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Abstract:

A radio-frequency driven plasma jet in annular geometry coupled with an aeroselinjection into the effluent is
proposed for the controllable ROS/RNS production and delivery on biological targets in the context of plasma
medicine, e.g. wound care. The role of the aqueous aerosol in modulating the reactive species production is
investigated by combining physical and chemical analytics. Optical emission spectroscopy, electron paramagnetic
resonance spectroscopy, and a biochemical model based on' cysteine as .El tracer molecule have been applied,
revealing that aerosol injection shifts the production of ROS from atomic and singlet oxygen towards hydroxyl
radicals, which are generated in the droplets. Species generation occurred mainly at the droplets boundary layer
during their transport through the effluent, leading to a limited eysteine turnover upon introduction into the aerosol
solution. The subsequent delivery of unmodified. cysteine molecules at a target suggested the application of the
plasma source for the topical delivery of drugs,expanding the potential applicability and effectiveness. The
presence of reactive nitrogen speciesywas negligible regardless of aerosol injection and only traces of the
downstream products nitrate and nitrate were,detected. In summary, the aerosol injection into the effluent opens
new avenues to control UV radiation and reactive species output for the biomedical applications of non-thermal

plasma sources, reaching out towards'theregulation, safety, and efficacy of targeted applications.
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1. INTRODUCTION

The unique feature of cold physical plasmas (CPP) to produce a mixture of highly reactive species mimicking the
multi-ROS reactive oxygen species inflammatory environment is central to the plasma medicine theme. Since the
first reports in the mid-nineties, showing that CPP sources can successfully inactivate bacteria the field.expanded
significantly [1, 2]. Numerous plasma sources were developed for the decontamination of biotic/abiotic surfaces,
deposition of bioactive coatings, and manipulation of eukaryotic cells and tissues [3-5]. CPPs show several direct
and indirect effects in biological models, inducing cell signaling, proliferation, apoptosis, or senescence depending
on the treatment intensity (“dose”) [6]. Currently, research focuses on applications such,as chronic and acute
wound healing, (pre-) cancerous lesions, and other conditions involving the immune systemy[7-12]. The design of
cold plasma sources for biomedical applications evolves in two major directions: Dielectric Barrier Discharges
(DBD) [13, 14] and Atmospheric Pressure Plasma Jets (APPJ) configuration [15].

Of special interest for fundamental and biomedical practice are cold plasma reactorsdn d%ct contact with liquid
since many biological samples are inevitably covered with liquid layer. Different.reactor designs to study plasma-
liquid interaction are developed and reviewed in [16] e.g. jets in direct contact with liquid, with liquid electrode,
surface discharges, gas phase plasma with dispersed phase (aerosols).and discharges in bubbles. Introduction of
liquids into electric discharges is mainly driven by the motivation to induce of .enhance the plasma chemistry and
change the production of reactive species OH, O, H,O, [17]. Moreover, with introduction of aerosols into plasma,
the effective interaction area between plasma and liquid increased and follewed by change in species production.
To modulate the interaction area and energy efficiency, a water spray has been injected into argon and air plasmas
for purposes of adherent bacterial inactivation [18]. Cold RF plasma interaction with a controlled flow of
micromete-size water droplets has been reported in [19], focused on the effects on droplets size and the velocity
distribution after their transport through plasma (t=100.us). Moreover, detailed research on the passage of isolated
micro droplet (t~10 ms) through cold diffuse RE plasma was reported in [20]. Accordingly, plasma-aerosol
interaction represents a promising tool for.quantitative fundamental studies on production of water-derived species
and their controlled deposition in biological systems, underlining their importance for biomedical applications.
Due to the lack of systematic studies of plasma-induced chemistry in presence of aerosols and, on the other hand,
increased research interest in plasimas forbiomeédical application, this work is committed to the detailed study on
how micro-droplets presence in effluént can change the plasma chemistry. Currently, the dispersion of droplets in
the plasma effluent has been proposed for various applications in the context of plasma medicine [21]. It is well
known that a range of reactive speciesiis produced because of the plasma-liquid interaction. Further studies need
to be performed on the possible applicability of aerosols as microreactors able to promote the species formation
by increasing the interaction area between plasmas and liquid, possibly by-passing the physical barrier given by
the plasma-liquid intetfaces and,optimizing the delivery of the resulting chemistry on biological targets. Liquid
aerosols can_be ‘devised as carrier of molecules or reactive species, and further investigations are required to
substantialize the knowledge on the topic.

Accordingly;a plasma jet coupled with an aqueous aerosol spray was developed to: (i) study the variability and
controllabilitysof reactive species production and delivery on a target in presence of aerosols, and (ii) study
potential roles of aerosol droplets, e.g. as carrier of reactive species, as source of reactive species, or for the delivery
of drugs on biological targets. The application horizon is biomedicine, such as wound healing or cancer. The
presented RF sustained annular-shaped plasma jet uses an argon working gas and operates in ambient air [22]. Its

coaxial geometry allows the introduction of an aerosol into the discharge effluent. This design facilitates the direct
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and controlled interaction of micro-droplets with the plasma effluent before reaching the (biological) target,
modulating the generation of active species due to a large gas-liquid interface, and open the potential to introduce
compounds or drugs for delivery to the target via the aerosol. Moreover, aerosol injection into the plasma effluent
results in a significant temperature decrease of a treated sample from 102°C to 59°C (input power 30 W) and from
73°C to 48°C (20 W) after 1 min treatment and a distance of 2 mm [23]. A decrease of the gas temperature by
10°C via the introduction of micro droplets confirming our results has been reported recently4[24]. Since, a
thorough understanding of the physics and the chemistry of this modular source is desired to determine future’key
points for an application both in the biomedical and in the technological scenario. So far, the biochemieal potential
of the plasma source has not been studied in detail, especially the impact of the RF argon jet onithe aerosol droplet
carrying organic molecules remains to be determined.

Besides the primary species and radiation produced in the plasma core, species that can be generated in contact
with air and water are of special interest for targeted applications. Among thesg¢ are the teactive oxygen species
(ROS): superoxide Oz *, hydrogen peroxide H,O,, hydroxyl radical *OH, singlet oxygen O,, atomic oxygen *O,
ozone Os, and the reactive nitrogen species (RNS): atomic nitrogen "N, nitric oxides, N Oy, peroxynitrite ONOO-,
and nitrous resp. nitric acid with the corresponding ions (HNO,/NO,", HNO;/NOs7). The species differ in their
reactivity, affecting lifetime and specificity of detection. Most of them occur regularly in physiological processes
of living tissues, often involved in signaling processes [25, 26]. Biological reactivity of species mirrors in oxidative
changes of sensor molecules or — in case of excess — other/biomolecules such as proteins or lipids [27]. The
resulting outcome is still underexplored, but it has been obseryed that the oxidation of proteins changes their
immunogenicity. In autoimmune type I diabetes patients; autoantibodies targeting experimentally oxidized insulin
were detected [28]. It can be assumed that the introductionnof covalent modifications in biomolecules is one
mechanisms behind the observed biomedicalseffects of CPPs. Thus, the biochemical impact of a given plasma
source is relevant. Biomolecules such as peptidesior amino acids are a suitable model to investigate the reactive
species produced or deposited in a target by a given plasma source and on the other hand reveal the chemical
structures most sensitive to the attack of reactive oxygen and nitrogen species RONS [29-32].

