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Abstract
Endoscope working channels are particularly vulnerable to bacterial contamination and biofilm
formation due to repeated exposure to biological fluids and limited sterilization options.
Inadequate reprocessing can lead to the formation of persistent biofilms and the transmission
of healthcare-associated infections. To address this, we investigate the use of cold atmospheric
plasma (CAP) generated directly inside endoscope-like Polytetrafluoroethylene (PTFE) tubing
to improve decontamination and biofilm removal. This study compares two dielectric barrier
discharge (DBD) configurations: a one discharge tube (ODT), in which the plasma is gener-
ated directly inside the contaminated tube, and a two discharge tube (TDT), where a high-power
upstream discharge supplies reactive species to a second discharge within the tube, also called
transferred discharges. Both systems were evaluated using 2 cm samples of PTFE tube colonized
with Pseudomonas aeruginosa biofilms, using the Pineau-Alfa model. Several gases or gas mixtures
(He, Ar, He/O2, Ar/H2O, He/H2O, and air) were tested. The discharges were characterized using
electrical measurements, optical emission spectroscopy, Fourier transform infrared spectroscopy
FTIR, and H2O2 quantification to analyze the production of reactive oxygen and nitrogen species
(RONS). All gas conditions except TDT–air achieved full bacterial decontamination within 5 min.
However, biofilm removal was limited, with the most effective condition (ODT–He/H2O) redu-
cing biofilm coverage on the surface by 29 ± 6%. The ODT configuration provided superior local
RONS delivery, including atomic oxygen and OH radicals. Its simpler design and the direct contact
of the discharge with the contaminated surfaces present significant advantages for implementation
in clinical settings, while maintaining the same decontamination capabilities. These findings con-
firm the feasibility of CAP-based in-situ decontamination for long, flexible medical tubing. Further
optimization of discharge parameters and treatment time is required to enhance biofilm removal
and achieve single-step, residue-free reprocessing of endoscopic devices while eliminating the reli-
ance on hazardous chemicals (e.g. ethylene oxide, glutaraldehyde) or disposable endoscopes.

1. Introduction

The USA Centre for Disease Control indicates that endoscopes are the medical device responsible for
most healthcare-associated infections [1]. Due to their complex structure composed of various chan-
nels, endoscopes cannot be thoroughly sterilized. In particular, the so-called biopsy or working channel
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allows tools to be inserted into the patient [2]. They are disinfected using dedicated cleaning equipment
[1], but it remains unsatisfactory, particularly for complex endoscopes such as duodenoscopes and thera-
peutic echoendoscopes [3, 4]. The working channel’s inner surface is made of polytetrafluoroethylene
(PTFE) because of its good chemical and biological inertness. However, the use and successive insertion
of metallic tools create surface irregularities that, with insertion and usage, promote the biofilm’s adhe-
sion and build up [4].

Biofilms are 3D-multilayered structures (matrix) built by bacteria and made of polysaccharides,
deoxyribonucleic acid, and proteins. They protect bacteria from external aggression or environmental
stresses and provide a safe growing medium for the bacterial colony [5]. In medical device disinfection,
where bacteria and biofilms must be removed from devices, biofilms pose a major challenge due to the
poor penetration of detergents into the matrix [5]. This is especially true, as the survival and regrowth
of bacteria through successive cleaning and usage cycles select resistant bacteria. Multiple-use surgical
instruments, mainly endoscopes, containing electronics and various polymeric parts, are particularly
prone to biofilm infections because they cannot be reprocessed in a high-temperature autoclave [6]. It
has been shown that bacteria embedded inside biofilms are 10–100 times more resistant to endoscope
washing than planktonic, or ‘free,’ bacteria [4]. Endoscopy techniques do not require a surgical incision
to enter the gastrointestinal tract, which effectively reduces the risk of infection. However, the patient can
undergo post-operation infections [2, 4, 7–9].

Multiple new approaches have been developed to fully decontaminate endoscopes. Many are based
on aggressive chemicals, such as peroxides or ethylene oxide gases. However, they pose new challenges
to the cleaning personnel and can corrode metallic parts inside the device [10]. The industry’s answer
to the challenge is to develop new single-use endoscopes de facto solving the contamination problem but
increasing the environmental impact of the healthcare sector [11].

A concurrent approach utilizes the bactericidal and reactive properties of non-thermal discharges,
commonly referred to as ‘Cold Atmospheric Plasma’ (CAP). In a CAP, the electric field, ultraviolet radi-
ation, and energetic species, known as reactive oxygen and nitrogen species (RONS), react and interact
with biological matter, producing the biocidal effect. RONS are essential, as they trigger multiple stresses
in the bacterial colony and react with the biofilm to degrade it, creating a toxic environment for the
bacteria [12]. Numerous studies have attempted to utilize CAP to treat biofilms on flat surfaces or in
a tube. We can distinguish four different approaches: indirect treatments using plasma-activated water
(PAW) [13, 14], direct treatments using plasma jets [15, 16] or surface dielectric barrier discharge (DBD)
[17, 18], plasma jets generated in a tube [19, 20], and finally, the approach studied in our previous work
and in the present work, a DBD generated directly in a contaminated tube [21, 22].

The approach of using a plasma jet or a flat DBD directed toward a bacterial biofilm has been more
thoroughly studied. Numerous studies have reported effective decontamination and biofilm etching
in some cases [15–18]. It is common for CAP applications of this type to exhibit higher efficacy than
PAW, which is attributed to the direct action of CAP reactive species (RONS, UV, etc.) on bacteria and
biofilms [23].

To address the challenges of endoscope contamination, a plasma jet has been generated directly into
a small-diameter PTFE tube. Notably, Bhatt et al [19] and Hervé et al [20] used a CAP plasma jet gener-
ated in Ar to decontaminate long PTFE tubes from bacteria or prions. The first study, which focused on
small samples placed away from the jet, showed complete decontamination and removal of short (2 cm)
biofilm sample in less than 10 min of CAP treatment. In contrast, the second study, which focused on
long samples (2.2 m), demonstrated that the removal of prions was effective only when applied in com-
bination with a liquid enzymatic treatment. They noted that the CAP only extended to 20 cm in the
tube and that the gas was displacing the proteins towards the end of the tube (downflow).

