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Abstract—A flexible low-temperature plasma (LTP) source
device was developed utilizing a radiofrequency (RF) generator
coupled to a coaxial cable through a homemade L-shape
matching network and a supple plastic hose that conveys a gas
flow and shields the coaxial cable up to the reactor’s nozzle. The
impedance matching network provides an electric power transfer
of minimum of 94.11% operating under normal conditions. The
LTP device arrangement is described, and later characterized via
optical emission spectroscopy and electric power consumption.
This procedure is essential to determine the adequate application
of the generated plasma over heat-sensitive materials, primarily
organic matter, to provide adequate information about its
physicochemical activity. The produced LTP interacts with
surrounding air particles, generating reactive oxygen and
nitrogen species (RONS) that exhibit bactericidal and antiseptic
properties due to their strong biochemical reactivity. The
electromagnetic irradiation, ultraviolet (UV) emission, and
thermal surface effect produced under normal working
conditions of the LTP source device are safe to apply to heat-
sensitive matter. The device’s inactivation property was validated
through qualitative deactivation trials of Escherichia coli and
Enterococcus faecalis and quantitative deactivation trials of
Escherichia coli. The device inactivated 99.996% of E. coli at a
concentration of 3.6x10° colony forming units per mL (CFU/mL)
in 180 s at 16 W, this result corresponds to a 4.43-logio reduction
in E. coli viability.
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1. INTRODUCTION

OW-TEMPERATURE plasma (LTP) physics research

and technology development for biomedical

applications is a reality nowadays. This fact results from

the outstanding efforts of many worldwide who are
involved in this subject. LTP can be produced by specially
designed generators constituted by an electric discharges reactor
associated to an electric power supply. LTP is a non-equilibrium
electric discharge where the temperature of the electrons is much
higher than the temperature of the heavy species or the gas. This
kind of plasma is weakly ionized wherein free electrons interact
with air molecules through collisions, producing several
chemical reactions that generate excitation and ionization of
atomic and molecular species. Some are identified as reactive
oxygen and nitrogen species (RONS) like O°, OH, NO, NOy,
H,0,. These species can be identified by detecting the
characteristic wavelength of an emitted photon during an
electron’s de-excitation process.

A watershed research associated with LTP applied to
biomedical engineering and medicine was done with the fine
surface treatment of biomaterials by the plasma needle [1]. Since
then, it has been proved by several experiments that LTP
deactivates numerous strains of bacteria or bacterial spores [2]-
[6], denoting more than one inactivation mechanism attributed to
the excitation of cells’ biological molecules. Starting with the
produced ultraviolet (UV) radiation, then via long-term reactions
established with RONS [5]-[8]. Hence the microorganism’s
inactivation capability of LTP provides bactericidal effect for
decontamination on materials’ surfaces [4], [9]. Moreover, as
LTP can interact with mammalian cells and tissues in a non-
destructive behavior [10]-[12], it increases fibroblast availability
and mobility [13]; accelerates healing of wounds practiced in
vivo with mice [14]; promotes effective re-epithelialization and
angiogenesis at the wound site [15]; improves collagen
availability, cell proliferation, microcirculation [16], induces cell
detachment and apoptosis of melanoma cells [17]-[19] with
higher lethality than lymphocytes and fibroblasts [20]. These
LTP’s capabilities, in addition to its antisepsis capacity [21]
provide beneficial healing acceleration, in contrast to
conventional treatments in several clinical cases such as: burn
injuries [22], [23] acute neck radiodermatitis [24], pressure
ulcers [15], [25] wounds in lower extremities [26], diabetic foot
[27], [28], postsurgical wound healing of a patient suffering
human immunodeficiency virus [29], biopsy of the mobile oral
mucosa [30], dental cavity recurrent aphthous stomatitis [31].
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Studies about melanoma deactivation and antitumor potential of
the LTP have been carried out as well [20], [32]-[35].

