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‘Investigation of the physicochemical properties and
selective anti-cancer efficacy of in-plasma treated
PBS using an exclusive liquid-submerged plasma jet

P. Shali, N. Caz, J. Van den Bosch, R. Ghobeira, S. Aliakbarshirazi, M. Narimisa, R. Morent, E. Wolfs, N. De Geyter

Abstract—Cancer remains a leading cause of mortality,
emphasizing the need for innovative therapies. Plasma-treated
liquids, containing reactive oxygen and nitrogen species, have
demonstrated therapeutic potential. This study investigates the
physicochemical properties and anti-cancer efficacy of phosphate-
buffered saline (PBS) treated using a novel liquid-submerged
plasma jet, which enhances interactions between plasma species
and the liquid for a more uniform treatment. Operational
parameters including voltage, gas flow, and treatment time, were
optimized concurrently. Notably, the submerged configuration
produced significantly higher H:O: concentrations in PBS (up to
2000 pM) compared to the above-liquid plasma set-ups reported
in literature. However, NO: concentrations remained low (6-18
pM). Voltage variations influenced H:O: production but had a
minimal effect on NO:", while gas flow rates did not impact their
concentrations. PBS maintained a stable pH, demonstrating its
effective buffering capacity. Stability tests showed H:O: remained
stable at 21°C, slightly increased at 4°C, and decreased at 37°C;
nitrites were stable below 21°C but slightly decreased at 37°C.
Plasma-treated PBS selectively reduced oral squamous cell
carcinoma (OSCC) cell viability while sparing healthy
keratinocytes (HaCaT), with H:O: identified as the primary anti-
cancer agent. These findings suggest that PBS plasma-treated
using a new liquid-submerged set-up shows potential as selective
OSCC therapy.

Index Terms— hydrogen peroxide, liquid-submerged plasma jet,
nitrite, oral squamous cell carcinoma, plasma-treated PBS.

[. INTRODUCTION

ANCER remains the second leading cause of global
mortality, with conventional treatments (tumorectomy,
chemotherapy, radiotherapy) often having limited
effectiveness and/or severe side effects [1] [2]. In recent years,
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non-thermal atmospheric pressure plasma (NTAPP) has
emerged as a promising alternative therapy [3] [4]. NTAPP isa
partially ionized gas involving a complex reactive environment
containing electrons, ions, free radicals, neutral molecules,
localized electric fields, and UV radiation. Devices like plasma
jets and dielectric barrier discharges (DBDs) produce NTAPP
using different working gases such as helium, argon, air, or gas
mixtures. When plasma components (ions, electrons, atoms,
and molecules) interact with surrounding air or liquids (e.g., N2,
02, H:0), they generate reactive molecules beneficial for
different medical purposes [5] [6] [7]. Research has actually
demonstrated NTAPP’s ability to kill various cancer cells,
including melanoma, breast, colon, pancreatic, head and neck,
and glioblastoma cells [1] [3] [8] [9] [10]. This effect is
primarily driven by a plasma-derived chemical cocktail of
reactive oxygen and nitrogen species (RONS) including H»O,,
03, NO2 and NOs™. These species penetrate cancer cells,
weaken antioxidant defenses, damage proteins and DNA, and
activate apoptosis-related signaling pathways, ultimately
leading to selective cancer cell death while minimizing harm to
healthy cells [11] [12].

NTAPP-based cancer treatment can be applied directly or
indirectly. In the direct treatment, tumors are exposed to plasma
in situ, but safety concerns may arise due to body exposure to
the electrical field, charged particles, and UV radiation [13].
Additionally, tissue conductivity and tumor irregularities can
impact plasma homogeneity and RONS generation, leading to
variable efficacy [14]. Direct treatment also requires
specialized equipment and expertise to generate a fully
controlled plasma effluent, which may not be widely available
[15]. These challenges, combined with poor tissue penetration
and difficulty in reaching deep organs, limit its effectiveness for
non-superficial cancers and deep-seated tumors [14] [16].
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To overcome these challenges, indirect treatment was
introduced as an elegant alternative. In this approach, a liquid
is first treated with plasma and then applied to cancer cells or
tissue. Plasma-treated liquids (PTLs) offer the advantage of
being prepared in advance, functioning as a "drug" that can be
used as an "off-the-shelf therapy" [3]. This allows for versatile
administration methods, including topical application, localized
perfusion, intraoperative irrigation, intraperitoneal cavity
injection, or integration into biomaterials for sustained release
near tumor sites, making PTLs a flexible and clinically relevant
cancer treatment option [17] [18] [19] [20].

In the vast majority of studies utilizing PTLs for cancer
treatment (> 95%), plasma was generated in the gas phase
above the liquid to be treated (Supplementary Table 1). To the
best of our knowledge, only two studies have reported the use
of an in-liquid plasma jet to treat deionized water for cancer
applications [21] [22].

Despite their widespread use, above-liquid plasma jets
primarily interact with the liquid surface, leaving most of the
volume largely unexposed. Consequently, research has
demonstrated significant spatial and temporal inhomogeneity in
RONS distribution within the liquid, with higher concentrations
near the surface and delayed transport to deeper layers due to
the limited penetration of plasma-generated species [23].
Chemical reactions or by-product formations at the surface may
differ from those occurring in the bulk liquid. Additionally,
short-lived reactive species that act as precursors for RONS
formation may decay before diffusing into deeper regions,
leading to suboptimal RONS concentrations. The efficiency of
chemical activation in the treated liquid is also constrained by
multiple factors. Plasma-generated species must traverse the
ambient air before reaching the liquid interface and diffusing
into the liquid bulk [24]. During this transit, many RONS
undergo recombination or degradation, which can significantly
reduce the flux of active species arriving at the liquid interface
[25]. Alongside these limitations, the volume of the treated
liquid plays a significant role in determining the concentration
of generated reactive species. By reviewing species
concentrations and treated volumes across various studies [26]
[27] [28] [29] [30] [31] [32] [33], it can be concluded that
increasing the treated volume (>2 mL), even with extended
treatment times, results in significantly lower RONS
concentrations. This reduction is attributed to a lower surface-
area-to-volume ratio, which limits the plasma’s ability to
efficiently transfer reactive species into the liquid bulk [34][35].
In larger volumes, the accumulation of reactive species near the
plasma-liquid interface, creates more pronounced concentration
gradients with the liquid bulk remaining relatively unaffected.

Longer diffusion distances required for species to distribute
throughout the liquid, coupled with enhanced recombination
and quenching of short-lived radicals, further reduce their
effective concentration [24]. Moreover, maintaining consistent
RONS generation and concentration is challenging due to
constant exposure to ambient air. Variations in humidity,
temperature, and atmospheric composition influence plasma
chemistry, affecting reproducibility.

To address these challenges, this paper proposes a newly
designed atmospheric pressure plasma jet (APPJ) that is
directly ignited in the liquid being treated. Unlike the above-
liquid plasma configuration, this innovative set-up intensifies
the interactions between plasma species and the liquid,
significantly enhancing reactive oxygen species (ROS)
generation, even in larger liquid volumes (>2 mL). By
generating plasma within the aqueous phase, this configuration
promotes a more homogeneous treatment, with reactive species
evenly distributed throughout the liquid rather than
concentrated at the surface. Short-lived radicals and metastable
states remain near their generation sites, further boosting ROS
levels. Most notably, this newly designed APPJ achieves
substantially higher H.O: concentrations in PTLs compared to
conventional above-liquid plasma treatments, as well as the two
existing studies using submerged plasma jets for cancer
treatment [21] [22] [36] [26] [37] [38]. Moreover, this approach
enhances treatment control and reproducibility, as the impact of
ambient air is significantly minimized. This breakthrough
configuration represents a major advancement in plasma-liquid
applications, particularly for generating high H:0:
concentrations and treating larger liquid volumes with
improved efficiency. These features underscore the set-up’s
relevance for scaling up indirect plasma treatments, especially
when transitioning to complex three-dimensional tumor models
or clinical scenarios, where both sufficient reactive species
availability and larger liquid volumes are critical. As such, this
new set-up stands out as a promising candidate for advancing
plasma medicine toward translational and therapeutic use.

