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Abstract

®

CrossMark

This experimental study characterized the effect of carrier gas flow on an endoscopic plasma jet.
This system generates and transports helium plasma in a tube over several meters, along with a
separate channel transporting oxygen to enhance plasma reactivity on site. The resulting plasma
plume exiting the tube allows treatment of tissue surfaces in an endoscopic setting with a view
to perform therapeutic operations in the gastrointestinal tract. In a closed cavity simulating the
tract, the carrier gas flow was studied by a combined approach investigating plasma plume
chemistry, fluid dynamics, and plasma effects on the surface of a hydrogel tissue model
reporting oxidation. These three aspects are shown to be closely inter-related. Plasma plume
length, intensity, and shape strongly depend on helium content, velocity, turbulence, and
environment. Optical emission spectroscopy was used to show that the helium gas flow rate
increases the amount of helium and reactive oxygen species (ROS) in the plume. Schlieren
imaging was used to visualize the transition of the fluid from buoyant to laminar and finally
turbulent depending on flow rate, with a backflow in a closed cavity. Finally, the frontal and
radial treatment of the cavity was assessed by measuring ROS delivery to a KI-starch agarose
gel model. Helium flow rate had a noticeable effect on the treatment distribution profile and
treatment intensity, with different maxima for frontal and radial treatments. This combined
approach, in an accurate simulation of the target configuration (i.e. a closed, cylindrical cavity),
is necessary to optimize treatment, as its outcome depends on a balance between ROS

production, transport, and distribution.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Cold atmospheric plasma (CAP) for therapeutic purposes has
generated significant interest over the last two decades. Plasma
medicine encompasses a wide range of applications from

“ Authors to whom any correspondence should be addressed.
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sterilization to tumor treatment and wound healing [1-3]. CAP
mainly acts through delivery of reactive oxygen and nitro-
gen species (RONS) to the biological target, producing oxid-
ative stress and inducing cell signaling [4, 5]. Depending on
the dose delivered, it stimulates the target (cell proliferation,
migration, adhesion, regeneration) or induces oxidative dam-
age that can result in cell death [2, 6]. Three commercially
available devices already exist [1] that target wound healing.

© 2022 0P Publishing Ltd
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Figure 1. Plasma generation system, patented [16].

Among new applications under consideration, the use of CAP
in therapeutic endoscopy appears very promising, but is also
the most challenging. Indeed, while most plasma systems use
CAP close to its source, a minimally invasive endoscopic CAP
treatment requires transporting it internally to deliver it to the
targeted tissues. This type of plasma generation and trans-
port system has thus only been developed by a few groups
[7-12]. With a view to develop potential future endoscopic
applications, characterization and optimization of such sys-
tems are necessary to allow their development and ensure their
safety. In this work, a helium/oxygen endoscopic plasma jet is
presented, and the effect of carrier gas flow on plasma chem-
istry, fluid dynamics and resulting plasma treatment is char-
acterized. Flow is particularly critical in endoscopy as CAP
treatment occurs in a closed cavity. In this regard, the gas
environment and fluid dynamics strongly impact the treat-
ment. To perform the plasma characterization, plasma plume
imaging was used to analyze the plume shape and intensity,
and optical emission spectroscopy (OES) was used to meas-
ure plasma composition through the emissive species present
in the plume. Fluid dynamics was investigated by Schlieren
imaging and plasma treatment was assessed using a hydrogel
tissue model combined with a reactive oxygen species (ROS)
reporter based on previous work [13]. This work aimed to
assess the impact of flow on CAP treatment in a setting sim-
ilar to the gastrointestinal tract. It encompasses various poten-
tial therapeutic applications using CAP to produce a tissue
response in the gastrointestinal wall (including the mucosa),
from oxidative stimulation for regeneration or angiogenesis,
to oxidative damage resulting in tissue ablation of diseased
tissues (tumors, pathological mucosa). To this end, the plasma
plume was placed in the center of a cylindrical closed cavity
(when possible) to reproduce the gastrointestinal lumen. Both
frontal (i.e. facing the plasma) and radial (i.e. parallel to the
plasma) treatments were investigated. This endoscopic system
is still at an early research stage and its use in human remains
purely prospective as potential adverse effects of this treatment
remain to be investigated.