The technological development of several categories of LTP
generators has supported all the cited trials above. They are
classified in function of the plasma application mode, whether
as: direct exposition (where plasma is projected over the target)
[11, [41, [7], [8], [11], [12], [14], [15], [19] or indirect/remote
exposition (where the produced plasma is forced to be in contact
with the target by air convection) [2], [9], [11]. Another
important variance is the nature of the electric power supply that
could be dc pulsed [11], ac line frequency [25], ac very low to
low frequency [2], [4], [8], [9], [15] radiofrequency (RF) [1],
[12], [14], [19] microwave [7], inter alia. LTP generator should
be characterized mainly when it is intended to be used for
medical and biomedical applications [36]-[39], because a
precisely knowledge of LTP properties; like the function of the
supplied gas, nature of the electric source, applied electric power
magnitude, exposition time and distance to the biologic matter to
be treated, is crucial.

Currently, there are several flexible plasma sources, such as the
one proposed in Liu et al., [40], where a microwave plasma
source is generated on a microstrip line array where argon
flowing at 5.0 LPM is projected through a flexible plastic hose.
This generator requires extensive assembly that is neither
portable nor feasible to implement by hand, and there is no
evidence of active particle generation. A flexible DBD plasma
source of 12 cm in length supplied with helium at 6.0 to 8.0
LPM, depending on the operation mode (brush or comb), with an
AC voltage of 7.5 kV peak to peak at 15 kHz is shown in [41].
The device has low power consumption and provides optical
emission spectroscopy (OES) spectra denoting no evidence of
NOy, which are crucial for biomedical applications. An
endoscopic DBD plasma jet electric excited by an AC power
source delivering an electric power from 10 W to 80 W,
supplying at 18 kHz, 4.5 kV to 8.8 kV and 2 to 15 mA to a
human box model is described in [42]; the plasma is generated in
helium at no specified flow rate along a PTFE tube and due to
the internal configuration fluorine is produced, which is known
to be highly reactive, furthermore exposure to the plasma
requires an electric current to flow through the target. The work
of do Nascimento et al., [43] consists of a flexible atmospheric
pressure plasma jet produced in helium flowing at 2.0 LPM by a
commercial pulsed AC power source providing voltage ranging
from 15 kV to 30 kV peak to peak and RMS current form 1.59
mA to 5.52 mA and a patient leakage current simulated with an
RC electric circuit resulting in 33.17 pA to 63.89 pA; as in the
previous case when the plasma is applied to the target electric
current must flow to close the electric circuit.

In this document, the flexible NTP source is powered by a
fixed RF frequency standardized for biomedical applications.
The LTP generated in helium flowing at only 1.0 LPM is
situated at the tip of the nozzle, avoiding interaction with any of
its constituent materials and is electrically isolated from the
target to be directly exposed to the plasma. This device is
proposed as a viable medical device that could be integrated in
endoscopy and laparoscopy tools, for instance, it could be
applied as a wound healing therapy after esophageal, gastric or
cervical biopsy, also to treat gastric ulcers and low-grade
cervical injuries; in all cases the main goal is restoring the
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integrity of the compromised tissue. The implemented frame of
the LTP generator; the characterization of the produced plasma
using OES technique, UV emission detection, thermal and
electric measurements in function of the supplied RF power; and
the microbiological inactivation property is proven in a
qualitative method with some experiments of bacteria
inactivation for both broad categories gram-positive and gram-
negative are described in this document.

II. DESCRIPTION

The proposed LTP device is depicted in Fig. 1. It is comprised
of a 13.56 MHz RF generator model ACG-3B (ENI
Technology Inc., Rochester, U.S.) coupled to a flexible LTP
source through a homemade low-pass L-shaped matching
network. LTP source has two inlets that meet on a 4.8 mm
plastic Y-hose connector, allowing the transmission of RF
signals by a 9174 RG 174/U coaxial cable and the gas supply
into a 3/8” plastic hose and an outlet incorporating an
RA.00.250 (LEMO, Ecublens, Switzerland) connected to a
thin copper wire functioning as an energized electrode. This
design is 195 cm long, has a capacitance (Cc) of 195 pF, an
impedance of 8.14 kQ and a resistance (Rc) of 18 Q.
Measurement of the electric parameters was performed with a
4263B LCR meter (Agilent, Santa Clara, U.S.) working with
an internal frequency test of 100 kHz.

