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Abstract

This work focuses on the antimycotic effects of the plasma gun as a potential

tool for the treatment of superficial infections. Candida glabrata was chosen as

a model microorganism. The preliminary tests have been done on the agar

plates to establish the basic plasma parameters. To render this research more

appropriate to the real appli-

cation, more complex inocula-

tion substrates, pork skin and

3D‐printed models of the dog

ear canal have been used. The

results of this work confirm

the high efficiency of cold

plasma in the inhibition of

yeasts on different surfaces

and will lead to further

experiments.
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1 | INTRODUCTION

Cold atmospheric‐pressure plasma (CAP) technology
has become a very discussed topic in the past three
decades, thanks to its wide range of applications in
various fields of industry and biomedicine. With the

ever‐increasing resistance of microbes against anti-
microbials,[1] there arises an urge to find alternative
treatments for many diseases not only in the human
world but also in the animal and plant kingdoms. This
study focuses on the animal kingdom and veterinary
application of CAP. One of the diseases that deserves

Abbreviations: C. glabrata, Candida glabrata; CAP, cold atmospheric‐pressure plasma; RNS, reactive nitrogen species; RONS, reactive oxygen and 
nitrogen species; ROS, reactive oxygen species.
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special attention is otitis externa (inflammation of the
ear canal) in dogs.

1.1 | Otitis externa

Otitis external, or so‐called swimmer's ear, is a condition
that causes inflammation of the external ear canal, which
is the tube between the outer ear and the eardrum.[2] In
dogs, the prevalence of this disease is in the range of 5%
−20%, depending on the dog's race and predispositions as
well as on the external climate conditions.[3] When
selecting therapy, it is important to bear in mind that this
is a multifactorial disease and therefore, the medication
is never one‐sided. Solutions combining active sub-
stances with both antibacterial and antifungal activity
while adding corticosteroids and other nonsteroid anti‐
inflammatory substances are recommended to relieve
swelling, itching and redness. Other substances, includ-
ing surfactants, cerumenolytic agents and astringents,
are also involved in rendering the treatment successful.[4]

These medications are usually prescribed in a typical
form, such as ear drops, solutions, or emulsions.[5,6]

Selection of antibiotics for the treatment can be
problematic due to the resistance of the microbes to
many classes of antimicrobials, and the treatment is
further complicated by the increasing number of
multidrug‐resistant strains. If the inflammation stays
untreated or with improper treatment, otitis externa can
progress to a chronic stage, which can lead to eardrum
rupture, otitis media and, in extreme cases, deafness.[7,8]

Improper use of antibiotics can also lead to the
development of microbial resistance to the antimicrobials
used.[5,9]

Otitis externa is usually caused by either bacteria
(Staphylococcus pseudintermedius, Pseudomonas aerugi-
nosa) or yeasts (Malassezia pachydermatis and Candida
species).[10] As a model microorganism, the yeast
Candida glabrata was chosen due to its more complex
cellular structure compared to the bacterial cells.

1.1.1 | CAP

CAP operates at room temperature and atmospheric
pressure, making it a unique and highly versatile
technology. Unlike traditional plasmas that require high
temperatures or low pressures, CAP offers several
advantages for various applications, ranging from surface
treatment and decontamination to medicine and agricul-
ture. CAP produces a wide range of reactive particles,
including electrically charged particles, such as ions and
electrons, as well as excited neutral species.[11] These

species have energy high enough to react with other
species or objects, while heavier particles of neutral gases
have lower kinetic energy, providing lower thermal
heating. The CAP also induces an electromagnetic field
and a production of photons, some of which are in the
UV and even VUV regions. This unique combination of
properties allows CAP to interact with a wide range of
materials, surfaces, and biological systems while mini-
mising thermal damage.[12,13]

CAP can be generated using different plasma systems
from which one group is composed of various
atmospheric‐pressure plasma jets. The plasma jets
generate nonthermal plasmas that can operate at
atmospheric pressure, making them highly suitable for
numerous industrial and scientific applications. By
utilising a range of feed gases and applying high‐
voltage electrical discharges, atmospheric‐pressure
plasma jets produce a flux of highly reactive charged
particles, radicals, and photons, as well as induce the
electromagnetic field.[14,15]

Plasma jets produce discharges that can propagate
outside the plasma reactor, thus allowing the treatment
of virtually any surface independently of the target
nature, size, or morphology. Thus, the use of plasma jets
can be accommodated to a specific target or
application.[16]

For a specific application—the treatment of an
irregular cavity such as the dog's external ear canal—
the plasma gun with its capillary design[17] was selected
for this study.

2 | MATERIALS AND METHODS

2.1 | Plasma gun

The plasma gun developed at GREMI is based on a dielectric
barrier discharge across a glass capillary (Øouter = 6mm and
Øinner = 4mm) equipped with an inner hollow high‐voltage
electrode and an external grounded ring electrode.[17] This
set‐up will be referred to as the big capillary (BC). In this
work, high purity (99.999%) helium (2.2 L/min) and helium
with oxygen admixtures (0.5% and 0.7% corresponding to 10
and 15mL/min as mentioned in Table 1) were used as a feed
gas with the flow rate set and controlled with the Red‐y
Vögtlin instruments flowmeters. The DBD discharge was
powered with a Gaussian‐shaped high‐voltage pulse having a
full width at half maximum of 2 µs, the peak voltage
amplitude was 4 kV, and the pulse repetition rate was 8 kHz.
An 8 cm long silicone capillary (Øouter = 2mm and Øinner =
1mm) was plugged through a dielectric connector at the
outlet of the baseline glass capillary. To allow the CAP
operation at low voltages, high voltage was delivered via a



thin (300 µm in diameter) wire electrode that ended 1 cm
before the outlet of the small diameter capillary. This plasma
set‐up will be later referred to as the small capillary (SC).
Plasma treatment was also performed with the original
design of the plasma gun (the BC). In this latter configura-
tion, the thin wire was not used, and the inner powered
electrode tip was also set 1 cm before the outlet of the glass
capillary. The plasma set‐up can be seen in Figure 1.