2. Multilumen endoscopic plasma jet

The plasma generation and transport system used in this
study is similar to that used in previous work [14, 15] and

is represented in figure 1. A primary CAP discharge is gen-
erated through a dielectric barrier discharge (DBD) plasma
jet configuration in a helium flow inside a quartz chamber.
The chamber is wrapped with a copper electrode connected
to an Nanosecond Pulser 12020k high-voltage pulsed gener-
ator (settings used: 20kV, 200 ns pulses, 2500 Hz), from Eagle
Harbor Technologies. The outflow is then flushed in a polytet-
rafluoroethylene (PTFE) tube containing two copper wires to
obtain a long plasma jet (>2 m) with a plasma plume at its exit
(i.e. the visible part of the exiting plasma). These conductive
wires (one in each plasma channel, as detailed hereafter) are
fixed and left at floating electrical potential in the center of the
discharge chamber. They extend all along the tube and transfer
the primary DBD discharge to the treatment site, by acting as a
counter electrode and allowing for maintenance of the plasma
in an active state [ 14]. The wire stops a few millimeters before
the tube outlet. The plasma becomes more intense, coming out
to form a plume of a few centimeters.

A multilumen tube is used, i.e. a tube including three sep-
arated channels, or ‘lumens’. Indeed, in most plasma medi-
cine applications, CAP is produced in air (N,/O;, content),
denoted hereafter as ambient air configuration. In the closed
endoscopic environment (denoted as a confined atmosphere),
the gas content is different but can be controlled by injecting
the desired gas mix. To boost the production of RONS, crucial
for the biological effect of CAP, plasma jets often use addi-
tional gases (N2/O,/H;0) to tune the plasma chemistry [1]. To
this end, these three lumens to allow the separated transport
of helium plasma and O; to increase ROS production at the
treatment site, as illustrated in figure 2.

Additional gases are usually directly mixed with the car-
rier gas [1]. They tend to destabilize the discharge due to
their higher breakdown voltage and because they consume
the carrier gas metastable and excited species. Electronegat-
ive gases, such as oxygen, also reduce the electron density
in the plasma by attracting electrons. In the literature, oxygen
additions as small as 0.5% have been reported to alter plume
length in plasma jets [17]. This is especially inconvenient in
the present application where the primary plasma discharge
needs to be transported over several meters. Therefore, this
configuration is different from conventional CAP using gas
mixes. Indeed, CAP is generated here in a pure helium gas, in
which high-energy metastable species are present, and mixing
with O, occurs only later in the plasma plume as illustrated
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Figure 2. Discharge chamber and multilumen configuration.

v Interface

Figure 3. 2D scheme of the plasma plume mixing at the tube outlet. The separated lumens allow maintenance of a pure helium plasma that

reacts with added oxygen at the interface of the two fluids.

Table 1. Summary of helium, oxygen and total flow for each condition. Flows are referred to as low, medium and high.

1

Flow Imin™

Low Medium High
Helium 0 0.5 1 1.5 2 3 5
Oxygen (4%) 0 0.02 0.04 0.06 0.08 0.12 0.20
Total 0 0.52 1.04 1.56 2.08 3.12 5.20

in figure 3. In addition, this mixing is not homogeneous but
rather occurs at the interface of the helium plasma and the oxy-
gen flow, where CAP and its reactive species (RS) react with
O, to produce ROS. Oxygen has been used in several stud-
ies to shield the plasma. It forms a peripheral ‘curtain’ around
the plume to drastically restrict its action to a very localized
zone [18-21]. In such configurations, the shielding flow con-
sumes the plasma RONS and prevents them from spreading
radially. In this work, to maximize the treatment of the sur-
rounding walls, a reversed configuration was selected. Indeed,
a central configuration of the oxygen lumen both prevents this
curtain effect and deflects the helium plasma and its outflow
radially.

The oxygen fraction used here thus cannot be compared to
those used in the literature as they indicate the percentage of
oxygen inside the CAP itself, where here it expresses a ratio
between two flow rates (He and O;) partially mixed. Here,
the separation ensures the presence of a pure helium plasma
inside the plume and thus of helium metastable species. In this
regard, the latter can be correlated with the number of excited
species, providing information about plasma chemistry and
plume reactivity. The use of a symmetrical configuration
ensures a homogeneous radial treatment. This mechanism
highlights the importance of tuning both flow and oxygen frac-
tion as there is a balance between decreasing plume intens-
ity and increasing the oxygen content to maximize ROS

production. This depends on plasma chemistry but also on
fluid dynamics for the mixing of the helium plasma and the
added oxygen.

