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Abbreviations 
 

Abbreviations 

CAP ..................  cold atmospheric-pressure plasma 

RSH ..................  cysteine 

RSNO ...............  S-nitrosocysteine 

RSO2H .............  cysteine sulfinic acid 

RSO3H .............  cysteine sulfonic acid 

RSOH ...............  cysteine sulfenic acid 

RSSR ................  cystine 

RSSO3H ...........  cysteine S-sulfonate 

CRDS ...............  cavity ring-down spectroscopy 

DBD .................  dielectric barrier discharge 

EPR...................  electron paramagnetic resonance 

FTIR .................  Fourier-transform infrared spectroscopy 

HPLC ...............  high-pressure liquid chromatography 

HR ....................  high resolution 

IC .....................  ion chromatography 

MRM ................  multiple reaction monitoring 

MS ....................  mass spectrometry 

MS2 ...................  tandem mass spectrometry 

OES ..................  optical emission spectroscopy 

RF .....................  radio-frequency 

RNS ..................  reactive nitrogen species 

ROS ..................  reactive oxygen species 

RSS ...................  reactive sulfur species 

slm ....................  standard liter per minute 

TALIF ..............  two-photon absorption laser-induced fluorescence 

TOF ..................  time of flight analyzer 

Tyr-NO ............  nitrosotyrosine 

Tyr-NO2 ...........  nitrotyrosine 

UV ....................  ultraviolet  

VUV .................  vacuum ultraviolet   
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1.  Introduction 

Plasma medicine is an emerging field based on the use of cold atmospheric-pressure 

plasmas (CAPs) as therapeutic agents in biomedical applications.1-4 Plasmas were introduced 

in 1970 as a medical technology for surgical coagulation5-7 and surface modification.8-11  

In the past two decades, the field has evolved, and CAPs found applications in biological 

decontamination,12-14 dentistry,15-17 skin-related diseases,18-20 and in vivo promotion of wound 

healing21-26 and cancer regression.27-29 Plasmas are in the fourth state of matter and can be 

formed by energy transfer to a gas (e.g., air, helium, or argon), which occur commonly by 

applying an electric field in the case of CAPs. The partial gas ionization yields radiation, 

electrons, magnetic fields, and ionized and neutral species (e.g., radicals and excited species).30  

CAPs are characterized by having components with different temperatures: electrons have 

low densities and temperatures between 104–105 K, while neutral atoms have high densities 

and room temperatures. The resulting net plasma temperature is low (around 300 K), allowing 

CAPs to be used for in vivo medical applications.31 To date, various plasma sources are 

proposed for biomedical applications.4, 32 The biological effects can variate with the source 

design and treatment modality. Tuning various parameters induces a differential production 

and delivery on the target of plasma components.33-34 Among these, small reactive species have 

been identified as key players of plasma effectiveness, by inducing the modulation of cellular 

redox signaling pathways.35-39 Plasma-generated redox-reactive species can be oxygen-

centered, such as hydroxyl radicals, hydrogen peroxide, ozone, singlet oxygen, and atomic 

oxygen, or nitrogen-centered, such as nitric oxide radicals and peroxynitrite.2, 39  

However, the formation pathways of these reactive species and their mechanisms of action 

on the biological target remain to be studied. Before reaching the target, most highly reactive 

gaseous species are likely to decay or react with the surrounding molecules, also due to their 

short half-life (nanoseconds to milliseconds). Considering that the biological effects induced 

by CAPs occur in long time scales (seconds to days), further reactions might be stimulated in 

liquid compartments surrounding cells and tissues. The chemistry generated in liquid could 

mediate the plasma effects by modifying and amplifying the cocktails of reactive species 

effectively reaching the target. The elucidation of the chemistry induced in liquid by CAPs is 

the major topic discussed in this thesis. The mechanisms of transport and modification of 

gaseous species and de novo formation of species in liquid are elucidated. The presented 

results aim to control and eventually optimize the formation of individual reactive species in 

liquid compartments and, consequentially, on the biological target. These elements are neces-

sary to improve the safety and efficacy of plasma treatments, to finalize the concept of plasma 

dose, and to standardize protocols for clinical applications.37, 40 

1.1.  Major findings in plasma medicine 

Cold plasma sources with different concept designs have been proposed for medical 

applications (Figure 1.1). In Germany, two CE-certified plasma sources are PlasmaDerm 

(Cinogy GmbH, Germany) and kINPen MED (neoplas tools GmbH, Germany). Both have been   
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used in clinical trials to promote wound healing. Recently, another dielectric barrier discharge 

(DBD)-based plasma source named Plasma care (terraplasma medical GmbH, Germany) re-

ceived certification as a medical device. Plasma care and PlasmaDerm are DBDs, while kINPen 

MED is a DBD-type plasma jet.41-46 

The basic differences between these designs are the modality of plasma generation and the 

delivery of plasma components on the target. In the case of plasma jets, a carrier or “working” 

gas (helium or argon) passes through two electrodes, powered by high voltage, and produces 

a visible plasma effluent ejected by the source. In contrast, ambient air is the gas ionized in 

DBDs. In this case, the source contains one electrode, while the target represents the counter 

electrode (volume discharge); alternatively, the plasma is generated on the surface of a 

specifically designed electrode arrangement (surface discharge) (Figure 1.1).  

The generated gaseous chemistry and the interaction with the target variate in the two 

cases. The tuning of multiple parameters (e.g., gas composition and flow rate), especially in 

plasma jets, controls the generated plasma components and correlates with the resulting 

biological effects.32, 47-48 Due to their versatility, plasma jets were studied in the present work. 

An introductory overview of the major findings regarding the variability of the gaseous 

chemistry and biological effects of CAPs is provided in the subsequent section. 

Modulation of the gas-phase chemistry 

Among the various plasma sources proposed as medical tools, the gas-phase chemistry of 

the argon-driven kINPen 09 (neoplas tools GmbH, a kINPen MED predecessor) and the 

helium-driven COST-jet (COST Reference Microplasma Jet) has been well characterized. The 

primary techniques used have been spectroscopy-based methods (e.g., TALIF, FTIR, and 

OES), on beam mass spectrometry, and computational fluid dynamics.46, 49-54 In argon-only 

kINPen 09 plasmas, the formation of argon-excited states initiates reactions with ambient air 

molecules (e.g., H2O, N2, or O2), generating secondary species, such as short-lived atomic 

oxygen (•O), singlet oxygen (1O2), and low amounts of nitrogen oxide radicals (•NO).  

The increase of distance from the jet leads to the conversion of these species into long-lived 

species, such as ozone (O3).55-57 A similar behavior has been observed in the helium-driven 

COST-jet, primarily with admixtures of O2 in the carrier gas.58-59 The gaseous chemistry of 

kINPen 09 has been investigated by changing conditions related to the gas composition, e.g., 

in presence of gas admixtures (maximum 1% O2 and/or N2) or water molecules (< 320 ppm).  

 

 
Figure 1.1. Different designs of cold atmospheric-pressure plasma sources currently proposed for biomedi-

cal applications. Reprinted with permission from 48. © 2013 Elsevier B.V.  
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A dominant oxygen chemistry in short (mostly •O and 1O2) and long distances (mostly O3) 

has been measured by admixing O2 in the working gas.55-56, 60 In presence of water molecules, 

water-derived species, such as hydroxyl radicals (•OH), hydrogen peroxide (H2O2), and 

superoxide anion radicals (•O2
-) have been also detected in the plasma effluent. However, 

amounts of water molecules above 320 ppm generate high densities of water-derived species, 

with an absolute decrease of other gaseous species. The high densities of •OH formed in the 

effluent by water dissociation recombine to form high levels of H2O2.49, 61-62 A differential 

species production has been detected using a shielding gas device, which allows the modula-

tion and control of ambient air composition surrounding the plasma. The application of a 

shielding gas around the principal driven gas contributes to guide the stream to the target and 

control the ongoing chemistry, minimizing uncontrolled reactions with ambient air.60, 63 

An increased nitrogen chemistry has been observed in the presence of a N2 shielding gas, 

and N2/O2 in working gas, yielding nitric dioxide radicals (•NO2). A further improvement of 

the nitrogen chemistry has been achieved in presence of small amounts of water molecules in 

the working gas. In this case, a switch from Ox-based to Nx-based chemistry has been measured, 

resulting in the production of gaseous •NO and nitric acid (HNO3).51 Finally, a variable cocktail 

of gaseous reactive species can be produced by tuning the plasma jet parameters. 