The microsecond pulse waveform allows controlled
plasma propagation in high aspect ratio capillaries, likely
to be used for endoscopic plasma treatment.[18]

2.2 | Optical emission
spectrometry (OES)

The light emitted by the plasma plume was collected
through a quartz optical fibre (Figure 2) and analysed by
means of a spectrometer (Oceanoptics Maya Pro 2000).
The spectra were averaged over 12 acquisitions of 500ms
of exposure each.

2.3 | Microbiology

For the testing of the antimicrobial activity, the yeast
strain C. glabrata CCM 8270 supplied by the Czech
Collection of Microorganisms in Brno[9] was used. The
yeast inoculum was prepared to the YPD (Yeast extract—
Peptone—Dextrose/Glucose) liquid medium and culti-
vated in the thermoregulated shaker at the temperature
of 37°C for 24 h. The cultivation temperature was chosen
as the standardly used temperature for the cultivation of
mesophilic microorganisms. It is the temperature that
corresponds to a normal human body temperature,

TABLE 1 Experimental set‐up parameters.

Voltage amplitude (kV) 4

Average power delivered to the target (W) <1

Operating frequency (kHz) 8

Distance of the capillary ending from the
treated surface (mm)

1 6 10

Treatment time (min) 0.5‒15

Carrier gas (helium) (L/min) 2.2

Oxygen admixture (mL/min) 0 10 15

Plasma capillary size (mm) Big capillary: Øo = 6; Øi = 4 Small capillary: Øo = 2; Øi = 1

FIGURE 1 Scheme of the plasma gun and the treatment
set‐up; 1—gas bottles, 2—gas flowmeter, 3—high‐voltage power
supply, 4—dielectric reactor case, 5—gas flow, 6—high‐voltage
electrode, 7—ground electrode, 8—glass capillary (later referred as
big capillary [BC]), 9—flexible HV electrode extension, 10—
extended thinner silicone capillary (later referred as small capillary
[SC]), 11—plasma plume, and 12—inoculated Petri dish.

FIGURE 2 Optical emission spectrometry set‐up for the
recording of emission spectra from the plasma plume.



where C. glabrata can grow and cause candidiasis. In the
dog ear canal, where the otitis externa develops, the
temperature varies from 37°C to 40°C in resting
conditions.[19] To make the results comparable with
results achieved for different microbial cultures in
different experiments the temperature 37°C was chosen.

For all experiments (agar‐plate based, pork skin and dog
ears models), three biological replicates with two technical
replicates for each biological replicate were performed.

The experiments were performed in a way to avoid
the temperature rise of the treated surface and not to
exceed the temperature tolerance of the human
skin.[20–22] Temperature measurements of the target
surface were done by means of an infrared camera (FLIR
E5). The data confirmed that the surface temperature did
not exceed 40°C during the operation of the plasma
reactor on any of the tested inoculation materials (agar
plates, pork skin, and dog ear models).

2.3.1 | Sample preparation, plasma
treatment and evaluation methods

Agar plate‐based experiments
Sterile YPD medium was poured evenly into plastic Petri
dishes with a diameter of 90mm so that the agar layer
was about 2 mm thick. The 24‐h inoculum of C. glabrata
was diluted to an approximate concentration of 106
CFU/mL and inoculated on the agar plates to form a
confluent layer on the agar surface.

C. glabrata cultures were exposed to the plasma
immediately after the inoculation. Each Petri dish was
treated individually, with the plasma plume oriented
perpendicularly to the sample and approx. to the centre of
the Petri dish. Two different capillary sizes were tested at the
constant gas flow. The diameters of the capillaries were
following (a) the original plasma gun set‐up referred as the
BC with the inner diameter (Øi) equal to 4mm and the outer
diameter (Øo) of 6mm; (b) the thin capillary more
convenient for the chosen veterinary application referred
as the SC with the inner diameter (Øi) of 1mm and the outer
diameter (Øo) of 2mm.

Different settings of the plasma set‐up were tested (see
Table 1). A lid from a Petri dish with a hole inside (the size
of the corresponding capillary) was used to cover a series of
the treated samples. Inoculated, nontreated Petri dishes were
left as control samples for each experiment.

The treated samples were subsequently cultivated in
an incubator (37°C). The temperature of 37°C was
selected as an optimal growth temperature standardly
used for the cultivation of mesophilic microorganisms.
All Petri dishes were photographed 24, 48 and 72 h after

the plasma treatment. The inhibited surface area was
quantitatively assessed in collaboration with HexTech
Research s.r.o. using the Aurora software.[23] The Aurora
programme employs advanced artificial intelligence
techniques, specifically machine learning algorithms, to
categorise pixels based on their spectral intensities.
Consequently, it can differentiate between the agar,
ambient environment and the microbial culture, as
depicted in Figure 3. The software outputs the proportion
of the area occupied by the microbial culture. To
determine inhibition efficiency, the area percentage of
the yeast in the treated sample is subtracted from that of
the control samples. Then, it is possible to estimate the
inhibition efficiency as the decontamination capacity of
the CAP per the treated area (64 cm2). Results were also
statistically evaluated using the software Statistica.
Standard statistical tools were used to evaluate the
significance of achieved results. According to the data
characteristics, appropriate tests were chosen to calculate
the value of significance (p‐value) with a significance
level α= 0.5.

