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G R W N e

Abstract: Low-temperature atmospheric-pressure plasma jets are generally considered a safe medical
technology with no significant long-term side effects in clinical studies reported to date. However,
there are studies emerging that show plasma jets can cause significant side effects in the form of
skin burns under certain conditions. Therefore, with a view of developing safer plasma treatment
approaches, in this study we have set out to provide new insights into the cause of these skin burns
and how to tailor plasma treatments to mitigate these effects. We discovered that joule heating by
the plasma bullet currents is responsible for creating skin burns during helium plasma jet treatment
of live mice. These burns can be mitigated by treating the mice at a further distance so that the
visible plasma plume does not contact the skin. Under these treatment conditions we also show that
the plasma jet treatment still retains its medically beneficial property of producing reactive oxygen
species in vivo. Therefore, treatment distance is an important parameter for consideration when
assessing the safety of medical plasma treatments.

Keywords: nonthermal atmospheric pressure plasma; helium plasma jet; bullet currents; joule
heating; gas temperature; mouse skin; skin burns

1. Introduction

Non-thermal atmospheric-pressure plasma technology is being widely investigated for
various biomedical applications including disinfection [1-3], wound healing [4-8], cancer ther-
apy [9-14], gene transfection [15-19], bone regeneration [20], and immunotherapy [14,21-23].
All these effects are strongly linked to the plasma generating reactive oxygen and nitrogen
species (RONS) including charged species [24,25] and highly reactive neutral species such
as the hydroxyl radical (*OH), singlet oxygen (Oz(lAg)), nitric oxide (NO), and atomic
oxygen (O) [26,27]. At atmospheric pressure, the plasma density can be ~10'*> cm~3, even
though the ionization degree is low or moderate [28]. At this plasma density, highly reactive
RONS can be efficiently generated through interaction between the plasma components
(electrons, ions, metastable atoms, and high-energy photons) and humid ambient air com-
prising molecular oxygen (O;), nitrogen (N3), and water (H,O) vapour. Some of the more
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highly reactive RONS are quickly converted to less reactive molecules, of which some
are classified as RONS (e.g., hydrogen peroxide, HyO;) and some are not, such as nitrite
(NO77). Both the highly reactive and less reactive RONS and other molecules produced by
plasma can intervene biological processes and/or modify biomolecules that lead to benefi-
cial outcomes in disease treatments [29-31]. An atmospheric-pressure plasma jet (APPJ)
operated as a dielectric barrier discharge (DBD) is one of the simplest methods to generate
RONS in ambient air. Noble gases such as argon (Ar) or helium (He) are commonly used to
run APPJs because they can be operated at lower voltages, which helps reduce gas heating,
making these plasma sources suitable for treating thermally sensitive material such as
human skin. Sometimes molecular gases such as O, and N; or H,O vapour are added into
the noble gas stream to enhance the production of RONS [32].

Remarkably, plasma can produce effects in disease treatment that penetrate to signifi-
cant depths in the human body. This includes plasma treatments reducing the growth of
millimetre-thick 3D tumours [13,14] and inducing systemic physiological responses such
as stimulation of the immune system in cancer therapy [21-23]. Even though plasma itself
cannot penetrate a physical barrier such as human skin, we have observed that plasma has
the potential to produce RONS at millimetre depths in skin [13,33-38]. Interestingly, plasma
generally appears to non-invasively produce RONS through biological barriers such as
skin, i.e., without damaging the surface of barrier [39-41]. The ability of plasma to produce
RONS at millimetre depths in biological tissue may stimulate a cascade of biological events
that lead to deep and systemic effects important in disease treatment. However, this is not
always the case, as the nature of the biological barrier regarding characteristics such as
hydration and conductivity can change the plasma properties in a way that damages the
biological target being treated. For example, it has been shown that localized heating from
a He plasma jet, coupled with chemical modification from plasma produced RONS, can
result in significant damage to mouse skin [42].

In our previous work, we have been developing a He plasma jet to treat cancer and
have shown it can successfully shrink subcutaneous tumours in mice [13]. However, one
side effect we have recently noticed under certain conditions is that the plasma treat-
ment can also damage the mouse skin. For example, Figure 1a shows a millimetre-sized
discoloured spot created on the back of a mouse following 15 min of helium plasma jet
treatment of the skin directly above a subcutaneous tumour. The mouse was sacrificed
24 h after the plasma treatment, and the skin was collected for histological analysis. The
cross section at the centre of the plasma-irradiated skin sample showed a scab above the
epidermis, indicating the skin was wounded by the plasma treatment (Figure 1b).