In this work, an established model system employing the amino acid cysteine as the tracer molecule has been
chosen to scavenge RONS generated bysthe RF plasma source. Cysteine is a key amino acid controlling structure,
location, and functionality of proteins by it§ different oxidation states [33]. The applicability of the model was
previously validated using the argon plasma jet kINPen and the helium micro-plasma COST jet [29, 32]. By
employing liquid chromatography and high-resolution mass spectrometry, the model can qualify and quantify the
major cysteine derivatives produced by the interaction with the plasma-derived species. Beside the treatment of
cysteine solutions with various power and distance settings, especially the direct interaction between cysteine in
the aerosol droplets and the plasma effluent was investigated. The chemistry occurring under different treatment
conditions has been/clarified in presence and inside the aerosol droplets, giving insights on the applicability of
aerosols ag'source of reactive species or as carrier of drugs for topical delivery. Furthermore, electron paramagnetic
resonance (EPR; "OH, O,", *H, "0, Os, '0,), ion chromatography (IC, NO," and NOs™ ions) and a colorimetric
H,03 assay wereused to detect the deposition of short and long-lived reactive species into the liquid phase. Based
on these data, the mechanisms of species generation and the role of the aerosol injection on ROS and RNS

production'are discussed.
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2. MATERIALS & METHODS

In this work, a special design of argon RF APPJ coupled with aerosol droplets injection into plasma effluéntaegion
was used. Safe, stable and uniform operation of the source that is important for plasma medicine was shown in our
recent work [22]. Hereby, in this work special attention is given to the effects of plasma-aerosol direct interaction
on plasma efficiency of liquid media treatment. Correspondingly, varieties of diagnostic techniques were applied
to support the study on chemical characterization of the source operation in ambient air withhand without an
aerosol. Optical emission spectroscopy (OES) and Fourier transform IR spectroscopy (FTIR) have been used to
give insight into the composition of species in the plasma gas phase and plasma-aerosol medium. In next step, the
treated liquid target was analyzed in terms of liquid-chemistry with colorimetric assays, ion chromatography (IC),
and electron paramagnetic resonance (EPR) spectroscopy, with focusing on a model of cysteine oxidation in

presence of plasma and plasma in contact with the aerosol. o

2.1 Design of the plasma discharge

The plasma reactor was constructed in a geometry to allow introduction of‘aerosol droplets in the effluent. Plasma
jet in annular shape 1 mm thick with external diameter d,=14mm was generated in coaxial hollow-electrode
geometry. RF powered inner electrode was made of corrosion-resistant sta'glless steel, while an external grounded
electrode was made of aluminum. All experiments were carried‘out for two applied powers further indicated as
“low” P=20 W and “high” P=30 W. Low and high powersettings cofrespond to dissipated power in the discharge
of 8 and 12 W respectively, as estimated in our previous publication [22]. The high power is a maximum discharge
power when RF plasma exists in oo mode of operation. In\operational range reported here, gas temperature in
plasma effluent was 330 (+15) K for 20 W and 350 (£15) K for 30 W, while electron temperature and density were
previously estimated to be 1 eV and3.2:10'® m [22]. On a top of the reactor, a NexTgen ultrasonic spraying
nozzle was installed (Fig. 1a). Plasma~forming gas argon was fixed at 3 standard liter per minute (slm)
corresponding to maximal gas velocity in the effluent of 1.4 m/s. The flow rate was previously verified to generate
uniform diffuse discharge in a-regime in'a laminar gas flow regime (Fig. 1b). The flow rate of aerosol liquid to be
sprayed was controlled with a syringe pump at a flow of 0.1 mL/min. The optimal value of flow rate was chosen,
assuring a uniform and reproducible spray during a treatment time between 10 and 60 s. The aerosol was injected
into the effluent and did.not passithrough the active plasma that is formed between the electrodes (Fig. 1). The
mean size of the acrosol droplets was 22 (£0.825) pm, determined based on the datasheet provided by the company
SinapTec, NexTgen Ultra Sonic platform. Additionally, 1 slm flow of Ar gas was applied through the central
electrode to push droplets downwards with a velocity of 0.2 m/s to prevent aerosol condensation inside of the
plasma source during the treatment time and formation of large droplets due to condensation. The axial image of
the plasma ring has been presented in our previous work [22], nonetheless taking the same axial image of plasma
ring with mtroduced aerosol droplets would be impossible as aerosols would block the optical access resulting in

unclear image.upon its condensation.
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Figure 1. a) General view of the plasma jet reactor with aerosol injection and enlarged cross section of the nozzle, b) Visual
view of the gas flow obtained by Schlieren imaging indicating two zones of different gas flow regime (on left) and visual view
of the aerosol spray (on right).

2.2 Spatial resolved optical emission spectroscopy (OES) .

Optical emission spectroscopy can be used as a qualitative method to give insight into the composition of excited
species present in plasma. Emission from excited speciesiin plasma effluent has been measured in the range of
250-900 nm. The Ocean Optics spectrometer with the resolution,of 1.7 nm was used to record emission spectra
from the plasma effluent. Spectral sensitivity of the'spectrometer, transparency of the fiber and collection optics
were calibrated with an Oriel model 63355 quartz tungsten-halogen lamp. The light emitted by the plasma effluent
was collected with a fiber (=200 um)loeated 2 mm away from the region of interest resulting in an acceptance
angle corresponding to the spatial resolution of.1 mm. This arrangement of the spectral measurements prevents
collection of the radiation from the discharge region and ensure that only light emission from the effluent was
recorded. Line-of-sight measurements vkre performed to record spectra for 3 positions perpendicular to the axis
of the jet, 2 mm from the nozzlein visible plasma effluent, 6 mm from the nozzle and 8 mm away from the nozzle
— far effluent. The effluent was imagedusing an Hamamatsu ICCD camera (5 ps exposition, 1000 integration),
coupled to bandpass filters'with a transparency of 10 nm full width at half maxima FWHM centered at 751 and
298 nm corresponding to Ar I and OH(A-X) emission, respectively.

2.3 Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR high-resolutiofispectroscopy was performed with the use of Matrix-MG?2 spectrometer of 0.5 cm™! resolution
in orderto detect and estimate the absolute concentration of the most abundant long-living compounds generated
in the gas phage with and without the aerosol. The spectrometer coupled with multi-pass cell of 5 m was calibrated
for H,O;N,0O; N,Os, NO, NO,, O; compounds with a sensitivity of 0.1 ppm. Gas from the plasma was directed in
a tube through which dry air was circulating in flow range 0.5-1 SLM, in order to simulate an open atmosphere
operation. Once aerosol was introduced in the plasma, trapped gas was filtrated through a quartz wool to reduce

water droplets entering the FTIR system to a minimum while having only limited impact on the detected RONS.
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In pilot experiments, filtering was found unavoidable. To minimize the effect of quartz wool all experiments were
performed after reaching steady state (T=5 min). The FTIR spectra were averaged 30 times in progression mode

and recorded in the wavenumber range of 800-6200 cm-!.

2.4 Samples preparation and plasma treatments of liquids

For mass spectrometry analysis, 1 mM solutions of cysteine amino acid (L-Cysteine, Sigma Aldrich) were prepared
fresh daily. The pH was stabilized at pH 7.4 by the use of 5 mM phosphate buffer (HPLC-MRM analysis) or 5 mM
ammonium formate (direct infusion shotgun HRMS). For electron paramagnetic resonance (EPR) experiments,
the spin trap / spin probe was solubilized in 5 mM phosphate buffer. In pilot experiments, a volume of 1.5 ml

sample in a 6-well plate was determined to be optimal.

1 2 3 4
aerosol C aerosol C aerosol W/PB

LLE

A 4
E—
W/PB W/PB C/T

Figure 2. General experimental setups. Ultrasonic acrosoliused in setups 1 to 3. Plasma off conditions (setup 1) used as
background control. Abbreviations: C for cysteine, T for trapping trap/spin probe, W for water, and PB for phosphate buffer

Cysteine oxidation was investigated forplasmapower of 20 and 30 W, treatment time variation (10, 35, 60 s) and
distance variation of target from the effluent (2, 6, 12 mm). Target was the treated (and tracer-enriched) liquid
collected for chemical analysis, namely\mass spectrometry, EPR, IC and colorimetric assays. Treatment time
reported in this work is the exposure'time of a plasma treatment of 1.5 mL liquid sample by the setups shown in
Fig.2. Four different set-ups,including’or excluding aerosol injection were used (Fig. 2/Tab. 1). For some
experiments, the aerosolwas,generated from a 1 mM cysteine solution and collected for analysis into either empty
well plates or wells filled with 1.5 mL water with estimated dilution and final concentrations c=11 pM, c=37.5
puM and 62.5 pM _during 10, 35'and 60 s treatments. Evaporation of the aerosol droplets in the effluent was not
taken into account, since imaging showed a negligible effect in the considered distances (see Fig. 1.b). However,
droplets may-partially be‘evaporated during the transport to the treated liquid. Correspondingly, the chemical
analysis performeddn this work represents the integral effect of droplets and gas phase water molecules on the
plasma-induced chemistry. Overall aerosol loss due to evaporation in the effluent on the distance up to 15 mm
from the nozzle has been estimated low as can be seen from the almost constant intensity of the visible aerosol jet

Fig. 1b.