This high generation of H20: is particularly interesting in the
context of cancer treatment due to its well-established role as a
key mediator of PTL-induced cytotoxicity. While some studies
suggest that H20: alone drives this effect, others emphasize the
necessity of a synergistic interaction between H.O> and NO:™ to
enhance anti-tumor activity [22] [37] [39]. Despite this, only a
limited number of studies (approximately 30%, as shown in
Supplementary Table 1) have directly compared PTLs to
reconstituted liquids with matched concentrations of exogenous
H>0», NO:", and/or their combination to verify whether the
observed anti-tumor effects stem solely from these species or
their synergy. Furthermore, such controls are crucial for
evaluating whether PTLs generated using the novel submerged
APPIJ configuration exhibit higher cytotoxicity, suggesting that
additional plasma-derived RONS contribute to their anticancer
activity. Beyond efficacy, understanding PTL-induced effects
is also crucial for evaluating their selectivity. While PTLs are
reported to preferentially target cancer cells, less than half of
the studies investigating their anti-cancer effects have included
healthy cells for comparative analysis (as shown in
Supplementary Table 1). Such comparisons are particularly
crucial, as a few studies have indicated that PTLs may also
exhibit non-selective cytotoxic effects [40] [6].

In view of the above, an exclusive APPJ operating in argon
(Ar) is used in this work to treat phosphate-buffered saline
(PBS) in its bulk. PBS is specifically selected because it mimics
physiological conditions, maintaining pH balance, osmolarity,
and ion concentrations similar to those in the human body [41].
The primary goal is to investigate the influence of key
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operational parameters—such as voltage, gas flow rate, and
treatment duration—on the plasma generation and on various
physicochemical properties of the treated liquid. These
properties include H»,O> and NO:  concentrations, pH,
conductivity, temperature changes, and liquid loss following
plasma treatment. Additionally, the stability of plasma-treated
PBS is assessed by evaluating the aging effects during storage
at 3 different temperatures (4°C, 21°C, and 37°C) over varying
time periods. PTLs with optimal conditions and corresponding
reconstituted H>O, and/or NO:~ controls are then used to treat
human oral squamous cell carcinoma (OSCC) cells and healthy
human keratinocytes (HaCaT cells) as an initial proof-of-
concept of their selectivity. OSCC cells are purposely chosen
because OSCC is an aggressive and prevalent form of neck and
head cancer, particularly affecting the oral cavity. Despite all
therapy advances, the 5-year survival rate of OSCC patients is
still only around 50 %, and current treatments are associated
with severe complications. Therefore, investigating PTLs as a
promising alternative treatment is crucial, especially that in
OSCC cells RONS levels are already elevated [42] [43] [44]
[45].

Taken together, this is the first study to concurrently
investigate a novel APPJ submerged in the treated liquid,
analyze the impact of operational parameters on the liquid’s
physicochemical properties, assess effects on both healthy and
cancer cells, and compare results with three chemically
reconstituted controls.

II. MATERIALS AND METHODS

A. Plasma treatment of PBS

A liquid-submerged APPJ was used to treat PBS. A
schematic representation of the reactor composed of an
aluminum pin serving as high-voltage electrode and a copper
ring acting as the ground electrode is shown in Figure 1 (a). In
short, the aluminum pin is tightly embedded in a cylindrical
quartz tube having a length of 110.4 mm and inner and outer
diameters of 1.1 and 3.1 mm respectively. The copper ring, with
an inner and outer diameter of 3.1 mm and 13 mm respectively,
and a height of 10.5 mm, was fixed in a Teflon shell in a way
that it surrounds the quartz tube. The distance between the
grounded ring and the tip of the high-voltage pin electrode was
set at 18 mm. The high-voltage pin electrode was connected to
a 50 kHz sinusoidal custom-made power supply exhibiting a
maximum output voltage of 25 kV peak-to-peak.

PBS
plasma plume

ring electrode

C=> power supply
quartz capillary

teflon cover
pin electrode

gas inlet [

Figure 1. Schematic representation (a) and photograph (b)
of the APPJ submerged in PBS.

To perform the plasma treatment, argon (Alphagaz 1, Air
Liquide, Belgium) was used as carrier gas. The gas was fed into
the quartz tube at pre-determined flow rates controlled by a
mass flow controller (Model F-201CV, Bronkhorst, The
Netherlands). Thereafter, 5 mL of PBS (Carl Roth GmbH,
Germany) was poured into a tubular glass sample holder (inner
and outer diameter of 16.5 mm and 22.5 mm respectively) that
was perforated at its bottom to slide around and to enclose the
end of the quartz capillary. This set-up enabled the plasma jet
to extend into the bulk of the PBS when a sufficiently high
voltage is applied. The variable process parameters were the
plasma exposure time (1-10 min), the gas flow rate (1-2.5
standard liters per min (slm)), and the voltage (2-3.5 kV). The
ranges for the voltage and gas flow rate were determined based
on operational constraints. Applying a voltage of more than 3.5
kV increased the electrical discharge activity, which
destabilized the plasma jet and caused overheating, potentially
damaging the plasma generating equipment during extended
treatment times. Furthermore, gas flow rates above 2.5 slm
could also not be used, as the very high gas velocity resulted in
the ejection of PBS out of the sample holder, compromising
experimental reproducibility and accuracy. In each experiment,
one single operational parameter was varied while the other
parameters remained unchanged. An overview of the different
plasma operational conditions can be found in Table 1.

For the liquid aging analysis, samples were exposed to
plasma for 10 minutes using a fixed voltage of 3 kV and a gas
flow rate of 2 slm. After plasma treatment, samples were stored
for periods of 7, 14, and 21 days at various temperatures (4, 21,
and 37 °C) to assess the effects of storage temperature on the
stability of plasma-treated PBS.
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Table 1. Summary of the used experimental conditions, showing the variable and fixed parameters during PBS plasma treatment.

Experimental conditions Values
Varying parameter Fixed parameters Voltage Flow rate Treatment time
Voltage Flow rate and 2-3.5kV 2.0 slm 10 min
treatment time
Flow rate Voltage and treatment 3.0kV 1-2.5slm 10 min
time
Treatment time Voltage and flow rate 3.0kV 2.0 slm 1 — 10 min

B. Electrical and optical characterization of the APPJ

The discharge power of the APPJ was assessed at different
voltages and flow rates via the analysis of corresponding
voltage-current waveforms. To do so, a high-voltage probe
(P6015A, Tektronix) was connected to the pin electrode. The
discharge current was acquired by measuring the voltage over
a non-inductive resistor (100 Q) positioned in series with the
APPJ. The ensuing voltage-current waveforms were then
recorded by a PC oscilloscope (PicoScope 3204A) and used to
calculate the discharge power.

The anti-cancer properties of PTLs most likely rely on the
generation of specific RONS originating from, amongst others,
excited plasma species. Therefore, the presence of these excited
radiative species was assessed in the Ar APPJ using optical
characterization. To do so, optical emission spectroscopy
(OES) measurements were performed using a quartz optic fiber
(FC-UVIR600-2, Avantes, The Netherlands) with a collimating
lens (COL-UV/VIS, Avantes, The Netherlands) connected to an
S2000 spectrometer (Ocean Optics Inc., USA). During the
experiment, the optic fiber was positioned perpendicular to the
capillary tube at the beginning of the plasma plume, and
approximately 10 mm away from the glass sample holder. This
configuration ensured an optimal collection of the emitted light
for spectroscopic analysis. The exposure time was set to 700
milliseconds, which is a duration that could adequately capture
spectral emissions. Additionally, to further enhance the
accuracy and reliability of the collected data, the OES spectra
were averaged over 7 measurements per condition. These
spectra were acquired in a wavelength range of 200-900 nm
with a resolution of 0.3 nm.

C. Hydrogen peroxide quantification in PBS

To quantify the concentration of H>O, in plasma-treated PBS,
a titanium oxysulfate assay was employed. This assay relies on
the reaction between H,O, and Tis" ions, resulting in the
formation of pertitanic acid, which exhibits a yellow color with
maximum absorption at approximately 407 nm [37]. To prevent
degradation of the formed H>O, by NO:", sodium azide (NaN3)
was used as a nitrite scavenger. Directly after the plasma
treatment, 15 pL of NaN3 (Carl Roth GmbH, Germany) was
added to 400 pL of PBS, followed by the addition of 200 puL of
TiOSOy (purity >29% Ti, Sigma-Aldrich, Belgium) dissolved

in 2 M sulfuric acid (98%, Rotipuran, Carl Roth, Germany)
reagent. The mixture was then incubated in the dark for 20 min.
Subsequently, the absorbance of the resulting solution was
measured using a UV Mini-1240 spectrophotometer (Shimadzu
Co., Japan). To ensure accurate measurements, a similar
mixture of untreated PBS with added NaN3 and TiOSO4 was
used as a baseline, thereby eliminating any overestimation in
the concentration of the plasma-induced H»O,. The H,O»
concentration was then determined using a calibration curve
that was constructed based on known standards. The reported
values represent the average concentrations and standard
deviations calculated based on 4 measurements conducted on 4
separately plasma-treated PBS samples for each experimental
condition.