3. Materials and methods

The impact of flow on plasma treatment was character-
ized using seven helium flow rates from O to 51min~! in
ambient air (normal air composition) and a confined atmo-
sphere (helium and oxygen composition depending on their
respective flow rates, after a 60s delay to establish a stable
gas mix). If not stated otherwise, a 4% oxygen fraction (with
respect to the helium flow rate) was maintained by con-
comitantly modifying the oxygen flow rate as presented in
table 1.

3.1. Plasma plume imaging

Plume imaging was used to visualize the plasma plume evol-
ution depending on the gas flow rate. Pictures were taken
both in ambient air and in a confined atmosphere using a
transparent glass cylinder (35 mm diameter, 65 mm length),
shown in figure 4, to compare the effect of controlling the gas
composition around the plume. The plasma plume was placed
on a vertical test bench with a ruler for comparison. Plume
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Figure 4. Setup for plume imaging in confined atmosphere.
The same setup is used for imaging in ambient air with the glass
container removed.

pictures were taken with a Nikon D90+ placed on a tripod in
a completely dark room, in manual mode with the same set-
tings (manual focus, ISO1000, shutter speed 1s, aperture f8,
no bracketing).

3.2. Optical emission spectroscopy

OES was used to assess the evolution of emissive RS depend-
ing on gas flow rate for wavelengths from 250 to 900 nm using
a 1s exposition. The device used in this work is an Andor
Shamrock-500i spectrometer including an Andor DU420A-
OE CCD camera. The analysis was performed in a closed
PTFE casing (40 mm diameter, 65 mm length), with the OES
probe facing the plasma plume exactly in the axis of the jet at
the other extremity of the cavity (i.e. 35 mm from the plume).
Five main lines of the most relevant species were selected
and used for analysis, similarly to Cheng ef al [22]: helium
peak at 706 nm (He (3*S) — He (2°P)) to assess the presence
of helium excited species as it is linked to energetic electrons
in atmospheric plasmas [23-25], OH®* (A-X) band at 309 nm
and O peak at 777 nm (O (°P) — O(°S)) for ROS, N, (C-B)
second positive system band at 337 nm and N;r (B=X) first
negative system band at 391 nm for nitrogen reactivity.

3.3. Schlieren imaging

Schlieren imaging was used to investigate fluid dynamics
which are critical in CAP chemistry (discharge type, inter-
action, and mixing) and RONS propagation, especially in
a confined cavity and for plasma jets that specifically rely
on fluid dynamics [26, 27]. The setup comprised a spher-
ical concave mirror (160 mm diameter, 1300 mm focal dis-
tance), an LED point light source (4 V, 120 mW, cool white
9000K) and a scalpel blade. Images were acquired using a
Nikon D90+ with an 18-200 mm telephoto lens with fixed
settings (manual focus on the target, ISO400, shutter speed
1/800, 5.6, no bracketing, spot metering exposure) based on
Bunjong et al [28].

(a) mirror (b) 35mm
e
% ‘ .
g
o
=
light -« >
source 65mm

Figure 5. Schlieren imaging setup with the (a) ambient air and (b)
semi-confined atmosphere setup.

The catheter was placed horizontally 50 mm in front of the
mirror to observe buoyancy effects more clearly [26] with the
scalpel blade parallel for optimal visualization [26]. In addi-
tion to ambient air visualization, a semi-confined setup was
used with upper and lower walls and a facing petri dish (see
figure 5). The diameter was selected to be close to those of
the GI tract parts (esophagus, intestine) based on discussions
with gastroenterologists. The length was selected to observe
the evolution of the plasma plume, the fluid dynamics, and its
effect on a relatively long segment. This configuration is sim-
ilar to hydrogel treatment but has no vertical walls. Indeed,
the use of transparent glass walls was tested but inconclusive
as the refraction of glass (denser than air whereas helium flow
is lighter) hides the flow. The confined atmosphere is thus not
obtained but the influence of surrounding surfaces on flow can
be observed.