(a) (b)

Figure 1. (a) Photograph of a seven-week-old female BALB/c nu/nu mouse with a subcutaneous
cancer tumour following 15 min helium plasma jet treatment. The triangle indicates a millimetre-sized
discoloured spot created in the plasma-treated region on the skin above the subcutaneous tumour.
(b) Histological cross-section of the discoloured region taken 24 h after the plasma treatment. The
microscope image shows a scab, indicating a wound created in the discoloured region.
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Therefore, this study aims to provide further insights into what plasma components
damage skin. We also demonstrate how understanding the damaging plasma components
can be used to prevent skin damage whilst still maintaining high efficiency in production
of RONS in mice.

2. Materials and Methods

A low-temperature atmospheric-pressure helium microplasma jet was employed in
this study [43]. It consisted of a 150 mm long glass tube tapered from an inner diameter of
4 mm to 680 um at the nozzle. The glass tube (borosilicate, Pyrex, As One Co., Osaka, Japan)
has a 15 mm long metallic external ring electrode wound onto the glass tube at 50 mm from
the end of the nozzle. He gas (99.98%, industrial grade) was fed into the glass tube with a
fixed gas flow rate of 2.0 L/min. A capillary dielectric barrier discharge (DBD) microplasma
was generated using a sinusoidal high voltage of 10 kV},, (peak-to-peak) applied to the
external electrode at a fixed frequency of 33 kHz. This particular plasma jet configuration
and these operational conditions were chosen because they produced a relatively long
plasma jet (exiting the nozzle) with a plume length of 12 mm and a gas temperature of
40 °C, as estimated by optical emission analysis of the Nj s-positive system [44,45]. Plasma
treatments were carried out using two distances between the nozzle and mouse skin:
10 mm, where the plasma jet contacted the mouse skin (contact plasma, Figure 2a), and
12 mm, where the plasma jet was not in contact with the mouse skin (non-contact plasma,
Figure 2b). Treatments were performed for up to 15 min because in our previous study we
found this was the minimum time required to obtain effective cancer treatment [13].

Figure 2. Photographs show: (a) low-temperature atmospheric-pressure helium microplasma jet
treating a live mouse as an example of contact plasma treatment; (b) non-contact plasma treatment;
and (c) the complete experimental set-up with the position of the thermography camera to measure
skin temperature.

The temperature of the mouse skin during plasma treatment was directly measured
by a thermography camera (FLIR T530, Wilsonville, OR, USA) as shown in Figure 2c
during and after plasma treatments. This method was chosen because it enabled us to
obtain non-invasive measurements of the mouse skin temperature in real time and without
perturbing the plasma treatments. For comparison, mouse skin temperature was also
measured in controls of untreated mice and mice treated with He gas flow only (i.e., with
plasma off). Mouse skin temperatures for contact plasma treatment were also simulated
with the COMSOL Multiphysics software (COMSOL, Inc., Burlington, MA, USA) to predict
the radial temperature distribution across the skin.

For the experiment, 7-week-old male BALB/c nu/nu mice were housed in plastic cages
with stainless steel grid tops in an air-conditioned room with a 14 h light-10 h dark cycle
maintained at a temperature of 23 & 2 °C and provided with water and food ad libitum
in the institute for animal experiments of Kochi Medical School. Animal experiments
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were conducted according to the institutional guidelines and regulations. The animal
experimental protocol was approved by the Institutional Animal Care and Use Committee
of Kochi University under Permit Numbers J-16, L-6, and M-27. Mice skin for separate
experiments in this study was harvested from live mice under the same animal ethics
standards. For in vivo detection of internal ROS, each mouse was exposed to the He
plasma jet or He gas flow for 15 min. After treatment, the mice immediately received an
intraperitoneal injection of 500 pL of luminol solution prepared in sterile saline. Reactive
oxygen species (ROS) produced by the He plasma jet treatment react with luminol to form
a luminescent product underneath the skin inside the live mouse. The luminescent product
can be mapped throughout the mouse via luminescence imaging. Luminescence imaging
was carried out 10 min after treatment (Xenogen IVIS Spectrum 200, PerkinElmer, Waltham,
MA, USA) [13].