Biological effects of cold plasmas  

Downstream biological effects of CAPs have been investigated using different models (e.g., 

cell cultures, animal models), as well as in patients. The generated effects had a biphasic cha-

racter, ranging from regulatory to lethal, depending on the applied parameters and consequen-

tially, the produced pattern of reactive species reaching the target.64 

Using kINPen 09, various experiments have been performed by modulating the treatment 

duration, the working gas composition (e.g., gases and the presence of water molecules), and 

the shielding gas.65-67 Highly oxidative conditions (e.g., long treatment times and oxygen in 

working gas) led to inflammation, apoptosis, an endogenous increase of reactive species, and 

lipid peroxidation. In contrast, softer stimulations (e.g., short treatment times) increased cell 

proliferation, promoting tissue regeneration, blood coagulation, and platelet activation.36  

Oxidative conditions are currently used in applications for cancer regression in vitro and 

in animal models,27, 68-71 as well as for antimicrobial effects.12-14 In these cases, CAPs provide 

high amounts of oxidative reactive species, which can directly induce necrosis on the target or 

stimulate redox-sensitive proteins to release kinases that mediate different types of apoptosis 

(e.g., ferroptosis, necroptosis, and autophagy).36 Work conducted in mice models has confir-

med that oxidative conditions of plasmas (e.g., high •O production) induce a high immunogenic 

death of tumor cells due to an intra-tumoral infiltration of CD8⁺ cytotoxic T‐cells.72 Regarding 

clinical applications, CAPs have been applied to end-stage head and neck cancer patients. The 

intense bacterial load presented in these cases was reduced, along with tumor regression and 

acceleration of wound healing.73-75 Besides, repetitive treatments in situ reduced lesions 

provoked by carcinomas or precancerous lesions (e.g., oral lichen planus and actinic keratosis) 

in patients.76-77 The plasma technology has also been proposed as an adjuvant to treatments 

based on the use of chemotherapeutic agents and radiation against cancer.78-80   
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Highly oxidative conditions are also applied in dentistry for biological decontamination.15-

17 In contrast, a softer stimulation via plasma exogenous reactive species (e.g., short treatment 

times) has been shown to modulate the activity of transcription factors, for example inducing 

the translocation of Nrf2 and p53 into the nuclei. This resulted in the activation of cellular 

reprogramming and stimulated inflammatory, angiogenetic, and growth factors. Also the re-

epithelization and integrin and cytoskeleton rearrangements in animal models were promo-

ted.18, 21-23, 81-83 These mechanisms could be responsible for plasma effectiveness in accelera-

ting the wound healing process, as shown in vivo.18, 24-25 The antimicrobial effects of cold 

plasmas have also been proposed as responsible for promoting wound healing.41, 84-85  

However, studies performed on patients with diabetic foot ulcers and general chronic 

wounds have confirmed that the efficacy of plasmas is mostly due to the reduction of wound 

closure times and the induction of granulation.25-26 Although physiological effects have been 

observed, key molecular reaction mechanisms of small reactive species are still under study. 

The modification of biological structures (e.g., nucleic acids, proteins, and lipids) of the cell 

and the extracellular matrix has been proposed as the primary effect of CAPs.39 The ability of 

plasmas in inducing oxidative additions on biomolecules was proven in vitro and ex vivo.86-90 

Such modifications could trigger the modulation of cellular redox signaling pathways, lead-

ing to the observed systemic effects in vivo in long time scales.36 For example, structural 

changes of lipids induced by argon plasmas were considered essential in reducing patients’ 

rashes and pruritus.91-92 Modifications occurring on proteins induce a loss or gain of functions 

and impair the redox and phosphorylation signaling.36, 93 Among all, the functionalization of 

the sulfur moiety of the amino acid cysteine was identified as the most sensitive structure 

towards plasma-derived reactive species, for example inducing glyceraldehyde-3-phosphate 

dehydrogenase and RNase A inactivation of bacteria upon plasma-driven oxidation.86-87, 94-96  

Finally, the amount and type of plasma-generated species reaching the target are essential 

to define the biological response of the target. Relevant results have been obtained in control-

ling the gas-phase chemistry. However, the molecular mechanisms connecting the action of 

short-lived gaseous species and the long time scales of the biological effects are still unclear.  

1.2.  Relevance of the plasma-liquid chemistry 

The interaction of ionized driven gases with ambient air, molecular admixtures, and plasma 

radiation (e.g., thermal, visible, and ultraviolet) amplify the production of gaseous species in 

plasmas.46, 55-56, 60, 97-99 Aquaporins have been suggested to transport these species into the 

cellular cytosol (especially for H2O2).100-101 However, only stable species with a relatively long 

half-life (e.g., H2O2, O3, nitrite [NO2
-], and hypochlorite [OCl-]) are likely to reach the biolo-

gical target. The migration radiuses of some relevant species (e.g., •O, 1O2, •NOx, and •OH) are 

in the microsecond range, and their half-life goes from nanoseconds to milliseconds.102  

These short-lived species are likely to be destroyed or to react with other molecules before 

reaching cellular structures. The liquid compartments surrounding cells and tissues might 

mediate the travel of short-lived species, as presented in Figure 1.2. Here various reaction 

pathways could be stimulated, including the diffusion, transformation, and de novo formation   
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of reactive species. The chemistry delivered by CAPs on the target has the potential to be 

amplified and modulated in the liquid environment in immediate contact with the biological 

target. Finally, the pattern of reactive species generated in liquid could be responsible for the 

observed effects of CAPs. For these reasons, the present work focused on studying the liquid 

chemistry induced by cold plasmas. Plasma-liquid chemistry is a dynamic matrix, difficult to 

analyze and characterize comprehensively. In cold plasmas ignited by jets, the application of 

an electric field generates partial ionization of the driven gas (e.g., Ar or He), yielding primary 

species such as excimers and metastable in the gas phase. Chemical compounds in or surround-

ing the effluent (e.g., O2, N2, and H2O) interact with these excited states to form secondary 

species. Gaseous primary and secondary species finally interact with the biological target, di-

rectly or through reactions occurring in aqueous compartments. The resulting plasma-liquid 

chemistry is defined as tertiary chemistry and depends on the plasma treatment conditions. In 

studying the dynamics of plasma-liquid chemistry, crucial reactions occurring at the plasma-

liquid interface must be considered. This gas-liquid interface acts as a transition zone of a few 

nanometers between gas and liquid.103-105 Here density changes occur and complex chemical 

dynamics regulate phase equilibria and transport processes.37, 103  

Molecular simulations show that this zone is not atomically flat, but rather presents corru-

gations and rapid exchanges (e.g., dissolvation and desolvation processes) with gaseous com-

ponents and water molecules in the target.37, 103-104 It is the first contact area of gaseous reactive 

species with the liquid, and many reactions can occur: the species can be repulsed or diffused 

on the base of their hydrophobicity and solubility (Henry’s law) or can react with water 

molecules and solutes to generate new species.37 Molecular dynamic simulations have shown 

that densities of species with high Henry’s constants (e.g., •O, H2O2, and HNOx) decrease at 

the interface (being consumed or diffused), while those with low Henry’s constants (e.g., O3) 

remain constant above the interface (not being solubilized). The high density of species at the 

interface results in competitive reactions and a local lowering of the pH.105 Here radiation 

amplify the production of reactive species, inducing water photolysis (vacuum ultraviolet 

[VUV] radiation, < 195 nm)106 or excitation of biomolecules with the possible formation of 

organic radicals (ultraviolet radiation, 200 – 400 nm).107-109 
 

 
Figure 1.2. Relevance of the aqueous liquid environment in mediating the effects of cold atmospheric-

pressure plasmas on biological targets (image by courtesy of Kristian Wende).  
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Figure 1.3 provides a simplified overview of the potential chemical processes occurring in 

plasma-treated liquids. In the past, research groups have focused on investigating the plasma-

liquid chemistry. Generally, many of the data have been collected via dynamic simulations.105, 

110-111 Alternatively, the long-lived species (e.g., H2O2, NO2
-, and NO3

-) have been analyzed 

using probes for colorimetric detection.112-113 The formation of short-lived species, such as 

radicals, has also been investigated via electron paramagnetic resonance (EPR) spectroscopy, 

primarily for kINPen 09114-116 and COST-jet117 plasmas. Using this method, the high variability 

of plasma-generated species formed in liquid promotes aspecific reactions with the EPR probe, 

at times overestimating the targeted species, and neglecting the action of unexpected species.  