3.4. Kl-starch agarose hydrogel tissue mode/

A tissue model was used to efficiently map plasma action
in a 3D configuration similar to the GI tract, with a target
designed to mimic living tissues. Based on previous review
work [13], an agarose KI-starch hydrogel reporter was used.
An agarose gel of 2% weight/volume (w/v) mass fraction was
selected as it has been reported to simulate soft tissues sim-
ilar to mucosa, such as muscles and breasts [29-31]. A KI-
starch reporter was selected with 0.3% w/v potassium iodide
(KI), 0.5% w/v starch proportions based on the plasma medi-
cine literature [20, 32-35]. This broad-spectrum colorimetric
ROS reporter allows assessment of the whole oxidative power
of CAP at once with high specificity (i.e. interference from
other non ROS species are limited). It has been extensively
used in hydrogels for plasma medicine [20, 32—46]. It is based
on the iodine-starch reaction and allows the detection of most
ROS (e.g. OH, O, O3, H,O,, and HO;) by changing to a blue-
black color with Agpsorpance around 600 nm [13, 32, 36]. As
it is a critical parameter [14, 47], gel impedance was meas-
ured for several frequencies in the range relevant for this work
(10-300 kHz) using an impedancemeter (WAYNEKERR Pre-
cision Component Analyzer 6425, one measurement per fre-
quency, parallel resistor-capacitor setting) to assess whether
impedance tuning was necessary. The measured conductivity
in this frequency range is comprised between 1.50 x 10~
1.59 x 10~ Sm~!. This matches that of muscles and other
soft tissues (around 10~'Sm™! [48, 49]) which correspond
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Figure 6. Kl-starch agarose hydrogel tissue model with (a) the
cylindrical test bench and its calibrated molds containing agarose
gel, (b) closed treatment sctup with the samples in place and (c)
treated samples with a typical pattern of reacted reporter (blue),
analyzed by absorbance in different positions (red).

to the tissues targeted in this work (i.e. gastrointestinal tract
wall composed of mucosa, submucosa and muscular layers).
Therefore, no tuning was required.

The gel was prepared with the compounds above in Milli-
Q water, heated, and stirred on a heating plate until complete
dissolution of the mixture could be observed. The solution was
then poured into designated molds (at ambient temperature)
to solidify. These were inserted into a cylindrical test bench
mimicking an endoscopic lumen, as depicted in figure 6. The
plasma plume was inserted into the center. Designated slots
allow placement of two types of agarose molded samples to
reproduce the GI-tract configuration: a 10 ml hydrogel sample
(4.2 mm thickness) in the petri dish (55 mm diameter) facing
the plasma plume at the extremity of the test bench (assessing
frontal treatment) and a 5 ml hydrogel sample (10 mm thick-
ness) in a 50 x 10 x 10 mm rectangular mold slid into a slot
along the length of the cylinder (assessing radial treatment).
Three samples (frontal and radial) are treated for each condi-
tion. Samples are molded and treated in a randomized order.
Treatment was performed for 180s.

Measurement of treated agarose gels was achieved with
absorbance spectroscopy across the sample width in different
positions along the sample length (see figure 6) using a VWR
UV-3100PC spectrophotometer. It was observed that ROS do
not diffuse deep in the gel as only the first millimeter of gel
is colored (see figure 7). Post-treatment diffusion appeared
limited as no difference was observed between absorbance
measurements at 0, 15, 30, 60 and 120 min. Therefore, absorb-
ance was measured for all samples at once after treatment
(<1h). The measured absorbance can then be directly linked
to the average concentration of the reacted, colored dye along
the gel depth through the Beer—Lambert law [50]. The sample
was placed between the light source and the spectrometer
sensor using a 3D-printed bench presenting regular slots
allowing movement of the sample holder by a fixed distance
(5 mm). Measurements at 600 nm were repeated using the slots
to obtain a profile of absorbance along the length of the sample
as illustrated in figure 6.

Figure 7. Side view of radial sample triplicates.

4. Results and discussion

4.1. Plume analysis

The evolution of the plumes depending on flow rate both
in ambient air and in a confined atmosphere is displayed in
figure 8. To better visualize the effect of flow rate on the plasma
plume shape, oxygen was not used here (in contrast to OES and
agarose models).

The longest and most intense plasma plume corresponds
to 1.5-21min~". Lower flow rates resulted in shorter plumes.
For higher flow rates (3 and 51min—"), turbulence can clearly
be observed in the plume, likely explaining the progressive
shortening of the plume. Indeed, turbulent flow has already
been reported in the literature [51] to drastically affect plume
length. The longest and most intense plasma plumes appear
at slightly lower flow rates in a confined atmosphere, i.e. 1
and 1.51min~". For higher flow rates, concurrently with the
presence of a higher helium content, the plume progressively
shortens and spreads horizontally, ultimately resulting in a dif-
fuse plasma ball rather than a plume.

