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ABSTRACT: Plasma decontamination of medical devices has garnered significant attention 
in recent years. This paper explores the feasibility of decontaminating endoscopes, which are 
extensively used in hospitals for minimally invasive procedures but are a leading cause of 
nosocomial infections due to inadequate cleaning. Cold atmospheric plasma offers a promis-
ing solution by potentially providing an effective and easily implemented decontamination 
method. However, improper use could damage the endoscope. A setup was developed to mim-
ic the internal channel of endoscopes, and a dielectric barrier discharge (DBD) plasma device 
was designed, capable of reaching the entirety of a 1.5 m polytetrafluoroethylene (PTFE) 
tube. The impact of the plasma on the endoscope’s internal channel was analyzed. Extensive 
surface studies of the PTFE tube (atomic force microscopy, X-ray photoelectron spectroscopy, 
and water contact angle) and gas analysis of the post-plasma (Fourier-transform infrared spec-
troscopy) treatment were conducted. These studies enabled the determination of the treatment 
conditions (gas, power, duration) that affect the PTFE tube and an assessment of the extent of 
the impact.
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I. INTRODUCTION

Currently, endoscopes undergo cleaning and decontamination through well-established 
procedures involving enzymatic solutions and brushing the devices’ internal channels.1 
However, endoscopes often retain bacterial contaminants even after thorough cleaning.2 
Those remaining contaminations of endoscopes increase the risk of cross-contamination 
between patients. Indeed, endoscopes are reported to be the medical device causing the 
most surgery-related infections by the US Center for Disease Control.3 Moreover, little 
to no information is known on the impact of the current cleaning process on endoscopes 
and the damages it may entail.

The persistent contamination challenges lie in the complexity of the endoscope 
structure, making some parts difficult to reach and properly clean. Additionally, the 
electronic part of the devices makes them incompatible with autoclaving at high 
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temperatures.3 Among the various decontamination methods, plasma offers a potential 
solution by providing efficient and thorough decontamination of the internal channels 
of endoscopes. Indeed, plasma is gaining attention for its antibacterial and antimicro-
bial properties.4

Cold atmospheric plasma (CAP), with known antibacterial properties, is already be-
ing explored in several biomedical applications, with two main purposes: plasma used 
for cleaning and decontamination of medical devices and material5–7 and plasma used 
to treat patients conditions, with ongoing studies exploring its application in diverse 
diseases8,9 or wounds treatment.10 This study falls into the former. CAP is emerging as 
a promising method for cleaning and decontaminating hard-to-reach areas in tubular 
structures, such as endoscopes.11,12 Polytetrafluoroethylene (PTFE), commonly used in 
endoscopes for its antifouling properties, can benefit from CAP treatment.

PTFE is a versatile polymer used in many applications due to its exceptional proper-
ties, including high thermal and chemical resistivity, a low friction coefficient, and low 
surface tension.13 These characteristics make PTFE an ideal material for various uses, 
particularly where non-adhesive and antifouling properties are advantageous. Examples 
of such applications include PTFE membranes for wastewater ultrafiltration, marine 
structure protection, and vascular grafts.14–16 The effectiveness of PTFE in these ap-
plications relies heavily on maintaining its surface properties. However, even PTFE is 
susceptible to fouling over time, especially when in contact with wet materials, neces-
sitating periodic deep cleaning and decontamination.17 Endoscopes are a prime example 
of such applications, with their internal channels made of PTFE and biofouling garnered 
on their surfaces over time.

The inertness of PTFE, which is a desirable attribute, may also be compromised un-
der plasma treatment. Research shows that plasma can significantly affect the chemical 
and topographical properties of PTFE surfaces.18–21 The effects of plasma on PTFE de-
pend on various parameters, including the type of gas used, the power and the frequency 
applied, as well as the energy of the plasma species.11,19,22 For instance, oxygen-con-
taining plasmas tend to erode the amorphous phase of PTFE, while noble gas plasmas 
can cause surface sputtering with no preferential attack on the crystalline or amorphous 
phases.23 These interactions can cause mass loss24 and alter surface roughness.25 The 
latter has been shown to increase the adherence of biofouling.26 The wettability of the 
polymer is also affected, which can impact biofouling and, more specifically, biofilm 
formation and adherence. However, the extent of this impact is still under debate.26