Table 1::Overview of the plasma treatment protocol. PBS = phosphate buffered saline; spin trap/spin buffer = 2 mM BMPO
or 100 mM TEMPD (see figure 2)
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1

2

Z Set-up Aerosol liquid Target liquid 1:\?2;?; D(lrsrtlz:ll)c ¢ Ttr;?lteng)n t

g 1 1 mM cysteine in water (C) | water (W) or phosphate buffer (PB) (cor?trol)

8 2 1 mM cysteine in water (C) | water (W) or phosphate buffer (PB)

9 3 water (W) or phosphate 1 mM cysteine in water (C)/ spin 2,6,12 10, 35,60

10 buffer (PB) trap in PBS (T) 20, 30

E 4 No aerosol 1 mM cyfrt;}i)n{cn ig ];vsat(e]{)(C)/ spin

14

12 The aerosol injection into the plasma effluent considerably changed the surface aréa of the»effluent/liquid
17 interaction. Knowing that mean diameter of the aerosol spherical droplet is 22 um, calculated mean volume and
12 surface of the droplet are respectively 5575 pm? and 1520 um?2. Assuming a droplet mea&volume and the flow
20 rate of aerosol liquid 0.1 mL/min (1.66 uL/s ) estimated droplet formation rate is 3x103 droplets/s. Subsequently,
;; the effective interaction area of droplets with the plasma effluent was calculated tosbe 4.5x103, 1.6x10%, and
23 2.7x10* mm? for the treatment of 10, 35, and 60 s, respectively. It has 40ibe noted that aerosol droplets interact
;g with plasma only during a short time when passing through the effluént (2,mm or10 ms). In comparison, an area
26 of up to 500 mm? is treated in condition 4 (6-well plate, 2 mm distance). Despite the laminar flow along of the first
;é 10 mm after the nozzle, of both plasma feeding gas Ar with yelocity 1:4 m/s and flow of aerosol droplets with
29 velocity 0.2 m/s, once the target is placed under the nozzle laminar regimgcannot be verified. Placing the liquid
30 target in the direction of gas and droplets flow strongly pertutbs the flow dynamics resulting in switching to
g; turbulent behaviour and effective mixing of the effluent with.droplets in the region between the nozzle and liquid
33 target. Unfortunately, the actual number of the droplets‘eoming in contact with plasma effluent and interacting
;g with effluent is very hard to estimate. This would involve experimental PIV (Particle Image Velocimetry) laser
36 technique or particle tracing simulation in COMSOL modelling platform which is out of scope of current work.
=

39

40 2.5 High-Pressure Liquid Chromatography & Mass Spectrometry (HPLC-MS)

2; Qualitative high-resolution mass spectro\metry analysis was achieved by direct infusion of the cysteine solutions
43 into a TripleTOF 5600 (Sciex, Darmstadt,/Germany). 10 pL/min of solutions were infused using a Turbo V ion
Zg source, using optimized parameters (negative polarity, curtain gas 35 psi, gasl 20 psi, gas2 25 psi, capillary
46 temperature 150 °C, spray voltage 4.5 kV). The spectra were acquired in a mass range of 30 to 400 mass to charge
Z; ratio (m/z). Quantitative analysis was achieved by high-pressure liquid chromatography — mass spectrometry
49 coupling. An Infinity II 1290:system (Agilent Technologies, Waldbronn, Germany) was equipped with a HILIC
?1) 2.1 mm x 100 mm Acquity Amide Column (130 A pore size, 1.7 pm particle size, Waters, Manchester, United
52 Kingdom) and a respective pre-column (2.1 mm x 5 mm). Using 400 pl flowrate and an 18 min gradient of A (10
53 mM ammonium formate plus 0.15% formic acid in water) and B (85% acetonitrile, 10 mM ammonium formate
gg buffef pH 3) the-baseline separation of cysteine, cystine, cystine sulfonic acid, and cysteine-S-sulfonate was
56 achieved (Sigma, Deisenhofen, Germany). The details of the gradient are resumed in Table S1. A qTRAP 5500
g; triple quadrupole instrument (Sciex) was used in Multiple Reaction Monitoring (MRM) strategy for detection and
59 quantification. All compounds were analyzed in positive ion mode, and specific transitions were monitored in the
60
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MRM experiments (Table S2). External calibration curves were prepared. All samples were injected or infused

twice (technical duplicates).

2.6 Electron paramagnetic resonance spectroscopy (EPR)

Spin trap enhanced electron paramagnetic resonance spectroscopy (EPR, EMXmicro, Bruker Biospin GmbH; X-
band 9.75 GHz; magnetic field up to 0.65 T) using the Xenon software in addition with the spimcounting module
(Bruker Biospin GmbH) was applied to quantify radicals/reactive oxygen species. The followinginstrument
parameters were used: modulation frequency 100 kHz, modulation amplitude 0.1 mT, microwave power 5.024
mW, receiver gain 30 dB, and a time constant of 0.01 ms. 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO, Dojindo Laboratoire, Japan) — a spin trap for "OH, O™, ‘H, was dissolved.in 5, mM phosphate buffer to
a final concentration of 2 mM, and 2,2,6,6-tetramethyl-4-piperidone (TEMPD,/SigmaAldrich) — spin probe for
‘0, 03, Ox(a'A,), was dissolved in the same system to a final concentration of 100-mM. For all experiments, an
untreated sample was measured prior to the plasma treatment. More details on the measurement procedure can be

found in [34-37].

2.7 Hydrogen peroxide assay

Hydrogen peroxide (H,0,) was detected via a colorimetric assay/10 uL of.sample were incubated for 15 minutes
with 100 pL of reagent, consisting in a solution of xylenol orange,sorbitol and ammonium ferrous (II) sulfate
(Pierce™ Quantitative Peroxide Assay Kit, Thermo Scientific). In aqueous solutions, sorbitol and hydrogen
peroxide react to form peroxyl radicals, whichroxidize Fe* to Fe**. This induces a color change of xylenol orange,
detectable at 595 nm through a spectrophotometer (Infinite M200 Pro plate reader, Tecan, Mannedorf,
Switzerland). Each sample was analyzed in triplicate. The assay delivers a linear response between 0.78 and 50

uM H,0,, and the concentration of H,O, could be determined safely starting from 2.3 uM.

2.8 Ion chromatography (I1C)

Nitrite (NO,") and nitrate ANOj37), .as well as sulfite (SO;) and sulfate (SO4), were quantified via ion
chromatography (ICS-5000, Thermo, Dreieich, Germany). For separation a weak ion exchange column (IonPac
AS23 2 x 250 mm) and respective precolumn (2 x 50 mm IonPac AG23) was used (Thermo Scientific). The ions
were separated in 25 min isocratic run, at a flow rate of 0.25 mL/min, using 80 mM HCO;" and 450 mM CO;*
buffer as mobile' phase. External calibration curves were measured for all ions using the Seven-Anion standard
(Dionex/Thermo Scientific) or sodium sulfite analytical standard (Sigma Aldrich, Deisenhofen, Germany). Each

sample of three different experiments was injected in duplicate.