Figure 9 shows OES measurements in a confined atmo-
sphere. ROS species (OH® and O®) and helium emissive spe-
cies increase with helium gas flow rate. This rise is explained
by the increasing quantity of gas that result in a higher amount
of excited species, and is linked to subsequently higher light
emission and metastable species content. These results are
consistent with plume imaging as the total light intensity also
increases with the flow rate, as the plume shortens and widens.
This logically leads to higher helium and atomic oxygen O°
production as these gases are injected into the cavity (He/O5).
OH?* is also detected. It is excited by electrons [52] and prob-
ably results from the presence of humidity in the plume, com-
ing from the gas and/or residual air in the the cavity. In contrast
to helium and ROS, N, emissions decrease with the flow rate.
As no nitrogen is injected inside the cavity, it is only present
in residual air. N, is produced by the contact of this air with
electrons (thus inside the plasma) [52]. As the increasing over-
pressure of the gas flow drives out more of the residual air from
the cavity, its production decreases. Surprisingly, N2+ remains
relatively constant despite the lower nitrogen content at high
flow rates. As it is preferentially produced by metastable spe-
cies [52], it is hypothesized that the decrease of residual air
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Figure 8. Evolution of plasma plume in ambient (top) and confined
(bottom) atmospheres for the tested flow rates (no oxygen).
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Figure 9. Evolution of emission lines of relevant RS depending on
helium gas flow rate (4% oxygen fraction) in a confined atmosphere.
Light intensity has no dimension (N.D.).

Figure 10. Plasma ignition changes fluid dynamics and reduces the
laminar part of the plume before the transition point (circled in red)
from 2.3 cm to a few mm. The images show a 31 min~! helium flow
without (left) and with (right) plasma impinging on a floating
potential target (petri dish).

in the cavity is counterbalanced by the higher metastable spe-
cies content. It also suggests that the OH® increase originates
from water in the carrier gas (e.g. from the tube walls) and
not in residual ambient air in the cavity. Indeed, it increases
with flow rate whereas the air content (and the linked N, emis-
sion) decreases. This suggests that the flow rate increases the
amount of electrons in the plume, producing more OH®.

In conclusion, the increase in helium flow rate leads to a
higher metastable species production. Subsequently, this leads
to higher production of RONS. The nature of these RONS
depends on the gas composition which is also influenced by the
helium flow rate. Indeed, by increasing the flow rate, the pro-
portion of RONS originating from the injected flow (He/O,)
also increases. However, the presence of residual air and water
in the gas results in OH® and N;r production even at high flow
rates, as reported by Thiyagarajan et al [17].

4.2. Flow analysis

Inside the lumen, the helium flow is laminar for all flows (max-
imum Reynolds number value is 317 for 51min~"). After it
exits, the flow is strongly influenced by the surrounding fluids,
including those present around the jet and the added oxygen
gas flow.

The plasma ignition affected the flow regime by redu-
cing the distance between the exit nozzle and the place
where the laminar flow exiting from the tube makes a
transition to turbulent (figure 10). The displacement of this
so-called ‘transition point’ has already been reported for clas-
sical plasma jets [27, 53, 54]. It is caused by the interaction of
the charged species with the gas flow. Several potential explan-
ations include localized heating of the gas that is producing
a faster stream [27], and movement of ions due to electro-
dynamic forces in the jet (traveling electric fields, propaga-
tion of an ionization wave) that impart momentum to neut-
ral species in the flow through collisions [27, 53, 54]. This
effect is particularly important for low flow rates as higher flow
rates show a transition point naturally closer to the tube exit
(figure 11).
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Figure 11. Impact of flow rate on fluid dynamics in a pure helium plasma plume (no oxygen) in ambient air. Plasma plumes from figure 8
are superimposed as a reference at the same scale. Transition points are circled in red (if the transition occurs).

The flow regime is particularly important for ROS produc-
tion and distribution. Indeed, in the laminar zone, there is little
mixing between the helium plasma RS and the surrounding
gases, i.e. ambient gas and injected gas: air and O,, respect-
ively, in ambient air, He/O, and O, respectively, in a confined
atmosphere. The opening angle of the helium outflow is very
low and the radial velocity of the flow is almost non-existent,
resulting in a very directional flow. After the transition point,
the flow becomes turbulent, and the mixing and distribution of
the flow are then significantly increased.