Given these potential effects, this study examines the impact of plasma treatment on 
PTFE in a tubular system, designed to mimic the structure of endoscopes. PTFE tubes 
are prevalent in numerous applications, from medical devices to high-pressure water 
systems, making this research broadly applicable,27–29 and this system could theoreti-
cally be applied to all of them. This study investigates the viability of using CAP for 
endoscope decontamination as well as the impact of different plasma parameters on 
the surface modifications of PTFE, aiming to balance effective decontamination with 
minimal adverse effects on the material (the decontamination treatment is discussed in 
a separate work).30
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II. MATERIALS AND METHODS

A. Setup

To ignite the plasma inside the entire tube, the work of Bastin et al. and Thulliez 
et al.31,32 was repurposed. They developed a dielectric barrier discharge (DBD) in 
a PTFE tube that generates a plasma jet 2 meters away from the high voltage (HV) 
input and minimizes the losses along the tube. On the contrary, the objective here is 
to utilize the losses to our advantage, and so to maximize the plasma occurring inside 
the tube.

As shown on Fig. 1, a setup mimicking the working channel of an endoscope as 
closely as possible while remaining easily analyzed was built. It consists of a 1.5-m-
long PTFE tube provided by Chemlab Analytical, with an internal diameter of 3 mm and 
1.5 mm thickness (3 mm ID × 5 mm OD), acting as the endoscope’s working channel. 
A PVC tube (8 mm ID and 12 mm OD) surrounds the PTFE tube and is encased by a 
metallic mesh, serving as the electronic housing and the electrical ground. Together, the 
apparatus mimics the principal electrical and structural characteristics of an endoscope 
tubular structure.

The plasma device is made of a 45 mm long stainless steel (SS) tube (1/4-inch 316L 
from Swagelok), acting as a gas pass-through and a high voltage connection. The PTFE 
tube is gas-tightly connected to the SS tube downstream. A 1.5-m-long by 0.3-mm-wide 
copper wire is attached inside the SS tube and serves as the powered electrode running 
inside the entire PTFE tube. To generate plasma in a controlled atmosphere, a flowmeter 
(MV-302, Bronkhorst) injects a controlled flow of gas into the tubes. Multiple vector 
gases (helium, nitrogen, and argon) are used in this study, mixed or not with reactive 
gases like air, oxygen, and water. The total gas flow for all experiments is 1.5 L/min. The 
different gases are provided by Air Liquide with purity over 99.99% (Alphagaz 1). In the 

FIG. 1: Setup of the plasma generator with the display mimicking the endoscope
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case of water vapor addition, a bubbler filled with deionized water was used to charge 
the vector gas with humidity. The bubbler was positioned upstream from the SS tube.

The high-voltage AC power was provided by a G10S-V AFS generator, which al-
lows for power and frequency control. The powers used in this study vary from 5 watts 
to 35 watts. The AC power was used in continuous as well as in milli-pulsed mode. The 
milli-pulsed mode is characterized by alternance of ON (i.e., with power applied) and 
OFF (i.e., without power applied) periods, both at the millisecond scale. Several OFF 
times were used with a fixed ON time of 1 ms; OFF times varied between 1, 3, 5, and 
9 ms.

B. Plasma Analysis

1. High-Speed Camera

A high-speed camera (Photron FASTCAM NOVA S6) equipped with a Tamron SP AF 
90 mm F/2.8 Di Macro 1:1 lens was used to visualize the plasma characteristics (lumi-
nosity, filamentary or homogenous aspect). The images were recorded at 1000 fps. To 
better visualize the discharge inside the tube apparatus, a cutout in the PVC tube was 
realized, and the discharge was observed through the metallic mesh and the PTFE tube, 
both essential to the discharge characteristics.

2. Oscilloscope

The electrical properties of the plasma were monitored with a high-voltage probe 
(Tektronix P6015A) and recorded on an oscilloscope (500 MHz, Tektronix DPO 3032). 
The total electrical power was measured and displayed by the AFS generator.