Deeper investigations are required to characterize the plasma-liquid chemistry comprehen-

sively, with focus on both major and minor induced reaction pathways. In this way, a rapid 

comparison of chemistries induced by various plasma sources and treatment conditions could 

be achieved, facilitating the use of CAPs in biomedical applications.  

1.3.  Scope and structure of the work 

The principal aim of plasma medicine is to underline the molecular mechanisms leading to 

the observed biological effectiveness. Besides, it is required to improve the ability to control 

the amount and type of plasma components delivered on biological targets. Different 

conditions can be tuned (e.g., plasma source, plasma jet parameters, treatment modality), and 

this leads to a variation of the resulting cocktails of plasma components. To date, many plasma 

sources and treatment conditions are proposed to improve the targeted use of plasmas in 

biomedical applications (e.g., cancer regression versus wound healing promotion). However, 

the tunable pattern of reactive species must be characterized, controlled, and possibly 

optimized to ensure the safe and efficient usage of cold plasmas in clinical practice. 
 

 
Figure 1.3. Reactions at the gas-liquid interface and in the bulk of liquids treated by cold plasma jets (e.g. 

COST-jet, kINPen MED). In these treatments, the plasma effluent is not in direct contact with the liquid.  
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As introduced in Section 1.3, the chemistry stimulated in liquid by plasmas could modulate 

and amplify the gaseous chemistry, mediating the plasma effects induced on the biological 

target. Although various studies have been performed, the action mechanisms occurring in the 

liquid are not fully clarified. Novel tools are needed to achieve the comprehensive characte-

rization of the plasma-liquid chemistry in various conditions. The present thesis offers the 

tools and results to address this problem, in particular, focusing on the following aims: 

a) Disentangle the reaction pathways of individual gaseous species at the interface and in the 

bulk of the liquid (e.g., diffusion, modification, decay, recombination, triggered reactions). 

b) Investigate the de novo formation of reactive species in aqueous liquid targets.  

c) Control and characterize comprehensively predominant chemical pathways resulting from 

tuning treatment conditions (e.g., type of plasma jet, gas composition, treatment duration). 

To achieve these aims, this work proposes to use the biochemical reactivity of small bio-

molecules towards reactive species and the pattern of all the possibly generated structural 

changes (e.g., oxidative additions or losses) to identify reaction pathways occurring in liquid. 

Section 1.4 presents additional details on the experimental strategy and the applied methods. 

The overall results of the thesis are presented in form of five peer-reviewed publications 

(Articles A1 through A5), which are briefly introduced in the following chapters.  

Chapter 2 presents relevant results for points a) and b). Here the amino acids cysteine and 

tyrosine are applied as molecular beacons in solutions. The origin and reaction mechanisms of 

plasma components at the interface and in the bulk of the liquid are clarified, and attention is 

given to the oxygen-driven (Section 2.1, Article A1) and nitrogen-driven chemistry (Section 

2.2, Articles A2 and A3). As result, individual reactive species generated specific structural 

modifications of cysteine and tyrosine. For this reason, the pattern of amino acid modifications 

is proposed as a model in Section 2.3 to control, tune, and characterize comprehensively the 

plasma-liquid chemistry generated by modulating treatment conditions.  

Chapter 3 implements and discusses the potential of the cysteine model in various 

applications, providing key results for the resolution of point c). In particular, the cysteine 

product pattern was applied to characterize and to compare the oxidation potential and the 

pattern of reactive species produced by different plasma sources (kINPen 09 and COST-jet) 

(Section 3.1, Articles A1 and A2), treatment conditions (gas composition and treatment 

duration) (Section 3.2, Article A4), and presence of aerosol droplets dispersed in the effluent 

(Section 3.3, Article A5). A summary of the presented results is given in Chapter 4, together 

with an outlook on how to tune plasmas for biological applications, considering the potential 

of CAPs in modifying cellular biological structures such as cysteine and tyrosine. 

1.4. Experimental strategy: amino acids as tracers of reactive species  

By treating with CAPs aqueous solutions of small biomolecules, peculiar structural changes 

(e.g., oxidative additions or losses) may be generated by reactive species deposited or formed 

in liquid. Mass spectrometry was used as a method to characterize the possible modifications 

induced on biomolecules by plasma treatments. This technique allows the identification of the   
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entire pattern of modifications, which has a descriptive potential of the overall reaction 

pathways stimulated in liquid by tuning treatment conditions. For these reasons, sensitive 

biomolecules towards different reactive species were chosen in this work: the amino acids 

cysteine and tyrosine. Previous studies confirmed that these are major structures target of 

plasma-derived reactive species.86-87, 94-96 In the cellular environment, the amino acid cysteine 

is modified by various reactive species (e.g., •O, 1O2, •OH, H2O2, O3, peroxynitrite [ONOO-], 

and dinitrogen trioxide [N2O3]), and the generated chemo-types are essential for the protein 

structure, functioning, localization, and reactivity. The sulfur atom of cysteine can modulate 

its oxidation state from -2 to +6, generating a rich pattern of cysteine derivatives in the cell. 

These structures are particularly relevant in regulating the physiological redox homeostasis of 

the cell, as well as in reacting to conditions of oxidative stress.118-121 The reactivity in the liquid 

of the thiol moiety towards specific reactive species (e.g., H2O2, •O2
- and O3) strictly depends 

on the pH, which regulates the presence of thiolate.122-125  

Considering the potential of cysteine in being differentially modified by various reactive 

species, this amino acid was used as a probe in most of the articles (A1, A2, A4, and A5) 

presented in the thesis. To support and enrich the results obtained in Article A2 regarding the 

nitrogen-centered reactive species produced by CAPs in liquid, tyrosine was used as a tracer 

in Article A3. This amino acid has a key role in forming the hydrophobic cores of proteins, 

regulating their structure and function. Besides, the post-translational modifications physiolo-

gically induced on tyrosine, such as oxidation and phosphorylation, regulate multiple signaling 

pathways. In particular, the addition of oxidative functional groups on the aromatic moiety is 

a primary event occurring in the NO-mediated signaling pathways, making tyrosine an 

essential amino acid in regulating the cellular homeostasis of reactive nitrogen species (e.g., 
•NO, •NO2, ONOO-) and in responding to conditions of nitrosative stress.126-129  

The methods applied in this thesis included 1) tuning parameters for treatments with cold 

plasmas, 2) characterizing the structural changes of the tracers by mass spectrometry, and 3) 

interpreting the chemistry stimulated in liquids under controlled conditions (Figure 1.4). 

Below, an overview of methodic details is provided: 

1) Plasma jets were chosen as sources to modulate the treatment parameters and therefore, 

the produced reactive species. The argon-driven kINPen 09 (Figure 1.4) was used (Articles 

A1 through A4) due to the well-characterized gaseous chemistry, together with the helium-

driven COST-jet as a reference source (Articles A1 and A2). An argon-driven radio-

frequency (RF) jet equipped with a nebulizer device was used to evaluate the influence of 

aerosol droplets in the generated chemistry (Article A5). Other parameters mainly 

modulated were the duration of the treatments (from 15 to 600 seconds), the distance of 

the jet nozzle to the liquid surface (from 2 to 12 millimeters), and the presence or absence 

in the working gas of molecular admixtures (1% of N2 and/or O2) or water molecules (< 

320 ppm H2O). In some treatments with kINPen 09, the shielding device (Figure 1.4) was 

installed to control the composition of the gas surrounding the plasma.  

2) The complete pattern of plasma-induced structural changes in amino acids cysteine and 

tyrosine was identified via direct infusion high-resolution mass spectrometry (HR-MS), 

using a time-of-flight (TOF) analyzer (Articles A1 to A5). The fragmentation spectra were   
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acquired using tandem mass spectrometry (MS2). Cysteine, tyrosine, and the oxidation 

products cystine, cysteine sulfonic acid, cysteine sulfinic acid, cysteine S-sulfonate, and 

nitrotyrosine were quantified via high-pressure liquid chromatography (HPLC) coupled to 

mass spectrometry (MS) (Articles A3 and A5). Given the polarity of the analyzed com-

pounds, hydrophilic liquid chromatography (HILIC) was used. A triple quadrupole was 

tuned in the Multiple Reaction Monitoring (MRM) mode, for the accurate quantification of 

the structures. The anion sulfite and sulfate were quantified using ion chromatography (IC). 

