possible
to solve the system using longer time steps; however, it might prevent the model from converging to
the final solution effectively. The use of the finest time step was highly recommended, subject to the
availability of computational resources.

3. Results and Discussion

During CAP discharge towards a treated tooth, the OH radicals were transported through
diffusion and convection from the outlet of the nozzle towards the surface of the tooth. The OH
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radicals were distributed over the tooth, which led to a concentration gradient. The spatial variations
of the concentration of the OH radicals over teeth 1 to 6 (see Figure 2) for the nozzle to tooth
distance of 2 mm were obtained and shown in Figure 3. These snapshots were captured at t = 10 ms
(i.e., the final timestep).

Figure 3. Spatial distribution of OH radicals over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle
to tooth distance of 2 mm. (Note: the scale bar shows the normalized concentration of the OH radicals).

Variations of OH concentrations over the six different exposed teeth for nozzle to tooth distance
of 4 mm are shown in Figure 4. These snapshots were captured at t = 10 ms (i.e., the final timestep).
To allow easier comparisons, orientations of the teeth were kept the same for both of the nozzle to
tooth distances of 2 and 4 mm. Figures 3 and 4 showed that the OH concentration decreased, i.e., fewer
OH radicals interacted with the tooth, as the nozzle to tooth distance increased. For longer nozzle
to tooth distances, the area on a treated tooth exposed to OH radicals became smaller. Figure 5 also
shows that fewer OH radicals could reach the treated tooth for longer nozzle to tooth distances if
the speed and time duration were kept constant. Similarly, the variation of H2O2 species over the
six different exposed teeth for nozzle to tooth distances of 2 and 4 mm are shown in Figures 5 and 6,
respectively. The concentrations of H2O2 over the teeth decreased with the increasing nozzle to tooth
distance, which was explained by the smaller amount of H2O2 covering the surfaces of exposed teeth
for larger distances. These snapshots were also captured at t = 10 ms (i.e., the final timestep).

The normalized concentration of OH radicals over the tooth started to increase with time upon
contact between the CAP plume carrying OH radicals and the tooth. The temporal variations of the
normalized concentration of OH radicals averaged over the tooth varied for different teeth, due to
their distinct geometries. For the nozzle to tooth distances of 2 and 4 mm, the concentrations of OH
radicals started to increase for t > ~1 ms (see Figure 7a) and for t > ~2 ms (see Figure 7b), respectively.
The OH radicals needed these onset time durations to travel from the nozzle to the tooth. The temporal
variations of H2O2 species were similar to those of OH radicals. The H2O2 species were distributed
over the surface of the exposed tooth and the normalized concentrations increased with time. The OH
radicals had a comparatively larger diffusion coefficient compared to the H2O2 species [51,52], hence,
the temporal variations of normalized concentrations of OH radicals were in general larger than those
of the H2O2 species. The two main mechanisms for the dispersion of OH species (such as OH and
H2O2) on different types of teeth were diffusion and convection, both of which were included in

155



Appl. Sci. 2019, 9, 2119

Equation (2). More specifically, the reactive species diffused away from the plasma discharge through
diffusion, and they were also carried to different types of teeth by the plasma carrier gas through
convection. Figure 7a,b shows the temporal variation of normalized concentrations of OH and H2O2

species, respectively, which were averaged over a treated tooth surface. These results quantitatively
described the dispersion of reactive species over the surface of the tooth under treatment, which was
in turn related to the surface morphology of the tooth. For example, the results for tooth 6 (canine
tooth) were significantly different from other molar and premolar teeth, which was attributed to the
much sharper tip and smaller size of tooth 6.

Figure 4. Spatial distribution of OH radicals over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle
to tooth distance of 4 mm. (Note: the scale bar shows the normalized concentration of the OH radicals).

Figure 5. Spatial distribution of H2O2 species over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for
nozzle to tooth distance of 2 mm. (Note: the scale bar shows the normalized concentration of the
H2O2 species).
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Figure 6. Spatial distribution of H2O2 species over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for
nozzle to tooth distance of 4 mm. (Note: the scale bar shows the normalized concentration of the
H2O2 species).

 

(a) 

 

(b) 

Figure 7. Temporal variations of normalized concentration of OH radicals and H2O2 species averaged
over a treated tooth for nozzle to tooth distance of (a) 2 and (b) 4 mm.

To ascertain the steady-state in the studied system, the speed at 1 mm below the center of the
nozzle was separately determined for all six teeth. The temporal variations of speeds at 1 mm below
the center of the nozzle are shown in Figure 8a,b for 2 and 4 mm nozzle to tooth distances, respectively.
The speed started to increase with time up to 1 ms, and became constant for the longer exposure time,
which demonstrated the steady-state in the studied system. Moreover, the determined speeds varied
for different treated teeth. Following the contact between the carrier gas and the tooth, the flow would
get distorted and a velocity field would be generated (i.e., eddies would be formed) around the tooth.
The distribution of this velocity field in three-dimensional (3D) space depended on the geometry of
the treated tooth (or in other words how the flow was distorted), and led to variations in the speed
(the magnitude of velocity in 3D space) at a point from the tooth.
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(a) (b) 

Figure 8. Temporal variations of speed at 1 mm below the center of the nozzle for nozzle to tooth
distance of (a) 2 and (b) 4 mm.