Our approach for decontaminating and removing bacterial biofilms from long, narrow PTFE tubes
is to generate CAP directly inside and through the tube using a DBD configuration. This approach
provides direct and complete contact of the CAP with the inner surface of the entire tube. We have pre-
viously described this approach in two articles, one discussing its effect on PTFE and the other examin-
ing its biofilm removal capability [21, 22]. To remove biofilm from the tube surface, rather than relying
on mechanical action or a liquid solution containing oxidative chemicals, we use physical etching. The
etching of biofilms by discharge produces volatile compounds (CO2, CO, H2O …) from the biomaterial,
a process known as mineralization. Due to ozone’s high oxidation potential (2.07 V [24]), it can react
with biomaterials via ozonation, leading to the release of carbon dioxide [25]. However, mineralization is
known to be slow with ozone alone and usually requires the addition of a catalyst (or UV light) to pro-
duce OH radicals from O3 and water, thereby increasing the mineralization rate [24, 26, 27]. The other
active species is atomic oxygen, which is known to be an effective etching agent [28]. Due to its higher
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oxidation potential (2.42 V) and simpler reaction mechanisms with biomaterials, the mineralization rate
is higher than that of ozone [26, 29].

To reduce and optimize the treatment time for biofilm removal and decontamination, this study
compares a system with one discharge in a tube (one discharge tube or ODT) and a system with two
consecutive discharges in two consecutive tubes (two discharge tube or TDT), also known as transferred
plasma in the literature [30, 31]. The ODT consists of a single discharge generated in the PTFE tube to
be treated and directly powered by the generator. The TDT, on the other hand, has a high-power-density
discharge generated upstream from the treated tube, which then transfers the power to a second dis-
charge that is generated similarly to the ODT, in the treated tube. The first discharge produces a high
amount of RONS before the second discharge, which has a lower power density but is in direct contact
with the inner surface of the PTFE tube. We have generated discharges for both devices in various gas
mixtures, including argon (Ar), helium (He), water-saturated argon (Ar/H2O) and helium (He/H2O),
air, and oxygen in helium (He/O2). The effects of those mixtures have been studied in a similar reactor
design, with a focus on the degradation of the tube inner surface [22]. They concluded that the mater-
ial degradation was minimal and that the effects were mainly oxidation of the surface by oxygen and
hydroxyl radicals, along with an increase in roughness due to preferential etching of the amorphous
PTFE in the case of oxygen-containing plasmas (Ar/O2, Ar/H2O, He/H2O, and Air). Moreover, the max-
imum etching rate, measured around 50 µg min−1, was found to be negligible over the total lifetime of
an endoscope.

The gas mixtures were selected for their ability to produce various RONS. Water-saturated helium or
argon discharges generate OH radicals, which react with each other to form H2O2. Oxygen in helium
discharge mainly produces atomic oxygen (O) and ozone (O3). Both are strong oxidants capable of
degrading materials exposed to them, and have well-known disinfection capabilities. Finally, air dis-
charge produces nitrogen oxides (NO, NO2, NO3, HNO3, N2O, and N2O5) and ozone, both of which
are useful for decontamination and oxidation [23, 32]. The quantity of RONS produced should then
reflect the disinfection capability. NOx, O3, and degradation products generated during discharge were
monitored using Fourier transform infrared spectroscopy (FTIR). Spectrophotometric assay with TiOSO4

was employed for H2O2 detection. Optical emission spectroscopy (OES) was utilized to monitor excited
species in the tube (OH, Ar, He, N2

∗

, …). The electrical parameters of the discharges were also closely
studied (power dissipated, voltage amplitudes, and currents) to compare the TDT and the ODT under
similar conditions.

To compare the decontamination capabilities of our two devices, we selected parameters that were
tested similarly to those in our previous work [21]. A Pseudomonas aeruginosa (P. aeruginosa) biofilm
was grown for 24 h in a PTFE tube to model a contaminated endoscope working channel. A small
sample of the tube, placed in line with the tube discharge, was then treated. Twenty-four-hour regrowth
assays were used to assess the tube decontamination, and crystal violet (CV) assays were used for biofilm
removal efficacy.

2. Materials andmethods

2.1. Plasma generation
This study is based on previous works that focused on generating and producing a plasma plume at the
distal end of an endoscope working channel [33–38]. In their work, a plasma plume as large as possible
was generated at the distal end of an endoscope to produce a discharge within the working channel of
the endoscope.

Our CAP generator devices are based on the principle of DBDs set in a tubular disposition at atmo-
spheric pressure. The dielectric of the DBD corresponds to the tube subjected to plasma treatment, and
to replicate those present in endoscopes, we used a two-meter-long PTFE tube (1.5 × 3 mm ID × OD)
with a metallic grounding sleeve tightly fitted around its exterior. These two components are charac-
teristic of endoscope channel architecture and are essential for accurately simulating the conditions of
a discharge within an actual endoscope channel. The components required to generate discharge in the
tube are schematized in figure 1. More details on the two DBD reactors that we have developed (ODT
and TDT) are provided in the following subsections and in figure 2.

The different gases used are all ALPHAGAZ 1 from Air Liquide. The flow rates are controlled by
mass flow meters (MV-302, Bronkhorst). For the two gas mixtures with water vapor, the entire flow
of gas (argon or helium) is fed into a water bubbler, which saturates the gas with water vapor. Table 1
summarizes the various gas characteristics and flow used and tested during this study. For the He/O2

mixture, 50 ml min−1 of O2 was added to the 1.5 l min−1 main Helium flow.
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Figure 1. Schematic of the experimental setup. 1. Alphagas 1 cylinder; 2. Rotameter; 3. Water bubbler; 4. High-voltage feed
through; 5. High-voltage AC power supply.

Figure 2. Schematic of the two devices with the gas inlet on the right, along with corresponding pictures of a helium discharge.
(a) One-discharge tube (ODT). (b) Two-discharge tube (TDT). The red section corresponds to the position of the contaminated
sample in the tube. 1, power supply; 2, high voltage feed through; 3, copper wire; 4, metallic braided sleeve; 5, PTFE tube; 6,
discharge; 7, metallic mesh; 8, quartz tube; 9, spacer; 10, contaminated sample.

Table 1. Summary of the various gas mixtures used to generate the discharge.