3) Additional strategies were included to characterize the plasma-liquid chemistry. The long-

lived species H2O2, NO2
- and NO3

-, were quantified via colorimetric assays and ion 

chromatography (Articles A2 and A4). Isotopically labeled oxygen or nitrogen from gas 

(18O2 and 15N2) or oxygen from water (H2
18O) were used to treat cysteine or tyrosine 

solutions and to trace the origin of reactive oxygen and nitrogen species (Articles A1 and 

A3). In Article A3, tyrosine solutions were treated with cold plasmas in the presence of 

scavengers for •NO and ONOO- (cPTIO and ergothioneine, respectively) or incubated with 

commercially available oxidants (ONOO-, •NO, H2O2, NO2
- and NO3

-). The concentrations 

of cysteine or tyrosine were modulated (from 0.3 to 100 millimolar) to investigate the 

chemistry resulting in an environment with reduced water amounts (Articles A3 and A4). 

 

 
Figure 1.4. Overview of the experimental strategy applied in this thesis. The kINPen 09 plasma jet is 

shown, also equipped with a shielding gas device (right). Modified and adapted from Article A3.  
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2. Plasma-generated Reactive Species in 
Liquid: Origin and Reaction Pathways 

This chapter describes major findings regarding the origin, the mechanisms of action, and 

the conditions to improve the formation of relevant reactive oxygen and nitrogen species in 

liquid. The action of plasma-induced gaseous species at the interface and in the bulk of the 

liquid is clarified. In parallel, the formation of tertiary species and the contribution of the liquid 

in the generated chemistry are described, also applying different treatment conditions. 

Section 2.1 summarizes the results obtained in Article A1, which clarifies the origin and 

reaction pathways in the liquid of individual reactive oxygen species. In this case, cysteine was 

used as a tracer, and isotopically labeled oxygen was used in gaseous or water molecules to 

trace the oxygen incorporation into the cysteine chemo-types via mass spectrometry.  

In Section 2.2, the formation and reactivity of specific nitrogen-centered species are ana-

lyzed, as a summary of the Articles A2 and A3. In this case, both cysteine and tyrosine were 

used as molecular beacons. In Article A3, isotopically labeled water and gases (oxygen and 

nitrogen) were applied to identify the origin of the species. Besides, scavengers in solution 

were used to identify the presence and action of individual nitrogen reactive species. Finally, 

major findings are resumed in Section 2.3. Here the pattern of modifications induced by cold 

plasmas on the amino acids cysteine and tyrosine is presented as a tool able to characterize 

both the reactivity of individual reactive species and the overall reaction pathways generated 

in liquid in specific plasma treatment conditions. 

2.1.  Oxygen-centered species (A1) 

In plasma jets such as kINPen 09 and COST-jet, the reaction of primary reactive species 

(e.g., Ar or He excimers and metastable) with ambient or admixed O2 yield secondary reactive 

oxygen species (ROS) such as atomic oxygen (•O), singlet oxygen (1O2), and ozone (O3).52, 54, 

115, 130-131 In presence of water molecules in the effluent, hydroxyl radicals (•OH), hydrogen 

peroxide (H2O2), and superoxide anion radicals (•O2
-) are formed in the gas phase.117, 132  

When operating in Ar-only (standard conditions for medical applications), a dominant oxy-

gen-driven chemistry is generated in the effluent of kINPen MED.133 Gaseous ROS could have 

a relevant role in the plasma effectiveness for various biomedical applications. However, their 

mechanisms of action, possibly mediated by liquids surrounding biological structures, are still 

unclear. The fate of gaseous ROS in a liquid target was investigated in Article A1, and the major 

findings are resumed in this section. Treatments of cysteine solutions with kINPen 09 and 

COST-jet plasmas generated a pattern of oxygen-driven modifications on the thiol moiety of 

cysteine. Relevant structures identified via direct infusion HR-MS were cysteine (RSH, 

Structure 1), cystine (RSSR), cysteine sulfinic acid (RSO2H), cysteine sulfonic acid (RSO3H, 

Structure 2), and cysteine S-sulfonate (RSSO3H, Structure 3) (Figure 2.1). To underline the 

origin of the ROS, the incorporation of isotopically labeled oxygen in the working gas (18O2) 

or in the liquid target (H2
18O) was traced using mass spectrometry.  
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As a first result, both gaseous or water oxygen atoms were introduced in the cysteine 

structures (Table 1 and 2, Article A1). Two opposite cases were the cysteine sulfonic acid 

(RSO3H), formed by 70% of oxygen atoms per molecule from the gas, and the cysteine S-

sulfonate (RSSO3H), which incorporated 90% oxygen atoms per molecule from the water, 

independently from the used working gas and plasma source (Figure 4 and 5, Article A1). This 

result shows that the liquid phase is involved in the plasma-induced chemistry, and tertiary 

species can be produced de novo. Water-derived species can be formed by water dissociation 

induced by vacuum UV (VUV) radiation (< 195 nm, emitted from Ar2
*), yielding •OH and •H.37, 

114, 116 Besides, the reaction of •O with water molecules yield water homolysis, with the 

production of •OH.134-136 The rapid recombination of •OH forms H2O2 (k = 4 x 109 M-1 s-1)137. 

At the used pH (pH 6.2 after treatment), the reactivity of the long-lived species O3 and H2O2 

towards cysteine was limited, due to the low availability of cysteine thiolate.122-125, 138 The pH-

independent reaction of the short-lived species •OH, •O, and 1O2 with cysteine was rather 

considered, yielding cysteine sulfenic acid (RSOH) in case of •OH125, 139 and •O140-141, and 

cysteine sulfinic acid (RSO2H) by reaction with 1O2.142-143 The higher amounts of both RSO3H 

and RSSO3H were produced in conditions with O2 in the working gas, corresponding to the 

conditions with highest densities of gaseous ROS.55-56 In the case of RSO3H, its production 

depended from the oxidation of RSOH by gaseous •O and 1O2 (Figure 4, Article A1).  

Considering the incorporation of up to three 18O gaseous atoms per RSO3H molecule, these 

ROS reacted directly with cysteine molecules, without being modified or quenched by water 

molecules in the target. The reaction, however, could occur only at the interface, due to the 

short half-life of •O and 1O2 (Figure 2.1).115, 144-145 Regarding RSSO3H, its formation was 

connected to the increase of gaseous ROS, although aqueous •OH was needed to generate this 

cysteine derivative. The water homolysis induced by •O was considered as the leading process 

for the formation of •OH in conditions with oxygen in the working gas. However, the higher 
•OH and H2O2 generation in the liquid was previously detected in conditions with Ar-only, due 

to the higher emission of VUV radiation.116, 146  
 

 
Figure 2.1. Structures of cysteine (1), sulfonic acid (2), and S-sulfonate (3). Reaction pathways in liquid 

of gaseous and water-derived oxygen species induced by kINPen 09 plasmas. Adapted from Article A1.   
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It was concluded that the water dissociation induced by Ar2
* and VUV radiation at the 

interface of the liquid could lead to a local overproduction of •OH, which rapidly recombines 

in H2O2. In this case, the fast decay of RSSO3H, which is a labile structure, was promoted, due 

to competitive reactions. In contrast, the reaction of •O with water molecules in the first layers 

below the interface,144 stimulated the water homolysis also in the bulk of the liquid, where 

RSSO3H could be formed and stabilized. Figure 2.1 presents the suggested reaction pathways. 