Page 8 of 28



Page 9 of 28

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104102.R2

3. RESULTS & DISCUSSION

3.1 Active species generation in the effluent

To stabilize the plasma properties as well as sustainable power when dealing with plasma in contact with liguids.
introduction of an aerosol in the effluent and not directly in the discharge between the electrodes is beneficial. It
has to be highlighted that the introduction of the aerosol into plasma effluent does not affect the discharge

properties. Spatially resolved emission spectroscopy results for the plasma effluent in three¢ different positions 2,

6 and 8 mm from the nozzle, in pure argon plasma and plasma in contact with aerosol, are shown in, Fig. 3.

a) Plasma effluent, 2 mm below the nozzle b) Plasma effluent, 6 mm below the nozzle C) Plasma effluent, 8 mmbelow the nozzle
1200000 F 1
OH plasma I 100000 - plasma . plasma
p—— N2 plasma-aerosol| —— plasma-aerosol — plasma-aerosol
- OH 80000 Arl Ol ~ 25000 | Arl
3 . 3 v 3
& 800000 - - (e]] s OH E s OH oll
2 i Arl > 60000 [ . 0 i ~ i
‘5 600000 - i... = 2 N /
H - | < S 1ol il
£ 0000 i = € ol
Nt e (0l 10000 4 /
2 | 1 N,
200000 - NO ‘ MRJ / 20000 | b N\O k J 7 J
‘A,,J'J 3 : llll II-IJ\\, o 5 j.J JJ' h' Illll

3
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm) Wavelength (nm)

‘Figure 3. Overview of Ar plasma jet emission without the use of aerosol (red) and plasma emission when in contact with
aerosol (blue) in a range of 250-900 nm in the effluent positions corresponding to a) 2 mm, b) 6 mm and ¢) 8 mm below the

nozzle, P=30W
&

The effluent emission in ambient air mainly consists of radiation of excited species Ar I, O I, OH(A-X) radicals,
and N, (C-B) as marked in Figure 3. However, weak emission from NO molecules has been also detected below
300 nm. The observed continuum appearingdn theiregion 300-600 nm is ascribed to the Bremsstrahlung radiation
and NO, chemiluminiscence as explained in details in our work on similar RF discharge operating in a planar
geometry [38]. All spectra were recorded along effluenty where interaction of aerosol with effluent took place.
Emission intensity was highest in closeswvicinity to the nozzle (Fig. 3a) and exponentially decreased with the
distance. In argon plasmas operating under ambient'conditions, the energy transfer from Ar" to N, is an important
and effective process and it can be/used as an.indicator of plasma interaction with air. Energy transfer is expected
to be high as soon as excited Ar atoms|leave the active plasma volume and collide with surrounding air
corresponding to a case preseénted in Fig.3. In all three positions (Fig. 3) entrance of N, in the plasma effluent can
be seen and consequently.its excitation. Presence of the aerosol in the effluent leads to an increase of OH radicals
emission intensity mote than 25% in position closest to the nozzle, indicating a probable increase in OH radicals
production by water aerosol injection (see the inset in Fig. 3a). The intensity of NO excited molecule emission is
higher in Ar plasma without aeresol. In addition to a changed formation of NO due to gas phase chemistry, a partial
absorption of NO emission as reported for UV radiation below 300 nm [39] and direct quenching of NO radicals

could not/be excluded based on the OES measurements and may result in an underestimation in this condition.

The plasma chemistry in the far effluent, especially when aerosols are introduced is mainly driven by VUV/UV
radiation generated in plasma between electrodes and emitted in the direction of gas flow. The VUV/UV emission
has been.recorded for the active plasma zone (Figure 4). As expected in argon driven plasmas, argon excimers
Ar," on 126 nm and atomic oxygen OI 130 nm radiation is dominating VUV/UV spectra of the plasma. It has to
be emphasized that due to the high abundance of monoatomic gas Ar respect to the ambient air in the direction of

the emission detection, VUV/UV photons are detected far as 12 mm from the edge of the visible effluent (14 mm

9
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from the electrode). As VUV/UV spectra have been recorded only axially from region between the electrodes and
no UV emission has been detected from the plasma effluent, aerosol effect on UV emission has been not considered
due to technical limitations. Namely, simultaneous spraying of aerosol on the UV spectrometers window and
detection of UV radiation would lead to the condensation and formation of liquid layer on the specttometers
window and consequent absorption. It has been reported in [39] that excimer radiation emitted at 126 nm will be
absorbed by 99% in water layer thin as 4.6 um based on Lambert-Beer law, while experimentally 50% absorption
has been measured in 200 pm water layer for photons A<180 nm.. Taking into account the average aerosol droplet
size d=22 pm, high energy photon encountering acrosol droplet on its way to the detection system is very unlikely

to detect.

—2mmd
—— 6. mm
Ol — 12 mm
3,00E-05 |
g
i
)
% 2,00E-05 |- .
= . 3rd excimer
] Ar, continuum v
1,00E-05 |-

Wavelength (nm)

Figure 4. VUV/UV spectra of annular shape plasma jet recorded from active plasma zone (inter-electrode region) for three

distances from the edge of the visible effluent: 2 mm (blue) , 6 mm (red) and 12 mm (black), working power P=30 W

To examine potential changes in plasma dynamics behavior and plasma radiation with aerosol injection into plasma
effluent, the effluent has been imaged forAr I and OH emission using ICCD, keeping in mind that the significance
of the data can be challenged sinceithe/presence of the droplets may result in quenching effects. Additionally, both
optical techniques do not give information about absolute densities of the observed species. Despite some
noticeable changes.in.OES revealed in case of acrosol injection, an overall impact of the aerosol on the discharge
effluent is relatively weak and mostly attributed to drop in Ar I lines and increase of OH emission. The low impact
of the aerosol was also confirmed by the effluent imaging presented in Fig. 5 for both Ar I and OH (A-X) emission.
In both conditions, with and without aerosol injection, the profile of the radiation is very similar that indicates a
low impact of the aerosol on excited species production that well agrees with OES results. Visible emission of the
effluent at 750:nm and 280 nm is detected only 1 mm below the nozzle (Fig. S) what can be assigned to low signal
to noise ratio of the camera SNR=10. It ensures that during the experiments that no direct interaction of the plasma
with treated media and effect of electrons or charged species on liquid chemistry in the absence of the aerosol can

be neglected.
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Figure 5. Plasma effluent imaging at two different wavelengths : a) 751 nm. (Ar I emission); b) 298 nm (OH emission) at RF
input power P=30 W

With the use of FTIR a low production of ozoney, below 20 ppm in the gas phase, was confirmed for all plasma
and plasma-aerosol conditions. FTIR spectra of Ar jetand jet in contact with water aerosol under operating power
20 W are presented in Fig. 6. Rotationally resolved spectra of water molecule bending vibrations 1400-2000 cm'!,
and stretching vibration 3600-4300 cm!, 5100-5600 cm™! are dominant in all conditions, while ozone peak located
at 1051 cm’!, can be also seen in_Ar p,@sma after 5 minutes of operation. In argon plasma without aerosol, a
simultaneous decrease of water content and an increase of ozone has been noted from c¢(H,O)=400 ppm and
¢(03)=1.04 ppm to c(H,0)=230 ppm and ¢(05)=9.5 ppm at 20 W RF power after 5 minutes of operation. At the
water concentration of c(H50)=400 ppm a significant change in plasma chemistry as reported in [40] was expected
and therefore a stabilization phase of 5 minutes of operation was applied before measurement. High amount of
H,O at the beginning of experiments was attributed to adsorption of water vapor on gas Teflon tubes and metal
body of the jet that is decreasing during the operation. In addition, access of ambient atmosphere to the reactor
when not in use allowed a potential adsorption of water on the electrodes. Gas temperature and wall temperature
were closeto the roomytemperature (~300 K) and no substantial heating of the device due to the presence of plasma
has been noticed. During the measurement, a slow removal of the absorbed water from the walls due to the presence
of gas flow occurs: Gas temperature effect on water concentration is negligible and there is very little gas heating
in this device: At higher RF power of 30 W higher c(O;)=12.7 ppm was observed after 5 minutes of operation
indicatingpositive effect of the discharge power on O; production. This trend was not observed when aerosol was
introduced: the humidity of the trapped gas was significantly higher c(H,O)=1175 ppm increasing to

¢,(H,0)=1500 ppm during the same time of 5 min, while ozone concentration was constant at ¢(O3)=3.5 ppm. The
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observed lower concentration of ozone in the case of aerosol introduction is very probable due to quenching of O
atoms (precursor of O3 production) by H,O with formation of OH radicals. No presence of any traces of N,O,
products was revealed which is well agreed with OES results where both NO and NO, peaks were very weak, see
Figure 3. This observation indicates that generation of nitrogen reactive species in RF plasma operation in air with

and without aerosol is very ineffective and can be neglected in the analysis of the plasma-initiated chemistry in

liquid target.
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Figure 6. FTIR spectrum in range 800-6200 cm! of: a) argon plasma jety;:b) plasma jet in contact with aerosol at power P=20W.