Gas mix
Main gas flow
rate (l min−1) Secondary gas

Ar/H2O Ar–1.5 H2O–20 mg · l−1

Ar Ar–1.5 /
He He–1.5 /
He/O2 He–1.5 O2–3%v/v

He/H2O He–1.5 H2O–20 mg · l−1

Air Air–1.5 /

Two devices, shown in figure 2, were used to generate plasma. They are both cylindrical DBDs with
gas flowing in the tube that forms the cylindrical DBDs. Both devices rely on the same basis: the high-
voltage electrode is a 2 m-long, thin, flexible copper wire (Ø 0.35 mm/27 AWG) placed inside a PTFE
tube and connected to a high-voltage AC power source. The counter or ground electrode is provided
by a metallic braided sleeve (RS Components 821–1712) that is tightly fitted around the exterior of
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the tube and connected to the electrical ground of the generator. This apparatus allows for the genera-
tion of a homogeneous discharge throughout the entire tube without causing blockage of the gas flow.
Additionally, the high-voltage wire is easily insertable and removable from the tube, which is crucial for
applying the system to an actual endoscope. The electrodes are powered by a sinusoidal high voltage,
generating a plasma discharge in the tube at atmospheric pressure. The AC power supply consists of a
frequency and power controller (AFS GT10S-V) and a high-voltage transformer (AFS GT30-1K). The
selected frequency for the present study is 30 kHz for all tests.

2.1.1. ODT
The first system, schematized in figure 2(a), generates a discharge (6) confined inside the PTFE tube (5).
The conductive wire (3) is directly connected to the AC power supply (1) using a stainless steel tube
(2) connected to the PTFE tube. The metallic sleeve (4) around the PTFE tube provides the electrical
ground. This design distributes the electrical power to the entire tube and can be used up to 15 W of
power without excessive tube heating (less than 50 ◦C).

2.1.2. TDT
The second device (figure 2(b)) comprises two plasma discharges, generated by a set of 3 electrodes. The
upstream discharge is generated in a 7 × 4 mm ID × OD quartz tube (8) with a 5 cm long metallic
mesh (7) wrapped around the tube. This mesh is connected to the high-voltage generator (1). A thin
stainless steel rod is placed inside the quartz tube, with ceramic spacers (9) used to keep it centered. The
rod forms the second electrode of the system, and the upstream discharge is then confined between the
metallic mesh and the stainless steel rod in a volume of approximately 0.7 cm3. The rod is extended to
the end of the quartz tube and connected to the copper wire in the same system as the ODT. The ODT
part of the discharge generates a downstream discharge confined inside the PTFE tube. The complete
assembly is called TDT. This design allows higher power to dissipate than the ODT (up to a total of
50 W), as most of the power is dissipated outside of the PTFE tube in the upstream discharge. It can
be used up to 50 W.

The difference between the two apparatuses is the region where the discharge power is dissipated,
and thus where the RONS and reactive elements, such as electrons, UV, and metastables, are produced.
For the TDT, the upstream discharge has a higher energy density than the downstream discharge, and
thus, it produces most of the species before the PTFE tube, which are then flushed into the PTFE tube.
For the ODT, the energy is dissipated only in the PTFE tube, which is directly in contact with the con-
taminated areas.

2.2. Measurements of RONS in the gas state
An infrared absorption spectroscopy analysis using FTIR spectrometer (Bruker Vertex 70 V) was used
to identify and quantify the RONS species produced in the gas during the discharge. The infrared light
beam is redirected outside the spectrometer, passes through a homemade 200 mm optical path gas cell,
and is collected by a DLaTGS detector. The gas output of the working channel discharge is directed into
the gas cell. The concentrations of NO, NO2, N2O5, N2O, HF, CO, COF2, and O3 are extracted from the
recorded infrared spectrum using the absorption cross-section of the HITRAN database [39]. The pres-
ence of CO₂ and H₂O in the spectra is due to the uncontrolled atmosphere around the gas cell, meaning
that the qualitative and quantitative measurements of these two gases cannot be performed.

2.3. Electrical measurements
To measure the power dissipated by the two devices, we measured the voltage and current passing
through each device. The voltage was measured using a high-voltage Tektronix P6015A probe, connected
to the high-voltage generator. A 47 ohm shunt resistance was used to measure the current with a Rigol
PVP2350 probe. All signals were acquired using a Rigol MSO5204 oscilloscope at 2.5 × 10−5 s time res-
olution. The power was then calculated by integrating the current and voltage over one period and then
multiplying by the frequency. In the case of the TDT, two voltages were measured simultaneously: the
voltage from the generator, which is applied to the quartz tube electrode, and the copper wire voltage
inside the PTFE tube. To measure the voltage of the copper wire, a second high-voltage probe (P6015A)
was added between the quartz tube and the PTFE tube.

2.4. Measurements of H2O2
Measurement of H2O2 production was performed using spectrophotometric titration. The titration util-
izes the absorbance of a titanium complex, H2TiO4, at 410 nm, as measured using a UV–visible absorp-
tion spectrometer (UV-1650PC, Schimatzu). To measure the H2O2 produced by the discharge, 5 ml of a
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solution of 7.0 g · l−1 of TiOSO4 (Alfa Aesar 13825-74-6) dissolved in 1 M H2SO4 was placed in a small
vessel (10 ml) and the output gases from the discharge were flowed in the vessel through a tube inserted
in the top cap of the vessel and then out of the vessel by a second tube coming out of the cap. All the
H2O2 formed in the discharge was assumed to react with the solution. Each measurement takes 10 min
to increase the total amount of H2O2 measured and the absorbance of the solution. The total amount of
H2O2 produced over 10 min of discharge was calculated from the concentration in the 5 ml solution, by
using the known molar absorption coefficient of H2TiO4, 689 mol · l−1

· cm−1 from Machala et al [40]

2.5. Biofilm generation
The biofilm model is based on the Pineau-Alfa model [41]. The biofilm generation utilizes the growth
of P. aeruginosa bacteria inside a PTFE tube. This process is extensively described in our previous
publication [21]. It models the bacterial activity in an endoscope after successive utilizations.

The PTFE tube was filled with a solution of TSB (Tryptic Soy Broth [42]) containing 20 mg l−1 of
ampicillin. Then the tube was inoculated with 10 ml of P. aeruginosa (PAO1) overnight culture (O/N
109–2.108 cfu ml−1) diluted five times with TSB before injection. The inoculation consists of the recir-
culation of the solution for 20 min at a constant flow rate of 100 ml · min−1. The growth phase lasted
24 h in a continuous flow of a new TSB solution at 3 ml · min−1 and 37 ◦C.

Before being used for the decontamination test, the contaminated PTFE tube was flushed with ster-
ilized water and then with air at a low flow rate (less than 30 ml · min−1) to stop biofilm growth. For
all experiments, a 1.5 m long PTFE tube (3 × 5 mm ID × OD) was contaminated using this procedure,
and then 2 cm long samples were cut for treatment. A 20 cm section at the beginning (upstream) of the
1.5 m long tube was avoided due to the presence of a thick biofilm.