The evolution of fluid dynamics depending on flow in ambi-
ent air is displayed in figure 11, along with the correspond-
ing images of the plasma plumes. At low flow rates, the buoy-
ancy effect of the lighter helium has a strong influence on flow
morphology with the flow path drifting upwards similarly to
that observed by Jiang ef al [55]. In general, this buoyancy is
important in helium plasma jets [54, 55] as it brings the RONS
upwards. This vertical drag has been shown to strongly impact
treatment by Liu e al [45], notably by the angle between the
target and the plasma plume. When increasing the flow rate, a
turbulent zone appears at 1.51min~!, then the transition point
moves closer to the outlet until the flow becomes exclusively
turbulent at 31 min~', in agreement with the plasma plume
images (figure 8). For low flow rates (0.5 and 11min~') a
laminar but short plasma plume is observed due to the lower
quantity of helium excited species and the lower velocity of
the gas bringing them forward. For mid-range values (1.5 and
21min~") the balance between helium quantity and velocity
produces the longest plumes as the turbulent zone appears after
the plume. Then, the turbulence reduces the forward velocity
for high flow rates (3 and 51min—1). It also quickly consumes

the helium excited species as they react because of higher mix-
ing between the different flows (helium plasma, additional
oxygen, ambient air). This results in shorter, more turbulent
plumes.

Itis also interesting to observe that the flow propagates con-
siderably farther than the plume. This is critical for treating
large surfaces as the flow brings the RONS along and allows
them to be distributed outside the very limited plume region.
Indeed, Oh et al have shown that the surfaces outside the plume
but in contact with the outflow transporting the RONS are
affected, meaning that CAP treatment does reach an area lar-
ger than the visible plasma plume [56].

The evolution of fluid dynamics depending on flow in a
semi-confined atmosphere is displayed in figure 12. This semi-
confined setup does not fully recapitulate the gas conditions of
a confined atmosphere (i.e. He/O, saturated atmosphere res-
ulting in a diffuse plasma). However, it was used to evaluate
the interaction of the plasma outflow with physical boundar-
ies, i.e. the backflow of the gas impinging on the frontal target
and how it propagates along walls. The tendency is similar to
that observed in ambient air. A buoyancy effect is present at
low flow rate but the presence of a target at a close distance
(35 mm) leaves less room for upward drifting. Mid-range flow
rates show almost exclusively a laminar flow before reaching
the target as it is placed before the transition point. High flow
rates present turbulence directly from the outlet. In contrast to
ambient air, however, the presence of the target and horizontal
walls forces mixing even at low flow rate when impinging on
it, with a backflow of the gas.

The shape of the plasma plumes is in agreement with the
flow pattern observed here. At low flow rate, the laminar flow
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Figure 12. Impact of flow rate on fluid dynamics in a pure helium plasma plume (no oxygen) in a semi-confined cavity. Plasma plumes
from figure 8 are superimposed as a reference at the same scale but are not representative of the same conditions (confined vs semi-confined,

no oxygen).

results in a plasma plume that propagates almost as in ambi-
ent air. Due to the high helium content in the surroundings,
its shape is wider and more diffuse because of the additional
creation of helium excited species along the plume. As the
flow rate increases, the forward flow path gets increasingly
impaired by turbulence, backflow, and increased pressures.
Consequently, the plasma reacts with the surrounding helium-
rich environment. The straight, elongated part of the plume
is shortened and helium excited species are created radially
as the plume widens, especially at its base, to finally produce
plasma balls. Indeed, the plasma ignites the helium species that
are closest to the tube outlet and no longer straight ahead.

The presence of a sufficiently reactive plume, combined
with a high production and distribution of RONS (potentially
through turbulence and backflow to allow mixing) is critical
for treatment. Indeed, the turbulent outflow of the jet allows it
to reach surfaces outside the plume [56]. In addition, the relat-
ively low impedance of the tissues (or hydrogels) may enhance
RONS delivery as the target impedance impacts not only the
plasma plume but also the flow. Indeed Robert et al have
demonstrated that a plasma plume impinging on a grounded
target brings the helium flow towards the target. In contrast,
its buoyancy makes it flow upwards before the target when it
is not connected grounded [54].

4.3. Effect on gel model

4.3.1. Absorbance profie.  The absorbance profiles are
shown in figure 13. H,O, calibration on the same model is
superimposed as a reference. However, multiple absorbance
measurements (A >2) were outside of the Beer—Lambert linear

zone [50]. Therefore, these results cannot be directly linked to
the concentration of reacted reporter, but still provide a qualit-
ative indication to compare the oxidative power of each condi-
tion. Both frontal and radial treatments proved to be relatively
non-homogeneous along their length as confirmed by absorb-
ance measurements.