C. Gas Analysis

1. Fourier Transform Infrared Spectrometry (FTIR)

The analysis of the gases produced by the discharge was made by infrared absorption 
spectroscopy using a fourier transform infrared (FTIR) spectrometer (Bruker Vertex 
70 V) with a set of external mirrors. The infrared beam goes through a 20-cm-length 
homemade gas cell with zinc selenide windows. The spectral range analyzed is from 
700 to 4400 cm–1. Spectra are taken every 5 seconds with a resolution of 0.5 cm–1. The 
produced molecules were identified with the associated bands and quantified with refer-
ence cross-section spectra from Hitran.33 The concentration of those species in the gas 
stream is obtained using the Beer-Lambert law (see equation) at specific wave numbers, 
specifically chosen to avoid as much overlaps with other species bands as possible.
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where C is the concentration of the species in part per million by volume (ppm-v); A 
the absorbance measured at the wavenumber of interest; ρ the gas density: 2.46 × 1013 
molecule.ppm-v–1; L the optical path of the IR beam in cm; and Cs the absorption cross-
section in cm2 molecule–1. The wavenumber and the associated cross-sections chosen for 
analysis of the different species are presented in Table 1. The vibrational band chosen 
for COF2 is ν1, at 1944 cm–1.

D. Surface Analysis

Surface analysis of narrow tubular structures like the PTFE tube is a challenge. Therefore, 
flat surfaces were used for analysis, as represented in Fig. 2. Instead of tubes, 0.1 mm 
thick PTFE films (Goodfellow) cut into 1 × 2 cm rectangular pieces were used, rolled 
up, and inserted into the PTFE tube at approximately 1 cm from the end of the tube. The 
film is treated in the same conditions as the rest of the tube. After the plasma treatment, 
those films are unrolled, and the flattened treated part is analyzed using the following 
methods.

1. X-Ray Photoelectron Spectroscopy (XPS)

The PTFE surfaces were analyzed by XPS. The analysis was performed by a VersaProbe 
II photoelectron spectrometer (PhysicalElectronics) with a monochromatic Al Kα X-ray 
source (1486.6 eV). Full survey and C 1s high-resolution spectra were performed on all 
samples with a 200 μm diameter analysis spots. The pass energies for the full survey and 
the high-resolution spectra were 93.9 eV and 23.5 eV, respectively, with energy resolu-
tion of 0.8 eV and 0.1 eV.

The spectra were treated with CasaXPS. Full survey spectra were used to determine 
the average atomic concentration. The sensitivity factors used were 1 for C 1s, 2.93 for 
O 1s, and 4.43 for F 1s. Three different positions were analyzed on each sample and then 
the atomic composition of all spectra was averaged.

2. Water Contact Angle (WCA)

The wettability of the surfaces was measured using a WCA analysis. A Krüss “DSA100” 
goniometer was used in static mode, and the angle was calculated with the help of “drop 

TABLE 1: Absorption cross-section (Cs) from Hitran33 and wavenumber of absorption (Wn) used 
for qualitative and quantitative measurements

Species HF COF2 CF4

Cs (10–18 cm2 molecule–1) 1.14 1.20 68.86

Wn (cm–1) 4039 1944 1283
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shape analysis” software. Three droplets of deionized water (3 μL) were deposited on 
the surface of each sample, and the angle values were averaged.

3. Atomic Force Microscopy (AFM)

The morphology of the surfaces of PTFE samples was analyzed by AFM in air. The mi-
croscope used is a Bruker dimension icon. The images were acquired in tapping mode 
with a resolution of 512 × 512 pixels and a scan size of 15 × 15 μm. The tip used are 
Bruker RTESPA 300 with a resonance frequency of about 300 kHz and a stiffness of 
about 40 N/m. The root mean square average surface roughness (Rq) was determined 
each sample using Nanoscope Analysis 3.0 software (Bruker).

III. RESULTS AND DISCUSSION

The result section is divided into three parts. 1) The successful ignition of plasma in a 
1.5-m-long tube, backed up by high-speed camera images as well as electrical power 
measurements. The results show here that some parameters, such as the discharge 

FIG. 2: Schematic representation of the insertion of a 1 × 2 cm PTFE film in a PTFE tube to 
obtain flat surfaces for surface analysis techniques
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voltage, are crucial elements to ignite the plasma in the tube. 2) The analysis of the 
gases exiting the PTFE tube using FTIR. The detected fluorine species are correlated to 
the damage of the PTFE tube. 3) The surface analysis of the surfaces of the PTFE film 
after plasma treatment. Those analyses are done with AFM, XPS, and WCA.