2.6. OES
The emission spectrum of the discharge in the PTFE was recorded using an optical fiber-coupled spec-
trometer. The spectrometer is an Andor Shamrock 500 with an iDus-420 camera. The fiber was optically
coupled to the discharge by placing it perpendicular to the PTFE tube in a 3D-printed holder, maintain-
ing a distance of 1 cm between the fiber and the tube. The fiber was placed at the same position as the
contaminated sample, around 20 cm before the end of the tube discharge. Thanks to the optical proper-
ties of PTFE, the discharge was observed directly through the PTFE tube between 200 nm and 900 nm.

2.7. Biofilm treatment
A configuration was established that combines plasma generation with biofilm presence to assess the
efficacy of plasma-generated species on biofilms, as depicted in figure 2. Downstream of the tube, a
section of the uncontaminated PTFE tube was substituted with a 2 cm section of 3 mm inner diameter
PTFE tube containing the biofilm. The contaminated sample was then treated with plasma by passing
the high-voltage electrode inside the tube.

For each treatment, three replicas were performed and analyzed separately. An additional control
sample with biofilm is set aside, without any treatment.

2.8. Biofilm and bacteria analysis
The methodology used in this study has been previously described in our previous publication [21] and
will not be detailed here. The regrowth assay was used as a qualitative test for the presence of remain-
ing viable bacteria after treatment. On the other hand, the CV assay was used to quantify the remaining
biofilm. Before analysis, the exterior of the treated samples was first cleaned with an ethanol solution
(70%). The sample was then divided into two halves (transversal cut, 2 × 1 cm) and further divided
into two halves (longitudinal cut). Two longitudinal halves were used for regrowth test, and the other
two were used for CV test. The regrowth test is adapted from Doern et al [43] and requires incubating
the samples in a Falcon tube for 24 h with TSB at 37 ◦C and 5% CO2. A sample was considered decon-
taminated if the optical density at 600 nm was null, and contaminated if the optical density was over
0.1. The violet crystal optical density at 540 nm reflects the quantity of biofilm on the surface of the
sample [44]. For comparison between multiple sets of samples, all results are displayed as a percentage of
biofilm on the surface, with the optical density of the control sample representing 100% biofilm on the
surface.

In this work, a decontaminated sample is defined as one in which bacteria do not proliferate under
optimal conditions, such as those established in the regrowth test, and the bacteria in the biofilm are
no longer viable. A biofilm is the accumulation of biological matter in which bacteria have grown, and
the treatment is designed to remove this matter from the surface of the tube physically. Therefore, the
presence of biofilm on the surface, as identified by the CV test, is insufficient to determine whether the
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Figure 3. Voltage (kV) waveforms for the ODT (VODT) and TDT during the first (VTDT 1st dis.) and second discharges (VTDT

2nd dis.), along with the total current (mA) of the ODT (IODT) and TDT (ITDT). The numbered labels indicate the discharge
locations shown in the diagrams and their corresponding current waveforms: (1) discharge in the quartz tube of the TDT, and (2)
discharge in the PTFE tube present in both devices.

sample has been decontaminated. The CV test is intended solely to evaluate the treatment’s effective-
ness in removing the biofilm. A sample exhibiting a complete absence of regrowth is deemed to be fully
decontaminated, even in the presence of a biofilm and/or bacterial cells within the tube.

3. Results

3.1. Electrical characteristics
3.1.1. Current and voltage comparison between ODT and TDT in Ar/H2O
Figure 3 compares the voltage and current of the ODT and the TDT discharges in Ar/H2O. The voltage
of the TDT first discharge is the voltage of the generator applied to the quartz tube, whereas the voltage
of the ODT and the TDT second discharge is the voltage measured on the copper wire inside the PTFE
tube. The ODT and the TDT are compared here in a configuration where the voltage of the ODT
(VODT) matches exactly the voltage of the TDT second discharge (VTDT 2nd dis. on the wire electrode).
The current, on the other hand, is the total current passing through the system.

The Ar/H₂O discharge was selected as a representative case for the direct comparison between ODT
and TDT configurations, as it clearly highlights the electrical differences between the two systems.
Similar qualitative behaviors were observed for the other investigated gas compositions, as detailed in
sections 3.1.2 and 3.1.3.

As can be seen, a clear difference is observed between the two TDT voltages (black and purple
curves). The voltage of the second discharge is a combination of the capacitive coupling between the
wire and the quartz electrode and the voltage drop during the discharge in the quartz tube. The latter is
far less important than the former, and the waveform is mainly sinusoidal. In figure 3, in the first part
(1) of IODT, a sharp current peak is recorded, which is probably due to an imperfect connection between
the copper wire and the high-voltage generator, creating an artifact.

The current waveform of the TDT (ITDT) displays two distinct discharge events: first, the quartz tube
discharge circled in blue (1), characterized by a sharp, high-amplitude current peak, followed by a longer
segment composed of multiple sharp and small current peaks closely spaced identified as microdis-
charges (2), circled in red. This type of double discharge has been discussed in a previously published
work on helium discharge [45]; our system shares common electrical behavior. The second part of the
discharge is attributed to the discharge in the PTFE tube. This interpretation is supported by the com-
parison with the ODT current waveform (IODT), which does not present any relevant current peak in the
first part (1) of the discharge and then closely matches the second part (2) of the TDT signal, indicating
that microdischarges primarily occur in the PTFE tube, similar to those in the ODT. A strong asym-
metry is also observed between the positive and negative polarities, due to the asymmetry of our system.
This asymmetry is due to the absence of a dielectric on the copper wire, which allows more current to
flow in one direction than the other [46].
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Figure 4. Comparison of the current (mA) during one period (30 kHz) in the ODT with air, Ar, He, He/O2 (3%), Ar/H2O, and
He/H2O gas mixture with a flow of 1.5 l min−1. The strong and sharp current peak observed around 144 µs for Ar, He, Ar/H2O,
and He/H2O can be attributed to an artifact of the measurement and, as such, should be disregarded.

3.1.2. Current distribution in the ODT in function of the gas
Figure 3 compares the current during one period in the ODT with air, Ar, He, He/O2 (3%), Ar/H2O,
and He/H2O gas mixture. For Ar, He, Ar/H2O, a strong and sharp current peak is observed at 144 µs,
which is a measurement artifact that should be disregarded. In figures 3 and 4, the microdischarges can-
not be individually resolved and instead appear as densely packed current pulses characteristic of fila-
mentary discharges [47].