The reaction of •16O with H2
18O would generate a 1:1 amount of •16OH and •18OH. An 

exchange of O-H single bonds between H2
18O and •16OH could occur in the bulk of the liquid, 

where H2
18O is in a much higher density of •16O.147 This mechanism would favor a final higher 

amount of •18OH in the bulk, which is responsible for RSSO3H formation.148 These results show 

that the reactivity of gaseous species is not limited at the interface but propagates in the bulk 

of the liquid, according to Yusupov et al.149 Finally, it was proven that water-derived species 

can be formed de novo in the bulk of the liquid, and not only in the gas phase from water 

molecules introduced in the working gas or evaporated from the target.105, 117  

2.2.  Nitrogen-centered species (A2 and A3) 

Most of the cold plasma sources used in biomedical applications generate a gaseous Ox-

based chemistry (e.g., kINPen MED, PlasmaDerm).133, 150 The enrichment of the pattern of 

reactive nitrogen species (RNS) is of interest to improve the bactericidal effects of CAPs,151-

152, as well as to induce cell stimulation (e.g., promoting wound healing).36, 153-159 An increased 

production of RNS can be fostered in kINPen 09 by introducing N2 and O2 in the working gas, 

or in presence of a N2 shielding gas in the effluent. In these conditions, nitric dioxide radicals 

(•NO2) are mostly produced.51, 60 A complete switch from Ox-based to Nx-based gaseous 

chemistry can be tuned by enriching the working gas of kINPen 09 plasmas with water 

molecules (< 320 ppm). In this case, higher amounts of nitric oxide radicals (•NO) and nitric 

acid (HNO3) are generated.51 As for gaseous ROS, potential reaction pathways of gaseous RNS 

occurring in a liquid target were barely investigated, especially for plasmas not in contact with 

the liquid target. This section presents an overview of the results obtained in Article A2 and 

Article A3. Here the mechanisms of action, diffusion, transformation, and optimization of 

gaseous RNS in liquid were discussed. Besides, the de novo formation of RNS in the aqueous 

target was analyzed. In Article A2, solutions with or without cysteine were treated with 

kINPen 09 and COST-jet plasmas. The cysteine derivatives were characterized using direct 

infusion HR-MS. Some RNS were also measured: •NO via EPR spectroscopy; NO2
- and NO3

- 

using IC. Overall, the oxidized products RSO2H, RSO3H, and RSSR were mostly produced, with 

a low yield of S-nitrosocysteine (RSNO) (Figure 3 and 4, Article A2). Overall, the highest 

amounts of RSNO, •NO, NO2
-, and NO3

- were measured in liquid after treatment with kINPen 

09 plasmas using an Ar + N2/O2 (1%) working gas, and an N2 shielding gas (Figure 4, 5, and 7 

Article A2). An enhanced Nx-based chemistry was induced in the liquid target, potentially 

originating from the high densities of •NO2 previously measured in the gas phase.51 

Interestingly, the amounts of NO2
- drastically increased in solutions with cysteine than without 

cysteine. This anion could be produced as a by-product of the reaction of cysteine with 

dinitrogen dioxide (N2O3) or peroxynitrite (ONOO-)118, yielding RSNO (k = 6.6. x 106 M-1 s-1   
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and 5-6 x 103 M-1 s-1, respectively).160-161 Due to the low solubility of N2O3 (Hcp = 5.9 x 10-3 Pa-

1)138, its plasma-induced generation in liquid was not likely to occur. The formation of ONOO- 

by the reaction of gaseous •NO2 with •OH formed in liquid was rather considered.162 ONOOH 

was detected in previous works only at low pH (pH 3.3), mostly by the reaction of H2O2 with 

HNO2 in treatments with plasmas in contact with liquid.105, 163  

Considering the lability of RSNO, tyrosine was chosen as an alternative probe to further 

investigate the formation and reactivity of RNS in the liquids at neutral pH (7.4). Major 

findings using tyrosine are discussed in Article A3. Overall, a rich pattern of N-containing 

derivatives of tyrosine was identified using direct infusion HR-MS after treatment with kINPen 

09 plasmas (Table 1, Article A3). Over tyrosine (Tyr, Structure 1), relevant discussed struct-

ures were nitrosotyrosine (Tyr-NO, Structure 2), and nitrotyrosine (Tyr-NO2, Structure 3) 

(Figure 2.2). The addition of up to four functional groups (of the same type or mixed, e.g., OH, 

NO2, and NO groups) on the benzene moiety of tyrosine was also detected. According to the 

higher production of RSNO, N-containing derivatives of tyrosine were highly produced in 

conditions with Ar + N2/O2 (1%) as working gas and a N2 shielding gas (Figure 4, Article A3). 

These derivatives included Tyr-NO2 (Figure 3, Article A3), which was also quantified using 

a HILIC-MRM method. Additionally, except for Tyr-NO2, similar amounts of N-containing 

derivatives were generated also in conditions with Ar + O2 (1%) as working gas. These results 

highlighted that the shielding gas contributes actively to the formation of reactive species in 

the effluent of plasmas, affecting the resulting liquid chemistry. In this case, N2 present in the 

shielding gas was the only source of N atoms for the generation of RNS.51 Nitrating agents 

formed by CAPs were gaseous •NO2 and possibly aqueous ONOO-, as previously discussed. 
•NO2 can form Tyr-NO2 by reaction with tyrosyl radicals (k = 3.0 x 109 M-1 s-1).128-129 ONOOH 

reacts with Tyr only via the previous dissociation in •NO2 and •OH, or formation of a transition 

intermediate during the isomerization process in NO3
- (Figure 1, Article A3).164-165 Using 

isotopically labeled gas (15N2 or 18O2) or water (H2
18O), the direct reaction of gaseous •NO2 

with Tyr to form Tyr-NO2 was confirmed.  

 

 
Figure 2.2. Structures of tyrosine (1), nitrosotyrosine (2), and nitrotyrosine (3). Mechanisms of action in 

the liquid of gaseous and water-derived reactive nitrogen species, in conditions without (left) and with (right) 

water molecules (320 ppm) in the working gas of kINPen 09 plasmas. Modified and adapted from Article A3.  
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Indeed, Tyr-NO2 incorporated 100% N atoms and 80% O atoms per molecule from the 

working gas (Figure 9, Article A3). This reaction could occur at the interface, due to the low 
•NO2 solubility (Hcp = 3.4 x 10-2 Pa-1).166 By treating Tyr solutions in presence of a scavenger 

for ONOO- (ergothioneine), the production in the liquid of ONOO- was confirmed, possibly 

by the reaction of gaseous •NO2 with aqueous •OH (Figure 2.2).167-169 Previous studies shown 

that a switch between Ox to Nx-based chemistry, can be achieved in presence of water 

molecules (< 320 ppm) in the working gas of kINPen 09 plasmas, yielding gaseous •NO, HNO3, 

and water-derived species (e.g., •O2
-, H2O2, and •OH).49, 51, 117 To verify the effects of these 

species in liquid, tyrosine solutions were treated with working gases containing H2O. As result, 

the quantities of Tyr-NO2 increased 10-fold, especially in treatment without O2 (Figure 3, 

Article A3). In presence of ergothioneine or a scavenger for •NO (CPTIO), all the detected N-

containing derivatives were reduced (Figure 10, Article A3), confirming the action of ONOO- 

in these conditions, originating from the reaction of gaseous •NO with water-derived •O2
- in 

the effluent (Figure 2.2). Finally, an enhanced production in liquid at physiological pH of RNS, 

in particular ONOO-, rather than an Ox-based chemistry, was obtained by introducing water 

molecules in the working gas of kINPen 09 plasmas. 

2.3. Outcome  ̶  Plasma-induced pattern of modifications as a model 

The action and transformation processes of plasma-induced gaseous ROS and RNS have 

been clarified. The small biomolecules cysteine and tyrosine were used as a molecular beacon 

to disentangle major reaction pathways in liquid. The densities of gaseous species such as •O, 

O3, 1O2, •NO, HNO3, and •NO2 could be optimized by differently tuning the composition of the 

applied working gas. Gaseous species produced in presence of O2 or O2/N2 admixtures reacted 

at the gas-liquid interface directly with the used molecular tracer. In particular, •O and 1O2 

yielded cysteine sulfonic acid, while •NO2 was responsible for nitrotyrosine formation.  

In contrast, less soluble species (O3) were repulsed at the gas-liquid interface. The reaction 

of gaseous species with water molecules generated also new reactive species in liquid. •O 

induced water homolysis, with consequential production of water-derived •OH in the bulk of 

the liquid. Also, Ar2
* and VUV radiation stimulated water dissociation at the interface, yielding 

•H and •OH. •OH was responsible for the formation of cysteine S-sulfonate, while the direct 

impact of VUV radiation on cysteine generated the sulfite, via C-S bond breakage. Due to the 

high local amounts of •OH produced at the interface, •OH recombined rapidly in H2O2, a more 

stable and soluble species. At the used pH, the reactivity of H2O2 towards cysteine was limited, 

mostly yielding cystine. Finally, the reaction of some gaseous RNS (e.g., •NO, HNO3) with 

water-derived species present in the effluent (•O2
- and •OH) generated high amounts of ONOO-

in liquid. ONOO- was responsible for the formation of S-nitrosocysteine, nitrotyrosine, 

nitrosotyrosine, and other N-containing tyrosine derivatives.  