Pork skin
A flat piece of fresh pork skin was bought in a
conventional grocery store, and the remaining meat
was removed, but the fat layer was preserved. The
pork skin was cut into small pieces (3 × 4 cm2) and
washed in soapy water to remove any remaining blood

FIGURE 3 Demonstration of the evaluation method using the
software Aurora; control sample (top), treated sample (bottom).



and dirt from the surface. After washing, the skin
pieces were dried using a special filtration paper and
put into an ethanol (70%) shaking bath for
15 min. Afterwards, the pieces were dried again and
laid into the Petri dishes so that each piece was
separated from the others. Then, these samples were
put under the UV lamp of the biosafety cabinet
(ThermoScientific MSC‐Advantage, class II, UVC
254 nm) and irradiated for 10 min from both sides.
After this procedure, the skin pieces were ready to be
used as an inoculation substrate.

After the decontamination procedure, each pork skin
was inoculated with 10, 20 or 50 μL of the fresh undiluted
24‐h inoculum of C. glabrata (its preparation is
mentioned above). Each droplet of microbial culture
was put on the top skin layer (stratum corneum) and
spread with a cell spreader over the whole surface area of
the skin piece. Immediately after the inoculation, the
skin pieces were exposed to the plasma.

Each piece was treated individually, with the plasma
plume oriented perpendicularly to the sample surface,
approximately to the centre of the skin piece. Two
different capillary sizes (BC and SC) were tested at the
constant gas flow (QHe = 2.2 l/min; QO2 = 15mL/min),
high voltage (U= 4 kV) and operating frequency (υ= 8
kHz). Experiments in pure helium as the plasma gas
were performed in the same manner. Chosen treatment
times were 3, 5 and 15min for conditions with and
without the lid from the Petri dish. The distance from the
capillary ending to the surface of the pork skin was
approximately 6‒10mm so that the tip of the plasma
plume would directly touch the treated surface. All
measurements were replicated twice, and control sam-
ples without the plasma treatment, as well as controls for
pork skin sterility, were evaluated.

The treated samples were subsequently cultivated
in the thermostat (37°C) for 24 h. After the 24 h
incubation, the pork skin pieces were washed with
sterile water (3 mL each piece). Then, this water was
used for the inoculation and evaluation via the
standard plate count method. Dilution rows (four
10‐fold dilutions) were prepared, and 10 μL droplets
were inoculated onto the semi‐solid agar plates (their
preparation mentioned above).[24] Each dilution was
inoculated four times (replicates of four droplets in a
row). All the agar plates were cultivated in the
thermostat (37°C) and photographed after 24, 48 and
72 h. The colonies in each droplet were counted and
turned into CFU/mL. The measurements of optical
density in the 96‐microwell plates were also per-
formed. Undiluted wash water (150 μL) was pipetted
into 96‐microwell plates, and sterile YPD medium

(100 μL) was added into each well. The 96‐microwell
plates were measured immediately and then 24, 48 h
and 5 days after the treatment, meanwhile stored in
the thermostat (37°C).

3D‐printed models of dog ears
A model of a dog head was downloaded from a freely
accessible online database of 3D models.[25] The model was
acquired using computed tomography (CT) and considers
the internal structure of the dog's auditory system, including
the external overhanging auricles. The model was further
modified in the PrusaSlicer software so that the pinnae were
removed from the model to allow access into the inner ear
system. PrusaSlicer is based on an open‐source platform
called Slic3r, licensed under the GNU Affero General Public
License. Then, this adapted model of the dog head with two
ear canals (one from each side) was prepared for printing on
the Original Prusa i3 MK3S+ 3D printer (by Prusa Research
a.s. in Prague, Czech Republic) and using the Fused
Deposition Modelling (FDM) printing method. For all the
printings, the nozzle with a diameter of 0.4mm was used,
and the layer height was 0.2mm. Polylactide (PLA) was
selected as a printing material due to its nontoxic nature and
easy printing conditions. Three sizes of dog heads were
chosen (large, medium and small) to represent the various
sizes of the dogs (see Figure 4). The 3D‐printed models were
decontaminated using ethanol (70%) wash and UV radiation
inside the laminar flow hood for 60min (preset by the flow
hood settings). After this decontamination procedure, the
models were ready for inoculation.

The 24‐h inoculum of C. glabrata (preparation
mentioned above) was diluted to approx. concentra-
tion of 105 CFU/mL into the liquid YPD medium.
Different sizes of the 3D‐printed models were inocu-
lated with different volumes of the microbial culture
(see Table 2). After the inoculation, a 15‐min break
was established for the cells to adhere to the surface.
Subsequently, each dog ear canal was treated for
15 min by the plasma gun: (a) either on the surface
only (scanning the surface using a hand motion and
holding for ~2 min at each chosen 5 mm2 spot), (b)
inside the cavity, only (scanning the different parts of
the cavity and holding for ~2 min at each chosen
spot), or (c) total treatment of the surface and the
cavity (continuous scanning of the whole ear and the
cavity holding at each chosen spot for approx. 1 min).
Only the SC was used for these experiments with the
constant gas flow (QHe = 2.2 l/min; QO2 = 15 mL/min),
at fixed voltage, and operating frequency (U = 4 kV,
υ = 8 kHz). Experiments with only helium as the
plasma gas were performed with the other parameters
unchanged. For each dog head, one ear canal was



used for the treatment, and the other was left as a
control sample. Three samples were treated for each
dog head size. Controls of the sterility of the 3D
models before inoculation were performed as well.