The presence of microdischarges is observed in all gases except pure helium. In helium, it is well
known that DBD at atmospheric pressure presents homogenous behavior instead of microdischarges,
which is also observed here [48, 49]. Air, Ar/H2O, and He/H2O present similar microdischarges with
small current peaks packed closely in the upper portion of the half period. On the other hand, He/O2

and Ar exhibit strong current peaks in at least one polarity (highlighted by the star in figure 4), indicat-
ing stronger ionization of the gas.

3.1.3. Current distribution in the TDT
Figure 5 compares the current during one period in the TDT with the different gas mixtures. Similar
behavior is observed for the TDT, with microdischarge in air, Ar, He/O2, Ar/H2O, and He/H2O, but also
in helium. In figure 5, we have highlighted the presence of the two discharge stages, which are observed
for all gases except air. In air, the high current peak at the beginning is completely missing; instead, a
large number of microdischarges with current peaks as high as 300 mA are observed throughout the
entire discharge. They are also less closely packed than those observed for other gases or for the ODT.
The polarity asymmetry is also observed, with a higher current peak in one polarity than the other.

3.1.4. TDT-ODT power consumption
Figure 6(a) compares the power consumed by the TDT 1st discharge (kV) as a function of the peak-to-
peak voltage (Voltagepp) measured on the first electrode (quartz tube) for various gas discharges in the
TDT. This power is calculated by subtracting the power of the second discharge from the total power.
The power varies considerably across the various gases at a given voltage. Particularly, the air discharge
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Figure 5. Comparison of the current (mA) during one period (30 kHz) in the TDT with air, Ar, He, He/O2, Ar/H2O, and
He/H2O gas mixture with a flow of 1.5 l · min−1. (1) Large current peak corresponding to the first discharge in the quartz tube.
(2) Microdischarges corresponding to the second discharge in the PTFE tube.

Figure 6. Power dissipated (W) over peak to peak voltage applied (Voltagepp–kV) for air, Ar, He, Ar/H2O, He/H2O, He/O2 dis-
charge. (a) TDT power of the first discharge, voltage applied on the first discharge electrode (quartz tube). (b) TDT and ODT
power of the PTFE tube discharge, voltage measured on the copper wire electrode. The error bars correspond to the standard
deviation between multiple experiments (at least three).

begins to dissipate 3 W at 14 kVpp, whereas all other discharges reach the same power level at voltages
below 6 kVpp.

Figure 6(b) compares the power dissipated in the PTFE tube by both ODT and TDT 2nd dis. The
power dissipated in the tube for both devices varies at the same measured voltage on the wire, except
for the Ar/H2O and He discharges. It could indicate that, except for those two gases, the presence of a
first discharge does change the parameters of the discharge in the tube, either by preheating the gas or
by producing ROS in high amounts.
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Figure 7. Typical FTIR spectra observed during He/O2, He, Ar, and air discharge, regardless of the device (TDT or ODT), along
with identification of the main absorption lines observed.

From the air curve of the TDT 2nd discharge, no power is dissipated in the tube, regardless of the
applied voltage. This observation is consistent with the ODT measurements, where power dissipation in
air starts above 5.8 kV, a voltage that is never reached in the TDT 2nd discharge due to excessive heating
in the first discharge.

3.2. RONS production in the discharge
3.2.1. FTIR
The presence of RONS in the effluent of the discharge is of great importance, as they create a strongly
oxidative medium effective at killing bacteria or degrading molecules on surfaces and in solution [13].
FTIR was therefore used to characterize the quantity of RONS produced during the discharges. Typical
absorbance FTIR spectra obtained in the output gas of an He/O2, He, air, and Ar discharge are presen-
ted in figure 7, along with typical RONS (O3, NO, NO2, N2O5), and PTFE degradation products (CO,
CF4, HF, and COF2).

Figure 8 shows that pure gas discharges (Ar, He) do not produce RONS, and that all discharges react
with the PTFE tube, producing fluorinated compounds due to PTFE degradation by ion bombardment
and metastable reactions. The main degradation products observed in helium were HF and CO, whereas
in Argon, CF4 was also detected, and COF2 was observed in air and He/O2. The cumulated amount of F
atoms being (one for HF, 4 for CF4, and 2 for COF2) increases with power and is higher for ODT than
for TDT, except in the argon discharge. The presence of CO in a discharge that does not contain oxygen
shows probable contamination by water, which could come from either the PTFE or from oxygen etched
from the quartz tube of the TDT, which is supported by the higher amount of CO in the TDT.

In He/O2, the TDT discharge produces an increasing concentration of ozone with increased power,
reaching a maximum around 235 ± 1 ppm. In contrast, the ODT produces less ozone (109 ± 1 ppm),
and its concentration decreases with increasing power. In the air discharge, the trends are inverted,
with high ozone concentrations observed in the ODT discharge (1260 ± 1 ppm), along with low N2O5

concentrations (47 ± 2 ppm). On the contrary, the TDT discharge, which does not turn on in the
PTFE tube and therefore dissipates all its power in the first discharge (quartz tube), produces 400 ppm
of ozone at 5 W with 40 ppm of N2O5. The ozone production completely vanishes above 12 W, and
the discharge produces an increasing amount of NO (226 ± 1 ppm at 30 W) and NO2 (42 ± 1 ppm
at 23 W). This regime change is a common behavior of N2/O2 DBD discharges, which is due to the
destruction of ozone at high temperatures resulting from the increase in power density of the discharge
at higher power levels. In the TDT air discharge, power is dissipated only during the first discharge,
which is sufficient at 23 W to increase the gas temperature and suppress ozone production. Figure 9
presents the concentration in ppm of the various molecules produced in a 1.5 l · min−1 Ar, He, He/O2,
and air discharge for the ODT and the TDT, at 10 ± 2 W of power dissipated in the PTFE tube. The
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Figure 8. Concentration of CF4, NO, NO2, N2O, N2O5, O3, HF, CO and COF2 (ppm) in TDT (hollow symbols) and ODT (plain
symbols) discharges over the power (W) dissipated in the PTFE tube (2nd discharge in case of the TDT) for He/O2, He, Ar, and
Air ODT (1.5 l · min−1), and the power dissipated in total for the TDT–air discharge.

Figure 9. Gas concentration observed in the output gases from the ODT and TDT discharge for the tested gases without water
saturation. 1.5 l · min−1 gas flow rates, around 10 ± 2 W of power in the PTFE tube for all discharge, except for the TDT–air
discharge, with a power in the PTFE tube of 0.5 W.