Finally, every discussed reactive species induced peculiar structural changes in the used 

tracer (Table 2.1). The pattern of cysteine or tyrosine modifications variated qualitatively and 

quantitatively in relation to the applied conditions for the plasma treatment. This result re-

flected a variable generation and action in the liquid of the plasma components. For these 

reasons, the pattern of modifications induced by CAPs in tyrosine or cysteine is proposed as a   
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tool to investigate rapidly the overall effects of plasmas in liquids, for example using 

different sources or treatment modalities. The pattern of plasma-induced products of cysteine 

was previously proposed as a model.124 The present thesis presented additional results 

clarifying the formation mechanisms of the cysteine derivatives, and the individual reactive 

species involved. Due to these findings, Chapter 3 applies the cysteine product pattern as a 

model to investigate predominant chemical pathways and bioactive components stimulated in 

liquid under different plasma treatment conditions (e.g., treatment time, gas composition, and 

plasma source). This tool could be used to standardize the plasma treatments by controlling 

the cocktail of plasma components delivered on the target and possibly by optimizing it in 

relation to specific biomedical applications. 

 
Table 2.1. Principal plasma-induced cysteine and tyrosine derivatives. The formula, structure, and plasma 

components involved in the formation of each derivative are shown. Modified and adapted from Article A5. 

Name Formula 
Plasma 

components  
Structure  

Cysteine (RSH) C3H7NO2S none 

 

Cystine (RSSR) C6H12N2O4S2 •OH, H2O2 

 

Cysteine sulfinic 
acid (RSO2H) C3H7NO4S •OH, •O, 1O2 

 

S-nitrosocysteine 
(RSNO) C3H5N2O3S ONOO- 

 

Cysteine sulfonic 
acid (RSO3H) C3H7NO5S •O, 1O2 

 

Cysteine S-
sulfonate 
(RSSO3H) 

C3H7NO5S2 •OH 

 

Sulfite (SO32-) SO3 
VUV, •OH, 

•O, 1O2 
 

Tyrosine 
(Tyr) C9H11NO3 none 

 

Nitrotyrosine 
(Tyr-NO2) C9H10N2O5 •NO2, ONOO- 

 

Nitrosotyrosine 
(Tyr-NO) 

C9H10N2O4 •NO, ONOO- 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C9H10N2O4
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3. Applications of the Cysteine Model in 
Analyzing the Plasma-liquid Chemistry 

The oxidation product pattern of cysteine was proposed as a tool to describe the formation 

in the liquid of individual species and to characterize comprehensively the major pathways 

stimulated in liquid by cold plasmas. This chapter discusses the potential of the cysteine model 

in investigating the liquid chemistry generated by tuning various conditions.  

Section 3.1 (Articles A1 and A2) applies the cysteine model to describe and compare the 

overall induced chemistry of two plasma sources, the kINPen 09 and the COST-jet. Variability 

in the production and delivery of reactive species on the target, indeed, could be obtained by 

using sources with different concept designs. Section 3.2 (Article A4) applies the model to give 

a detailed overview and comparison of the chemical variability induced by diverse working 

gas compositions and treatment durations. This section aims to provide the knowledge to 

select and finely tune the optimal conditions for a given application, based on the pattern of 

species produced in liquid. Here kINPen 09 was used as a plasma source.  

Finally, Section 3.3 (Article A5) illustrates an application of the cysteine model in un-

derstanding the chemistry stimulated in aerosol droplets dispersed in the effluent. This confor-

mation is of interest in plasma medicine for diverse reasons, such as for the delivery on the 

biological target of topical drugs or plasma-derived reactive species, as well as for lowering 

temperatures on the target. The strategy adopted in this case included the treatment of 

cysteine solutions, as well as their introduction as nebulizer solutions. In this work, an RF-jet 

equipped with a nebulizer device was used. 

3.1.  Biochemical comparison of plasma sources (A1 and A2) 

This section presents the potential of the cysteine model in comparing the chemistry 

induced in liquids by two plasma sources, with a focus on reactive oxygen (Articles A1) and 

nitrogen (Article A2) species. The chosen plasma sources were the argon-driven kINPen 09 

and the helium-driven COST-jet due to the availability of data on the gas chemistry generated 

in various conditions.55-56, 59, 170 The principal differences regarding the two plasma jets are the 

concept design and the driven noble gas.124  

Considering the results described in Section 2.1, the liquid chemistry induced by kINPen 

plasmas in presence of O2 was dominated by gaseous oxygen species (•O and 1O2), reacting 

directly with cysteine at the interface or in the bulk of the liquid to form •OH. Overall, a similar 

reaction pathway was induced by COST-jet plasmas in presence of O2, and both gaseous ROS 

and water-derived ROS contributed to the formation of cysteine derivatives (Figure 3.1).  

Standard parameters were used for the treatments performed with each source, therefore 

the distance of the jet to the liquid was 4 mm for COST-jet and 9 mm for kINPen plasmas. 

Previous studies have shown that a similar amount of gaseous •O is produced at 4 mm distances 

(around 1014 cm-3) for both jets. However, the increase of distance from the target induces the 

rapid decay of •O, in favor of the formation of 1O2 and, at higher distances, O3.52, 54, 171   
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Considering these data about the distances, •O could be the species mostly involved in 

COST-jet plasmas, while its densities were lower in treatments with kINPen plasmas using 9 

mm distance. However, a similar pattern of oxidized cysteine derivatives was achieved. In 

longer distances (9 mm), the densities of 1O2 were relevant for both sources (around 1014 cm-

3),115, 131 and could be the most relevant species involved in the chemistry induced by kINPen 

plasmas. Regarding the RNS chemistry, Article A2 provides a comparison of the two plasma 

sources. In this analysis, significant attention was given to the production of S-nitrosocysteine 

and the reactive nitrogen species responsible for its formation. The highest amounts of RSNO 

and •NO were measured (using MS and EPR, respectively) in kINPen 09 plasmas using an Ar + 

N2/O2 (1%) working gas, and a N2 shielding gas (Figure 4 and 5, Article A2). Similar amounts 

of RSNO and •NO were measured in treatments with COST-jet operating in ambient air and 

with a He + O2 (0.5%) working gas (Figure 4 and 5, Article A2). Interestingly, the pathways of 

formation of RNS were different between the used plasma jets. The N2 present in the ambient 

air participated actively in the production of bioactive RNS by COST-jet plasmas, being the 

only source of N atoms. In contrast, the presence of N2 in the working gas and in shielding gas 

was both for kINPen plasmas to produce and stabilize the RNS.51, 60 In particular, in the 

presence of H2O in the effluent, the N2 shielding gas had a key role to produce an enhanced 

RNS chemistry in Ar-only conditions with kINPen plasmas (Section 2.2). It could be concluded 

that a differential gas and liquid chemistry can be induced by changing plasmas sources.  

Finally, the plasma-induced pattern of cysteine products was a valid tool to investigate and 

compare the characteristic pattern of RNS and ROS produced in liquid by the kINPen 09 and 

COST-jet plasmas, and potentially of other sources proposed for biomedical applications.  

 
Figure 3.1. Comparison of the contribu-

tion of gaseous and water-derived species in 

the liquid chemistry induced by kINPen 09 

and COST-jet plasmas. Reprinted from Article 

A1. 
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3.2.  Variability induced by changing treatment conditions (A4) 

Current certified conditions for treating wound healing with kINPen MED consist of 5 slm 

of argon-only working gas for 0.5–1.0 min per cm2.25 The mechanisms of action of reactive 

species delivered on the target in these conditions are under study. Especially in clinical 

medical applications, the standardization of the treatments is essential to achieve a desired and 

reproducible production of plasma components. The variation of treatment conditions (e.g., 

gas composition, distance from the target, treatment duration) corresponds to a modified 

pattern of reactive species delivered on the target. In parallel, the type of treated target could 

influence the produced chemistry, therefore modulating the final plasma effects. The modula-

tion of treatment conditions is also of interest in some biomedical and industrial applications 

of CAPs (e.g., to optimize the antimicrobial properties), which aim to optimize the plasma 

chemistry and maximize the desired effects.  

To tackle these points, the oxidation potential of plasma treatments using different working 

gases, treatment durations, and liquid saturations were analyzed and compared in Article A4. 

This section resumes major findings discussed in Article A4. Here kINPen 09 was used as a 

plasma source, given the possibility to tune various parameters and study the effects on the 

liquid chemistry. The overall cysteine oxidation was quantified using the Ellman’s reagent, and 

the cysteine derivatives were identified using direct infusion HR-MS.  