A. Plasma in a Tube

Research on plasma in tubes usually uses a plasma jet configuration. Several goals 
can be pursued with these configurations. Bastin et al. and Thulliez et al. used it 
to provide a plasma plume at the end of a 2 m tube for non-invasive surgical pur-
poses.32,33 Lu et al. aimed to decontaminate pipes with a helium plasma jet. Bhatt et 
al. targeted endoscope decontamination and used a plasma jet configuration.34 While 
some success was achieved by those researchers with their respective goals, a dif-
ferent approach was undertaken in this study, utilizing dielectric barrier discharge 
(DBD) instead. The objective was to maximize plasma generation within the tube 
rather than focusing on plasma generation at the tube’s end. Such a configuration 
distributes homogeneously the plasma’s power on the tube’s inner surface. Sato et 
al. pursued a similar goal, trying to clean catheters.35 The main difference between 
this DBD setup and a plasma jet setup, resides in the electrical ground. In this case, 
the electrical ground is around a central powered electrode, much like a cylindrical 
DBD.

A polymeric tube, like those used in endoscopes, can be used directly as the dielec-
tric barrier of the DBD, with the wire going through the PTFE tube and a metallic mesh 
wrapped around the tube. Fortunately, regular endoscopes have metallic wiring around 
their operating channel that can be used as grounding, and metallic wire can easily be 
placed inside the channel.

Every part of the electrical circuit of the DBD is critical to obtain plasma that 
ignites inside the entirety of the tube. Figure 3 illustrates the importance of the elec-
trical circuit. Using a copper wire to transport the high voltage all the way inside the 
tube, as well as a metallic mesh around the tube acting as the ground electrode (Fig. 
3A), allows a DBD plasma to be ignited inside the PTFE tube. When the metallic 
mesh is not connected to the ground (Fig. 3B), the plasma still ignites in the entire 
tube but with a lower intensity than when connected to the ground. Also, a small 
plasma jet at the end of the tube is observed. The last case (Fig. 3C) has the high 
voltage input only to the SS tube, with no copper wire inside the tube. In this case, 
the plasma stays localized next to the SS tube, with upstream and downstream jets 
observed.

The electrical circuit of the setup influences the extent of the plasma. The required 
conditions to create an intense and homogenous plasma inside of the entirety of the 
tube are obtained when the copper wire is connected to HV and the surrounding mesh is 
connected to the electrical ground. This configuration should be used for a homogenous 
treatment and fast decontamination of the tube. It is, therefore, used for the rest of this 
work.
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In Fig. 4, the importance of electrical parameters is highlighted. By tweaking simple 
parameters such as the voltage, the appearance of the plasma is greatly affected, making 
it more, or less homogenous and modifying the volume it occupies.

A high-speed camera was used to examine the discharge’s distribution within the 
tube. Figure 4 illustrates the influence of voltage on the discharge, showing that, for a 
fixed power, higher voltages allow the plasma to fill a larger volume inside the tube. 
The generator’s power is fixed at 15 W with an ON time of 1 ms, while varying the 
OFF time between 0 and 9 ms. The resulting plasma voltage ranged from 5 kV in con-
tinuous mode (0 ms) to 17 kV at 9 ms OFF. As observed from Fig. 4A to 4D, higher 
voltage discharge enabled a more homogeneous treatment of the entire tube surface. 
With a regular AC, the applied voltage, at 5053 (± 61) V is too low to ignite plasma 
along the entire tube, and the plasma is only present directly next to the copper wire, 
the electrode. With pulsed current, an increase in the luminosity of the plasma is ob-
served, which is linked to the increase in voltage. For OFF times of 1 and 4 ms, with 
a voltage of respectively 6694 (± 260) V and 11877 (± 202) V, the plasma presents 
a higher luminosity but is still restricted around the wire. At a pulse of 9 ms OFF, 
with 17879 (± 120) V, the plasma seems to reach the entirety of the tube, although 

FIG. 3: Pictures of the setup with different electrical compositions in a 15 W Ar/H2O plasma. (A) 
High voltage connected to the copper wire and ground connected to the metallic mesh. (B) High 
voltage connected to the copper wire and no ground. (C) High voltage applied to the SS tube. (D) 
Schematic illustration of the setup and its electrical connections.
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at variable intensity. Using pulse mode, the voltage increased almost five times and 
ignited luminous plasma in the tube.