Figure 9a,b shows variations of normalized concentrations of OH radicals at 1 mm below the center
of the nozzle for all six teeth at nozzle to tooth distances of 2 and 4 mm, respectively. The normalized
concentrations started to increase rapidly up to about 1 in ~1 ms, beyond which the steady-state
condition was achieved. Small variations for different teeth were noticed, which were attributed to the
distortion of the flow and variations in the velocity field around different teeth under CAP treatment.
Such variations were governed by the convection of the OH radicals, since the velocity field determined
the dispersion and distribution of these species, which was mathematically shown in Equation (2),
where the velocity field u was present. The results in Figure 9 imply that the movement of the OH
radicals reached the steady-state as well.

 

(a) (b) 

Figure 9. Variations of normalized concentration of OH radicals at 1 mm below the center of the nozzle
for nozzle to tooth distances of (a) 2 and (b) 4 mm.

Figure 10 shows the normalized concentrations of the OH radicals around the four sides at 1 mm
below the nozzle, which were obtained for the nozzle to tooth distance of 2 mm. The results revealed
anisotropy of dispersion and distribution of OH radicals underneath the nozzle and variations of the
dispersion for different teeth. Interestingly, the normalized concentrations away from the center of the
nozzle were lower than 1, which meant that most discharged OH radicals were concentrated at the
center of the CAP plume. This feature was particularly useful considering that very narrow regions in
teeth were often treated in dentistry. For t < ~1 ms, the normalized concentrations significantly varied
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with time. In contrast, after the system reached the steady-state (i.e., t > ~1 ms), temporal variations in
the normalized concentrations of OH radicals became negligible.

Figure 10. Variations of normalized concentrations of OH radicals at 1 mm below the nozzle at 1 mm
(a) above, (b) below, (c) left, and (d) right of the center of the nozzle (from bird’s eye view), for nozzle
to tooth distance of 2 mm. (Inset: red dot indicates the location where the normalized concentration of
OH was measured).

Similarly, Figure 11 shows the normalized concentrations of the OH radicals around the four
sides at 1 mm below the nozzle, which were obtained for the nozzle to tooth distance of 4 mm. Again,
temporal variations in the normalized concentrations of OH radicals were negligible for t > ~1 ms.
Variations of normalized concentrations of OH radicals around the four sides of the nozzle were more
considerable for the nozzle to tooth distance of 4 mm, which were attributed to the dispersion of
OH radicals in the surrounding air before interacting with the tooth. For the longer nozzle to tooth
distance of 4 mm, the OH radicals traveled longer distances to reach the tooth, which allowed some
OH radicals to travel laterally away from the center of the flow through diffusion (i.e., ∇·(–DOH∇cOH)
term in Equation (2)). Solving the present model in 3D space was in fact required due to anisotropic
dispersion of the OH radicals.

In summary, Figures 10 and 11 highlighted the asymmetrical and sophisticated nature of dispersion
and discharge of OH radicals out of the nozzle, which depended on the nozzle to tooth distance, as well
as the type of tooth under treatment. Using the present model, the different geometries of nozzles and
discharge tubes could be modeled with a view to achieving the best output distribution of reactive
species according to the treatment requirements. Information regarding the distribution of reactive
species could also be obtained to provide quantitative comparisons among different designs of CAP
devices in dentistry.
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Figure 11. Variations of normalized concentrations of OH radicals at 1 mm below the nozzle at 1 mm
(a) above, (b) below, (c) left, and (d) right of the center of the nozzle (from bird’s eye view), for nozzle
to tooth distance of 4 mm. (Inset: red dot indicates the location where the normalized concentration of
OH was measured).

4. Conclusions

In the present work, a model was built for CAP discharges on teeth for dentistry applications for
the first time. The model considered the CAP carrier gas and the ambient air through a two-phase
flow model, and took into account the transport of OH radicals and H2O2 species involving diffusion
and convection. The developed model determined the distributions of OH radicals and H2O2 species
over six different chosen teeth. Different nozzle to tooth distances of 2 and 4 mm were examined and
the obtained results were compared. The normalized concentration of OH radicals and H2O2 species
over a treated tooth decreased with the increasing nozzle to tooth distance. The distribution of OH
radicals out of the nozzle was found to be asymmetrical. The dispersion of OH radicals out of the
nozzle varied according to the type of treated tooth. The dispersion of the reactive species became
more significant for shorter distances between the nozzle and the tooth, which led to the coverage
of a larger surface area of the tooth during plasma treatment. As such, the treatment could be more
efficient. The developed model and the obtained results could be useful for working towards a fear-free
dentistry using CAPs.
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