D. Nitrite quantification in PBS

To determine the concentration of nitrite in plasma-treated
PBS, the Griess assay was employed [46]. In fact, when the
Griess reagent, consisting of sulfanilamide and N-(1-
naphthyl)ethylenediamine, is added to the treated PBS, the
present nitrite ions will react with sulfanilamide forming
adiazonium salt. This salt will then react with N-(1-
naphthyl)ethylenediamine generating a red-pink azo dye that
exhibits a maximum absorption at approximately 540 nm. For
these reactions to occur, 400 uL of the Griess reagent was
added, directly after the plasma treatment, to 400 pL of PBS.
The Griess reagent solutions were prepared by mixing 1 g of
sulfanilic acid (Merck, Germany) and 0.1 g of N-(1-
naphthyl)ethylenediamine (purity >98%, Sigma-Aldrich,
Belgium) with 2.3 mL of phosphoric acid (85%, also obtained
from Sigma-Aldrich, Belgium). Subsequently, the mixture was
incubated in the dark for 10 min. The absorbance of the
resulting solution was measured using a UV Mini-1240
spectrophotometer (Shimadzu Co., Japan). As a baseline
reference, an untreated sample-Griess reagent mixture was
used. Based on known standards, a calibration curve was
constructed to determine the concentration of NO:". The
reported values represent the average concentrations and
standard deviations calculated based on 4 measurements
conducted on 4 separately plasma-treated PBS samples for each
experimental condition.


https://en.wikipedia.org/wiki/Sulfanilamide
https://en.wikipedia.org/wiki/N-(1-naphthyl)ethylenediamine
https://en.wikipedia.org/wiki/N-(1-naphthyl)ethylenediamine
https://en.wikipedia.org/wiki/Diazonium_salt
https://en.wikipedia.org/wiki/Azo_dye

No. TRPMS-2025-0086.R1
E. Nitrate quantification in PBS

Nitrite concentration in treated PBS was measured using the
salicylic acid nitration method [47]. Briefly, 250 uL of each
sample was mixed with 800 puL of a 5% (w/v) salicylic acid
(Sigma Aldrich, Belgium) solution prepared in 98% sulfuric
acid (Rotipuran, Carl Roth, Germany). The mixture was
incubated at room temperature until cooled, after which 10 mL
of an 8% (w/v) NaOH (Carl Roth GmbH, Germany) solution
was added. Once the solution returned to room temperature, its
absorbance was recorded at 410 nm using a Shimadzu UV
Mini-1240 spectrophotometer (Shimadzu Co., Japan). An
untreated PBS sample combined with reagent served as the
baseline reference, and a calibration curve based on known
standards was used to calculate nitrate concentrations.

F. pH of PBS pre- and post-plasma treatment

pH of untreated and plasma-treated PBS were measured
using a FiveEasy Plus™ pH meter FE20 (Mettler Toledo,
Switzerland). The pH meter was equipped with a pH
combination electrode InLab® VersatilePro. All measurements
were done 4 times using 4 independently prepared plasma-
treated samples for each condition.

G. Cell culture

Human OSCC cells (UM-SCC-14C line; obtained from CLS
cell lines service) were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (Gibco™, Thermo Fisher
Scientific), supplemented with 5% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. Human HaCaT cells (obtained
from CLS cell lines service) were cultured in Dulbecco’s
Modified Eagle Medium (Gibco™, Thermo Fisher Scientific),
supplemented with 10% FBS and 1% penicillin/streptomycin.
Both cell lines were incubated at 37°C with 5% CO,. Medium
was replaced 3 times per week and cells were passaged once a
week at a density of 1/10. Each cell type was maintained in its
respective optimized medium to preserve its characteristic
metabolic and physiological properties, as using a single
medium for both could introduce additional stress and confound
results.

H. Cell proliferation and viability assays

Cells were seeded at a density of 15x10° cells/cm® and
allowed for overnight adherence. Subsequently, the different
PBS-treated conditions were added to the cells in a 1/5 dilution
in culture medium. The different conditions include: untreated
PBS, plasma-treated PBS (3-minute treatment, 2 slm gas flow,
3 kV voltage), PBS exposed to the Ar gas flow without plasma
ignition, and PBS supplemented with concentrations of
exogenous H>O,, NO:z~, and H2O, + NO:™ matching those of the
plasma-treated PBS. These controls were included to assess the
individual effects of gas flow, plasma treatment, H2O2, NO-",
and their combination.

Following treatment, cells were imaged every 2 hours for a
duration of 72 hours at 10x magnification using the Incucyte
S3® Live-Cell Analyzer (Sartorius, Germany). Confluency was
analyzed using the Incucyte software to study cell proliferation.
For cell viability assessment, the cells were incubated with
AlamarBlue (Bio-Rad, USA) according to the manufacturer’s

instructions 24, 48 and 72 hours after treatment. Fluorescence
intensity was measured at 530/590 nm wavelength using the
CLARIOstar PLUS plate reader (BMG Labtech, Germany), and
data were normalized alccording to the untreated PBS control
(negative control). Each experiment was performed in triplicate
and repeated 3 times to ensure accuracy.

1 Statistical analysis

All statistical analyses were performed using GraphPad Prism
9. The cell viability experiments were analyzed using the Two-
way ANOVA with Sidak's multiple comparisons test. For the
proliferation tests, the mixed-effect analysis followed by
Dunnett’s multiple comparisons was used.

III. RESULTS AND DISCUSSION

A. Electrical characterization of the APPJ

The electrical characteristics and operational mode of the
liquid-submerged APPJ were evaluated to fine-tune the plasma
treatment procedure. To evaluate the Ar discharge mode and
determine the mean discharge power, voltage-current (V-I)
waveforms were plotted. Argon was chosen as the discharge
gas due to its ability to produce a stable glow-like plasma at
relatively low gas temperatures [48]. Supplementary Figure 1
illustrates the V-1 waveforms of the Ar APPJ generated at an
applied voltage of 3.0 kV and a gas flow rate of 2.0 slm,
supporting this choice.

To calculate the discharge power at different process
parameters (gas flow rate and applied voltage), the following
equation was used:

P = %f 1)V (t)dt Eql

Where T represents the period of the voltage, while [ and V
denote the discharge current and voltage, respectively.

Figure 2 (a) shows a clear increase in discharge power with
increasing voltage, which is expected based on the power
calculation formula (Eq 7). At 2.0 kV, the discharge power is
3.0 £ 0.6 W, while at 3 kV, it increases to 5.2 = 0.1 W. This
increase in power can be attributed to the stronger electric field
within the discharge as the voltage increases, which enhances
ionization levels and results in more intense plasma generation
[49]. Consequently, more electrical energy is required to sustain
the discharge leading to a rise in the discharge power. In
contrast, an increase in gas flow rate has little impact on the
discharge power, as shown in Figure 2 (b). At a gas flow rate of
1.0 slm, the power is 4.2 = 0.3 W, and as the flow rate increases,
this value remains within the error margin, reaching 4.4 + 0.2
W at 2.5 slm. These findings align with previous studies on
plasma jets, which also report that the flow rate has minimal
influence on the discharge power, unlike the more pronounced
effect of applied voltage [50] [51].
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Figure 2. Discharge power measured via the V-I method as
a function of voltage (a) and gas flow rate (b).

B. Optical emission spectroscopy results

Basic optical diagnostics of the submerged Ar APPJ in PBS
were performed by means of OES to gain insights into plasma-
liquid interactions. These measurements allow the
identification of radiatively excited species, helping to pinpoint
the potential contributors to the generation of RONS,
specifically H O, and NO:. The OES spectrum shown in
Figure 3 corresponds to the Ar APPJ ignited with a flow rate of
2 slm and an applied voltage of 3 kV. This spectrum is
dominated by intense Ar I emission lines (Ar(4p — 4s)) at
696.5 nm (2p2 to 1ss), 706.7 nm (2ps3 to 1ss), 727.3 nm (2pz to
1s4), 738.4 nm (2ps to 1s4), 750.4 nm (2p; to 1sz), 763.5 nm (2pe
to 1ss), 772.4 nm (2p2 to 1s3), 794.8 nm (2p4 to 1s3), 801.5 nm
(2ps to 1ss), 811.5 nm (2py to 1ss), 826.5 nm (2p> to 1sz), 842.5
nm (2ps to 1s4) and 852.1 nm (2p4 to 1sz). This trend was also
observed in several previous studies in which Ar discharges
were optically characterized [52] [53] [54]. The excited Ar
species are generated as follows [55]:

Ar+e — Ar¥+e (1)