The plasma bullet current was determined via measuring the current flow through a
metal (copper) collector plate with a diameter of 10 mm connected to the ground via an
electrical wire as shown later section in results and discussion [24]. The ground wire was
inserted through a current monitor (Pearson 2877, London, UK) to measure the current
during plasma treatments. The current was measured directly through the collector plate or
indirectly by covering the plate with mouse skin sections of 30 mm x 30 mm. This method
enabled us to estimate the amount of current flowing through the skin during plasma jet
treatments of the live mice.

3. Results and Discussion
3.1. Mouse Skin Temperature

To understand the role of the plasma components in heating mouse skin, the surface
skin temperature of live mice was recorded in the 15th min of the plasma treatment. Firstly,
Figure 3a shows the mouse has a temperature of approximately 30 °C uniformly distributed
across its surface. When exposed to He gas flow only (i.e., without plasma ignition), the
surface skin temperature dropped to approximately 27 °C over a circular area of diameter
20 mm, as seen in Figure 3b. This cooling effect is because the He gas temperature is lower
than the ambient air because it cools as it expands when it exits the compressed bottle. The
He cools the mouse skin over an area much larger than the 680 pm diameter of the nozzle,
indicating that the gas propagates across the skin as it hits its surface. The temperature of
remote parts of the mouse skin not directly exposed to the He flow remained constant at
30 °C. Contact plasma treatment increased the mouse skin temperature to an average of
40 °C with a hotspot of 59 °C in the region directly exposed to the plasma jet (Figure 3c).
The increase in skin temperature expanded over a circular area with a diameter of 12 mm,
which was much larger than the nozzle diameter but smaller than the diameter of 20 mm
cooled by the He gas flow only in Figure 3b. The smaller area heated by the plasma jet
compared to that cooled by the He gas flow could be due to the gas temperature and
the charged species in the plasma jet directing the gas flow to the mouse skin due to ion
momentum transfer to the neutral gas [46,47]. Another explanation is that the plasma itself
may be heating the mouse skin directly (as opposed to indirectly by heating the background
gas). To test this, the temperature of the mouse skin was measured during non-contact
plasma treatment. Non-contact plasma treatment resulted in only a negligible increase
in average skin temperature to 40 °C and no hotspots (Figure 3d). The change in skin
temperature covered an area similar to that produced by the contact plasma treatment due
to spread of the heated He gas across the mouse skin. The higher temperature observed on
the mouse skin during the contact plasma treatment is therefore not only attributed to the
heated He gas but also to other components in the plasma itself.
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(b) (c) (d)

Figure 3. Thermal images taken on live mice (a) before treatment, (b) during He gas flow treatment at
15 min, (c) during contact plasma treatment at 15 min, and (d) during non-contact plasma treatment
at 15 min.

The maximum temperatures produced on the mouse skin by the treatments described
above are plotted in Figure 4. The graph shows that contact plasma treatment significantly
elevates the skin temperature to 59 °C, which is high enough to injure skin, whereas the
maximum skin temperature remains below 40 °C during non-contact plasma treatment,
which is not high enough to injure skin. The temporal change in skin temperature was
also monitored during the 15 min of plasma treatment and 3 min after the treatment was
finished (with both plasma and He gas flow off). Figure 4a shows that the mouse skin
temperature remained relatively constant at 38 °C over a measurement time period of
15 min. He gas treatment quickly decreased the skin temperature to 28 °C, after which it
remained constant over the 15 min treatment.
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Figure 4. Temporal changes in the mouse skin temperature (a) for untreated mice, (b) during He gas
flow treatment, (c) during contact plasma treatment, and (d) during non-contact plasma treatment.
Plasma treatments were performed for 15 min with temperature recorded for up to 18 min (i.e., up to
3 min post treatment). All data are representative of averages of triplicate measurements.
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For contact plasma treatment, the mouse skin temperature rapidly increased within
the first 30 s to a maximum of 59 °C and then remained constant at this temperature over
the 15 min treatment (Figure 4c). After the treatment was finished and the plasma and
He gas flow were switched off, the mouse skin temperature quickly decreased back to
its original temperature of 30 °C. Non-contact plasma treatment also quickly increased
the mouse skin temperature but to a temperature below 40 °C, which would not injure
the mouse skin (Figure 4d). Similar to contact plasma treatment, the elevated mouse skin
temperature remained constant over the course of the 15 min non-contact plasma treatment
and then returned to baseline after the treatment was completed. Overall, the data show
that contact plasma treatment results in a quick and significant increase in temperature that
can injure mouse skin and that the temperature remains elevated over the course of the
treatment. Figure 5 shows the average temperatures during the time of plasma treatment. The
cumulative thermal damage to the mouse skin over the course of prolonged plasma treatment
(e.g., 15 min) may explain the skin wound created by the plasma treatment in Figure 1.
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Figure 5. Maximum temperature of mouse skin for untreated mice during He gas flow treatment
at 15 min, during contact plasma treatment at 15 min, and during non-contact plasma treatment at
15 min. All data are representative of averages of triplicate measurements.