TDT air discharge dissipates only 0.5 ± 0.2 W in the PTFE tube, for a total power of 23 ± 1 W. Ar/H2O
and He/H2O are not presented due to the strong degradation of the spectra caused by water vapor
absorption, which makes the accurate measurement of these species impossible. However, qualitative
measurements show the presence of HF, CO, and COF2 in those discharges, in the ODT and the TDT
(not presented), with a higher amount of HF and COF2 under argon.
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Figure 10. Typical spectra with identification of the main emission bands and lines observed in the PTFE tube during ODT
He/O2, Ar/H2O, He/H2O, He, Ar, and air discharge. All discharges are generated with an applied voltage of 4 kV, except for the
air discharge, which is at 7 kV. (a) Emission spectra between 250 nm and 600 nm, (b) atomic oxygen emission, O( 5P → 5S),
around 777.5 nm, (c) atomic fluorine and argon emission between 730 and 760 nm.

3.2.2. OES
The light emission from the plasma has been measured at the decontamination sample position and
therefore reflects the plasma activity during the decontamination. Figure 10 presents the typical emission
spectra for all gases tested between 250 nm and 600 nm. Each spectrum presents very different molecu-
lar bands and atomic lines. In air (only in ODT), the N2(C–B) band is dominant and marks the pres-
ence of a discharge inside the tube. Conversely, during the TDT air discharge, no emission was recorded
at any tested power (between 0 and 60 W). In both discharges containing water (He/H2O and Ar/H2O),
a strong band of OH(A–X) is observed around 310 nm. The intensity of that band is compared to the
H2O2 production in the next chapter. The rest of the spectrum is dominated by atomic emission from
argon or helium. In pure helium or argon, the presence of PTFE fragments, namely CF, CF2, CH, C2,
CO2

+, and Hα, testifies to the interaction between the excited species, the PTFE walls, and the small
water contamination providing oxygen and hydrogen atoms. It is interesting to note that in argon, due
to the absence of the OH band, the fragments do not contain any oxygen atoms. On the other hand, in
helium, the OH band is visible, along with CO2 and CO2

+, due to the oxidation of PTFE by OH rad-
icals. In helium, the presence of atomic fluorine is also observed (figure 10(c)), which is not the case
for any other discharge. This is due to the high-energy helium metastable (20 eV), which can break the
PTFE and PTFE fragments, and release inorganic fluorine in the discharge. On the other hand, the argon
metastable (11.5 eV) mainly breaks the polymer into monomers. This is correlated with the detection of
CF4 in an argon discharge, and only HF in helium. Finally, in He/O2, the only notable emission is the
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Figure 11. Atomic oxygen line intensity ( 5P → 5S) integrated between 776 and 779 nm over power dissipated in the PTFE tube,
for an ODT and TDT–He/O2 discharge and ODT–air discharge. 1.5 l · min−1 flow rate.

triplet of the atomic oxygen ( 5P →
5S) at 777.5 nm (figure 10(b)). This line is also detected in helium

and argon due to water contamination, and in air due to the presence of oxygen in the discharge.
To compare the oxidative capability of ODT and TDT discharges in He/O2 and air, we measured the

atomic oxygen emission as a function of the power dissipated in the tube. In figure 11, the atomic oxy-
gen emission increases with power dissipation for the three discharges, and the ODT generates twice as
much O emission at the same power level as the TDT discharge.

3.2.3. H2O2 and OH radicals
H2O2 and OH radicals are linked by the reaction scheme ((R1)–(R5)) that produces H2O2 and OH(A–
X) emission (R4) from H2O in the He/H2O and Ar/H2O discharge,

H2O+ e− → OH+H+ e− (R1)

OH+ e− → OH(A)+ e− (R2)

H2O+Ar* → OH(A)+H+Ar (R3)

OH(A)→ OH(X)+ hν (λhν ≈ 310 nm) (R4)

OH+OH+M → H2O2 +M. (R5)

Figures 12(a) and (b) compare the H2O2 production of the ODT and TDT discharge in Ar/H2O and
He/H2O with the OH(A–X) emission over the power dissipated in the PTFE tube. In figure 12, it is
clear that the Ar/H2O discharge produce more H2O2 than the He/H2O discharge, this can be attributed
to the synergy between the argon metastable energy (11.5 eV) and the dissociation excitation of water
(Dissociation energy ∼5.1 eV) that produce excited OH radicals (∼4.0 eV) and hydrogen atoms (R3)
[50]. This is also visible in figure 12(b), with the argon discharge emission also higher than the helium
discharge.

Between ODT and TDT, in terms of H2O2 production, they both produce the same amount until
9 W, after which the TDT produces more H2O2. This is not supported by the OH emission, as both
produce the same emission at all power levels. The larger amount of H2O2 in the TDT could then ori-
ginate from a supplementary production of H2O2 in the first discharge (which dissipates more power),
not entirely destroyed by the second discharge (PTFE tube discharge). This could also explain the slightly
lower OH intensity in the TDT, as part of the water has been converted into H2O2. In helium water dis-
charges, both ODT and TDT produce a similar amount of H2O2 and present the same intensity of OH
emission.
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Figure 12. Comparison between H2O2 and OH for ODT and TDT discharges generated in 1.5 l · min−1 flow of argon and
helium saturated with water vapor. (a) H2O2 (µg) produced by a 10 min discharge, (b) integral of the OH (A–X) emission band
between 300 nm and 340 nm, as a function of the power dissipated in the PTFE tube (2nd discharge of the TDT).

3.3. Bacteria decontamination and biofilm removal
Bacterial decontamination assays were conducted to evaluate the decontamination and biofilm removal
capability of the discharges and compare the ODT and the TDT. The discharge parameters were set at
comparable levels, with 10 ± 1 W dissipated in the PTFE tube for all gases, except for the TDT air dis-
charge, which was run at 23 ± 1 W of total power and less than 1 W of power dissipated in the PTFE
tube. Those powers were selected to limit the heating of the PTFE tube to less than 50 ◦C, in com-
pliance with the recommendation for the endoscope. The treatment time was fixed at five minutes of
discharge.

Figure 13 presents the results of the decontamination assays, showing the biofilm left on the sur-
face of the tube, in percentage of the control (measured by CV assay) and the viability of the bacteria
(sample contaminated or decontaminated). The samples were decontaminated by nearly all discharges,
both in ODT and TDT. The only ineffective discharge is the TDT–air discharge, which is not able to
kill the bacteria. Although no statistical test was performed, the biofilm degradation capability shows no
clear difference between the various treatments, with an average of 93 ± 11% of biofilm left on the sur-
face for Ar, He, air, Ar/H2O, and He/O2. Only the He/H2O-ODT shows a noticeably lower percentage,
with 71 ± 6% of biofilm left, thus a reduction of nearly 30%.

