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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 (APP]); 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 ps) 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 AV 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 (AV = 6 kV, f = 5 kHz), STD—standard (AV = 8 kV,
f = 5kHz) and HIGH (AV = 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 um 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.

CTRL

\g P

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 pL
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.

CTRL LOW

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.

S

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 um) 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 x 12.7 mm? and 12.7 x 5 mm?. To increase
the thermal emissivity up to € = 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 f; = 50 Hz and a field of
view of 15° x 11.25° with a 640 x 480 pixel2 sensor. The thermal power P, is estimated from the
average temperature increase AT, of the target at t = 0.5 s after the plasma ignition as P,y = CATpye /1,
where C is the target heat capacitance. Such a short measurement interval was chosen to limit both the
underestimation of P,,; due to the convective losses towards air and the error due to timing at 1/ fs f,
that is 4%.

Typical time traces of the target average temperature are shown in Figure 4.
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Figure 4. Time evolution of the average temperature of a stainless steel target (12.7 x 12.7 x 0.08 mm?)
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 P, is estimated.

3.2. Results

As a first step, the expected dependence of P,; 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 Ary 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 P, 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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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 P,;; 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.
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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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