[II. METHODOLOGY

An impedance matching network becomes indispensable to
transfer the maximum power from the RF generator to the
discharge reactor. Usually, a PI class network is associated
with commercial generators; in the present case, due to the
relatively high capacitance value of the RF cable (195 pF), it
has been considered the output capacitor Cc of the PI class
network. This capacitance is associated in parallel with the
cable resistance Rc. Consequently, the circuit to be
implemented is an L-shaped class network with an input
capacitor C and a serial inductor L. Thus, the admittance ¥; =
G+jB connected to the RF generator is determined using its
conductance G and susceptance B as follows:

G = Rc[(1 — w?LCc)* + (wL/Rc)?]™ (1)
wCc(1-w?Lcc)-(wL/Rc?

B=wl+ (f—(szcC)ZCB(aEL/RC)CZ) )
where j is the imaginary unit, w=2xf is the angular frequency
and f = 13.56 MHz. For an adequate impedance matching
G=1/Rs and B=0, resulting that,

Cc=[1+3/Rs/Rc — (WL/R)?|/w?L  (3)
_ L/Rc*-Cc(1-w?Lec) )
(1-w2LCc)2+(wL/Rc)?

The electric parameters of the matching network can be
calculated from the last two expressions or via a circuit model
simulation. The resulting matching circuit has an input
capacitance set up by a fixed high voltage (HV) capacitor of
400 pF associated in parallel with an HV multiple parallel
plate variable capacitor of 240 pF, both of which are serially
linked to the output terminal via an inductor of 1.32 pH. This
matching network allows the transfer of RF power from the
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Fig. 1. Representation of the proposed LTP system, including the electrical instrumentation via high voltage and current probes associated with an oscilloscope
and an optical array of a digital data acquisition associated with a monochromator coupled to an optical fiber located in front of the reactor’s nozzle outlet.
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Fig. 2. Electric network representation for the electric load view from the RF
source’s output.

generator to the load without reflected power, providing a high
electrical efficiency. The load circuit defined by the coaxial
cable and the reactor’s nozzle can be represented by the
equivalent circuit network framed in the square with a dotted
line in Fig. 2. It has been observed that the movement of the
flexible reactor does not interfere with the LTP generation.

IV. LTP CHARACTERIZATION

A. Electric Characterization

The technique was implemented with a DP02024B
oscilloscope (Tektronix, Beaverton, U.S.) equipped with a
P5100A (100X) high-voltage probe and a TCP2020 (10
mA/mV) current probe (Tektronix, Beaverton, U.S.) coupled
with a special connector situated between the output of the
matching network and the reactor's RF connector, as shown in
the setup of Fig. 1.

The electrical characterization of the matching network
coupled to the reactor is modified when the oscilloscope
voltage probe is connected to the matching network output.
This connection represents an addition of an equivalent load of
1 MQ resistance associated in parallel with a capacitance of
14 pF. To compensate for this effect, the input capacitor was
adjusted to match the nominal functioning behavior of the

device, which, operating at 16 W, only reflects 1 W of power,
providing a power transference of 94.11%, in comparison
during the electric characterization when operating at 16 W,
the reflected power was 4 W. The resulting electric working
parameters of the LTP produced in helium supplied at 1.0
LPM for six different magnitudes of set-up generator RF
power (Prr) are included in Table 1.

The voltage and current waveforms measured at the output of
the matching network with an applied RF power of 12 W are
presented in Fig. 3. The RF voltage waveform (Vzrp-,) exhibits
a peak-to-peak value of approximately 340 V. In contrast, the
RF current waveform (/zrp-») reaches a peak-to-peak value of
736 mA. The phase difference between these waveforms is
consistent with the capacitive nature of the plasma charge at
this frequency. It is relevant to highlight that, as detailed in
Table I, an increasing trend is observed in both the peak-to-
peak voltage and the peak-to-peak current as the applied RF
power is selected from 10 W to 20 W, suggesting an increase
in the energy density of the generated plasma. The reflected
power (Pgrey) remained low throughout the analyzed power
range, indicating adequate power transfer efficiency due to the
implementation of the designed matching network.

Fig. 4 shows a front view of the implemented device,
operating under the conditions described above. The generated
LTP, acting as a time-varying electromagnetic field source,
produces an irradiance of 0.612 W/cm? when supplied with an
RF power of 18 W. The resulting irradiance is below the
maximum safe value for a non-ionizing radiation source, 4
W/cm? [44].