4. Discussion

As shown by the characterization developed for the TDT and ODT, these two systems differ in terms
of their electrical, chemical, and physical properties. Nevertheless, decontamination was achieved with
a five-minute treatment for nearly all combinations of the devices and gases (Ar, Ar/H2O, He/H2O, He,
He/O2, and air). A decrease in the biofilm on the surface for some discharges was also observed.

4.1. Air discharges
The only exception to the decontamination was the TDT–Air discharge, which was unable to decontam-
inate the samples or decrease the quantity of biofilm left after treatment (95 ± 1% left after treatment).
As shown by the electrical curves, the TDT–air discharge at 23 W of total power is unable to initiate
a second discharge in the PTFE tube due to insufficient voltage being transmitted to the copper wire
inside the PTFE tube (figure 6). This discharge produced RONS species, including NO, NO2, and N2O,
with 135 ppm, 42 ppm, and 12 ppm, respectively (figure 9). NO and NO2 in contact with the liquid
trapped in the biofilm form NO2

− and NO3
−, decreasing the pH and reacting with proteins by nitration

[51], therefore modifying the core biological processes of the bacteria. However, in a liquid solution, a
pH lower than 4.7 must be reached to achieve bacterial reduction, as shown by Ikawa et al [12]. In our
case, a small treatment time and a small concentration of NO and NO2 in the gas were insufficient to
decontaminate the sample.
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Figure 13. Biofilm left after treatment (crystal violet assay) on the sample after 5 min of the different plasma, and corresponding
pictures of the samples halves after CV staining. 10 ± 2 W of power in the PTFE tube for all discharge, except for the TDT–air
discharge with a power in the PTFE tube of 0.5 ± 0.2 W and a total power of 23 ± 1 W.

On the contrary, the ODT–Air treatment was effective at decontaminating the bacteria but was only
slightly able to remove the biofilm from the surface, with 89 ± 19% of the biofilm still remaining on
the surface. In contrast to the TDT–air, the ODT–air discharge has two advantages for decontamina-
tion: first, it generates the discharge directly in the PTFE tube, in contact with the sample, allowing the
discharge to interact with the biofilm on the sample surface properly. The second advantage is the high
ozone concentration (1260 ± 1 ppm) and a certain level of N2O5 (29 ± 1 ppm) in the gas (figure 9).
The first is known for its biological activity at high concentrations and is already used to decontamin-
ate wastewater, drinking water, or even medical devices [24, 26, 52]. N2O5, on the other hand, cannot
react directly with the biofilm; instead, it dissolves and reacts with the water (in the biofilm) to acidify
the biofilm (R6). It can also produce peroxynitrous acid (R7) and peroxynitric acid when combined with
H2O2 ((R8) and (R9)), both of which have confirmed bactericidal activity [53],

N2O5(aq) +H2O → 2H+
(aq) + 2NO3−

(aq)
(R6)

N2O5 +H2O → 2 HOONO (R7)

N2O5(aq) +H2O → NO3−
(aq)

+NO2+
(aq)

+H2O (R8)

NO2+
(aq)

+H2O2(aq) → HOONO2(aq) +H+. (R9)

Those two reasons could explain why the ODT–air was able to decontaminate the sample, whereas the
TDT–Air was not. It is interesting to note that the ODT–air was able to achieve decontamination in five
minutes, whereas, according to the literature on ozone decontamination, multiple hours at a similar level
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of ozone are required to achieve a reduction in bacterial activity [54]. Therefore, having the plasma dir-
ectly in contact with the sample significantly reduces the decontamination time to only five minutes in
our case, possibly due to the formation of peroxynitric and peroxynitrous acid in the biofilm.

4.2. Noble gases reactivity
The discharges containing pure noble gases (ODT–Ar, ODT–He, TDT–Ar, TDT–He) were all capable
of decontaminating the samples regardless of the device used (figure 13). In these discharges, the argon
and helium metastables react with the water contained in the biofilm, producing in situ OH radic-
als that can decontaminate the sample even in the absence of water or oxygen in the gas phase. For
biofilm removal, there is no noticeable difference between the ODT and the TDT, or between argon
and helium discharge. It should be noted that in both discharges, some amount of fluorinated com-
pounds was observed, primarily by FTIR (COF2, HF, and CF4 in figure 9), but also through OES (CF,
CF2, and atomic F in figure 10). All those species are known for their high cellular toxicity and/or etch-
ing capabilities.

4.3. Oxygen in the discharge
The discharges containing helium and oxygen (He/O2) are also able to decontaminate the sample,
regardless of the device used; this ability is attributed to the large amount of atomic oxygen observed
by OES (figure 10). On the other hand, they have similar biofilm-removal efficacy as air discharge, with
86 ± 9% and 100 ± 20% remaining after treatment for the He/O2 TDT and ODT, respectively, and
89 ± 19% for the ODT–air (figure 13). This is in contradiction with the greater oxidative capability
observed through the presence of a larger amount of COF2 in the He/O2 TDT (106 ± 1 ppm) and ODT
(130 ± 1 ppm) than in the ODT–air (40 ± 1 ppm). Part of the atomic oxygen is also consumed by R10
to form ozone, with 1101 ± 17 ppm measured in air discharge and only 217 ± 2 ppm and 67 ± 3 ppm,
respectively, in He/O2, ODT, and TDT. This indicates that ozone is not effective at etching the biofilm in
our system,

O+O2 +M → O3 +M. (R10)

The low biofilm removal efficacy of oxygen-containing discharges indicates that another species or
process is required to remove the biofilm efficiently, possibly OH, as suggested by the higher biofilm
removal efficacy of the He/H2O treatment and its higher mineralization potential [26, 29].