Figure 4 also shows that the plasma is confined into the PTFE tube, even at high 
voltage. That highlights the importance of vector gas to plasma ignition. Indeed, in this 
case, argon flows only inside the PTFE tube, leaving the PVC tube filled with air.

B. Gas Analysis

Figure 5 (left) shows the FTIR spectra of the exiting gases for an Ar/O2 discharge at 15 
W in continuous mode (0 ms OFF time). Fluorine-containing molecules were observed 
and measured in all tested plasma conditions (Fig. 5, right). HF and COF2 were identi-
fied as well as, in some cases, CF4. Other species, like CO2, CO, and water, are also 
observed, depending on the plasma parameters, but they are irrelevant to the study. The 

FIG. 4: Variation of the filamentary properties of the plasma with the increased voltage in a 15 W 
Ar/H2O plasma. (A) AC. (B) Pulsed current (1 ms ON/1 ms OFF). (C) Pulsed current (1 ms ON/4 
ms OFF). (D) Pulsed current (1 ms ON/9 ms OFF). (E) Graph of the voltage of the discharge with 
the increased time OFF and fixed time ON (1 ms).

FIG. 5: (A) IR spectrum of exiting gas with HF and COF2. (B) Tracking of the degradation of 
the PTFE tube depending on the gas mix used. Plasma at 15 W.
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focus is on the fluorinated species as those are produced by the interaction of the plasma 
and PTFE and allow tracking of the deterioration of the PTFE surface. The concentra-
tion of those species in the gas cell was calculated in ppm-v and then converted into 
grams of species ejected from the tube per minute of plasma treatment (µg/min).

Multiple gases at a gas flow of 1.5 L/min and applied power of 15 W were tested. 
Important variations in the production of fluorinated molecules were observed. Plasma 
in pure noble gas (Ar and He) produced around 5 μg/min of fluorinated molecules, with 
the notable production of CF4 for pure argon. Ar/O2 plasma stands out with the highest 
production rate at 42 µg/min. Ar/O2 plasma is a mix of 97% argon and 3% oxygen for a 
total flow of 1.5 L/min. Same for He/O2. Those two gas mixes, as well as air, present the 
highest degradation rates with 15 µg/min for air and He/O2. Oxygen seems to play an 
important role in the destruction of the polymer. This property of oxygenated plasma has 
already been observed in other works, although in different configurations. The oxygen 
radical is believed to be responsible for that degradation.23 Ar/H2O plasma is a water-
saturated flow of argon obtained from argon passing through a bubbler full of deionized 
water. He/H2O is the same with helium. Those showed similar deterioration rates, with 
respectively 5.4 and 5.5 µg/min of fluorinated species ejected.

A focus was placed on Ar/O2 and Ar/H2O plasma, as both are regularly found in 
decontamination treatments.36 A variation of the plasma power has a significant influ-
ence on PTFE degradation. As seen in Fig. 6, Ar/O2 plasma has the most destructive 
properties with a higher production rate of fluorine-containing compounds than the Ar/
H2O plasma. After a rapid increase of production rate between 5 W, with 11 µg/min, and 

FIG. 6: Production of fluorinated molecules through the action of plasma on a PTFE tube in a 1.5 
L/min Ar/O2 and Ar/H2O gas mixture and the impact of power on that impact
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15 W, with 47 µg/min, it reaches a threshold, with a production rate stabilizing around 
45 µg/min.

Conversely, in the same condition, Ar/H2O plasma has fewer damaging properties 
and a slowly increased impact of the power on the degradation going from 4 µg/min 
at 5 W to 9 µg/min at 15 W. At 25 W, the degradation rate is off 13 µg/min to finally 
reach 18 µg/min at 35 W. The power range investigated here did not reach a degradation 
threshold for the Ar/H2O plasma.

A monolayer of PTFE in the 1.5 m PTFE tube was calculated to be 6 µg roughly. 
That means that for the harshest treatment (Ar/O2), approximately seven layers are de-
stroyed every minute. As for the 15W Ar/H2O plasma, it is approximately one layer 
every minute of treatment. To give perspective, it also means that it would take almost 
ten years of permanent Ar/H2O plasma to destroy a 1 mm thick PTFE tube.