B. Optical Emission Characterization

Optical emission characterization of the generated plasma was
achieved via a Czerny—Tuner monochromator model 305M (A
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TABLE 1
ELECTRIC PARAMETERS
Pre [W] Pryr [W] Prey [W] Virep-p [W] Irrpp [MA]
10 13 3 324 704
12 15 3 340 736
14 18 4 376 808
16 20 4 390 848
18 23 5 420 912
20 25 5 440 952

Pgr is the set-up generator RF power, Py is the transmitted RF power,
Prey is the reflected RF power, Vg, is the peak-to-peak voltage and  Irz-
» 1s the peak-to-peak current.
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Fig. 3. Voltage and current waveforms measured at the matching box output
with an RF applied power of 12 W.

0.0 5.0x10°

Measurement

Fig. 4. View of the outlet reactor of the LTP generated in helium supplied at
1.0 LPM and applied RF power of 12 W.

Minuteman Laboratories Inc., Acton, U.S.) with a 0.5 m of focal
length and a grating of 1200 grooves/mm coupled to a
photomultiplier ~model R955 (Hamamatsu Photonics,
Hamamatsu, Japan) and a data acquisition system, as it is
represented in Fig. 1.

Optical fiber was put at a distance of two centimeters from the
treatment probe’s edge, pointing directly to the generated LTP in
helium supplied at 1.0 LPM and an applied RF power of 12 W.

The spectrum presented in Fig. 5.(a) is distinctive of a plasma
that is out of thermodynamic equilibrium with the occurrence of
non—dominant N;, OH and NOy bands in the UV region.
Therefore the first negative system of N,;* (B-X) was identified
around 391.4 nm; the bands of the second positive system N, (C-
B) spread between 330 to 380 nm; the OH (A-X) radical band
commonly attributed to humid environmental air extends
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Fig 5. Optical emission spectrum of LTP generated with helium supplied at
1.0 LPM and an applied RF power of 12 W: (a) general view from 200 to 440
nm and (b) zoom view of UVC range determining the emission bands of NOy.

TABLEII
MAIN REACTIONS IN LTP DISCHARGE
Reaction Ref. Equation

H0+hv —->OH+H+¢€ [47] 5)

H0O+¢e—>OH+H+¢ [48] 6)

OH+¢— OH(A)+¢ [48] @)

He:" + H2O — OH + HeH' + He [48] ®
Hex" + N2 — 2He + N27(B) [48] ®
No(X) +e— N2AC) + € [49] (10)
No(X)+e€— No(A) + € [49] (11)
N2(A) +€— N2AC) + € [49] (12)
No(X)+e— No(B) + € [50] (13)
02+€—>0+0('D)+¢ [49] (14)
N>"+0 —-NO+N [47] (15)

N," represents any of the three above cited excited states of nitrogen
molecule, whereas N,(X) represents its basal state.

between 307 to 309 nm; and the NOy bands spanning from 215
to 295 nm are identified in the magnification image of Fig. 5.(b)
[45], [46]. These excited molecules might be generated by
chemical reactions from O,, N, and H,O present in the air; that
were previously dissociated by: electronic collisions, excited
molecules, UV radiation or metastable states of helium and
subsequently excited and recombined through interactions with
electrons or molecules (Table II) forming the spectra shown in
Fig. 5. The production of RONS as a result of physicochemical
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interactions of plasma with air molecules has been proved
crucial for wound healing and skin diseases therapies, as RONS
promote antisepsis and tissue regeneration. Therefore, LTP
generators can be used as an alternative therapeutic instrument
for wound healing. Moreover, as LTP generators become
smaller, thinner and more flexible, they can reach regions
inaccessible for rigid LTP generators.

C. UV Emission Characterization

The UV irradiation and temperature profile outcomes produced
by the LTP established a measured separation between the
reactor's nozzle and the sensor's surface detection by a one-axis
mobile support arm. This last can hold the reactor while the
separation distance is established by a screw structure situated at
its opposite side. The LTP generates a broad UV radiation
spectrum in which two regions could interact with biological
molecules, predominantly the shortwave UV light that is
considered an ionizing radiation. This is the reason why the
produced UV radiation needs to be measured. UVx radiometer
(Analytik Jena, Jena, Germany) associated with a UVX-25
shortwave detector 250-290 nm (UVC) and a UVX-31 midrange
detector 280-340 nm (UVB) was employed.