Next to the present Ar emission lines, the recorded spectrum
displays emission bands from nitrogen, specifically the
N, second positive system, due to the N, (C3I, — B3Ily)
transition. These appear at wavelengths 315.8 nm, 337.2 nm,
357.8 nm, 375.2 nm, 380.4 nm, 405.0 nm, 415.9 nm, 420.1 nm,
425.9 nm and 434.4 nm [56] [57] [58] [59]. Moreover, weak
intensity lines linked to the N;" first negative system,
corresponding to the B2Z,*-X2Z," transition, are perceived at
391.4 nm [56] [60] [61]. The presence of these N> and N»*
systems likely originate from ambient air diffusing into the
PBS, which interacts with the plasma jet afterglow. These
excited nitrogen states are generated via numerous reactions,
such as pooling reactions, electron impact processes of the
ground state N> (X'Z,"), and transfer of energy as a result of
inter-particle collisions and association excitations [62]. For
instance, the N, (C3II,) state could be generated by electron
impact excitation of the N, ground state or via excited Ar
species, as shown in reactions (2) and (3), respectively [52] [55]
[62]:

N (X'ZH +e >N (Clly) +e ()
Na (X'Zg) + Ar* — Nb (L) + Ar (3)

The Np* (B%Z,") state may be formed via electron impact

ionization, as illustrated in reaction (4), or via collision with
highly vibrational N> molecules (X'Z."), as depicted in reaction
(5) [62] [63]:

N2 (X'Z) + e = No* (B22,) +2e  (4)
Na (X' o12 + Not (XaZg") — No™ (B2E,%) + Na (X'Z5%) w1
(5)

In Figure 3, a relatively high intensity peak corresponding to
hydroxyl radicals ("OH) is detected at a wavelength of 309.9 nm
[64]. This "OH, due to the transition A?X*-X°II, most likely
originates from reactions between H,O molecules present in
PBS and electrons or excited Ar atoms, as illustrated in
reactions (6) and (7), respectively [55] [58]:

H,O +e+ AE — OH (A’Z)+ H+e (6)
H,O + Ar*— ‘OH (A2Z") + H + Ar (7)

Finally, another peak at 777.7 nm corresponds to atomic
oxygen O I (3p°P to 3s°S), which can be generated either by
dissociative collisions of O, molecules (in the provenance of
the surrounding air) or by electrons Penning ionization between
0, molecules and excited Ar, as shown in reactions (8) and (9),
respectively [37] [62]:

0,+e—20+e (8)
Ar*+ 0, —> 20+ Ar (9)

Importantly, unlike in typical OES spectra recorded for
plasma jets above liquids, where the environment surrounding
the plasma plume is rich in nitrogen [65] [66] [67], no NO,
emission (200-280 nm) was detected. Additionally, no emission
lines corresponding to atomic nitrogen were perceived, most
likely due to the plasma being ignited within the liquid rather
than in ambient air, where nitrogen molecules are more
prevalent. Furthermore, the lower dissociation energy of
oxygen compared to nitrogen further supports this observation,
as the presence of oxygen may suppress atomic nitrogen [68].

The two studies conducted by Chen et al. [21] [22] on liquid
treatment using a liquid-submerged plasma set-up support the
OES findings of this study, despite detecting additional peaks
corresponding to N> and N:*, along with weak NO emission
lines in the 250-300 nm range. This is likely due to the use of
industrial-grade Ar probably containing nitrogen impurities as
the feed gas.

Finally, it is important to mention that OES spectra as a
function of the applied voltage and gas flow rate are not
included in this study as averaging the emitted light over the
entire line of sight masks critical spatial variations in plasma
properties such as temperature, density, and composition. This
masking effect hinders the accurate interpretation of localized
changes and the dynamics of reactive species [69].

To conclude, the OES spectra of the submerged Ar APPJ
indicate the presence of excited Ar atoms, excited N> and N,*
molecules, excited "OH radicals, and excited oxygen atoms in
the plasma effluent.
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Figure 3. Optical emission spectrum of the Ar plasma
ignited in the PBS bulk (gas flow rate: 2.0 slm; voltage: 3.0
kV).

C. Hydrogen peroxide concentration

The exposure of aqueous liquids to plasma discharges is
known to generate significant amounts of hydrogen peroxide
(H20,) [70] [71][72]. H20> can be generated in the liquid phase
through the reaction between 2 hydroxyl radicals or between
hydrogen and hydroperoxyl radicals, as shown below [73] [74]:

H,0+e— OH+ H+e (10)
‘OH + OH - H,0, (11)
‘H+ 0, > HO, (12)
HO, + 'H - H,0, (13)

In reaction (11), H,O> can also form in the gas phase and
subsequently dissolve into the liquid. In the set-up used in this
study, PBS evaporation (discussed previously) increases the
amount of water vapor, which elevates the levels of gaseous
*‘OH radicals, as confirmed by OES and shown in reactions (6)
and (7). These "OH radicals then form gaseous H.0: via
reaction (11), which dissolves into the liquid due to its high
solubility (Henry’s law constant: 1.92 x 10°) [75], further
increasing the H2O: concentration [76].

As there is compelling evidence that plasma-induced H>O,
plays a major role in the cellular toxicity of plasma-treated
liquids [77] [78] [79] [80] [81], it is essential to quantify the
concentration of H,O» generated in PBS. Figure 4 (a — c¢) shows
the evolution of the H>O, concentration as a function of voltage
(a), flow rate (b), and treatment time (c).

Figure 4 (a) illustrates that the concentration of H>O,
increases from approximately 1500 uM at 2.0 kV to nearly 2000
puM at 3.5 kV. This increase is linked to the higher plasma
power at increased voltages, as shown in Figure 2 (a). The rise
in plasma power enhances electron density, promoting the
dissociation of water molecules into ‘OH radicals, thereby
boosting H20: production [82].

Figure 4 (b) reveals that the gas flow rate does not have a
significant impact on the H,O, concentration, consistent with

Dimitrakellis et al. [83], who also observed minimal impact of
gas flow rate on H,O» production. This can be attributed to a
rather stable discharge power across varying flow rates, as
shown in Figure 2 (b).

Figure 4 (c) illustrates a linear increase in H>O, concentration
with plasma exposure time (R? = 0.99). After 10 minutes of
plasma exposure, H20: levels reach 1750 uM, which is 3.64
times higher than after 1 minute (480.2 uM). The observed
linear increase aligns well with previously published findings,
as the linear temporal evolution of the H,O» concentration in
plasma-treated liquids has been noted in numerous studies [27]
[70] [84] [85]. With increased treatment time, the dissociation
of water molecules becomes more pronounced due to the longer
contact time between the plasma species and the water
molecules. This prolonged interaction leads to the production
of higher amounts of H,O, in the plasma-treated PBS.
Moreover, the continuous generation of ROS in the liquid over
time can maintain a reactive environment that gradually
increases H»O,. The cumulative effect of these ongoing
reactions results in an increase in H,O; levels with prolonged
exposure.

The data presented in Figure 4 (a) — (c) demonstrate that the
advanced liquid-submerged plasma set-up configuration used
in this work yielded very high H,O, concentrations, reaching
almost 2000 uM.

Table 2 compares the production of H,O; across different set-
ups and liquids in the current literature, with concentrations
ranging from only a few pM up to 1320 uM [11] [14] [21] [84]
[85] [86] [87] [88]. The studies were chosen for their diverse
plasma configurations, carrier gases, operational parameters,
and their significant findings on RONS production, providing a
relevant benchmark to demonstrate the efficiency of the
submerged plasma jet set-up used in this research. H,O»
concentrations attained in this study significantly surpass these
values, demonstrating the superior efficiency of our submerged
plasma configuration in generating H2O..

Submerging the plasma directly in the liquid intensifies the
interaction between plasma-generated species and the liquid,
more efficiently generating long-living ROS species. This
intense contact facilitates the transfer of energy and plasma
species from the plasma to the liquid, enhancing the chemical
reactions occurring into the liquid. When plasma is generated
above the liquid, the reactive plasma species must travel over a
certain distance before reaching the liquid surface. During their
traveling, these species may recombine or interact with other
molecules present in the air, thereby reducing their chemical
reactivity by the time they reach the liquid [89]. Consequently,
it has been observed that shorter distances between the plasma
generation region and the liquid lead to increased ROS
production in the liquid [37] [89] [90]. In this study, the direct
generation of plasma in the liquid, confines the reactive plasma
species within the liquid medium, limiting their recombination,
and preserving their chemical reactivity, which in turn results
in an enhanced H»O; production.
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Figure 4. (a) Evolution of the H,O, concentration of PBS exposed to plasma as a function of voltage, (b) flow rate, and (c)
treatment time. (d) NO2~ concentration in plasma-treated PBS as a function of voltage, (e) flow rate, and (f) treatment times up to
10 minutes. (g) pH of plasma-treated PBS as a function of voltage, (h) flow rate, and (i) plasma treatment time.