After the treatment, the ear canal was washed
with sterile water (different volumes for different ear
sizes—see Table 2). Then, the content of the ear canal
(wash water and the treated microbial culture) was
poured into a sterile Petri dish and used for three
different evaluation techniques. First, the inoculation
was done using the dilution row (four 10‐fold
dilutions), where 10 μL droplets were inoculated onto
the solid agar plates (preparation mentioned above).
Second, the undiluted content (150 μL) was pipetted
into 96‐microwell plates, and sterile liquid YPD
medium (100 μL) was added to each well. The 96‐
microwell plates were measured immediately after the
treatment, as well as 24 and 48 h after the treatment,
meanwhile stored in the thermostat (37°C). Lastly, the
remaining sample was poured onto the solid agar
plates and left to settle for 10 min in a flow hood at
room temperature. Then, the remaining water was
pipetted out from the Petri dishes. All agar plates were
cultivated in the thermostat (37°C) and photographed
after 24, 48 and 72 h. The “inundated” Petri dishes
were evaluated in cooperation with the HexTech
Research s.r.o. using the software Aurora.[23] In the

case of the dilution rows, the number of colonies was
counted.

2.3.2 | Preparation and treatment of agar‐
based biopolymer with potassium iodide (KI)

The KI‐enriched biopolymers were prepared to prove the
presence of ROS and to monitor their distribution. The
mixture was prepared using 2.2 g of agar, 100mL of distilled
water, 0.5 g of KI and 0.4 g of corn starch and heated with
constant stirring until the boiling point temperature. When
the boiling temperature was reached, the hot mixture was
poured into Petri dishes with a diameter of 90mm (10mL
into each dish). After the solidification of the mixture by its
cooling, the KI‐enriched biopolymers were ready for the
plasma treatment.

Most of the plasma set‐up conditions used for the proof
reactions were the same as in the experiments with the pork
skin: two capillary sizes, changing the amount of oxygen in
the gas flow (0%, 0.50.5% and 0.7%). Treatment times were 5
and 15min with and without the lid. All the KI‐enriched
biopolymers were photographed directly after the treatment.

2.3.3 | Testing of the C. glabrata antimycotic
resistance

The 24‐h inoculum of C. glabrata was diluted (approx.
concentration of 106 CFU/mL), inoculated on the solid agar
plates and spread evenly on the surface to form a
homogenous layer. Antimycotic discs (ITEST plus s.r.o.)
containing the antimycotics in selected concentrations were
placed on the agar plates in a star‐like manner (shown later
in the text in Figure 11). Then, these plates were stored in
the thermostat (37°C) and evaluated after 24 h. Evaluation

FIGURE 4 3D‐printed models of the dog ear in various sizes.

TABLE 2 Dog ear canal treatment set‐up.

Dog ear
model

Inoculation
volume (mL)

Wash water
volume (mL)

Small 0.2 1

Medium 1 5

Large 2 5



was done by measuring the sizes of the inhibition zones and
comparing them with the values in the tables for
antimicrobial resistance provided by the disc supplier.

3 | RESULTS

3.1 | OES

Figure 5 reports the spectra obtained for the cases on
the dog model for different concentrations of oxygen
in the working gas. The case with only He in the feed
gas represents the spectra characteristic of a cold
plasma jet dominated by the nitrogen second positive
system emission (300–450 nm), and He lines (i.e., 587
and 706.5 nm). With increasing oxygen concentration
in the feed gas, there is a decrease of the emission
associated with nitrogen second positive system and
an increase of emission associated with atomic oxygen
at 77 nm. A higher concentration of atomic oxygen is
associated with a higher concentration of ROS and
may lead, as observed, to higher inactivation poten-
tial. The same trends were observed for the agar and
pork skin substrates (not shown).

3.2 | Optimisation of the plasma
treatment

The optimisation of the plasma treatment was based on
the previous experiments with bacteria Escherichia
coli and Staphylococcus aureus,[26,27] where, different
voltages, treatment times, gas compositions and the
treatment distance were chosen for sufficient bacterial
inhibition. Based on this work, similar plasma set‐ups
were tested and modified for successful yeast inhibition.
These experiments were done on the Petri dishes and a
detailed description of the experimental set‐up was
mentioned above.

3.2.1 | Agar plate‐based experiments

All the measurements were done for the small and the
BC, respectively.