The UV irradiance was characterized during normal
functioning conditions of the LTP that was produced in helium
flowing at 1.0 LPM at three different magnitudes of the applied
RF electric power from 12 to 16 W in steps of 2 W. At the same
time, each irradiation flux density was detected at ten different
distances measured from the reactor’s nozzle, starting at 1 mm
and ending at 10 mm in steps of 1 mm. The measurements
obtained from the UVB detector are depicted in Fig. 6, where a
significant increase in irradiance flux density can be seen from
distances less than 5 mm. The obtained outcomes for UVC
generation are shown in Fig. 7. In both cases, the acquired values
are lower than those produced by the natural solar irradiance flux
density during a sunny day.

D. Temperature Profile Characterization

The temperature measurements were made using the
previously mentioned one-axis mobile support arm and two
different devices: a Northwest probe thermometer and a K-type
thermocouple connected with a digital multimeter. The values
obtained were averaged using three samples for each plotted
point.

The temperature profile outcome produced by the LTP with
working parameters determined by supplied helium at 1.0 LPM
and an imposed RF electric power from 12 to 16 W in steps of 1
W is shown in Fig. 8. From this plot it can be seen that the
generated temperature increases drastically at distances lesser
than 3 mm, it is crucial to maintain a separation of minimum 4
mm between the reactor’s nozzle and the surface to be exposed.

In addition, it is important to move the nozzle, making smooth,
rounded movements over the surface under treatment. These
guidelines are provided to avoid any biological risk produced by
thermal damage. They have been successfully done for
accelerate wound healing of: mice skin [14], acute neck
radiodermatitis case [24], several wounds in lower extremities
[26], diabetic foot [27], after removal of a neck tumor in a patient
with HIV [29], and after biopsy on the gingiva and palate of a
case series [51].
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V. BACTERIA DEACTIVATION TRIALS

A. Method’s Description for LTP Exposition on Agar Plate

Two different strains of microorganisms were utilized to
determine the capability of the generated LTP to deactivate
bacteria, a gram-negative bacterium, Escherichia coli and a
gram-positive bacterium, Enterococcus faecalis. Both strains
were prepared applying the same procedure described as
follows: a single colony was cultured in Lysogeny broth for 24
h at 37 °C to obtain a microbiological concentration of around
10® bacteria/mL. The culture tubes were conditioned by
double centrifugation at 5000 RPM for five minutes to remove
the broth medium. Afterwards, the resulting sediment was re-
suspended in 5 mL of buffer; from this, an aliquot of 100 pL
was taken and diluted in 900 pL of distilled water, resulting in
a concentration of around 107 bacteria/mL. A sample of 100
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pL of this resulting media was diluted in 2 mL of liquid soft
agar contained in a culture tube and maintained at 40 °C with
a dry bath device. Later, each solution was spread throughout
an agar plate previously prepared, resulting in an inoculation
of around 10° bacteria per plate. Each inoculated agar plate
was exposed to the LTP generated in helium supplied at a flow
rate of 1.0 LPM and an RF electric power set up at one of
three different magnitudes: 12, 14 and 16 W, the exposure
times were established at 30, 60, 90 and 120 s, and the
distance from the LTP reactor’s nozzle to the agar surface was
fixed at 4 mm. After the LTP treatment, the agar plates were
incubated during 24 hr at 37 °C.

B. Deactivation of Escherichia Coli on Agar Plates

The results obtained for E. coli deactivation zones can be
identified on the respective agar surface as transparent
semicircles of different diameters, each situated at a quarter of
the agar plate, as shown in Fig. 9. The bacterial deactivation of
the last two cases were effective starting from 60 s of
exposition time; these are portrayed in Fig. 9.b and Fig. 9.c. It
has to be noted that there is no correlation between the
amplitude of the applied RF electric power and the resulting
deactivation zones.