As illustrated in Table 2, Chen et al. [22] compared H,O,
production in submerged versus above-liquid plasma
configurations and found that the submerged set-up produces
higher H,O» concentrations. However, the plasma set-up used
in this study achieves significantly higher H,O, levels compared
to the work of Chen ef al. and another study that also used a
plasma submerged in liquid [21] [22]. Several factors influence
the generation of ROS species, including the carrier gas,
discharge power, distance between electrodes, electrode
geometry, power supply characteristics, and the type of liquid
[91] [92] [93]. The unique design of our set-up, which allows
for efficient plasma-liquid interaction, contributes to the
enhanced H:0O: production observed in this study,
outperforming other submerged plasma systems. This is
particularly significant because H-0- is a key reactive species
responsible for inducing oxidative stress and apoptosis in
cancer cells [94] [95]. Notably, this new system does not only
address the challenge of generating high H-O: concentrations
but also achieves this in larger volumes, highlighting its

potential for scaling up indirect plasma treatments. This is
especially important for more complex tumor models and
clinical applications, where both high H-O: levels and larger
volumes are critical. However, while the superior H20: yield
highlights a strength of our system, it is important to
acknowledge that this comes with relatively limited production
of NO:™ (as detailed in the following section). In fact, although
H20: is frequently cited as the primary driver of PTL-mediated
cytotoxicity, mounting evidence points to a synergistic role for
NO:™ in enhancing anti-tumor effects [96]. Specifically, the
interaction between H20- and NO:~ has been shown to lower
the cytotoxic threshold for malignant cells without increasing
toxicity toward healthy cells [78]. This observation does not
diminish the significance of our findings but rather underscores
that, while achieving high H-O: concentrations in scalable
volumes represents a substantial advancement, it should not be
regarded as the only reactive species of importance in plasma-
based therapies.
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Table 2: Efficiency of different plasma set-ups using different liquids, carrier gases, and operational parameters in the
generation of H>O,, NO:~, and NO;™ as detected in the current literature. CAP stands for cold atmospheric plasma. The values
marked with a single asterisk (*) indicate the concentrations of H202, NO-~, and NOs™ as reported in the original studies cited in
the table. The values marked with a double asterisk (**) represent the concentrations observed in the current study at a plasma
treatment time comparable to that used in the cited study.

Distance to .. B NO;~
. Liquid H>0, (uM) NOz (uM) Treatment
Plasma  set- Liquid Gas the I;quld volume (M) time Ref.
up sz;r?f)e (mL) * sk * sk * o (min)
Piezoelectric
direct . .
. Saline Air 0.5 5 15.7 638.4 90 6.61 | 870.7{ 0 2 [86]
discharge
plasma
Plasma pen PBS A“:i’;em 10 5 123.6 | 1727 | 118.8 | 17.43 | 489 | 0 10 [97]
LCAP D‘*V‘V‘:tlged He 3 0.1 26.1 | 6384 | 13311 661 | - {0 2 [88]
DBD PBS An:i’;em 4 0.15 | 794 | 1082 | 3580 | 10.84 | 3045 | 0 5 [98]
PBS 630 360 315 0
NaCl He 20 0.1 515 638.4 160 6.61 180 0 2 [38]
0.9%
10 1320.6 481.1 - 0
PBS Ar 15 2 358.3 | 1621.2 | 253.3 | 15.87 - 0 9 [37]
30 188.6 186.8 - 0
3.35
(for
NO:2~ 10
Saline Ar 8 and 600 1727 10 17.43 | 101 0 . [26]
~ min/mL
NO3Y),
3.8 (for
H,0»)
Distilled
water Air 42 10 100 - 1200 - oo - 20 [36]
PBS 191 3320 844 -
. Ar 2.9 4.4 - -
Plasma jet ons
I8 | Deionized Not 200 | 02 ; 13 - - - 30 | [22]
water mentioned
N> 0.02 0.2 - -
Deionized Ar Submerged 8.1 18.1 - -
He in liquid 200 6.9 - 17.4 - - - 30 [22]
water
N> 2.7 39 - -
Deionized He Sgbmerged i 13 ) 4 ) ) ) 30 [21]
water in liquid
kINPen IND |- Alginate | 10 I 041 | 1727 | 177 1743 | 321 | 0 10|99
device solution

D. Nitrite concentration

In addition to H»O,, the presence of reactive nitrogen species
such as nitrates (NO3") and nitrites (NO2z") in PTLs is crucial
due to their significant biological effects, including their anti-
cancer properties [84] [100] [101]. Hence, this study focused on
the detection of NOs;~ and NO: ions in plasma-treated PBS.
However, under the experimental conditions used in this work,
nitrates were not detected in the plasma-treated PBS, indicating

that the submerged plasma jet used in this study does not
produce these species. The absence of nitrate production can be
attributed to the neutral pH of PBS, which inhibits the
disproportionation of nitrites into nitrates and nitric oxide.
Furthermore, the limited availability of oxygen restricts the
oxidation of nitrite to nitrate [102]. Conversely, nitrite was
detected in the plasma-treated PBS. Nitrite formation begins in
the gas phase through the production of atomic nitrogen by two
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primary pathways: chemical quenching of metastable argon by
N2 and electron impact dissociation of N2 [103] [104]:

N, + Ar* - 2N + Ar (14)
N,+e—2N+e (15)

Subsequently, these nitrogen atoms react with molecular
oxygen or "OH radicals to form nitric oxide (NO) through the
following reactions [103]:

‘N+0,-> NO+0 (16)
‘N +0H - NO +H(17)

The presence of atomic oxygen and "OH radicals was also
confirmed by OES. Furthermore, the interaction of plasma with
N> from the air above the liquid resulting in the generation of
excited nitrogen species, as observed by OES, indicates that
nitric oxide formation can also be achieved [105]:

N; +°0 > 'NO + N* (18)
N*+ 0, > NO + 0 (19)

Detecting the spectral lines of atomic nitrogen in the
afterglow using OES is challenging due to their high reactivity
and relatively weak transitions compared to the dominant peaks
of molecular nitrogen [106]. Additionally, a prominent
emission line from atomic nitrogen has been previously
identified at 120 nm [107]. Nonetheless, this wavelength falls
outside the wavelength range utilized in this study, which
begins at 200 nm. Consequently, while the N peak may not be
visible in the OES data, atomic nitrogen may still be present,
albeit in very low concentrations.

It is also worth mentioning that the generation of excited "NO
is initiated by electron impact excitation of ground-state "NO,
an additional step that likely accounts for the absence of NO*
in the OES data. This detection challenge is compounded by the
significantly shorter estimated lifetime of excited NO, which is
approximately 2.5 times shorter than that of excited N» species
[108].

The created "NO can undergo further oxidation to form ‘NO,
[103]:

‘NO +°0 - 'NO, (20)

Finally, “NO and “NO; generated in the gas phase readily
dissolve in the liquid, leading to the formation of nitrites
through the following reactions [103][109] [110] [111][112]:

NO, + NO + H,0 - 2H* + 2NO; (21)
4'NO + 0, + 2H,0 - 4NO; + 4H* (22)
‘OH + 'NO - HNO, (23)

Figure 4 (d) and (e) show the effect of voltage and gas flow
rate on nitrite production. Unlike the trend observed for H2O-,
where higher voltages increased production, neither voltage nor
gas flow rate significantly impacted nitrite levels. This
discrepancy can arise from the fact that the nitrite formation

10

relies on plasma interaction with atmospheric nitrogen above
the liquid. Reactive species formed in the plasma may undergo
multiple reactions as they travel from the nozzle to the liquid
surface, including quenching by other molecules, dissolution
into the liquid, or de-excitation through collisions. In the
submerged configuration, the liquid acts as a barrier, reducing
the availability of reactive species reaching the liquid surface
and necessary for nitrite formation. Although higher voltages
generate more plasma species, their efficiency in producing
nitrites is limited by the insulating effect of the liquid. Instead,
the energy boost primarily enhances the formation of reactive
oxygen species due to the direct contact with the oxygen-
containing liquid.

Similarly, variations in gas flow rate do not significantly
change the nitrite concentration. Higher gas flow velocity
increases the likelihood of quenching reactions, reducing the
availability of reactive nitrogen species necessary for nitrite
formation, which explains the minimal effect of this parameter
on nitrite production.

Figure 4 (f) presents the impact of plasma treatment time on
nitrite formation. Nitrite concentration increased from 7.73 uM
after 1 minute to 17.43 pM after 10 minutes of plasma
treatment, displaying a linear correlation (R?>=0.95) between
treatment duration and nitrite production, similar to H>O,. This
aligns with previous studies, published by Girard et al. and
Sersenova et al., who also observed a time-dependent increase
in nitrite concentration in PBS exposed to plasma [6] [32]. The
continuous production of RNS during prolonged plasma
exposure leads to the accumulation of nitrites in the liquid. As
detailed in chemical reactions (16-23), nitrogen in the gas phase
reacts with electrons, oxygen, and water forming various
nitrogen oxides, including nitrite. Although the interactions
with trace nitrogen sources are limited, longer treatment times
allow for gradual nitrite accumulation. Such extended plasma
exposures will give more opportunities for any present nitrogen
to react and form nitrites.