L

3.2 Deposition/production of RONS in treated liquids

Due to the importance of plasma-induced chemical process in liquid media for biomedical applications, a chemical
analysis of RONS in liquid was performed. Short=lived reactive species, such as atomic oxygen (‘O), singlet
oxygen ('0,), ozone (0;), hydroxyl radicals ("OH), superoxide anion radicals (‘O,’), and hydrogen radicals (‘H)
were analyzed via EPR. The deposition of long-lived reactive species in the treated liquid target was investigated

by ion chromatography (nitrite, NO,™ and nitrate, NO;"), and a colorimetric assay (hydrogen peroxide, H,O,).

3.2.1 Short-lived reactive species N

Using BMPO as a spin trap, hydroxyl radicals ("OH), superoxide anion radicals (O,"~), and atomic hydrogen (‘H)
were detected in the liquid target, after treatments with plasma and plasma-aerosol (Fig. 7). The measured
concentrations of BMPO=OH. represents ~ 0.6% of the accumulated hydroxyl radical concentration during the
treatment according to'the published trapping efficacies [41], and 90% of the less reactive and more easily trapped
superoxide anion radical (BMPQ-OOH) [42]. For the hydrogen atoms (BMPO-H), no trapping efficacy for BMPO
is reported. Given a similat lifetime in gas phase, a trapping efficacy similar to OH radicals may be assumed.
Therefore, significant amounts of hydroxyl radicals ("OH) and hydrogen atoms were detected, along with
considerably lower@amounts of O,". In Fig. S1, the measured BMPO peaks and the different simulated BMPO-
adducts-for treatment with and without the presence of the aerosol after 60 s plasma treatment and for a distance
of 12 mm areghown.

Interestingly,/the observed species concentrations as a function of treatment time and distance are similar,
suggesting a common origin of the three species. All three radicals can be formed most likely by the interaction of
water molecules with gas phase species, such as Ar excimers [43-46], radicals (e.g. “O) or ozone decay products

[47-49]. However, ozone formation is not favored in the discharge, as FTIR data showed trace amounts only. In

12
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Fig.4. VUV/UV emission from the plasma ring has been presented as a function of the distance from the nozzle
to the optical detector. Interestingly, in the direction of the gas flow, high level of VUV emission from Ar,", O I
and N I states has been still detected on the longest distance of 12 mm, suggesting an important role, ofsaVUV
radiation on plasma driven liquid induced chemistry at long distances to the target. Namely, photolysis of the water
can be induced by radiation from plasma below 180 nm originating from argon excimers Ar," (A=126 fim), atomic
oxygen OI (A=130 nm) and nitrogen NI (A=149 nm) and can be responsible for formation of ROS intliquid phase.
In the presence of the aerosol, a slightly lower deposition of *OH, O, and “H in the liquid bulk was observed,
pointing towards the aerosol droplets acting as scavenger partner for high reactive/energetic species: Especially
(V)UV radiation below 180 nm, leading to the photolysis of water because of intensive radiation of Ar," excimers
and O I and N I emission, is absorbed due to the presence of the droplets. Similarly, thegeneration of ether species
is quenched due to the large effective interaction-area of the aerosol droplets with the effluent in comparison to a
treated liquid bulk (see 2.4). The effect of UV radiation above 200 nm on liquid ¢hemistry'is considered to be low
with and without aerosol due to water transparency for such radiation and lowlevel of emission in that region (see
Fig.4 region 200-300 nm). Since no spin probes were injected by the aerosol route, these OH radicals were lost to
recombination and other secondary reactions and did not contribute to the EPR signals of the liquid bulk, leading
to its reduction in the presence of the droplets. This indicates that the de-novo formation of species occurs mostly
at the gas-liquid interface of droplet or bulk liquid, outcompeting the deposition of species formed in the gas phase.
This assumption is supported by previous works, where *OH formediin the gas phase due to presence of humidity
was not transported in the liquid [50, 51]. Alongside, a transport/of "H an(? O, by the droplets to the liquid bulk

was not observed and the species decayed before reaching the spinitraps/spin probes.
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Figure 7. BMPO-adduct cencentrations after plasma/plasma-aerosol treatment for 10 and 60 s, 1.5 mL water, at 2 and 12 mm
distance. RF power0f 30 W (Setups 3 and 4). Trapping efficacies are not considered (H unknown, ‘OH 0.6 %, and O, 90 %)

To obtain further insight, the deposition of Os, 'O, and "O were measured using TEMPD. In contrast to BMPO,
TEMPD is a spin probe, which means it is reacting with reactive species without binding the species to itself, and
therefore, it is not'giving a characteristic spectrum for different species and identification is not possible [35, 52].
However, when considering the species different lifetimes, useful information could be obtained. In Fig. S2, the
detected and simulated peaks of the TEMPD-adduct are given for 60 s and 2 mm treatment distance.

In contrast to the BMPO-adducts, the detected concentrations decreased with increasing treatment distance and

increased with treatment time (Fig. 8). For 12 mm distance, no signal was detected indicating that long-lived ozone
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is not relevant for this plasma source. Since the formation of O; takes place via a three-body reaction of O, and *O
with a third partner [35, 53], the concentrations usually increase with higher distances [35, 54]. However, as shown
by FTIR spectroscopy data (Section 3.2), the ozone formation in the gas phase was low (12.7 ppm maximum, with
an applied plasma power of 30 W), probably due to low density of molecular oxygen in the effluent required.for

O; production [55].
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Figure 8. TEMPD-adduct concentrations for the detected species after different treatment times (10, 60 s) for 2, 6 and 12 mm
with and without the aerosol presence, setups 3 and 4 respectively.

L

In contrast, signals at 2 and 6 mm show the presencéiof short-lived atomic ("O) and/or singlet oxygen (O,(a'A,))
that are exclusively generated in the gas phase, via a reaction between argon metastables and O, [53, 56, 57].
Atomic oxygen is highly reactive and reacts with ‘OH, yielding'HO,/O,™ [51], or with H,O yielding two "OH
radicals. It has a short lifetime under ambient atmosphere,conditions, and is quickly quenched forming molecular
oxygen and ozone. This explains the absence of TEMPO active ROS for 12mm distance and a small but detectable
amount of product for 2 and 6 mm and 10 sitreatment in dry/non-aerosol conditions. Indeed, the presence of aerosol
could scavenge the deposition of ‘O by interacting with the water droplets in the gas phase [58, 59]. The second
(less abundant) candidate responsible for the EPR signal of TEMPD in both plasma with and without aerosol is
O,(a!A,). The slight increase of TEMPD‘adduct in the presence of the acrosol may suggest a transport of O,(a!A,)
in the aerosol droplets when distances and transfer times are short (2 mm = 10 ms), however, given the lifetime of

20 us the contribution of the transport is limited.