This can be attributed to the distance between the reactor’s
nozzle and the treated surface, as well as the irregular surface
of the agar. The agar plate can present micro-valleys and
micro-hills, which can contain diverse concentrations of
bacteria, making the inactivation process more difficult at
higher concentrations. In this case, a better efficiency was
obtained by applying an RF electric power of 14 W. The
resulting inhibition zone diameters for the three applied RF
powers were evaluated using Imagel] (v1.48s, National
Institutes of Health, Bethesda, USA) and included in Table III.

C. Deactivation of Enterococcus Faecalis on Agar Plates

Fig. 10 shows the deactivation results of Enterococcus faecalis
when exposed to LTP. It is important to note that this type of
bacteria can cause severe infections, especially in healthcare
settings, and is resistant to many commonly used antimicrobial
agents. Additionally, E. faecalis has an effective DNA repair
mechanism [52]. This characteristic makes it challenging to
deactivate these bacteria. Nevertheless, the LTP generated at
16 W can deactivate E. faecalis after an exposure time of 60 s.
The resulting inhibition zone diameters for the three different
applied RF powers are included in Table IV.

D. Method’s Description of LTP Exposition on Liquid

The same procedure describe in section V' subsection A.
Method’s description for LTP exposition on agar plate, was
developed to obtain a bacterial suspension at a concentration
of 10° bacteria/mL. From this solution a series of six aliquot
samples of 200 uL were deposited in wells of a microplate to
be exposed to the LTP generated in helium supplied at a flow
rate of 1.0 LPM and an applied RF electric power of 16 W,
while the exposure times were established at 30, 60, 90, 120
and 180 s. Each sample was treated in triplicate. After the LTP
treatment, two aliquots samples of 100 pL were taken from
each well; one was directly spread on a Petri dish containing
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Lysogeny agar using a Drigalsky spatula and incubated during
24 hr at 37 °C. The other one was successively diluted until to
obtain concentrations around 10° bacteria/mL, later spread it
on agar plate and incubated during 24 hr at 37 °C. This
procedure permit to realize the plate counting of each case.

Fig. 9. Agar plates of E. coli CFU after being exposed to LTP at four different
rate times 30, 60, 90 and 120 min, for each one of the three applied RF
electric powers (a) 12 W, (b) 14 W and, (c) 16 W.

Fig. 10. Agar plates of E. faecalis CFU after being exposed to LTP at four
different rate times 30, 60, 90 and 120 min, for each one of the three applied
RF electric powers (a) 12 W, (b) 14 W and, (c) 16 W.
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Fig. 11. CFU of E. coli after exposure to LTP generated at 16 W during: (a) control test ~3.6x10° CFU/mL, (b) 30 s, (c) 60 s, (d) 90 s, (e) 120 s and (f) 180 s.

TABLE III
INHIBITION ZONE DIAMETERS (E. coli)
12W 14 W 16 W
Time [s] M o M o M o
30 3.116  0.537 6.566  0.200 2210 0275
60 1.466  0.380 4346  0.228 10.526  0.818
90 3.133 0.795 6.550  0.078 13.420  0.363
120 4.030  0.235 12.966  0.198 9.566  0.205
M is the main value and o is the standard deviation in mm
TABLE IV
INHIBITION ZONE DIAMETERS (E. faecalis)
12w 14 W 16 W
Time [s] M (o] M o M o
30 0 0 0 0 0 0
60 0 0 0 0 2.780 0.180
90 0 0 1.716 0.321 5.260 0.310
120 0 0 0 0 6.033 0.162

M is the main value and o is the standard deviation in mm

E. Deactivation of Escherichia Coli in Liquid

Fig. 11 shows the qualitative results of E. coli bacteria
inactivation where Figure 1l.a corresponds to the reference
sample representing a concentration of ~3.6x10% CFU/mL, and
Fig. 11.b to 11.f show the results after the different treatment
time. It is notorious the bacteria elimination effect of the
generated LTP that is reinforced with the drastic diminution of
survability of E. coli shown in the graph of Fig. 12. The
generated LTP attains a reduction of bacteria of 2.87-logo at 120
s of treatment, reaching 4.43-logio reduction at 180 s. While, the
percentage of E coli inactivation in function of the exposure time
to LTP is depicted in Fig. 13. The magnitude of E. coli
inactivation achieved at 180 s was 99.996%.