C. Surface Analysis

1. AFM

The roughness of the surfaces of the PTFE film samples was investigated through AFM 
measurements. Plasma treatments on polymer can lead to etching and a change in the 
roughness of its surface. For different plasma gases, the PTFE surfaces exhibit different 
roughness. Figure 7 shows the Rq measured for each of these surfaces after 30 min of 
treatment with the different gas mixtures at 15 W (Fig. 7A), the impact of power in the 
case of Ar/H2O plasma (Fig. 7B) as well as the impact of time for Ar/H2O plasma (Fig. 
7C) with the corresponding images (Fig. 7A to 7D). Figure 7A shows that for an applied 
power of 15 W, the Ar/O2 plasma exhibits the highest roughness of all the gas mixtures. 
The Ar/H2O and air plasma also exhibit a significant roughness increase compared to the 
pristine sample (blank). Pure noble gas (argon and helium) showed little to no roughness 
modification compared to the pristine sample. Pure noble gas plasma, especially helium, 
is known to produce very highly energetic species that can destroy PTFE surface on a 
layer-to-layer mechanism, and so not influence the roughness.23

A closer investigation of Ar/H2O was done. In Fig. 7B, the influence of the power is 
studied with variation between 5, 15, and 30 W at a fixed time of 30 min. It shows an in-
crease in the roughness of the tube’s surfaces with the power. Plasma at 5 W has a lower 
impact than higher-power plasma. The roughness does not increase between 15 W and 
30 W. Variation of treatment time with a fixed power of 15 W was researched with time 
of 30 s, 1, 2, 5, 10, 30, and 60 min (Fig. 7C). A small increase of the surface roughness 
is seen at increased treatment time, going from 102 nm to 130. However, after an initial 
increase at the smallest treatment time (30 s), the roughness stabilizes at an average of 
110 ± 12 nm, and longer treatment does not significantly increase the roughness.

Figure 8 (top) shows that the roughness analysis over treatment power has been per-
formed for an Ar/O2 in similar conditions to the Ar/H2O measurement. The associated 
AFM images of the sample before and after treatment are also displayed on the right. 
The 5 W treatment causes a small increase in the roughness of the PTFE surface, but it 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

PMED-54997.indd               11                                           Manila Typesetting Company                                           08/12/2024          07:09AM



12 Zveny et al.

is not significant. However, a significant increase is made by the 15 W plasma. As power 
is increased to 30 W, the measured roughness decreases. This could be explained by the 
semi-crystallinity of PTFE. Indeed, a 15 W Ar/O2 plasma provides enough energy-rich 
species to affect the amorphous part of PTFE but not the crystalline parts, and doing so, 
increases the roughness by preferentially digging the surface. Conversely, the species 
produced by the 30 W plasma are energetic enough to affect both amorphous and crys-
talline parts, resulting in a more homogenous attack of the PTFE surface. The preferen-
tial degradation of amorphous parts over crystalline parts in plasma treatment of PTFE 
is a documented mechanism. Dufour et al. showed a similar mechanism in the case of 
He and He/O2 post-discharged plasma.23,24 This mechanism is schematized in Figure 
8 (bottom), which shows how the preferential attack of the amorphous phase at 15 W 
increases the roughness of the surface.

2. XPS

X-ray photoelectron spectroscopy (XPS) survey and high-resolution (HR) spectra were 
collected to analyze the chemical composition of the treated PTFE surface. In this study, 
the surface composition and surface chemistry of all samples, except for the He treat-
ment, remained unaffected by the plasma conditions, as indicated by a constant F/C ratio  

FIG. 7: (A) Influence of the gas of a 15 W 30 min plasma on the roughness of the surface of 
PTFE. (B) Influence of power with a 30 min Ar/H2O. (C) Influence of treatment time with a 15 W 
Ar/H2O plasma. (D) AFM images of PTFE surfaces after a 15 W plasma, Ar/H2O. For (A), 0 min 
of plasma; (B), 1 min of plasma; (C), 10 min of plasma; and (D), 30 min of plasma.
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(Fig. 9), and an unchanged spectral envelope of the HR C 1s spectra following plasma expo-
sure (not displayed). However, the survey and HR C 1s XPS spectrum for samples treated 
with pure helium plasma revealed the presence of oxygenated compounds, consistent with 
other observations in the literature.37,38 It also shows defluorination with decreased fluorine 
on the PTFE surface (Fig. 9A). The high energy of helium metastables has a critical role in 
the defluorination process. For all treatments, except helium, there were no major modifica-
tions in surface composition, although changes in surface wettability were observed. 1–2% 
of oxygen (O 1s) was found on the surface of Ar/H2O treated samples. Grafted oxygen, 
even in small quantities, has been shown to increase the hydrophilicity of surfaces.