When comparing the nitrite concentrations observed in this
study to values reported in previous studies (Table 2), it is
evident that nitrite production in the submerged plasma set-up
is significantly lower than in set-ups where plasma is generated
above the liquid. The submerged configuration limits direct
exposure of the plasma to atmospheric nitrogen, which is a
crucial factor to initiate nitrite formation. The liquid
environment may quench the reactive plasma species, thereby
reducing their chemical reactivity by the time they reach the air
above the liquid. Additionally, the argon gas used in this study
(Alphagaz 1), is free from nitrogen impurities according to the
manufacturer’s specifications, further limiting the nitrogen
available for nitrite production.

Chen et al. used a plasma jet submerged in liquid to treat
deionized (DI) water with various gases, including industrial-
grade He, argon, and He. These studies indicate that nitrite
concentrations were low in a submerged set-up, aligning with
the results of this study. However, their findings showed higher
nitrite concentrations compared to our study, likely due to
nitrogen impurities in the industrial-grade gases. Furthermore,
the gap between the plasma nozzle and liquid surface also plays
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a crucial role in nitrite formation, although this was not
specified in their set-up [21] [22].

In summary, this study highlights significant impact of
plasma configuration on nitrite production in plasma-treated
liquids. The submerged Ar plasma jet set-up used here,
characterized by its limited nitrogen source and reduced
interaction with atmospheric nitrogen, produces notably lower
nitrite concentrations compared to configurations where plasma
is generated above the liquid surface. Although nitrite levels
increase linearly with longer plasma exposure, overall
production is constrained by the experimental conditions, with
gas flow rate and applied voltage showing minimal influence.
E pH

Besides the chemical composition, plasma treatment can also
affect the physical characteristics of the liquid, such as pH.

To determine plasma treatment induced alterations in the
acidity level of the plasma-treated PBS, pH measurements were
conducted under varying voltage, gas flow rate, and exposure
time. The findings, depicted in Figure 4 (g — i), show that the
pH remains relatively stable (close to 7.7), across all plasma
operational parameters. This stability in pH can be attributed to
the buffering properties of PBS, which help maintain an
osmolarity comparable to that of the human body [39]. This is
an advantage of using PBS instead of non-buffered solutions,
which are known to acidify significantly upon plasma
treatment, due to the generation of nitrate and nitrite ions [113]
[114]. Such acidic liquids have a negative impact on healthy
cells and compromise the selectivity of PTLs against cancer
cells. Some studies have reported PBS acidification post-
treatment [6] [115], typically when the production of hydrogen
ions (H') during plasma treatment surpasses the buffering
capacity of the PBS. However, in this study, the pH remained
stable across all plasma operational parameters, highlighting
the effectiveness of the liquid-submerged plasma set-up in
preserving the buffering capacity of PBS.

The results of other characteristics of plasma-treated PBS,
including conductivity, temperature, and liquid volume loss
post-treatment, are provided in the Supplementary material as a
function of plasma operational parameters, along with the
corresponding materials and methods.

F. Conductivity

The conductivity of plasma-treated PBS was also examined
as a function of voltage, flow rate and exposure time, as
presented in Figure 5. The initial conductivity of untreated PBS
was 15.8 = 0.19 mS/cm, and plasma treatment consistently
increased this value with higher voltage, gas flow rate, and
treatment time.

This increase in conductivity can be attributed to the
dissolution of charged species and ionic compounds generated
during plasma exposure, which is a well-documented
phenomenon in PTLs [116]. Notably, long-lived ionic species,
such as NO:  and NOj;-, substantially contribute to this
conductivity enhancement [117] [118] [119]. In this study,
NO:" emerged as the predominant long-lived ionic species, and
its accumulation is directly correlated with increasing
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conductivity in plasma-treated PBS. Nevertheless, as discussed
in Section 3.5, NO: concentrations remain relatively stable
across different flow rates and voltages, with significant
increases occurring only with prolonged exposure times.
Additionally, the overall nitrite concentrations observed in this
study were relatively low.

However, H>O,, albeit recognized as a weak electrolyte, can
also influence electrical conductivity [120]. Wu et al. [118]
observed that conductivity in H,O»-enhanced plasma-treated
water increased with rising H>O; concentrations. The high H>O»
concentrations generated in this study are likely to contribute to
the observed conductivity increases, as a function of voltage
and exposure time. Furthermore, while variations in gas flow
rate do not markedly affect the generation of RONS, the
observed conductivity changes under different flow rates can be
attributed to evaporation effects. Evaporation reduces the water
content, thereby increasing the concentration of soluble salts in
the PBS, which, in turn, increases conductivity. This is
supported by data indicating increased liquid loss under high
flow rates, as shown in Supplementary Figure 3. Similar
evaporation effects were also observed with increasing voltage
and plasma exposure time. Overall, it is important to note that
the measured conductivities remain within physiological ranges
[121], highlighting the relevance of the plasma-treated
solutions in this study within the context of plasma medicine.
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Figure 5: Conductivity of plasma-treated PBS for various (a)
voltages, (b) flow rates, and (c) treatment times.

In summary, the observed increase in conductivity of plasma-
treated PBS can be attributed to the dissolution of charged
species and ionic compounds, particularly NO2~ and H>0,, as
well as the concentration effects of salts resulting from
evaporation during plasma treatment. These factors collectively
enhance the electrical properties of plasma-treated PBS.

G. PTL aging effect

The stability of the generated RONS species in PTLs is
crucial, as delays between their generation and application
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could compromise their anti-cancer efficacy. A reduction in the
RONS concentrations during storage will negatively impact the
therapeutic efficacy of the PTLs and should be therefore
minimized. In this study, the stability of plasma-treated PBS
using the following parameters was examined: voltage of 3.0
kV, flow rate of 2.0 slm, and a treatment time of 10 minutes.
This specific parametric configuration was selected due to its
optimal balance between high RONS concentration and
acceptable liquid loss. It is well known that higher
concentrations of reactive species accelerate the aging process
of PTLs [31], rendering this specific configuration highly
relevant for studying RONS stability. The plasma-treated PBS
was stored at 3 different temperatures (4, 21 and 37°C) over a
21-day period, with stability assays conducted every 7 days. At
each time point, H,O; and nitrite concentrations in the liquid
were determined.

Figure 6 (a) shows the evolution of the H>O, concentration
over time for the 3 storage temperatures. The results show that
at 4°C and 21°C, the H,O; concentration remained stable or
even slightly increased after 2 and 3 weeks of storage. This
unexpected increase was also observed by Zhao et al. who
reported a significant 303% increase in H,O; concentration after
48 hours of storage at 4°C [122]. However, the specific
mechanisms leading to the increase of H20: in plasma-treated
PBS in this study remain unknown.

In contrast, at 37°C, the H,O» concentration tends to slightly
decrease over time, diminishing by 2.8% after 3 weeks of
storage. From a thermodynamic perspective, the stability of
H,0; is influenced by temperature, as its decomposition rate is
highly temperature-dependent, with higher temperatures
accelerating its breakdown [113]. Given that the pH of the
plasma-treated PBS remains stable after plasma exposure due
to the buffering effect of PBS, the observed decline in H20:
concentration at 37°C is likely mainly deriven by thermal
decomposition. The high stability of H,O, in plasma-treated
PBS is in excellent agreement with other studies on the storage
of plasma-treated PBS [115] [123]. The consistent H,O, levels
in plasma-treated PBS stored at < 21°C highlight its potential
as a stable and reliable medium for cancer treatment.
Conversely, this high stability has not been observed in other
liquids such as DMEM, where a significant decrease in H,O»
concentration was noted after 26 hours of storage, evidencing
the unique stability of plasma-treated PBS [123]. The
degradation of H,O, in liquids containing proteins, metallic
compounds (e.g. ferrous ions), amino acids, and glucose further
supports the distinct advantages of using PBS as a plasma-
treated medium [123] [124].

Figure 6 (b) depicts the variation in nitrite concentration over
storage time for the 3 different storage temperatures. Similar
trends as for the H>O, concentration can be found as a function
of storage time and storage temperature: (1) at temperatures
below 21°C, the nitrite concentration remains stable over time
and (2) at a temperature of 37°C, the nitrite concentration only
slightly decreases at longer storage periods. While nitrite is
generally stable, it is still subject to temperature-dependent
changes. Additionally, higher initial concentrations of reactive
species can accelerate decomposition reactions, whereas lower
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concentrations result in more moderate reactions promoting the
stability of active species [31]. These observations are
consistent with a study by Kutasi et al., who have reported
stable nitrite concentrations in plasma-treated PBS stored at
4°C for up to 4 months [125].