3.2. Correlation between Plasma Bullet Current and Mouse Skin Temperature

This section sets out to determine if the plasma bullets have an important role in
heating mouse skin during the contact plasma jet treatment. To determine this, this study
analysed the correlation between the plasma bullet current produced through mouse skin
and the rise in mouse skin temperature induced by the plasma treatments. It is known that
the charged (active) species within a plasma jet are contained in a succession of hypersonic
propagating plasma bullets [48,49]. Previously, using ambient mass spectrometry analysis
of the charged plasma species, we have shown that positive and negative ionic species are
detected along the length of the plasma plume, i.e., the visible part of the plasma jet [24].
However, the intensity of the ionic species rapidly declines at the tip of plasma plume and
then drops by three orders of magnitude at distances remote from the plasma plume. In
another study where we investigated the plasma bullet current, we observed that the net
positive and negative charges in the plasma bullet decreased as functions of distance from
the end of the glass nozzle of the plasma jet assembly [46]. Net cha-rges dropped by two
orders of magnitude at the tip of plasma plume compared to the charges within the centre
of the plasma plume. These results suggest that charged species in the plasma plume may
have a major role in increasing the mouse skin temperature.

Therefore, we developed a simple experiment to test the hypothesis that the plasma
bullet current increases the mouse skin temperature. The experimental set-up to measure
currents transmitted through the mouse skin is shown in Figure 6. This was achieved with
the aid of a collector plate connected to the ground wire. The current flowing in this circuit
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was measured with a current monitor. At the same time, the temperature was also measured
by a thermal imaging camera. Figure 7a shows the current waveforms recorded through
the mouse skin during contact plasma treatment with and without the mouse skin being
on top of the collector plate. The current waveforms are typical of plasma bullets produced
in capillary DBDs, i.e., representative of sharp positive and broad negative current pulses.
The amplitude of the positive current pulse was measured to be 3.8 mA without mouse
skin, while it was 2 mA with mouse skin. The positive current pulse with mouse skin
appeared a few microseconds earlier than without mouse skin. The negative current pulse
had an amplitude of —0.7 mA with and without mouse skin. These results indicate that the

plasma bullet currents can penetrate through mouse skin of <1 mm thickness.

Figure 6. Photograph and schematic of the experimental set-up to measure the current produced

He (2 L/min) l H

through mouse skin by the plasma bullets.

----- w/o0 —— with mouse skin

Contact

20 40 60 80 100
Time (us)
(a)

Figure 7. Current waveforms (averaged) recorded through the mouse skin during (a) contact plasma
treatment and (b) non-contact plasma treatment. The total net charges measured through the mouse
skin for contact and non-contact plasma treatments are shown in (c). All data are representative of
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For non-contact plasma treatment, the current peaks were significantly lower, as shown
in Figure 7b. The positive current peaks were 0.4 mA without mouse skin and 0.7 mA with
mouse skin. The negative current peaks could not be measured, presumably because these
values were below the detection limit (0.01 mA) of the current monitor. Overall, the results
show currents transmitted through mouse skin are significantly lower when the plasma
plume does not contact the mouse skin.

The total net charge (Qy) of the positive bullet current pulse I and the negative bullet
current pulse I through the mouse skin was calculated, according to equation below:

T
Qu = /0 |IE|dt, )

where Qj, is the net charge and T is the time for a period. For contact plasma treatments
the total net charge was calculated to be 8.53 £ 0.43 nC, which was significantly higher
compared to the 2.90 £ 0.13 nC measured during non-contact plasma treatment, as shown
in Figure 7c. Therefore, it is highly likely that the plasma bullet currents produced by the
He plasma jet in this study heat mouse skin by transferring electric current through the
skin in a process called joule heating.