Overall, short treatment duration (60 to 180 seconds) and working gases without molecular 

oxygen (Ar-only and Ar + N2 [1%]) resulted in mild oxidative conditions, yielding the partial 

functionalization of cysteine, predominantly in labile derivatives (e.g., cysteine sulfinic acid, 

cystine, cysteine S-sulfonate, and cysteine disulfoxide) (Figure 5, Article A4).  

In contrast, long treatment durations (300 to 600 seconds) and working gases with 

molecular oxygen (Ar + O2/N2 [1%] and Ar + O2 [1%]) generated strong oxidative conditions, 

yielding complete oxidation of cysteine, and the predominant formation of stable derivatives 

(e.g., cysteine sulfonic acid, hydroxy-sulfonic acid, and deamino-sulfonic acid) (Figure 5, 

Article A4). By increasing the oxidation potential of the treatments, labile compounds were 

oxidized in highly oxidized derivatives, as represented in Figure 3.2 using RSO3H and RSO2H 

as examples of stable and labile structures, respectively. These results could be explained by 

the time-dependent accumulation of reactive species with increasing the treatment duration, 

as well as by the formation of highly oxidizing gaseous species (e.g., •NO2, •O, 1O2) in presence 

of molecular admixtures (N2 and O2) in the working gas. This was confirmed by the formation 

of cysteine sulfonic acid and its derivatives. To study the involvement of the target in the 

plasma-induced liquid chemistry, high concentrated cysteine solutions were also treated. In 

these solutions, the availability of water molecules mediating the effects of gaseous species was 

reduced. While 2 mM cysteine solutions were completely oxidized after 600 seconds 

treatments with Ar + O2, only 14% of 100 mM cysteine solutions were oxidized. These results 

indicated that water molecules mediate a consistent part of the oxidation of biomolecules 

treated by plasmas, independently from the applied conditions. Major oxidation of 100 mM 

cysteine solutions occurred in treatment with molecular admixtures than with Ar-only wor-

king gases, also in short treatment durations. 
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Figure 3.2. Relative amounts of relevant cysteine (Cys) derivatives produced by modulating the working 

gas composition (A) of kINPen 09 plasmas and the treatment duration (B). Cystine (Cys-Cys), cysteine sulfi-

nic acid (Cys-SO2H), cysteine sulfonic acid (Cys-SO3H). Reprinted from Article A4. 
 

Therefore, it was confirmed that in working gases with admixtures, the short-lived ROS and 

RNS (•NO2, •O, 1O2) were able to directly modify the tracer at the interface. The effectiveness 

of Ar-only treatments depended strongly on the availability of water molecules (in the target 

or the working gas). In these conditions, the absence of molecular admixtures in the working 

gas rather favored higher densities of Ar2
* in the gas phase, and consequentially of the emitted 

VUV radiation.172 As previously discussed (Section 2.1, Article A1), both Ar2
* and VUV 

radiation can induce water dissociation in the liquid, with the generation of •OH, H2O2, •O2
-, 

and •H. The production of these species and the stimulation of tertiary chemistry were the 

predominant reaction pathways leading to the tracer modification in treatment with Ar-only.  

This hypothesis was confirmed by the fact that the most produced cysteine derivatives in 

these conditions were those dependent on water-derived species (e.g. RSSR, RSSO3H), as well 

as from the direct impact of VUV radiation (e.g., SO3
2-). Finally, these results can be used to 

tune the plasma treatment conditions for specific biological applications. In treatments with 

Ar-only, the dominant effects are given by the direct impact of Ar2* and VUV radiation on the 

biomolecules, or on the water molecules in the target. The presence of liquid amplifies the 

production of ROS (•OH, H2O2) in the target in these conditions. Using plasmas with molecular 

admixtures, highly produced gaseous reactive species (•NO2, •O, 1O2) react directly with the 

target biomolecules, or with water molecules to form tertiary species (•OH, ONOO-). 

3.3.  Plasma-stimulated chemistry of aerosols in the effluent (A5)  

Recently, dispersed aerosol droplets in the plasma effluent have been proposed to lower 

the temperature of plasmas or as a vehicle for the topical delivery of pharmaceutical drugs and 

reactive species.37, 173 This section describes the major results obtained in Article A5, where 

the chemistry induced in aerosol droplets dispersed in the effluent was characterized using the 

cysteine model. With this purpose, an RF-jet equipped with a nebulizer device was used as a 

plasma source. In this case, relevant cysteine derivatives were quantified via HILIC-MRM 

(cysteine, cystine, cysteine-S-sulfonate, cysteine sulfonic acid, and cysteine sulfinic acid) and   
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IC (sulfite and sulfate). Cysteine solutions were treated both as liquid targets and indepen-

dently as nebulizer solutions, meaning that the cysteine was contained in the collected aerosol 

droplets in the second case. The modulation of the jet distance from the target resulted in an 

essential parameter for the functionalities of the aerosol droplets. Generally, the presence of 

aerosol droplets reduced the impact of radiation and gaseous oxygen species on the liquid 

target, mostly in longer distances (12 mm), possibly due to the interaction of ROS and VUV 

radiation with water molecules. In shorter distances (2 mm), instead, a slight increase of the 

transport in the liquid of gaseous species was measured (e.g., for 1O2), inducing a higher 

production of sulfonic acid in the target liquid (Figures 10 and 11, Article A5).  

The conversion in species of aerosol droplets along the effluent path was analyzed by 

introducing cysteine in the nebulizer. After the collection of the droplets, the cysteine 

derivatives were quantified (Figure 13, Article A5). As a result, by increasing the time (60 

seconds) and distance from the target (12 mm), cysteine derivatives marker of •OH and H2O2 

production increased as well (e.g., S-sulfonate, and cystine). It was confirmed that •O and VUV 

radiation produced by the plasmas acted directly on the target in absence of aerosol droplets, 

while were quenched in presence of aerosols in the effluent (Figure 3.3). The reaction in the 

effluent of •O and VUV radiation with water molecules could have led to water dissociation, 

justifying the formation of •OH and H2O2. 62, 116-117, 172 The production of •OH in the droplets 

was maximized increasing the treatment time and distance, accordingly to an increase of 

cysteine derivatives commonly formed by water-derived species such as •OH and H2O2 

(Figure 13, Article A5). Aerosol droplets have the potential to be used in short distances and 

treatment times as a carrier of reactive species or scavengers of radiation. In contrast, in long 

distances and treatment times, aerosol droplets were partially converted into water-derived 

species; in consequence, these settings could be used to deliver •OH and H2O2 on the target. 

An overview of the discussed results is presented in Figure 3.3 

 

 
Figure 3.3. Overview of effects induced in the gas and liquid phase in the absence (a) and presence (b) of 

aerosol droplets dispersed in the effluent of an argon-driven RF-jet. Reprinted from Article A5.  
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4. Summary & Outlook 

Cold atmospheric-pressure plasmas (CAPs) are emerging tools proposed in various bio-

medical applications, e.g., for biological decontamination, and to promote wound healing and 

cancer regression. The plasma technology consists of the partial ionization of a gas (e.g., am-

bient air, helium, argon) with formation and delivery on the biological target of various compo-

nents, such as electrons, radiation, and reactive species (e.g. ions, radicals, excited species).  

The plasma-generated reactive oxygen and nitrogen species have been considered as key 

effectors in the biological effectiveness of CAPs, and various studies have been performed to 

control their production in the gas phase of plasma jets. In this thesis, the modification and 

transformation of gaseous reactive species in the liquid have been discussed and clarified, with 

a focus also on the de novo production of reactive species in liquid. Indeed, liquid compart-

ments surrounding the target molecular structures in the cell could mediate and amplify the 

reactive species production and the overall biological effects of CAPs. 

The experimental strategy applied in this thesis consisted of using the reactivity of small 

biomolecules, such as of the amino acids cysteine and tyrosine, towards reactive species. For 

this reason, aqueous solutions containing cysteine or tyrosine have been treated using plasma 

jets as sources. Possible structural modifications, indicators of the presence of defined reactive 

species, were characterized via mass spectrometry. In Chapter 2, the reaction pathways in the 

liquid of gaseous oxygen-centered (Article A1) and nitrogen-centered reactive species 

(Article A2 and A3) have been investigated using the kINPen 09 plasma jet. Through the use 

of isotopically labeled gases (15N2 or 18O2) or water molecules (H2
18O), the origin of reactive 

species modifying the cysteine and tyrosine structures was traced with mass spectrometry. 