Nitrite stability is known to decrease under acidic conditions
[126]; however, the almost neutral pH in this study, along with
low storage temperatures, supported the extended preservation
of nitrite in plasma-treated PBS. The buffering effect of PBS
reduces the probability of nitrites reacting with H,O to form
peroxynitrous acid or decomposing into nitric oxide and
nitrogen dioxide [126].

To conclude, the results of this study reveal excellent long-
term stability of both H,O» and nitrite in plasma-treated PBS
when stored at low temperatures. This stability is important for
maintaining the therapeutic efficacy of PTLs in cancer
treatment, making plasma-treated PBS a practical and effective
medium for these applications.
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Figure 6. Evolution of (a) H,O, concentration and (b) NO2~
concentration of plasma-treated PBS (voltage: 3.0 kV, flow
rate: 2.0 slm, treatment time: 10 min). Samples were stored at
4°C, 21°C, and 37°C. A t-test was performed to check for
statistical significance (*p < 0.05, **p < 0.01), determining
differences in concentrations due to storage period and
temperature variations.

H. Cell viability

Emerging literature has highlighted the therapeutic promise
of PTLs in oncology, focusing on its selective cytotoxicity
towards malignant cells [13] [32] [127]. In this section, the
effects of 3-minute plasma-treated PBS (voltage: 3.0 kV, flow
rate: 2.0 slm) on the proliferation and viability of OSCC versus
non-malignant HaCaT cells were assessed. As control samples,
different liquids were included: untreated PBS, PBS exposed to
argon gas (without plasma), and PBS supplemented with
exogenous H202, NO:", and H20: + NO:™ at concentrations
matching those in plasma-treated PBS. The intermediate
treatment duration of 3 minutes, that ensured significant RONS
generation while minimizing liquid loss, was selected to reach
an initial proof-of-concept of the potential efficacy of plasma-
treated PBS. Upon successful completion of this initial study,
future research will explore extended treatment durations to
further assess its therapeutic potential.

As shown in Figure 7 (a), OSCC cells exhibited a marked
reduction in proliferation post-incubation with plasma-treated
PBS compared to the gas control and NOz -rich PBS, which
became evident after 48 hours and further accentuated at 72
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hours. In contrast, HaCaT cells maintained a stable proliferation
across all experimental conditions, indicating selective
cytotoxicity of plasma-treated PBS towards OSCC cells.

Parallel to these findings, Figure 7 (b) illustrates similar
results in viability, with plasma-treated PBS causing a
significant reduction in OSCC cell viability to 50% at 24 hours
and approximately 18% at 72 hours. OSCC cells incubated with
the gas control sample and the NO: -rich PBS exhibited no
decline in viability, suggesting that H>O, is the dominant
species inducing cancer cell death while nitrite has minimal
impact. Other studies have also reported that H2O: is most likely
the dominant RONS responsible for inducing cancer cell death
when using PTLs [22] [32] [37]. Notably, OSCC cells exposed
to H20:-rich or H202 + NO-> -rich PBS showed higher viability
compared to plasma-treated PBS, emphasizing the superior
efficacy of plasma-treated PBS in targeting cancer cells over
merely adding exogenous chemicals. This indicates that
additional RONS contribute synergistically to the cytotoxicity
of plasma-treated PBS, reinforcing the significance of using
PTLs over reconstituted controls. Moreover, Pavlik et al. [86]
demonstrated that while both PTLs and chemically prepared
solutions exhibit cytotoxic and genotoxic effects on K562
leukemia cells, their mechanisms of action differ. Specifically,
PTLs induce apoptosis, whereas reconstituted controls
primarily trigger necrosis, which is likely associated with
increased inflammation and reduced therapeutic benefits.
Further investigations into the death mechanisms induced by
PTLs and reconstituted controls in OSCC cells will be
conducted to elucidate their distinct biological effects. HaCaT
cells exhibited no significant changes in viability across all
treatments.

Plasma-treated PBS selectively inhibits OSCC cell
proliferation and viability while sparing non-cancerous HaCaT
cells. The exposure to plasma-treated PBS containing high
levels of RONS, elevates the intracellular ROS in OSCC cells
that already contain a higher ROS level compared to healthy
cells. This elevated intracellular ROS level ultimately leads to
DNA damage and cell death [128] [129]. Healthy cells, with
lower baseline ROS levels and intact antioxidant systems [45],
remain unaffected. This selective effect highlights the potential
of plasma-treated PBS as a targeted cancer therapy. While
promising, further studies are needed to confirm its anti-tumor
efficacy. Specifically, it is essential to establish whether the
treatment induces apoptosis whereby the necrotic damage and
inflammation can be circumvented in oral cancer cells.
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Figure 7. (a) Cell proliferation of cancer cells (OSCC) and
healthy control cells (HaCaT) following exposure to plasma-
treated PBS and corresponding controls over 72 h. (b) Cell
viability after 24 h, 48 h and 72 h. N=3, with 3 technical
replicates, *p < 0.05, **p <0.01 ,**** p <0.0001.

IV. CONCLUSION

This study introduced a novel set-up using an argon plasma
jet submerged in liquid to explore the physicochemical
properties and anti-cancer efficacy of plasma-treated PBS. Key
operational parameters, including voltage, gas flow rate, and
treatment duration, were investigated for their impact on plasma
properties and liquid characteristics. Results revealed that an
increased voltage led to a higher discharge power due to
intensified plasma generation and ionization levels. In contrast,
changes in gas flow rate had a minimal impact on the discharge
power. OES analysis identified critical radiative species in
plasma such as excited Ar atoms, N, N,*, "OH radicals, and
atomic oxygen. Concerning the physiological properties of
PBS, plasma exposure increased PBS temperature and liquid
loss, with both the voltage and treatment duration significantly
influencing these effects. The gas flow rate enhanced the liquid
evaporation but had a lower impact on the PBS temperature.
The pH of the plasma-treated PBS remained relatively
consistent across all experimental conditions due to the PBS’
buffering capacity thus preserving the liquid’s physiological
properties. In contrast, all operational parameters significantly
impacted the conductivity of plasma-treated PBS due to the
dissolution of charged species and increase in salt concentration
as a result of evaporation. The H.O: concentrations produced in
this study were remarkably high, reaching up to 2000 pM
depending on the operational parameters. Increased voltage
raised plasma power and electron density, enhancing the
electron impact dissociation of water into "OH radicals, thus
producing more H:0.. Extended treatment times further
increased water molecule dissociation due to prolonged contact
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with plasma species, resulting in higher H:0: levels.
Conversely, gas flow rate did not significantly impact H20-
concentrations. In contrast, nitrite generation was relatively
modest and not significantly affected by changes in voltage or
gas flow rate. As plasma was submerged in the liquid, the liquid
acted as a barrier, limiting reactive species from reaching its
surface. However, nitrite concentration increased linearly with
longer treatment times, as prolonged contact with plasma
provided more opportunities for nitrogen to react and form
nitrites. The stability of plasma-treated PBS was evaluated upon
storage of PBS at 4°C, 21°C, and 37°C over 21 days. H.O- and
nitrite concentrations remained stable at lower temperatures,
while higher temperatures accelerated their decomposition.
Finally, plasma-treated PBS inhibited OSCC cell proliferation
and viability without affecting healthy HaCaT cells. A
comparison with PBS controls supplemented with exogenous
H20:2, NOz', and H202 + NO2 showed that H.O- was the main
cytotoxic and anti-proliferative agent in the plasma-treated PBS
generated in this study, with NO,™ having a minimal role.

In summary, PBS plasma-treated using a new liquid-
submerged set-up shows potential as a selective and effective
therapeutic strategy for targeting OSCC, offering a promising
approach for cancer therapy.
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Supplementary Table 1. Positioning of the current paper in the available literature. Heatmap representing the
inclusion of healthy cells as well as cancer cells, HO, and/or NO:~ reconstituted controls and in liquid-
submerged plasma reactors in papers involving the use of PTLs for cancer treatment. Papers are ranked

according to 1) inclusion factor, 2) publication date, 3) alphabetical order of the first author name.

Healthy versus | Reconstituted | Plasma reactor Ref.
Authors (year) cancer cells* controls** |configuration***
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*0: only cancer cells; 1: cancer and healthy cells
**.(0: no control; 1: H,O, control; 2: H;O; and NO:~ controls; 3: H,O,, NO2~ and H,O; + NO:" controls
**%: 0: plasma reactor placed above the liquid to be treated; 1: in liquid-submerged plasma reactor

= Study comparing PTLs and reconstituted H,O,, NO3z and H>O, + NO3™ controls (no NO:~ controls) in vitro and
in vivo [10].