4.4. Water-saturated discharges
For the two water-saturated gases (Ar/H2O and He/H2O), we have observed the production of H2O2 in
effluent gas and the emission from OH radicals (around 310 nm) in discharges (figure 12). Both spe-
cies have strong antibacterial activity, and in the full decontamination was achieved in every configura-
tion. The biofilm removal capability was maximal for the ODT–He/H2O, which reduced the biofilm by
29 ± 6%. This was unexpected. Indeed, the OH emission intensity and H2O2 production are lower for
discharges containing helium than for those containing argon, regardless of the setup design (figure 12).
Helium discharges are known for their high concentration of helium metastable (20 eV), whose energy
is high enough to efficiently break all the chemical bonds of organic materials, as confirmed by the
release of atomic fluorine in our helium discharges (figure 10). On the other hand, argon metastables
are primarily used for water dissociation, producing OH and H2O2 from water vapor ((R3), (R5)). We
have also observed that the pure argon discharge releases large organic products from the surface (CF,
CF2, CF4) and no atomic products. It suggests that it exists a synergy between the etching of the biofilm
into atomic species by metastable helium and the presence of OH radicals in the gas phase to react with
those species. This could yield a higher mineralization rate for helium compared to argon in the pres-
ence of water vapor and lower quantities of biofilm left on the surface after treatment (figure 13).

4.5. Fluorinated compounds
The detection of HF, COF₂, and even CF₄ in the effluent gases (figure 7), particularly when oxygen or
water is added to the discharges, indicates a significant interaction between the plasma and the PTFE
tube walls. Those species are known products of fluorinated polymer degradation by reactive species
such as metastables, OH, or atomic oxygen [22, 55–57]. COF2 and CF4, which react with water to pro-
duce HF, to our knowledge have never been used for the decontamination of bacteria, even though
it has already been suggested that their presence in the plasma effluent gas could help decontaminate
biofilms [55]. Hence, their presence does not contribute to the overall decontamination efficiency of the
plasma, but could help in the biofilm removal due to the etching capability of fluorinated compounds in

16



J. Phys. D: Appl. Phys. 59 (2026) 025211 A Remy et al

plasma discharges [23]. On the other hand, HF, COF₂, and CF4 are highly toxic and corrosive gases that
pose health and safety risks in confined environments. The maximum measured concentration for COF2

(152 ± 1 ppm) and for HF (28 ± 2 ppm), in the effluent gas of the reactor (1.5 l · min−1), would pro-
duce, in a well ventilated room (40 m3

· h−1
· pers−1), a maximum fluorine concentration of 1 ppm,

which is below the short-term exposure limit of 3 ppm recommended by the Eurofluor group [58]. Even
if the health and environmental risk is low, it should be properly addressed for any clinical or industrial
application.

4.6. Limits and future scope
Common, up-to-date disinfection techniques use mechanical action to reach HLD standards and fully
remove the biofilm from the surface. They use multiple brushes and a pressurized flow of hot (>50 ◦C)
disinfectant (glutaraldehyde) solutions over long treatment times to kill bacteria and remove biofilm. In
the present study and in a precedent study using a similar setup [21], although the plasma could par-
tially remove the biofilm, we were still unable to fully remove it from the entire surface of the tube. But
we are not using any liquids or mechanical action to remove the biofilm, and we rely solely on the etch-
ing of the biofilm (mineralization), greatly diminishing hazardous (biological, chemical, and material)
hardware and waste from the treatment, and even avoiding contact between the technical staff and the
contaminated hardware.

As highlighted by the observation of equivalent decontamination and biofilm removal capabilities
across all tested discharges, the characterization of RONS generation within the biofilm, both in the gas
phase and in the biofilm, is essential to further comprehend the chemistry during CAP decontamina-
tion. However, the detection of RONS within the biofilm during treatment poses significant challenges.
These reactive species generally possess short lifetimes and most likely react rapidly with the biomater-
ial, consequently preventing their accumulation in the biofilm and making in-situ detection extremely
challenging.

Despite the different plasma chemistries, both systems successfully achieved complete bacterial decon-
tamination after 5 min of treatment in nearly all gas compositions tested (Ar, He, He/O₂, Ar/H₂O,
He/H₂O), with the notable exception of the TDT–air discharge, which failed to ignite within the PTFE
tube and showed no biocidal activity. Further reducing treatment time could better differentiate among
the various discharges, and implementing CFU assays would allow quantification of bacterial reduction,
particularly in the absence of complete decontamination.

In the present study, the characterization of discharges was performed in the absence of a biofilm,
in order to prevent the contamination of diagnostic equipment. However, replicating the FTIR and OES
measurements during biofilm treatment would enable the detection of mineralization products (CO2,
CO, H2O), particularly in pure Ar and He discharges, as well as previously undetected volatile organic
compounds resulting from incomplete mineralization (CH, COH …). The ratio between these inorganic
and organic products could then serve as an indicator to elucidate the chemical pathways involved in
biofilm degradation.

The difference between Ar/H2O and He/H2O should be further investigated through a careful kinetic
comparison of biofilm removal rates at longer treatment times. This would strengthen the hypothesis
of synergy between helium metastables and OH radicals, which would be beneficial for biofilm matrix
degradation and mineralization.

In addition, complementary analyzes of the biofilm surface using mass spectrometry, infrared spec-
troscopy, and chromatography could provide insights into changes in its chemical composition and
structure, which would help to distinguish the effects of different discharge gases and the potential role
of fluorinated compounds. The incorporation of these diagnostics in future studies will be crucial for
advancing our understanding of plasma–biofilm interactions.

5. Conclusion

This study investigated the effectiveness of two DBD configurations, ODT and TDT, to decontaminate P.
aeruginosa biofilms in long, flexible PTFE tubes, which mimic the working channels of endoscopes. This
work assesses whether transporting reactive species generated upstream (TDT) could enhance bacterial
inactivation and biofilm removal compared to a direct discharge (ODT) generated in contact with the
contaminated surface.

Importantly, we have shown that the ODT configuration presents clear practical advantages over
the TDT, especially in air. It requires fewer components, eliminates upstream discharge management,
requires less energy, and can be easily integrated into endoscope reprocessing workflows. Moreover,
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previous work using a similar ODT configuration with water-saturated argon demonstrated that exten-
sion of the treatment time from 5 to 30 min resulted in up to 80% biofilm removal [21], with minimal
impact on the channel material [22].

In conclusion, this study confirms the feasibility of short-duration plasma treatment across a wide
range of reactive gas mixtures for rapid, effective bacterial decontamination of long medical tubing.
Overall, the technique’s simplicity makes it a highly promising solution for clinical applications. In con-
trast to newly developed methods that require hazardous chemicals, lengthy reprocessing procedures,
or single-use devices, this approach offers a safer and more sustainable alternative, reducing environ-
mental impact by shortening the reprocessing chain and avoiding the use or generation of toxic waste.
Further optimization of discharge duration and gas composition will be necessary to approach full
biofilm removal without mechanical action, and realize a one-step, plasma-based endoscope reprocessing
method.
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