Input voltage, treatment time and treatment distance
For the small and the BC, it was proven that higher
inhibition efficiency can be achieved with higher input
voltage and longer treatment time, as expected according

FIGURE 5 Emission spectra from the plasma plume in contact with one of the dog models for different concentrations of oxygen in the
feed gas.



to the previous experiments.[16,26,28] Compared to the
bacterial experiments, the treatment time had to be
extended from 30‒60 s (bacteria) to 10‒15min (yeast) to
achieve similar inhibition efficiency. As can be seen in
Figure 6, the inhibitory effects of the open‐air treatment
are negligible with the short treatment times and start to
be remarkable after the 5‐min treatment. From that
treatment time, the inhibition efficiency slightly
increases with further treatment duration. In the plasma
jets, most active particles are located at the boundary of
the plasma plume with the ambient air, where efficient
energy transfers from the helium or helium‐based
plasma occur with air constituting molecules (oxygen,
nitrogen and water vapour). Such energy transfers lead to
so‐called RONS generation, mostly at the interface
between the plasma plume and ambient air. The RONS
concentration exhibits a strong gradient from this
interface to the outermost distances from the plasma
plume. Nevertheless, longer treatment time will gradu-
ally result in the accumulation and diffusion of long‐lived
RONS at larger distances from the plasma plume contact
zone on the sample. It is expected that if RONS
concentration gradually overpasses the threshold for
microbial inactivation, the longer treatment time will
result in the extension of the inhibition area.[29] Much
larger inhibition efficiency could be achieved if the
plasma plume was scanning the treated surface.

Three different distances of the capillary ending from
the agar surface (1, 6 and 10mm) were chosen to
optimise the treatment distance. The top of the plasma
plume was touching the treated surface (1 mm), and the
middle part of the plasma plume was in contact with the
treated surface (6mm), as shown in Figure 1. The case
where only the tip of the plasma plume was directly

touching the agar surface (10mm) came out to be the
most efficient (see Figure 6). Similar trends were
observed in other plasma sources as well.[30] However,
if we increased the distance even more and there would
be no contact between plasma and the treated surface,
the efficiency of the treatment would decrease rapidly as
the short‐lived species would react or recombine before
getting to the target. In our experimental conditions, the
highest inhibition efficiency is achieved for the gap
distance large enough to favour RONS generation at the
boundary of the plasma plume with ambient air while
keeping the plasma plume in contact with the treated
sample. This tends to indicate that the combined action
of long and short‐living RONS is the more efficient
protocol for yeast decontamination. Although from the
statistical point of view, the treatment distance does not
appear significant (p= 0.048), it is important to strive for
better efficiency when possible. That is why from this
optimisation step, the following treatments were adjusted
in a way that the tip of the plasma plume touched the
surface.

Concept of covering the treated surface
An endoscopic treatment in the closed space was tested
to mimic the treatment inside the dog's ear canal. In
experiments held on the Petri dishes, the closed space
was simulated using the lid from the Petri dish with a
small hole in the size of the capillary (i.e., a different lid
was used for the small and the big capillaries). The usage
of the lid to cover the treated surface resulted in a
tremendous enhancement of the inhibition efficiency
(see Figure 7). The significant difference between the
results with and without the lid is also supported from
the statistical standpoint (p= 0.028). In the open‐air
treatment, the inhibition efficiency after the 15‐min
treatment was up to 20%, whereas with the usage of the
lid, it was possible to decontaminate almost 80% of the
treated area. The inhibitory effects were not only visible
in the form of a compact circular zone without any
microbial growth but a decreased microbial growth was
also observed spreading outwards through the whole
treated surface. By covering the treated surface with the
lid, we drastically reduce the dissipation of the RONS
into the open air. When the RONS are entrapped under
the lid, the long‐lived species can be accumulated and
distributed over the covered area, which provides better
inhibition efficiency. It was proved that the prevalent
long‐lived species formed in the plasma gun are ozone
molecules, which are well known for their antibacterial
properties.[31] So, the reason behind the enhanced
decontamination lies in the accumulation of RONS
(probably mainly ozone) under the lid, where they react
with the treated surface. This concept of covering the

FIGURE 6 Dependence of the inhibition efficiency on the
treatment time for two distances between the end of the capillary
and the treated surface, big capillary (Øi = 4mm); input voltage of
4 kV. Note: results for the distance 1mm are not reported because
the inhibition efficiency was negligible.



treated surface can help to decontaminate larger surface
area using small plasma jets when reactive gas (e.g., O2,
N2) is added to the system, and the formation of RONS is
not dependent on the mixing of plasma with ambient
air. This concept may also be very beneficial for
decontamination in closed areas.

3.2.1.1 | Comparison of the small and the big
capillaries
The SC was specifically designed for these experiments
with the intention of treating the dog's ear canal. Thus, a
comparison of the BC (original design) and the SC had to
take place. In Figure 8, the inhibition efficiency obtained
using the small and the BC is very similar (p= 0.97) for
the open‐air treatment as well as for the treatment with
the lid. This fact may be beneficial for any future
adjustments of the capillary size, where an assumption of
similar efficiencies can be expected. When using only
helium as the plasma gas, the inhibition efficiency does
not increase with the usage of the lid. This result can lead
to an assumption that it is mostly the short‐lived species
(created mainly due to metastable helium) that are
responsible for the decontamination. However, with the
addition of oxygen into the system, the inhibition
efficiency is highly dependent on the treatment condi-
tions (open‐air or closed area). Then, the increased
inhibition efficiency with the usage of the lid can be
attributed to long‐lived species such as ozone, as
mentioned above.

Plasma gas composition
The assumption about the strong inhibitory effects of the
RONS was also supported by the experiments where
different amounts of oxygen were added to the system.
With an increased amount of oxygen and the usage of the

lid, higher inhibition efficiency was achieved (see
Figure 9). The addition of reactive gas, such as oxygen
or nitrogen, into the plasma gas mixture results in the
formation of more active species due to the reactions
taking place inside the reactor among the plasma gases
themselves. Due to the energy transfers from helium
excited levels or helium ions and/or direct electron
impact, mainly dissociation of oxygen and excitation of
nitrogen molecules occur in the capillaries and not only
in the plasma plume region. Whereas in the case of using
only helium, the formation of active species is highly
dependent on the surrounding air that supplies oxygen
and nitrogen for the formation of active species.