VI. DISCUSSION

An innovative RF-driven flexible LTP source has been
developed and characterized to explore its potential in various
biomedical applications, as evidenced by the bacteria
inactivation. This work's main contribution lies in the
combination of a flexible design with a standard RF feed,
enabling the generation of a non-thermal plasma rich in RONS.
The following discussion focuses on comparing the
characteristics and performance of the proposed flexible LTP
device with the existing literature, highlighting its potential
benefits and acknowledging its current limitations.

OES outcome revealed the presence of characteristic bands
corresponding to various RONS, including fundamental species
such as hydroxyl radical (OH), nitric oxide (NO), and

1(}E \
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Fig. 12. Effect of LTP generated at 16 W on the viability of E. coli (Data

reported are the mean of 3 experiments, and error bars determine the standard
deviation).
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Fig. 13. Percentage E. coli inactivation of after exposition to LTP generated at
16 W.

excited nitrogen molecules (NOy), in addition to the main
reactions of LTP training the generation of atomic nitrogen
(N) and oxygen (O) whose formation in the gas phase and
solution is well known in low-temperature plasma systems
[53]. These species are fundamental to the bioactivity of LTP,
playing a crucial role in microbial inactivation and modulation
of biological responses in tissues [54].

The bactericidal efficacy demonstrated through in vitro
assays against FEscherichia coli (gram-negative) and
Enterococcus faecalis (gram-positive) can be attributed to the
synergistic action of these RONS. It has been widely
documented that plasma-generated RONS induce oxidative
stress in bacterial cells, causing membrane lipid peroxidation,
oxidation of essential proteins, and DNA damage, ultimately
leading to loss of cell viability [S5]. The lack of a direct
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correlation between applied RF power and zones of inhibition in
E. coli could suggest the influence of agar surface
microtopography on the local distribution of RONS. This aspect
warrants further investigation [56]. The increased resistance of E.
faecalis to inactivation, observed in the need for higher RF
power and exposure time, is consistent with the literature
describing its efficient DNA repair mechanism [57].

The therapeutic potential of LTP is not limited to disinfection.
At controlled concentrations, RONS also act as key mediators in
mammalian tissue physiology. They have been shown to
stimulate fibroblast proliferation [13], [58], accelerate wound
healing [14], [59], promote re-epithelialization and angiogenesis
[15], [60], and improve collagen availability [16], [61]. The
ability of the proposed flexible device to generate RONS directly
at the treatment site makes it a promising tool for applications in
minimally invasive surgery, where precision and accessibility to
complex areas are critical. The flexibility in the reactor’s design
represents a feature that could allow access to complex
anatomical areas and navigation through narrow or curved ducts,
which could be helpful in endoscopic or laparoscopic procedures.

Compared to other flexible plasma sources reported in the
literature, such as microwave-based devices [40], dielectric
barrier discharge [41], [42] or pulsed alternating current powered
[43], an RF-based generator offers potential advantages in terms
of stability and control in generating a specific RONS spectrum
by optimizing gas flow and applied power [62]. Additionally,
operation at a standard RF frequency of 13.56 MHz is common
practice in biomedical applications, which could facilitate its
integration into existing medical equipment [63].

Although the works of Liu et al. [40] and Nascimento et al.
[43] also feature flexible designs, our RF-based implementation
with a home-made matching network offers a unique
combination that could translate into better control of plasma
properties and ease of integration into flexible surgical tools. RF
power enables precise control of the energy deposited into the
gas, resulting in finer manipulation of plasma characteristics such
as reactive species density and temperature, which is crucial for
efficacy and safety in therapeutic applications [64]. While the
home-made matching network optimizes the power transfer from
the generator to the plasma, ensuring efficient and stable
operation, which is critical for medical applications where
treatment consistency is paramount [65]. The combination of a
flexible design with the precise controllability inherent in RF
plasma systems facilitates the potential integration of this
technology into flexible endoscopic or laparoscopic tools,
thereby expanding the reach of plasma-based therapies to
anatomical regions previously inaccessible with rigid devices
[66].