3. WCA

WCA measurements were carried out to characterize the evolution of the wettability of 
the PTFE after treatment with various gases (Fig. 10C), and in the case of Ar/O2 and Ar/

FIG. 8: (1) Influence of power on a 30 min Ar/O2 plasma. (A) 0 W. (B) 5 W. (C) 15 W. (D) 30 
W. (2) Schematic representation of the roughness of the PTFE surface before and after a 30 min 
Ar/O2 plasma.
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H2O, the influence of the treatment time (Fig. 10A), and/or plasma power (Fig. 10B). 
As reported in the literature, helium plasma decreases the WCA, which is confirmed in 
those measurements, going from 113° for blank PTFE to 62° after a 30-minute treatment 
at 15 W. This is consistent with the oxygen grafted at its surface observed with the XPS 
measurements. Small amounts of oxygen grafted with the Ar/H2O plasma also affected 
the surface, with WCA decreasing to 84° after treatment. Pure Ar plasma treatment in-
duces no modification of the wettability. It also showed no alteration in its chemical and 

FIG. 10: Water contact angle of plasma-treated PTFE samples. (A) Over treatment time for a 
15 W, Ar/H2O plasma. (B) Over power for a 30 min treated Ar/H2O and Ar/O2 plasma. (C) Over 
various gases for 30 min at 15 W treatments.

FIG. 9: (A) Atomic composition of treated PTFE samples after 30 min of a 15 W plasma. (B) HR 
spectra of 1 s of blank PTFE and PTFE treated with a 30 min, 15 W helium plasma.
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topographic properties. As some degradation was seen with the gas IRRAS measure-
ment, it appears that the Ar plasma treatment removes a uniform layer of the PTFE 
without changing its surface properties.

In the cases of Ar/O2 and Ar/H2O treatment at low power (5 W), both samples show 
a decrease in the WCA relative to the blank sample. They both exhibit drastic diminution 
of hydrophobicity properties down to 69° for Ar/H2O and 93° for Ar/O2. On the contrary, 
at 15 W and 30 W, the treatment showed a lower decrease in the case of Ar/H2O (84° 
and 92° respectively), and even increase compared to the blank sample for Ar/O2 (117° 
and 118° respectively). For Ar/H2O, this lower decrease in WCA can be related to the 
increased roughness observed by AFM. On the contrary, the Ar/O2 samples treated at 15 
W and 30 W exhibit higher hydrophobic properties relative to the blank sample, with a 
WCA of 118°. This behavior is correlated to the absence of oxygen grafting on the sur-
face (XPS) and the increased roughness at least at 15 W.

IV. CONCLUSIONS

In this study, we examined the effects of plasma on the internal surface of tubular struc-
tures, particularly focusing on the case of the decontamination of endoscopes using 
CAP. CAP presents an innovative and promising method for addressing the modern and 
urgent challenge of endoscope decontamination. Our research targeted the implementa-
tion of CAP for cleaning long tubular structures and assessed its impact on the material 
of the tubes.

Our findings demonstrate that CAP is a realistic and feasible solution for decontami-
nating endoscopes. However, depending on the parameters used, the plasma treatment 
resulted in minor damage and surface modifications to the tubes. Notably, the Ar/O2 mix 
showed the most significant degradation and surface modification, while the Ar/H2O 
mix exhibited little degradation but increased surface roughness and decreased hydro-
phobicity. For the actual decontamination process, we opted for the Ar/H2O mix as it 
gave the most promising results in terms of bactericidal effect and biofilm destruction in 
our setup (the decontamination treatment is discussed in a separate work).30

Further analysis is necessary to determine whether these changes affect biofilm 
growth or the antifouling properties of PTFE. Currently, there is limited information 
on the impact of existing cleaning processes on endoscopes, preventing a direct com-
parison with our method. Nonetheless, our study offers a detailed and conservative 
understanding of the effects of plasma decontamination, with potential applications 
extending to a wide range of medical devices that rely on surface properties for their 
functionality.
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