4.3.1.1. For frontal treatment. ~ The inhomogeneity logically
consists of a maximal treatment in the center of the sample,
gradually decreasing along its radius. Indeed, this zone dir-
ectly faces the plasma plume and thus receives the highest
amount of ROS. Other ROS also reach the rest of the sample,
with a concentration gradually decreasing with the distance
from the plume. The profiles show a very low treatment at
Olmin~! and a decrease at high flow rates. For Olmin~',
no gas is injected in the system but some plasma can, how-
ever, still be observed (as presented in figure 8) by ioniza-
tion of the surrounding air by corona effect. Flow rates around
1-1.51min~" produce the strongest frontal treatment in almost
all positions but also a more homogeneous, bell-shaped treat-
ment. In contrast, high flow rates show a sharper profile,
indicating a more localized treatment, i.e. intermediary posi-
tions (+0.5 to +1.5 cm) are less impacted. This indicates that,
despite the higher mixing observed by Schlieren imaging and
on the turbulent plasma plumes, high flow rates do not produce
more ROS and bring them straight, to the center of the dish.

4.3.1.2. For radial treatment. =~ Inhomogeneity is observed
along the sample. The extremity farthest from the nozzle cor-
responds to the highest treatment, in agreement with what
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Figure 13. Absorbance profile of frontal (left) and radial (right) treatment depending on helium gas flow rate (4% oxygen fraction).
Calibration samples treated with various H,O» doses are given as a landmark in black. Error bars show standard deviation computed on

triplicates. Absorbance has no dimension (ND).

is observed in Schlieren imaging. After impacting the petri
dish, the helium flow spreads radially to backflow from this
extremity to the other end along the rectangular molds, bring-
ing ROS to the gel. The farthest positions are touched first,
resulting in a stronger treatment. This is similar to what was
described in the computational modeling study from PLAS-
MANT [57]. The inhomogeneity is greater at low flow rate,
as the backflow is weaker (see figure 12), probably resulting
in a slower ROS circulation toward the upstream extremity of
the rectangular mold and stagnation of ROS at the positions
farthest from the plume.

4.3.2. Absorbance intensity. The absorbance values
obtained for each sample were averaged over the entire sample
to provide a mean absorbance allowing assessment of global
treatment intensity (i.e. total ROS delivery). The evolution of
the mean absorbance is shown in figure 14.

4.3.2.1. For frontal treatment.  Flow rates around 11min~!

result in a stronger mean treatment. This is in agreement with
plume imaging as these flow rates correspond to the longest,
most laminar plasma plumes in a confined atmosphere, i.c. the
conditions presenting the most helium RS (including excited
species and metastable species) and thus bringing the most
ROS toward the frontal sample. In terms of ROS delivery, a
mean absorbance of 1.5 corresponds to a 1.18 mM concentra-
tion of H,O,.

4.3.2.2. For radial treatment.  The most effective flow rate
(in terms of treatment intensity) is clearly 0.51min~', in con-
trast to frontal treatment. A possible explanation is that this
low flow rate does not bring all ROS forward toward the frontal
sample, but rather allows them to reach the walls directly. This

9 ——frontal

1.8 —e—radial

1.2

Absorbance [ND]

S
(=R RN

0 05 1 15 2 3 5
Flow (L/min)

Figure 14. Mean absorbance along sample of frontal and radial
treatment depending on flow rate. Error bars show standard
deviation computed on triplicates. Absorbance has no dimension
(ND).

shorter plume presents fewer helium RS and a low mixing but
the ROS that are created are delivered directly to the radial
samples rather than through the backflow, where only a few
remain after contact with the frontal sample. This shows that
long plumes, mixing, and turbulence might not be particu-
larly beneficial to increase radial treatment. With an absorb-
ance of around 0.5, this can be compared to a concentration
between 0.03 mM and 0.06 mM H,0O,, significantly lower than
for frontal treatment.