The time stability of the inhibited area was also
examined. In all the experiments, the inhibitory effects
seemed to be unchanged during the observation period

FIGURE 7 Dependence of the inhibition efficiency on the
treatment time for two distances in the open‐air treatment and the
treatment with the lid, big capillary (Øi = 4mm); input voltage
of 4 kV.

FIGURE 8 Comparison of the inhibition efficiency for the big
capillary (BC, Øi = 4mm) and the small capillary (SC, Øi = 1mm)
with and without oxygen admixture; input voltage of 4 kV.

FIGURE 9 Inhibition efficiency obtained with the small
capillary (SC, Øi = 1mm) by the 15‐min treatment under different
conditions; input voltage of 4 kV.



(1 week after the plasma treatment). No new colony
formation was observed in the inhibited areas. A small
change in the inhibition efficiency depicted in Figure 9 is
caused by the growth of the cells that survived the
treatment, but generally, this change was no more
than 5%.

3.2.2 | RONS delivery assessment

In the KI‐enriched biopolymers, iodide is oxidised to
iodine by the RONS from plasma. Subsequently, the
formed iodine reacts with the starch to form a complex
exhibiting a dark blue colour in the visible range of the
spectrum, thus turning the biopolymer colour from
transparent to dark blue in places where the reaction
occurred. As reported by Kawasaki et al.,[32] this
reaction can be used as a nonselective proof of RONS
in the system. Altogether, the effects of hydroxyl radical
(OH), atomic oxygen (O), ozone (O3), hydrogen perox-
ide (H2O2), hydroperoxyl radical (HOO) and nitrite
(NO2

−) can be confirmed by this agent. We were also
able to approximately trace the RONS (mainly ROS in
this plasma system) distribution on the treated surface
for different treatment conditions and correlate them
with the results obtained in the microbiological essays.
It was confirmed that using only helium as the plasma
gas results in the formation of a small central blue spot
indicating oxidised iodine. With a small addition of
oxygen into the plasma gas, the formation of RONS
increases, thus leading to the enhanced inhibitory
effects and formation of a bigger blue spot on the KI‐
enriched biopolymers. Using the lid, the whole surface
of the Petri dish turns blue, mirroring the results
described above (see Figure 10). It was proved that with
the use of a lid, the distribution of RONS spreads over
the whole area of the Petri dish compared to the
treatment without the lid (the open‐air treatment),
where the inhibitory effects were concentrated in one
spot. This also confirms the estimation that long‐lived
species are the main factor responsible for the large
surface plasma decontamination due to their longevity,
which allows them to accumulate, distribute over the
surface and react with the target. With longer treatment
time, bigger blue zones were formed. The amount of
oxygen added to the system also influences the
inhibition efficiency (as discussed above). In this proof
reaction, it was observed that a darker blue colour
formed after the treatment with more oxygen‐rich
plasma, which again contributes to the conclusion that
the RONS (mainly ROS in this case) formation is the
main factor responsible for microbial inactivation.

3.2.3 | Resistance of C. glabrata to
antimycotics

The antimicrobial resistance of C. glabrata was evaluated
after 24 h cultivation. The inhibition zones (see
Figure 11) formed around the antimicrobial discs
containing selected antimycotics (see Table 3) were
measured. According to the evaluation sheet provided
by the manufacturer, the sizes of the inhibition zones
were determined to be too small for the antimycotic to be
considered effective. The results prove the innate
resistance of C. glabrata against the most commonly
used azole antimycotics. Neither the antimycotics from
other groups (amphotericin B, nystatin) exhibit the
desired antimicrobial efficiency. We can conclude that
C. glabrata falls into the category of intermediary or
resistant to all tested antimycotics.

3.2.4 | Pork skin experiments

In these experiments, the pork skin was used as an
inoculation substrate, and all the trends observed in
experiments with the Petri dishes were proved, too. With
longer treatment time and with the use of the lid, the
inhibition efficiency was enhanced (Figure 12). Similar
efficiency was achieved for the small and the big
capillaries (p= 0.82). After the 15‐min treatment with
the lid, a total surface decontamination (5 log reduction)
was achieved for both capillary sizes. In the open‐air
treatment, the microbial reduction was approximately 2‒
3 logs, only.

Impact of the inoculation volume and the cell
concentration
Two different inoculation volumes (10 and 20 μL) were
studied to determine whether it has an impact on the
antimicrobial effects of the CAP (Figure 13).

For the volume of 10 μL, the total decontamination of the
treated surface was achieved after the 10‐min treatment.
When the surface was infected by the volume of 20 μL, the
total decontamination was not achieved even after the
15‐min treatment, but a significant microbial reduction was
observed (4 logs). It may seem that with greater volume,
lower inhibitory effects are achieved, but it is important to
acknowledge that the number of cells inhibited by the
plasma treatment was similar for both studied volumes. In
both cases, the number of cells inhibited after the 10‐min
treatment with the lid was ~105 CFU/mL. Thus, we may
assume that the initial cell concentration does not highly
influence the inhibition efficiency, as proved in a previous
experiment.[29]



Time stability of microbial inhibition
The time stability of the microbial inhibition was studied
using the measurement of the optical density, which can
be referred to as the cell concentration. In Figure 14, in

the nontreated control samples, the optical density
increased due to the vital cell reproduction. In the case
of the samples treated for 5 min in the open air, the
number of cells that survived the treatment was still very
high; thus, we can observe a large increase in optical
density and can consider this treatment inefficient. With
the use of the lid in the 5‐min treatment, the number of
surviving cells was much smaller, which is why the

FIGURE 10 Correlation of the KI proof reactions (bottom) with the microbial assays achieved for Candida glabrata (up) with the small
capillary (Øi = 1mm, 15min, 4 kV), where the same treatment conditions were used for the corresponding photos in upper and bottom
rows; (a) He only; (b) 0.5% O2; and (c) 0.5% O2 with the lid.