Figure 8 shows the correlation between the net charge recorded through the mouse skin
and the change in skin temperature during the 15 min of plasma treatments and 3 min after
the treatments were completed. Once again, contact plasma treatment quickly increased
the temperature on the mouse skin but to a higher temperature of 80 °C compared to the
maximum temperature of 59 °C recorded during treatment of the live mice (Figure 8b). The
higher temperature in the mouse skin section is due to the lack of the thermoregulatory
system used to control temperature in mice. Mouse skin temperature remained constant
over the course of the plasma treatment and then quickly declined to baseline after the
treatment was completed. Non-contact plasma treatment still did not considerably heat the
mouse skin, with the maximum temperature reaching 40 °C (Figure 8b).
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Figure 8. Correlation between temporal changes in mouse skin temperature and net charge through
mouse skin during (a) contact and (b) non-contact plasma treatments. Plasma treatments were
performed for 15 min, with temperature recorded for up to 18 min (i.e., up to 3 min post-treatment).
All data are representative of averages of triplicate measurements.

The temporal changes in the net charge for both contact and non-contact plasma
treatments were plotted on the same graphs along with the temporal temperature changes
in Figure 8. For both contact and non-contact plasma treatments it is clearly seen that the
profile changes in the net charges recorded through the mouse skin directly correlate with
the temperature changes recorded on the mouse skin.

The results so far indicate that the plasma bullet current may cause significant heating
of the mouse skin. This heating is also non-uniform, with potentially damaging hotspots
seen in Figure 3c during contact plasma treatment. To interrogate the hotspots, we mapped
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the spatial distribution of the mouse skin temperature along the radial centre shown in
Figure 9a for contact plasma treatment and Figure 9b for non-contact plasma treatment
at different treatment times of 0, 5, 10, and 15 min. Contact plasma treatment produced
a hotspot across a narrow region that did not change as a function of treatment time.
Non-contact plasma treatment produced a significantly cooler and broader hotspot.
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Figure 9. Radial temperature distribution across mouse skin during (a) contact plasma treatment, and
(b) non-contact plasma treatment. In (c), the measured radial temperature distribution across mouse skin
for contact plasma treatment is compared to a COMSOL Multiphysics simulated temperature profile.

To theoretically validate the experimental results and confirm if the plasma bullet cur-
rents are indeed responsible for heating the mouse skin, we performed a simulation using
COMSOL Multiphysics of the contact plasma treatment to predict the radial temperature
distribution across the mouse skin. We used an input power of 0.16 W and a resistance of
mouse skin of 0.71 M(), which was estimated from the plasma bullet current measurements.
The input power was used as the heat source. The laminar flow interface [50,51], heat trans-
fer in fluids interface, and non-isothermal flow were used to solve the radial temperature
distribution. As seen in Figure 9¢, the simulation closely followed the experimental results.
Therefore, we can conclude that the heating of the mouse is indeed mainly caused by joule
heating from the plasma bullet current.

3.3. In Vivo Plasma Production of ROS

It was shown in this study that non-contact plasma treatment does not thermally
damage mouse skin. Therefore, this may be a safer option to treat mice compared to
contact plasma treatment. However, to understand if non-contact plasma treatment can
be useful for disease treatment, we also need to understand if the treatment can also
produce RONS in mice at similar levels to those that can be achieved via contact plasma
treatment. Therefore, we performed a final experiment to image the spatial distribution
of ROS inside live mice after contact and non-contact plasma treatments. The experiment
involved injecting mice with luminol, which reacts with ROS to form a bioluminescent
product that can be imaged. Figure 10a,b show the luminescence produced in the mice
by the contact and non-contact plasma treatments, respectively. Both treatments resulted
in a prominent increase in luminescence, which suggests that both treatments produce
ROS inside the live mice. The luminescence intensity counts were plotted in Figure 10c.
The graph clearly shows that non-contact plasma treatment produces a same level of ROS
in vivo as compared to contact plasma treatment.
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Figure 10. In vivo detection of ROS (luminescence resulting from reaction of luminol with ROS)
following (a) contact and (b) non-contact plasma treatments. The averaged luminescence intensity
counts (from n = 5 mice) are plotted in (c).

4. Conclusions

This study shows that a low-temperature atmospheric-pressure helium plasma jet
can damage mouse skin during treatment. This damage is in the form of a thermal
burn and is caused by joule heating from the plasma bullet current, which was shown
experimentally and confirmed with a COMSOL Multiphysics simulation. However, the
skin damage can be prevented by treating mice at a further distance so that the visible
plasma plume does not contact the skin. At the longer distance it is still possible to produce
reactive oxygen species in the mice with the same level of efficiency achieved by the closer-
distance treatment. Therefore, this study provides new insights into how low-temperature
atmospheric-pressure plasma jets damage skin and a solution to prevent this damage,
which is useful knowledge when developing plasma jets for medical applications.
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