3.2.2 Long-lived reactive species

The long-lived reactive speciesthydrogen peroxide (H,0,), nitrite (NOy), and nitrate (NOj;") were quantified (Fig.
9). Nitrite and| nitrate can be considered final stable products of the short-lived nitrogen species, such as
peroxynitrite; NO, or,.NOj radicals [36, 37]. In the same way, hydrogen peroxide, an almost ubiquitous product of
cold plasma dischatges formed e.g. by the recombination of OH radicals or disproportion of superoxide anion
radicals [36, 37]. The deposited amount of H,O, was significant, also in comparison with other plasma sources
[29, 60], reflecting an intensive production of OH radicals in gas and/or liquid phase. In contrast, the deposition
of nitrite,and nitrate was below the average, indicating a strong dominance of oxygen species, which is in

agreement with the FTIR results. The presence of aerosol reduced the deposition of NO, ions further, indicating
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that primary species, namely N,O, molecules, are generated in the plasma region and not in the plasma/aerosol
droplets interface. Additionally, the low solubility of N Oy in aqueous media contributes to the observation.

The presence of the aerosol suppressed the deposition of H,O, significantly in comparison to plasma,only
treatments. In presence of the aerosol, an increased deposition with time was observed while in its absence.an
inverse relationship appeared. This decay of H,0, in plasma-only conditions could be due to (V)UV radiation-
driven photo-dissociation in liquid or the reaction of H,O, with atomic oxygen at the interphase. Thefargon specific
excimer around 126 nm emits UV radiation capable of cleaving H-O bonds. For longer distances, deposition

decreased due to the lifetime of the precursor species OH and O, and decay and competitive reactions,occur.
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Figure 9. Hydrogen peroxide (H,0,), nitrite (NO;) and nitrate (NOj:) concentrations for the detected species after different

treatment times (10, 60 s) for 2 and 12 mm with and.without the aerosol presence, setups 3 and 4 respectively.

Among these, the discussed interaction between OH radigcals and atomic oxygen is most prominent. Furthermore,
the photo-dissociation of long-lived species (or their precursors, e.g. “‘NO,) occurring by increasing the treatment
time could contribute to their decomposition in liquid both for N-containing species [61, 62], and for hydrogen
peroxide [61, 63-66], mainly dueto Ar eéxcimers radiation (Ayax = 126 nm) as shown in Fig. 4.. To support this
hypothesis, the high amount of speci€s from water photolysis in long distances with plasma-only, shown in Fig.
7. Even on long distances (12 mm) away:from the effluent there is significant amount of VUV/UV detected (Fig.
4). Ar excimer intensity-drops onlys~20% from shortest (2 mm) to longest considered distance (12 mm).
Consequently, it has to be noted that on longer treated distances (12 mm) UV radiation has leading role in plasma
induced liquid chemistry:»As previously discussed, the impact of radiation, as well as other reactive species in the
gas phase (e.g. "0 and/!O,) is reduced by the presence of aerosol. This is a very important observation considering
that VUV/UYV radiation can have an impact on the density of long-living species in the liquid media. However, it
has to be mentionedsthat (V)UV may also have a negative effect due to direct impact on biological samples, e.g.
via lipid or protein /photo-oxidation. Correspondingly, aerosol injection seems to be very effective method to

control the amount of (V)UV radiation reaching the target as well as plasma induced chemistry in the liquid phase.
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3.3 Cysteine oxidation is modulated by the aerosol

A significant oxidation of cysteine was observed with the thiol group as a main target (Tab. 2). Depending on the
treatment, oxidation levels of cysteine vary: for short treatments, compounds with a lower oxidation number of
sulfur dominate, such as cystine (2), cysteine sulfinic acid (3), cysteine S-sulfonate (6), and cysteine disulfoxides
(7-9). These intermediates are not stable and are further oxidized by strong oxidizing conditions (e.g. long
treatments, short distances) resulting in compounds with high oxidation states of sulfur, such as cysteine sulfonic
acid (5) and sulfate (13), both end products of the cysteine oxidation pathway [29]. Some of the products indicate
the presence of certain reactive species [67]: cystine for the presence of H,0,, cysteine-S-sulfonate, for ‘OH
radicals, cysteine sulfonic acid for gas-phase ROS ("0, '0,), and cysteine sulfinic acid for. bothshort-lived ROS
(0, '0,) and water-derived "OH. Control measurement excluded effects of argon' flow on gysteine. For the
treatment of liquid targets without cysteine in the aerosol, a direct electron transfer.was exeluded/since the effluent
did not touch the liquid. The impact of heat was estimated by control tests performed by iRubating cysteine for 1
min at 100 °C. A conversion of 17% cysteine to cystine was observed, andyno other ¢€ysteine products were

detected.

Table 2. Major cysteine derivatives induced by plasma treatment. Further details are described in previous publications [29,
60, 67].

Reactive

No Name Formula [M-H] (m/z) b Structure
species
&
Q
1 Cysteine (RSH) C;H/NO,S 120.0119 none HS/\HJ\DH
NH, ol
2 Cystine (RSSR) CeH1,N,0485 239.016 *‘OH, H,0, ”O\H\/S\sﬁ)‘l\w
Cysteine sulfinic acid CATT o 1 HoL_ /\Hk
3 (RSO,H) C;HNO,S 152.0017 OH, O, !0, O//s on
e}
. . .NOQ N203s NN
4 | S-nitrosocysteine (RSNO) C3H5Q203$ 149.0021 "NO, ONOO o7 s o
Cysteine sulfonic acid . ro_ /\|/TH\
5 (RSO;H) C;H/NOsS 167.9967 0, 10,, 03 P T on
Cysteine S-sulfonate . e )[L
6 (RSSO;H) GC3H,NOsS, 199.9687 OH Ho s/\Ner on

Custeine dic TN | - T -
7 vs el(rllaescl)i;s(;m € CeHiN,O6S; | 271.0056 OH, H,0; WH\AHK

Cysteine disulfoxide II ‘OH, H,0,, "0,
8 (RSO,RSSR) CoH16N305S5 390.0100 10,. 0, Ny ﬁ . o
HOW_H\/Sl\ SJ‘\HKOH
Q
o NH,
Cysteine disulfoxone . HO\H)NHQ\/E\ﬁ /\V)L
9 (RSOZRSOZ) C(,H]()NzOgSz 301.9879 OH, H202 LI \SI o
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o]
10 Alanine (R) C:HNO, 88.03985 ;1‘:;‘;31;5 %
Ny
Radicals, y
11 Sulfite (SO5) SO, 79.95681 photolysis, o—sg
ROS ©
Radicals, 8
12 Sulfate (SOy4) SO, 95.95173 photolysis, i A
ROS °

*Oxygen and nitrogen reactive species potentially generated by plasma reacting with cysteine to form the correspondent derivative

Species as O,™ could not be detected by using this model, due to their low reactivity towards the thiol moiety in a
physiological pH. While the anion sulfite SO;" is potentially involved in the formation pathway of the S-sulfonate
[68-70], the sulfate ion SO, is formed by over-oxidation of cysteine. Those two andthe cysteine fragment alanine
could be formed by plasma-derived (V)UV radiation alone via cleavage of the CAS bond'and subsequent oxidation

of the SH radical [71-73].

3.4.1 The plasma parameters determine the chemistry in the liquid bulk/the interface

The observed cysteine derivatives varied significantly with applied plasma power, treatment time and distance. To
obtain quantitative data, the multiple reaction monitoring (MRM) was applied and key molecules in the cysteine
oxidation pathway (cysteine — RSH (1), cystine — RSSR (2),cysteine S—sglfonate — RSSO3H (6), sulfinic acid —
RSO,H (3), and sulfonic acid - RSO;H (5)) were absolutely quantified by HPLC-MS. The MRM technique is both

sensitive and specific, relaying on the detection of specific fragmentions.
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Figure 10. Absoluter€ysteine,concentration after treatment of a cysteine solution by plasma with aerosol injection (setup 3,
right) and without aerosol injection (setup 4, left). Power (20/30 W) and distance (2/6/12 mm) modulated. The injection of
water into the plasma source massively changed reactive oxygen species output — the cysteine turnover is decreased markedly.
See text. Mean of thrée independent experiments +SD.