FIGURE 11 Resistance of Candida glabrata to selected
antimycotics (acronyms are explained in Table 3).

TABLE 3 Summary of results for antimycotic resistance.

Antifungal agents
Drug concentration
in the disc (μg) Susceptibility

Amphotericin B (AMB) 50 I

Itraconazole (ITR) 30 R

Nystatin (NYS) 50 I

Voriconazole (VOR) 1 R

Miconazole (MIK) 30 R

Clotrimazole (CLO) 30 R

Abbreviations: I, intermediary; R, resistant.



optical density increased but not to the extent of the
control sample. On the other hand, the optical density of
the samples treated for 15 min stayed very low, which
means that the number of the cells was not increasing
exponentially as it would happen in healthy cells (see the
control sample). Higher efficiency is again observed
for the treatment with the lid. The slight increase in
the optical density may be caused by the reproduction of
the cells that survived the treatment. Thus, we can
assume that the plasma inhibition is stable in time, and
the inhibited cells are not able to repair and reproduce.
Results shown in Figure 14 were evaluated for the
volume of 50 μL where the total decontamination was
not achieved, which was the reason for an increase in
optical density even after the 15‐min treatment.

The longest‐time stability was studied 5 days after
the treatment. For the inoculation volume of 10 μL, the
optical density of the samples treated for 15 min with
the lid stayed unchanged (at zero) even after 5 days after
the treatment (see Figure 15). This result confirms the
assumption that the cells that were successfully
inhibited by the plasma were not able to regain their
vitality and reproduce. This result does not confirm that
the cells are dead, but it was observed that they are
nonculturable and not able to reproduce.

3.3 | Experiments with 3D‐printed
models

In the experiments with the 3D‐printed models of the
dog ears, various types of treatments were studied.
First, the surface treatment, where only the visible
surface of the model was treated; second, the cavity

FIGURE 12 Microbial reduction achieved for the big capillary
(BC, Øi = 4mm) and the small capillary (SC, Øi = 1mm) for
different treatment times with the gas mixture (He + 0.7% O2),
where the inoculation volume for all samples was 10 µL.

FIGURE 13 Microbial reduction achieved by the small
capillary (Øi = 1mm) for two different inoculation volumes and
different treatment times with the gas mixture (He + 0.7% O2).

FIGURE 14 Time stability of the microbial inhibition shown
for the big capillary (Øi = 4mm) in different treatment times in the
gas mixture (He + 0.7% O2); inoculation volume of 50 μL.

FIGURE 15 Optical density of treated samples 5 days after the
plasma treatment, shown for the big (BC) (Øi = 4mm) and small
(Øi = 1mm) capillaries (SC) in different treatment times in the gas
mixture (He + 0.7% O2); inoculation volume of 10 μL.



treatment, where only the inside (the ear canal) was
treated; and lastly, the total treatment, which com-
bined the surface and the cavity treatment. The
highest inhibition efficiency was achieved for the
surface treatment, while the total treatment and
the cavity treatment demonstrated lower outcomes.
Almost no efficiency was observed for the treatment
with only helium as the plasma gas. It can be seen in
Figure 16 that the inhibition efficiency of the total
treatment (the surface and the cavity together) was
around 30%‒40%, which was in between the surface
and the cavity treatment. From the statistical stand-
point, this represents the significance value (p = 0.28)
in comparison to the control samples, which is
considered insignificant. However, when taking into
consideration that the treatment was done on the
dielectric surface (polylactic acid polymer), where
substantially fewer RONS are generated (compared to
the real‐life conditions), the results can be considered
successful. The difference in efficiency between the
surface and the cavity treatment can be caused by
the fact that most of the cells inside the cavity were
immersed in the inoculation medium, whereas on
the surface, they were only attached to the plastic
polymer. Several explanations are possible, of
which, one is that, ozone as the main factor
responsible for the inhibition in the gas phase (as
shown above) was not able to penetrate into the liquid
due to its high hydrophobicity.[33] Another reason
can be that the reactive species may have been
quenched in reactions with organic molecules
from the medium in which the cells were immersed
inside of the cavity. Despite the longevity of ozone in
liquids, most molecules did not even reach the
microbial cells, thus lessening the treatment effi-
ciency. When the cells were only attached to the
plastic surface, they were more susceptible to the
plasma treatment because there was nothing that
would prohibit the active species from reacting with
the microbial cells.

The time stability of the microbial inhibition was
also studied and the same effects as for the pork skin
were observed. The results shown in Figure 17 are
represented as an average for the different sizes of the
3D‐printed models, where different initial cell con-
centrations were used. The optical density of the
control samples highly increased 72 h after the plasma
treatment, where the large standard deviations are
caused by the usage of different inoculation volumes
for different model ear sizes. The optical density of
the samples treated for 15 min remained stable 72 h
after the treatment, independent of the initial cell
concentration. Thus, we may summarise that the

15‐min plasma treatment is efficient and stable in
time for a wider range of initial cell concentrations.