SUPPLEMENTARY MATERIALS AND METHODS

PBS temperature variation and liquid loss post-plasma treatment

The temperature of the PBS solutions was assessed using a portable digital thermometer (Pt500, Jumo, The
Netherlands) before and immediately after plasma treatment. The temperature difference between these two time
points was calculated to detect any heating effect induced by the plasma treatment. Given the fact that such heating
effects may contribute, amongst other phenomena, to liquid evaporation, the plasma-induced liquid loss was also
assessed. To do so, each liquid sample was weighed using a well-calibrated balance (Quintix224-1S, Sartorius
GmbH, Germany) before and after treatment, and the mass difference was calculated. Based on the known density
of 1x PBS, the volume of the evaporated PBS was calculated from the measured mass difference. All
measurements were repeated 4 times across 4 independent plasma-treated PBS samples for each condition.

Electrical conductivity of PBS pre- and post-plasma treatment

The electrical conductivity of untreated and plasma-treated PBS were measured using a FiveEasy™ conductivity
meter (Mettler Toledo, Switzerland). All measurements were done 4 times using 4 independently prepared plasma-
treated samples for each condition.

SUPPLEMENTARY RESULTS AND DISCUSSION

Electrical characterization

Supplementary Figure 1 illustrates the V-I waveforms of the Ar APPJ generated at an applied voltage of 3.0 kV
and a gas flow rate of 2.0 slm, supporting this choice. The waveforms display periodic plasma dynamics, with a
sinusoidal voltage waveform and clear variations in the current waveform during each half cycle. Notably, intense
current peaks occur due to a rapid increase in gas conductivity when the plasma ignites, followed by surface charge
accumulation that reduces the gas voltage and terminates the discharge. Typically, the positive current pulse is
slightly higher or equal in magnitude to the negative pulse. These distinct waveform profiles confirm that the
discharge is operating in glow mode, characterized by stable, uniform plasma formation. In fact, periodic plasma
dynamics with sinusoidal waveforms for the voltage are detected [68] [69] [70]. The waveforms obtained for the
other plasma operational parameters used in this work are not included here as they strongly resemble the
waveforms shown in Supplementary Figure 1.
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Supplementary Figure 1: Voltage and current waveforms recorded during the plasma treatment (gas flow rate:
2.0 slm, voltage: 3 kV).

Temperature and liquid loss

After characterizing the plasma itself, the subsequent experiments focused on how plasma exposure influences
the temperature and liquid loss of the PBS solution. Initially, the PBS was set to room temperature (21°C) for all
experiments, and the temperature was measured immediately following plasma exposure. Supplementary Figure
2 depicts the obtained changes in solution temperature as a function of voltage, flow rate and treatment time.

Supplementary Figure 2 (a) reveals that increasing the applied voltage leads to a slight rise in liquid temperature.
At 2.0 kV, the temperature increases by 7.8 + 0.6°C, which further rises to 9.9 = 1.1°C at 3.5 kV. Statistical analysis
using a T-test reveals a significant difference between these two values (p < 0.05). This can be explained as follows:



an increase in voltage is associated with a rise in discharge power, as illustrated in Figure 2 (a). This means that
higher voltages thus enhance the conversion of electrical energy to plasma energy per unit of time. This more
efficient energy transfer in turn results in an amplified temperature of the plasma-treated PBS, as the higher plasma
energy can more effectively heat the surrounding medium. As shown in Supplementary Figure 2 (b), increasing
the Ar flow rate from 1.0 to 2.5 slm slightly reduces the temperature increase from approximately 14°C to 10°C.
This is consistent with prior studies, including the work of Hashim et al., where a decrease in gas flow rate results
in a higher plasma temperature [71]. The longer residence time of the gas within the plasma at lower flow rates
allows it to absorb more energy, thus heating up the gas and as such the liquid [72]. Conversely, at higher flow
rates, the plasma transfers less heat to the gas and liquid, leading to a smaller temperature increase.

Supplementary Figure 2 (c) illustrates that longer plasma exposure durations result in a continuous increase in
liquid temperature, reaching 10.6°C after 10 minutes of plasma treatment. This increase is due to the steady transfer
of energy from the plasma to the liquid over time. Upon plasma ignition, the energy present in the plasma heats
the gas stream and this heat is then transferred to the treated liquid [73], causing a cumulative rise in the liquid
temperature as the exposure time increases.
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Supplementary Figure 2. Temperature difference (AT = Tfinat — Tinitial) upon plasma treatment of PBS for various
(a) voltages, (b) flow rates, and (c) treatment times.

The liquid loss during the plasma treatment was also examined and the results are depicted in Supplementary
Figure 3 as a function of voltage, flow rate and treatment time. As shown in Supplementary Figure 3 (a), increasing
the voltage from 2.0 to 3.5 kV results in a 2.14-fold increase in the volume of PBS lost. Supplementary Figure 3
(b) reveals that an increase in the flow rate from 1.0 slm to 2.5 slm results in a 2.03-fold increase in the volume of
PBS loss. On the other hand, Supplementary Figure 3 (c) shows that during the initial 3 minutes of plasma
exposure, liquid loss remains minimal. However, starting from the 4™ minute, liquid loss gradually increased,
reaching 1.37 mL after a 10 minutes of treatment. When considering the liquid loss during plasma exposure, two
factors should be taken into account: i) approximately 0.43 + 0.1 mL of PBS adheres to the sample holder due to
the submerged setup, making complete PBS collection after treatment impossible and ii) a portion of the liquid
sample evaporates during plasma treatment. This evaporation has also been observed by Grande et al. when
exposing a polycaprolactone solution in a mixture of chloroform and N,N-diformaldehyde to a similar submerged
plasma jet [74]. Taking into account the volume of PBS adhering to the sample holder, it can be concluded that
the liquid loss is minimal when using a plasma treatment time < 3 min (voltage: 3 kV, flow rate: 2 slm), while it
starts to become more pronounced at longer exposure times.

The data thus show that an increased voltage results in larger liquid volume loss, a finding which is consistent



with observations made by Li et al. [75]. Applying higher voltages results in the generation of a more energetic
and intense plasma discharge. As demonstrated in Supplementary Figure 2 (a), this enhanced energy level results
in the generation of more heat, causing the surrounding liquid to heat up and undergo evaporation more rapidly,
which in turn increases the liquid loss. A similar explanation can be used to explain the influence of treatment time
on the loss in PBS after plasma exposure, a finding that aligns with other research [76] [77] [78]. As treatment
time progresses, the liquid heats up (Supplementary Figure 2 (c)), enhancing the rate of liquid evaporation and
thus liquid loss. However, it is important to note that the evaporation rate is influenced not only by temperature
but also by other factors such as surface area and the dynamics of the plasma-liquid interface, which may
significantly impact liquid loss [79]. These factors can vary with changes in applied voltage and treatment duration,
potentially contributing to the observed variations in liquid loss.

Other contributors than temperature are definitely in play when increasing the gas flow rate, as in this particular
case the liquid temperature becomes smaller (Supplementary Figure 2 (b)), while the liquid loss increases. This
larger liquid loss can be mainly attributed to differences in the plasma-liquid interface. Indeed, Rezaei et al. [68]
have shown that an increase in gas flow rate strongly affects the plasma bubble dynamics inside the liquid, when
using a similar submerged plasma jet. In fact, the bubble number density was found to considerably increase,
resulting in more pronounced plasma-liquid interactions and thus a more efficient evaporation process. At higher
gas flow rates, the energy of the plasma is very effectively transferred to the liquid molecules, allowing them to
evaporate easily, thereby efficiently carrying away heat and diminishing the plasma-induced liquid heating, as
shown in Supplementary Figure 2 (b).
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Supplementary Figure 3. Liquid loss during PBS plasma treatment as a function of (a) voltage, (b) flow rate,
and (c) treatment time. Initial PBS volume: 5 mL.

In conclusion, the liquid loss in this work varies between 8.8% and 37.8%, depending on the used plasma
operational parameters and considering the liquid adhering to the sample holder. Comparatively, studies using
above-liquid plasma configurations with PBS have reported varying rates of liquid loss, such as 100% loss after a
5 minute treatment [76], 20% loss after a 10 minute treatment [78], and 15.6% loss after a 30 minute treatment
[80]. The evaporation rates found in this study are within or below these previously reported values, suggesting
that the submerged plasma set-up used in this study offers a comparable or better efficiency in minimizing liquid
loss during plasma treatment.
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