While our in vitro results are promising, it is critical to
acknowledge the limitations of this initial study, particularly the
lack of in vivo testing. However, it is essential to note that while
the literature mentions the potential of LTP, specifically the NOy
band produced in our experiments, to promote wound closure
[67]. Future research should focus on evaluating the device’s
biocompatibility, safety, and therapeutic efficacy of the device in
animal models simulating relevant clinical scenarios.
Furthermore, a direct comparative analysis with other
commercially available LTP devices would be valuable in
quantifying its advantages better and positioning it within the
current technological landscape. Nevertheless, this work lays the
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groundwork for developing a versatile and potentially
transformative therapeutic tool for minimally invasive surgery.
This device could be applied in various scenarios, including
decontaminating tissue surfaces after tumor resection,
cauterizing small blood vessels, or stimulating healing in hard-
to-reach areas. For example, it could be helpful in endoscopic
procedures to treat gastric ulcers or injuries in the
gastrointestinal tract. Furthermore, the possibility of using this
flexible device in laparoscopic surgeries to treat internal
tissues is envisioned.

This work presents the development and extensive
characterization of an innovative RF-driven flexible LTP.
Constructing a homemade matching network enabled efficient
coupling to a commercial RF generator, optimizing plasma
generation. Characterization of the plasma emission by means
of OES revealed the presence of a distinct non-thermal
equilibrium plasma rich in RONS, critical due to their
bioactive properties. The device inactivated 99.996% of E.
coli at a concentration of 3.6x10° CFU/mL in 180 s at 16 W,
this inactivation corresponds a 4.43-logl0 E. coli viability
reduction, underscoring its potential as a tool for treatments
focused on decontamination.

This initial characterization study suggests several promising
therapeutic applications, including wound healing therapy
following oesophageal, gastric, or cervical tissue biopsies and
treating gastric ulcers and minor cervical injuries. The
bacterial inactivation results also pave the way for its use in
decontaminating irregular medical surfaces and treating
superficial skin infections. The device's flexibility, combined
with its ability to generate RONS with antimicrobial activity
and the potential to stimulate tissue regeneration (as suggested
by the presence of the NOy band), positions it as an innovative
alternative for minimally invasive procedures.

Despite the encouraging results obtained in this study, we
acknowledge certain limitations, primarily the lack of in vivo
testing that directly validates its efficacy and safety in
complex biological models. Therefore, as future lines of
research, we propose conducting studies in animal models to
evaluate their biocompatibility and therapeutic potential in
relevant clinical settings. Furthermore, optimizing the device's
design to further improve its efficiency and exploring its
application in other biomedical contexts, including
laparoscopic surgeries for treating internal tissues, represent
important avenues for the future development of this
technology. Nevertheless, this work lays the groundwork for
developing a versatile and potentially transformative
therapeutic tool for minimally invasive surgery. This device
could be applied in various scenarios, including
decontaminating tissue surfaces after tumor resection,
cauterizing small blood vessels, or stimulating healing in hard-
to-reach areas. For example, it could be helpful in endoscopic
procedures to treat gastric ulcers or injuries in the
gastrointestinal tract. Furthermore, the possibility of using this
flexible device in laparoscopic surgeries to treat internal
tissues is envisioned.

VI. CONCLUSION

Microbial inactivation assays demonstrate that the developed
non-thermal plasma (LTP) system effectively inactivates
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gram-negative  (Escherichia  coli) and  gram-positive
(Enterococcus faecalis) bacteria on agar plates, and E. coli in
liquid media. For E. coli on agar, effective inactivation was
achieved with significant inhibition zones, with remarkable
efficiency observed under optimized conditions. There was no
direct linear correlation between applied RF power and zone
diameter. For E. faecalis, a more resistant strain, inactivation was
successful under appropriate exposure conditions, a significant
result given its robust DNA repair mechanism. The efficacy of
LTP in both solid and liquid environments, coupled with its low-
temperature features, safe UV emission, and flexible design,
highlights its promising potential for various microbial
decontamination applications. It is certain that at this very
moment, the breach to be able to realize experiences in-vivo
represents a challenge to be solved, in order to consider the use
of the proposed plasma source in laparoscopic surgeries, thus
opening new avenues for innovative, minimally invasive
antimicrobial treatments in internal cavities.
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