4.4. Overall discussion

For both radial and frontal treatments, OES does not predict
CAP treatment intensity. It does not correlate directly with
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CAP treatment for two main reasons. OES identifics emissive
species only and is thus not a direct indicator of optimal react-
ivity but rather allows for a partial characterization of RS and
an indication of what species are formed. Indeed, a higher light
intensity at a specific wavelength (here 706, 309, 777,337, and
391 nm) indicates the presence of a higher amount of the cor-
responding emissive species in the plume (He, OH®, O, N,,
and N;r respectively). However, it does not account for other
RS which do not emit light, such as hydrogen peroxide H,O,,
ozone O3 or metastable atomic oxygen O°. These, on the other
hand, are detected by the hydrogel model. OES characterizes
the species inside the plume but this does not necessarily mean
these species reach the walls (i.e. the tissue or the gel), either
because they react beforehand or because the flow does not
transport them there. Typically, the mean free path of these
emissive RS present in the plume decreases with the flow rate
as the velocity increase, reducing their range of action. This
highlights the gap between OES measurements and CAP treat-
ment. Despite its poor prediction of the final treatment out-
come, this technique provides a better understanding of plasma
plume chemistry, and how treatment parameters affect it, by
providing partial information on its composition (i.c. emissive
species). In this context, OES showed an increase of all relev-
ant emissive species with carrier gas flow rate. However, the
endoscopic constraints prevent the use of such high flow rates.

In addition, despite a potentially higher ROS production (no
information available about non-emissive ROS), plume and
Schlieren imaging showed that the plasma plume is shortened
by high flow rates duc to turbulence. In addition to shortening
the active region of the plasma, this turbulence impairs the dif-
fusion of ROS. The combination of these two phenomena res-
ults in treatment maxima at low flow rates, which are different
for frontal and radial treatment. This confirms that the treat-
ment depends on a balance between providing enough gas to
produce an intense plasma (with enough helium RS) and find-
ing the optimal gas flow rate to both produce enough ROS and
distribute them depending on the desired target (i.e. frontal or
radial). For frontal treatment, the longest plume, appearing at
1 1min—!, maximizes the amount of helium RS (and resulting
ROS) moving forward and treating the sample, and is there-
fore optimal. Above this value, the turbulence reduces plume
length and impairs forward delivery of ROS quite clearly,
since flow rates above 2 Imin~! (which are clearly less effect-
ive) correspond to the appearance of turbulent flow (figure 12).
For radial treatment, ROS can either be delivered directly by
diffusion or through backflow, the latter appearing to be less
effective. This favors a low flow rate of 0.51min~!. However,
it provides more heterogeneity as the distribution mechanism
of RS (direct and low backflow) results in less ROS circu-
lation. Nevertheless, this relatively non-homogencous profile
seems acceptable, as 0.5 1 min~—! clearly produces the strongest
radial treatment in terms of overall ROS delivery. In addition,
it is more convenient to use lower flow rates in the constrained
endoscopic environment. However, it is realistic to expect that
this optimal flow rate will vary depending on the dimensions
of the cavity (i.c. its diameter). In contrast to what has been
suggested by plume imaging (figure 8), wide plasma plumes

do not result in better radial treatment and are merely the con-
sequence of turbulence. The latter also appears not to be bene-
ficial as it does not increase ROS production but rather impairs
their delivery.

These experiments confirm the mismatch between OES and
CAP treatment and highlight the importance of Schlieren ima-
ging and hydrogels to understand and predict plasma reactiv-
ity. Significant research is still required to consider endoscopic
applications in order to ensure an optimal and safe treatment.

5. Conclusion

This work has clarified the process of ROS production and
distribution of an endoscopic plasma jet in a closed cavity
and semi-closed cavity. Its multilumen configuration allows
maintenance of a pure helium plasma to the treatment site,
where it is mixed with oxygen to enhance and maximize ROS
production. Plume imaging showed that carrier gas flow rate
impacts plume length, shape, and intensity to produce the
strongest plasma plume at medium flow rate, when the helium
content and velocity are sufficient but not yet impaired by tur-
bulence. In addition, a confined atmosphere allows for con-
trol of the gas environment, with a high content helium flow
producing a more diffuse plume. OES showed that higher gas
flow rates, combined with the added oxygen, produce more
helium and ROS emissive species. However, these results do
not predict treatment outcome on a hydrogel tissue model.
Schlieren imaging highlighted the crucial role of fluid dynam-
ics for plasma treatment in this configuration, with turbulence
appearing as an unwanted effect. Finally, assessment of the
CAP effect on surfaces allowed for identification of different
optimal flow rates to maximize frontal and radial treatments in
this setup (i.e. with these specific cavity dimensions). Indeed,
a balance between helium metastable species, mixing and dis-
tribution in the cavity must be made to obtain good treatment
intensity and distribution, in a combination depending on the
targeted area. These experiments demonstrate the importance
of a combined approach in the characterization of such sys-
tems, including plasma chemistry, fluid dynamics, and meas-
urement of treatment on surfaces and also supported the need
to better simulate the targeted environment, i.e. its configura-
tion, dimensions, composition and impedance.
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