Without aerosol injection, a strong, distance and treatment time independent cysteine oxidation was observed (Fig.
10)/ An almost complete oxidation of the available cysteine was observed and the residue was below 5%. In
contrast, the presence of acrosol droplets reduced the oxidation efficacy markedly and the residual cysteine ranged
between 100 % (20 W, 12 mm, 10 s) and 30 % (30 W, 2 mm, 60 s). Clearly, this indicates a “softer discharge”
with a sharply decreased output of reactive oxygen species. The short-lived gas phase species O and 'O, are

quenched by the presence of the water, and at the droplets surface water is cleaved forming ‘OH radicals that do
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not survive the travel time (10 ms/2 mm). In contrast, when cysteine solutions are treated without aerosol injection,
the local formation of *OH and "H by radiation and impact of argon excimers is promoted (see EPR data) and the
additional impact of the short-lived gas phase species atomic O and 'O, leads to the observed strong, cysteine
oxidation (Fig. 11). Their presence is distance-dependent, the significant drop of the cysteine-S-sulfonate (6). at
12 mm distance proofs the limited availability of atomic oxygen at the gas-liquid interface and subsequently *OH
radicals in accordance with previous results [67]. The formation of highly oxidized cysteine derivatives was still
substantial at 12 mm distances. This highlights the potential of the RF jet to produce reactivesspecies surviving
6 mm and more travel distance such as singlet oxygen and (V)UV radiation (see Fig.4). With these elements
replacing the atomic oxygen, changes related to the distance were less significant than in the plasma-aerosol mode
(Fig. 12). Cystine could be generated by recombination of thiyl radicals (RS") formed in reaction with,"OH and °H,
or by reaction with H,O, [74, 75]. Possibly, the synergistic effect of singlet oxygen and radiation is reflected in
the sulfite and sulfate production. Indeed, radiation (vacuum UV) impact on cysteine molecules yielding to C-S
breakage (bond energy 272 kJ mol!) [61]. The formed product could be further oxidized by oxygen species, ¢.g.

singlet oxygen, to sulfate.
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Figure 11. Absolute concentrations of cysteine derivatives after treatment by plasma without aerosol injection (setup 4, cysteine
in target) at 30 W power, Time and distance were modulated. Mean of three independent experiments +SD. Cysteine oxidation
products obtained with'20'W power ate shown in Fig. S3 and S4.

In presence of the agrosol the yield of the observed products changed, with some decreased (Tab. 2, compounds
2, 6, 12), others increased (Tab. 2, compound 11) or remained at similar level as under non-aerosol conditions
(Tab. 2, lcompounds 3, 5). Obvious is a significant influence of the treatment distance, showing an inverted
correlation withsthe product yield (e.g. cysteine sulfonic acid (5)). The pattern confirms the scavenging role of
aerosol droplets in the effluent area for radiation and short-lived oxygen species. The resulting OH radicals are
lost with distance leading to the observed loss in the yields of *OH-dependent derivatives (RSSR, RSSO;H). Such,
the formation of cysteine-S-sulfonate (Tab. 2, compound 6) occurred almost 10fold lower in the aerosol condition.

In the presence of aerosol droplets, the formation of the stable derivative cysteine sulfonic acid (RSO;H) increased
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with treatment time and decreased significantly with the distance. In contrast, distance was of minor impact in the
plasma-only mode (Fig. 11). Backed up by the EPR data (Fig. 7, 8) and the H,O, deposition (Fig. 9), atomic
oxygen and singlet oxygen represent the most likely candidates to explain this formation pattern. Onlyssmall
amounts of H,O, and OH radicals are deposited in the aerosol-mode at short distances. In contrast, TEMPD-
adducts show the occurrence of singlet oxygen for both conditions and the presence of atomic oxygen at short
distances/plasma-only conditions, along with the formation of cysteine sulfonic acid. The transpott'of 'O, in the
liquid droplets might occur for short distances, yielding to the high concentrations of sulfoniciacid in this-case.
This assumption is not fully backed by the EPR data (Fig. 8), however, due to fact that the reaction probability
with the respective spin probe/label does not allow absolute quantification the transport might.not be reflected to
a full extent. The 'O, deposition further leads to the decay of intermediate products (RSO,H, RSSO;H) yielding
to sulfonic acid (RSO;H) for long treatments.
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Figure 12. Absolute concentrations of €ysteine derivatives after treatment by plasma with aerosol (setup 3, cysteine in target)
at power 30 W. Time and distance were modulated. Mean of three independent experiments +SD. Cysteine oxidation products
obtained with 20 W power are shown in Fig. S3and S4.

An interesting and not fully resolved pattern is present for the two ions sulfite and sulfate that both represent
fragmentation products of cysteine. They can be formed by different pathways, including impact of (V)UV
radiation. The decrease of sulfate deposition in the presence of aerosol confirms role of the droplets as scavengers

for radiation andeactive species.

3.4.2 Liquid chemistry induced in the aerosol droplets

The plasma-induced chemistry in the aerosol droplets was investigated to determine 1) the type and fate during the
transport in the effluent of the reactive species formed in the droplets, ii) the applicability of aerosol droplets as
source of reactive species and carrier of drugs to be delivered on the biological target (Fig. 13). When introducing
cysteine.into the aerosol droplets, a significant extent of oxidation was observed. The extent depended on the

traveling time — with longer distance between nozzle and target (either dry collection into plate or water), yielding
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in stronger cysteine oxidation. For the 2 mm case when aerosol droplets remain 10 ms in the effluent zone, 37 %
+ 1.4 and 39 % =+ 1.8 of the available cysteine was oxidized. This impact was independent from collection time
(10 s — 60 s), indicating that the majority of the reactions take place during the droplets transport to the target and
not in the collection liquid/the droplet formed during collection. When quantifying the major cysteine detivatives
for diverse distances and collection times (Fig. 14, Fig. S5), similar cysteine derivatives as for the treatmentof a
cysteine solution were observed. For longer distances, slightly higher amounts of the sulfinic acid (RSO,H) and
the S-sulfonate (RSSO;H) were observed while the dominant product cysteine sulfonic acid remained unchanged.
This sulfonic acid is a marker for short-lived gaseous ROS (e.g. O, '0,, [67]) showed a'distance-insensitive
behavior and accumulated during treatment time - its formation however only occurred during the passage through
the active plasma zone emphasizing the interaction of the gas phase species with thesurface of the,droplets (Ar
excimers and (V)UV photons, O, '0,). The formation of OH radicals seems to extend beyond the visible effluent

zone (2 mm) for some time, as the increased formation of RSO,H and RSSO;H with distanee suggest.

Cysteine molecules collected in target

11017+ Empty plate
-© w/o plasma
8x 1016
2 ) © w/plasma
é 6x 1016
o Filied plate (1.5 mL buffer)
5 4x1078 & w/o plasma
= 2x 1018 # W/ plasma
e, T T T
0 20 40 60

collection time (sec)

Figure 13. Cysteine turnover in aerosol droplets passing the plasma source with plasma off (full symbols) or plasma on (divided
symbols) collected into empty wells (circles) and water filled wells (squares). Plasma power 30 W, 2 mm distance to target
(setup 1 and 2). Cysteine oxidation occurs'imthe droplet during passage of the effluent only (10 ms).

These results confirmed the potential carrier role' of droplets (e.g., for short-lived reactive oxygen species) in short
distances, as well as their scavenging role towards radiation and short-lived reactive oxygen species in longer
distances in favor of the production/of water homolysis species, e.g., OH radicals (Fig. 12). Additionally, the
presence of aerosols confirmed the possibility to deliver drugs on biological target, as shown by observing the
trends of the cysteine delivery as'model.

In this case, further investigations are needed to clarify potential modifications occurring on specific drugs,
opening the possibilities to control the imported modifications in the use of plasma with aerosol injection for the

delivery, and eventually activation of prodrugs in the effluent, before reaching the target.
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Figure 14. Major cysteine conversion products observed in cysteine-entiched aerosol droplets. Plasma power 30 W (setup 2,
cysteine in aerosol), collected in water filled wells. The absolute number,of molecules deposited are given. The limited impact
of distance indicates that the majority of reactions occurs in the droplets. Further diQscussion see text.