4 | COMPARISON OF PLASMA
GUN TO OTHER PLASMA
SOURCES

To look at the results from a different perspective, it is
beneficial to compare them with the results achieved
previously for other plasma devices. In the recently

FIGURE 16 Inhibition efficiency of the different treatment
types applied on the 3D‐printed dog ear models (small capillary
[Øi = 1mm], U= 4 kV; 15min treatment); the graph shows the
average results for all dog head‐sized. The first column represents
the surface treatment, where only the visible surface of the model
was treated; the second column depicts the cavity treatment, where
only the inside (the ear canal) was treated, the third column is the
total treatment (surface + cavity), and the fourth column is the total
treatment with only helium plasma.

FIGURE 17 Time stability of the microbial inhibition in the
3D‐printed models. Graph shows the average results for all dog
head‐sized.



published articles[29,34] about the antimycotic effects of
different CAP sources tested on the same yeast strain, one
cannot deny the antimycotic effects of CAP. In the case of
microwave discharges, the treatment times used for
successful inhibition were much shorter for the open‐air
treatment. This can be associated with different operating
frequencies of the plasma sources (kHz for the plasma gun
vs. GHz for the MW sources) and with the predominant
type of RONS generated by the plasma source. In the MW
discharges, the formation of active species is highly
dependent on the surrounding air, and it was studied
that a vast number of RONS are the RNS.[30,35] In the case
of the plasma gun, the most active species are ROS. From
a biological background, it is known that some microbial
species are more susceptible to RNS and others to ROS.
Another difference between the MW sources and the
plasma sources operating at the kHz range is the impact of
the electromagnetic field. In MW sources, the electro-
magnetic field is in direct contact with the treated target,
having an important impact, whereas in the plasma gun,
the impact of the electromagnetic field is not so strong.
When considering the results of bacterial assays,[26] the
treatment times used for bacterial decontamination with
the plasma gun were very short (up to 1min). We may
extrapolate that these bacteria (E. coli and S. aureus) are
more susceptible to ROS (especially to ozone) compared to
the yeast C. glabrata and therefore, it takes much longer
time to inactivate it. So, an assumption that the yeast
C. glabrata is much more susceptible to RNS than to ROS
arises here, which will be verified in our future experi-
ments. The advantage of using the plasma gun is the
possibility of adding oxygen or nitrogen into the plasma
gas where it is possible to produce RONS independently
on the surrounding air supply. This can be highly
beneficial for the treatment in the enclosed areas or areas
with a little air supply (like the dog ear canal) where the
closure of the treated surface even helps to accumulate the
RONS and to enhance the treatment efficiency.

5 | CONCLUSION

Antimycotic effects of the plasma gun were studied on
three different surfaces: agar, pork skin and 3D‐printed
models from PLA polymer. Similar trends were
observed for all studied inoculation substrates. Different
parameters were evaluated and optimised to provide an
effective plasma treatment for decontamination pur-
poses. Optimisation was done with two different sizes of
capillaries (big [Øi = 4 mm] and small [Øi = 1 mm]),
where similar results were achieved independently on
the capillary size. With the increasing treatment time,
the inhibition efficiency was increased as well. For a

remarkable inhibition of C. glabrata, treatment times
over 5 min need to be used. Therefore, a longer
treatment (15‐min) was studied to achieve
decontamination comparable to the previously obtained
results.[26,29] Total decontamination (5‒6 log) of the
treated surface was achieved using the concept of the lid
to cover the treated surface and enhance the RONS
concentration. With the use of different inoculation
volumes, it was proved that within the studied range,
the plasma treatment is not highly dependent on the
initial cell concentration. This means that a similar
number of cells is inhibited by the plasma treatment
(~105 CFU/mL after the 15‐min treatment). By different
proof reactions (different amounts of oxygen admixture,
treatment distance optimisation, KI‐starch proof
reactions), it was proved that the main agents standing
behind the plasma decontamination are RONS pro-
duced in the plasma. The time stability of the microbial
inhibition was studied up to 1 week after the treatment.
It was shown that the inhibited cells stayed inhibited
and were not able to repair and reproduce. It is
important to note that all the experiments were done
at the floating potential, where the experimental models
were not grounded or placed on the metallic surface.
According to previous studies,[36,37] grounding of the
treated object highly enhances the formation of RONS,
leading to even higher efficiency. This means that
efficiency achieved for these in‐vitro measurements is
only the minimum of what can be achieved in real‐life
treatment, where the patient (a dog or a human being)
is partially conductive, has a nonnegligible capacitance
and can be grounded during the treatment. We may
conclude that the plasma treatment by the plasma gun
can be an effective method for yeast inhibition on
various surfaces as well as in closed spaces like the dog
ear canals.

6 | PERSPECTIVES

As one can imagine, it is not convenient for the patient to
have a stream of gas blowing to the ear for a long time.
Therefore, a big perspective of this work would be to
optimise the system set‐up to achieve the same efficiency
in a shorter treatment time with a lower gas flow. It is
also important to consider the other conditions inside the
dog ear canal, like the presence of cerumen, hair and
other microbes that make the situation rather com-
plex.[38] Quantitative modelling of the effect of CAP for
clinical use is, therefore, highly desirable. Further studies
are planned on microbial cocultivations as well as the
inclusion of other factors like standard synthetic ceru-
men to better simulate the real conditions.
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