In this work plasma interaction with liquid phase was investigated.in 3 different model systems, namely, (i) plasma
with cysteine in liquid target; (ii) plasma with aerosol.and cysteine in liquid target; (iii) plasma interaction with
cysteine-enriched aerosol injection into the effluentsTo compare the effectiveness of different setups in terms of
total cysteine oxidation and its conversion into derivatives, measured absolute concentration are hereby

recalibrated in percentages % for each setup (Fig. 15). Additionally to the schematic of the cysteine oxidation, a



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104102.R2

Cysteine d=12 mm, t=60s
" Setup2 TC=64%
Setup 3 TC=27%

\H,0 — Setup 4 TC=67%
Cystine  50% \ Sulfinic acid — Sulfonic acid

21% i
HO. S\s

Aﬁm <OH O 6102,9
12% o
OH //s oH  — //s\\ oH
] MH 3% 6,5% o NHy 1,5% T 6% CEE T
Disulfoxide | . Disulfoxone ~ 7
" mcals,
i i ™ 0o photolysis,
\"/J\/ |\5/\I)J\OH » HOWH\/S\S &OS
a o || ~
NHy Q
[ 3

[“OH,
\H:0

n=0c

-«
o
\ ‘ sulfite
\ S§-s / Sulfat@
sulfonate 17% 6,5%

‘OH
h g 1% 2,5%,0 3% o
Il AP —— 14/ 2,5% b
S pd —— e A e
1™ — " o s on  Cysteine ©0—S — — g o
o —_ \\O - [l
photelysis I@

Figure 15. Cysteine oxidation pathway example and its total conversion forexperimental parameters P =30 W, d = 12 mm,
t = 60s. Generation of six major cysteine derivatives in Setup 2 (cysteine'in aerosol, black), Setup 3 (plasma with aerosol-
cysteine in target, blue) and Setup 4 (plasma-cysteine in target, red) is$ipresented in percentage, for better comparison of
processes. The quantified derivatives are labelled in green color.

L

As expected, the conversion of cysteine is highest forithe direct plasma treatment of a cysteine-containing target
liquid. In this case, the distance is of little importance and conversion is still massive at 12 mm. In contrast, when
water droplets are injected into the effluent, the cysteine oxidation drops significantly even for 2 mm distance and
further with increasing distance to the nozzle (Tab. 3)."When the aerosol is enriched with cysteine, the observed
product portfolio indicates that the majority of the reactions take place in the droplet during the passage of the
visible effluent (10 ms/2 mm). The increase,of the metastable cysteine products S-sulfonate and sulfinic acid with
increasing distance show a residual formation of hydroxyl radicals beyond the effluent visible margins.

Table 3. Total cysteine conversion into 6 quantified derivatives during the treatment time of 60 s for treatment distances 2, 6
and 12 mm from effluent in Setups 2,3 and4.

Setup Treatment distance (mm) Cysteine conversion (%)
Setup2 2 45
Plasma treatment of cysteine in 6 50
aerosol liquid 12 64
Setup 3 2 60
Plasma-aerosol treatment of 6 43
cysteine in liquid target 12 27
Setup 4 2 78
Plasma freatment of cysteine in 6 83
liquid target 12 7

It has to'be emphasized that separate processes leading to cysteine oxidation were not disentangled here, but the

overall effect on cysteine has been presented. Oxidation of cysteine can be assigned to the contribution of different
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factors such as the direct effect of plasma on aerosol droplets passing through the plasma effluent, different
chemistry initiated by the discharge and VUV/UV radiation on cysteine in droplets and the target. Despite the
unknown contribution of listed oxidation factors in different treatment configurations and the exact number of
aerosol droplets interacting with effluent (Setup 2 and Setup 3), total effect on cysteine concentration has been

analyzed and a final concentration of the cysteine has been accordingly presented in Table 3.

It is important to point out that the possible control of the VUV radiation by decrease of the discharge,power is
considered to be less effective in comparison to the aerosol injection. Indeed, decrease of the plasma power would
result in a lower production of ROS/RNS in the effluent region with still unavoidable emission of VUV below 180
nm. Correspondingly, an application of equivalent plasma treatment at lower plasma powery would require longer
treatment time while the target would be exposed to VUV emission. The aerosol injection in plasma effluent, on
the other hand modulates ROS/RNS chemistry, allowing to tailor the treatment dose and species deposition

~
desirable for biomedical application.

4. SUMMARY AND CONCLUSION

A RF plasma jet combined with an aerosol injection into the effluent has been'developed for biomedical purposes.
The droplets allowed the modulation of the generated reactive species and the,(V)UV emission intensity. Aerosol
droplets loaded with the model drug cysteine protected it from decomposition, suggesting the setup to be suitable
for the topical delivery of drugs, e.g. for promoting wound healing. Injectionof the aerosol into the plasma effluent
influenced the plasma chemistry in terms of RONS and VUV/UV radiation production and their flux towards the
treated object, facilitating tailored application for medical purposes. The chemistry in the plasma-liquid
interface/boundary layer and the bulk liquid was analyzed using,cysteine as a bait molecule, particularly focusing
on the role of aerosol droplets in the effluent. Thexdeposition of OH, O5-, and O, '0,, and O; were measured via
EPR; and the long-lived species H,O,, NO,, and NO; were quantified by colorimetric assays and ion
chromatography. Data analysis revealedithat UV radiation (Ar excimers, atomic oxygen), followed by short-lived
reactive oxygen species (e.g. *0, '0,),are the. dominant active elements in the studied RF plasma jet. Acting
directly on the liquid target or on the'aerosol droplets in plasma effluent, cysteine oxidation products and water
photolysis products ("OH, "H) weré obsetved:-A‘summary of the model and the observations made is presented in

Figure 16.
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Figure 16. Overview of cold plasma effects without (a) andwith.(b) aerosol droplets in the effluent area.
L

By controlling distance, treatment time, and the presence of aerosol droplets the liquid phase chemistry can be
adjusted in a wide range. Short-lived gaseous species (€.g.°05,!0,) were detected predominantly for short distances
and in parallel, distinct cysteine oxidation products were ebserved, confirming ROS potential biological impact.
In the presence of aerosol droplets, the impact of these species was diminished significantly yet cysteine sulfonic
acid, a marker for gas phase ROS at the gas-liquid interface, was still detected. Taking the EPR data into account
it was concluded that singlet oxygen 'O, prevails for middle and long distances (6 - 12 mm) and in the presence
of aerosol. The impact of (V)UYV radiation on the liquid target was strong, leading to photo-dissociation of water
molecules as well as cysteine and the formation of short-lived radicals (e.g. "OH, *H, SH), as confirmed by EPR
and the detection of sulfite/sulfate by mass spectrometry. Again, the presence of aerosol droplets in the effluent
lead to absorption of the (V)UV photons and related reactions in the target. Instead, water molecules in the droplets
were attacked, forming e.g. OH radicals at the droplet’s gas-liquid interface. The transport of species formed in or
solvated by the droplets was foundito be of minor importance. This hypothesis was confirmed by introducing
cysteine solution directly in form of aerosol droplets and the observation of cysteine derivatives produced
predominantly by/OH radicals«(cystine, sulfinic acid, cysteine-S-sulfonate). The impact of (V)UV radiation was
observed by the formationof sulfite from cysteine-containing droplets.

In conclusion, the chemieal potential of the investigated RF plasma jet coupled with aerosol allows to be modulated
in a wide range, proposing its application for various biomedical purposes. The intense synergistic effects of
radiation and short<lived gaseous species achieved by using the plasma-only mode could be relevant for cancer
treatment. In ‘€ontrast, softer conditions including aerosol droplets could limit the impact of radiation and other
gaseous radical species, and be of interest in the wound care field where any possible side effect of VUV/UV has

to.be avoided.
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