Considering that both gaseous and water-derived atoms were incorporated in the tracers’ 

derivatives, it could be concluded that reactive species formed in both gas and liquid phase 

contribute to the molecular effects of plasmas on biological structures. In particular, the direct 

reaction at the interface of gaseous species atomic oxygen and singlet oxygen yielded cysteine 

sulfonic acid, while nitric dioxide radicals were responsible for nitrotyrosine formation. The 

action of gaseous atomic oxygen, however, was not confined at the interface, but it could act 

in the bulk of the liquid by promoting water homolysis and hydroxyl radicals generation. 

Hydroxyl radicals yielded cysteine S-sulfonate. At the gas-liquid interface, argon excimers and 

vacuum ultraviolet radiation contributed to the formation of water-derived species (hydroxyl 

radicals and hydrogen peroxide) and sulfite, originating from the C-S bond breakage of the 

cysteine structures. It was shown through the use of specific scavengers, that the de novo 

production in liquid of peroxynitrite, yielding nitrotyrosine, nitrosotyrosine and other N-

containing tyrosine derivatives, was promoted in presence of water molecules in the effluent 

and N2 in the working gas or as a shielding gas. Finally, the action in the liquid of each reactive 

species generated characteristic tyrosine or cysteine derivatives. Therefore, in Chapter 3 the 

pattern of cysteine modifications was used to investigate and compare the major reaction 

pathways stimulated in liquid by plasmas, using different plasma parameters (e.g., working gas 

composition, treatment duration) and plasma sources (e.g., kINPen 09, COST-jet, RF-jet).   
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Firstly, the pattern of reactive species produced by kINPen 09 and COST-jet plasmas have 

been compared (Article A1 and A2). A similar pattern of cysteine derivatives was produced 

by the two plasma sources. In presence of O2 in the working gas, atomic and singlet oxygen 

were predominantly produced in the gas phase of both plasma jets.  

However, using standard distances for the two sources, it was shown that COST-jet plasmas 

can deliver on the target predominantly atomic oxygen, while kINPen plasmas deliver mostly 

singlet oxygen. Regarding the reactive nitrogen species, kINPen plasmas required the presence 

of N2 and O2 in the working gas and a N2 surrounding atmosphere. COST-jet plasmas operating 

in ambient air produced similar amounts of S-nitrosocysteine and nitric oxide radicals in liquid 

in presence of low amounts of O2 in the working gas. These results suggested firstly that plasma 

sources have different pathways of formation of reactive species, and secondary that the gases 

in both working gas and atmosphere surrounding the effluent are involved in the production 

of species in the gas and in the liquid phase. A distinction of the oxidation potential generated 

by variating the working gas and the treatment time was also investigated using kINPen 09 

(Article A4). Overall, long treatments (300 to 600 seconds) induced species accumulations in 

liquid, yielding highly oxidized structures such as cysteine sulfonic acid. Strong oxidizing con-

ditions were also those containing O2 in the working gas, which acted predominantly via 

formation and action in the liquid of gaseous oxygen species, such as singlet oxygen and atomic 

oxygen. In contrast, conditions without molecular admixtures yielded a weak cysteine oxida-

tion, and the formation of reversible modifications on cysteine such as cystine, cysteine S-

sulfonate, and cystine S-oxides. In conditions with argon-only, predominantly identified 

pathways were those driven by argon excimers and vacuum ultraviolet radiation, which led to 

water dissociation and major production of hydroxyl radicals and hydrogen peroxide in liquid. 

Finally, the impact on the liquid chemistry in conditions with water molecules in the wor-

king gas was investigated (Article A5). Here aerosols droplets were introduced in the effluent 

by using an RF-jet equipped with a nebulizer device. Water-derived species such as hydroxyl 

radicals were generated in the gas phase by the action of vacuum UV radiation and atomic 

oxygen, yielding the highest amounts of cystine and cysteine S-sulfonate in long distances. In 

parallel, the impact of plasma components produced in the gas phase was minimized on the 

liquid target. The diagnostics of the plasma-induced liquid chemistry using small biomolecules 

can be used as a tool to comprehensively characterize the pattern of reactive species generated 

in liquid using different plasma sources and treatment conditions. Finally, the findings 

presented in this thesis contribute to improving the control and optimization of plasma-

generated species effectively reaching the target. These elements are necessary to achieve the 

standardization of the protocols and the plasma dose in biomedical and clinical applications. 

Outlook – Tuning Plasmas for Biological Applications 

The potential of cold atmospheric-pressure plasmas in modifying biological structures was 

shown in aqueous models of amino acids, but also in protein solutions86-87, 94-96 and the pro-

teomes of wound exudates (Article A3). The structural changes of biomolecules driven by 

reactive species could be the principal molecular mechanism of action of plasmas.   
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Considering the variable pattern of modifications induced by cold plasmas in amino acids, 

different treatment conditions can be tuned to achieve variable cellular effects. Overall, plasma 

conditions producing reversible modifications can be used to induce positive oxidative stress 

in the cell environment, promoting cell proliferation, reprogramming, reorganization, and 

wound healing acceleration. It has been already shown that short plasma treatments without 

O2 in the working gas promote the acceleration of wound healing in patients.25-26 In the same 

conditions, the high impact of vacuum ultraviolet radiation generated aqueous hydroxyl radi-

cals and hydrogen peroxide, leading to cysteine-derived disulfide S-oxides (cysteine disulfo-

xide, disulfone, S-sulfonate) formation in cysteine solutions. These labile structures could be 

formed also in the cell, and potentially act as antioxidants, by modifying reversibly protein 

thiols, and forming mixed disulfides and sulfenic acids. These mechanisms, which occur under 

oxidative stress conditions in the cell, have the purpose to restore the physiological redox si-

gnaling, as well as to induce a positive cell stimulation.174-175  

The presence of N2 in the ambient air or in the working gas promoted a mild action of 

reactive nitrogen species such as gaseous nitric dioxide radicals, and aqueous nitric oxide 

radicals and peroxynitrite. These generated S-nitrosocysteine in solution. The formation of 

this derivative in the cell would act as NO-donor for NO-dependent enzymes. These enzymes 

are cellular antioxidants, being highly produced during defense and inflammation processes, 

for example against pathogens attack and cancer progression.176-178. In these conditions, a 

moderate nitration and nitrosylation of tyrosine, which was measured in treated tyrosine 

solutions, would represent an antioxidant system in conditions of nitrosative stress.179 In 

particular, tyrosine nitration occurring on the metalloproteinase-13 could lead to its release by 

endothelial cells, with an increase of cell migration and angiogenesis. Finally, these events 

could be involved in the plasma-mediated promotion of wound healing.126  

In contrast, long treatment time and presence of oxygen in the working gas could generate 

irreversible protein modifications, leading to the loss of protein function, protein ubiquitinyla-

tion, and activation of pathways for cell death or apoptosis.180-181 Indeed, treatments with 

oxygen in the working gas induced immunogenic cell death of cancerous cells in murine 

models.72 Additionally, lethal effects were induced by treatment in presence of humidity in 

the plasma effluent in skin cells.49, 65 Using the same conditions for the treatment of cysteine 

and tyrosine solutions, high densities of gaseous atomic and singlet oxygen, and aqueous 

peroxynitrite, yielded irreversible modifications, such as cysteine sulfonic acid and tyrosine 

nitration. In conditions of high oxidative stress in the cell, these irreversible modifications 

would lead to protein ubiquitinylation.118, 129, 182 Therefore, strong oxidizing plasma conditions 

could be tuned to achieve the lethal effects of plasmas, for example for the biological 

decontamination and cancer regression. Further investigations must be performed on this to-

pic, considering that the reactivity of single amino acids in solutions is different than in the 

cell environment. The pH, as well as the hydrophobicity of neighbor amino acids and the 

protein structure, are relevant parameters regulating the oxidative modifications occurring on 

thiol and benzene moieties in the cell.118 
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Abstract: Cold physical plasmas modulates cellular redox signaling processes, leading to the 13
evolution of a number of clinical applications in the recent years. They are a source of small reactive 14
species, including reactive nitrogen species (RNS). Wound healing is a major application and since 15
its physiology involves RNS signaling, a correlation between clinical effectiveness and the activity 16
of plasma-derived RNS seems evident. To investigate type and reactivity of plasma-derived RNS in 17
aqueous systems, a model with tyrosine as a tracer was utilized. By high-resolution mass 18
spectrometry, 26 different tyrosine derivatives including the physiologic nitrotyrosine were 19
identified. The product pattern was distinctive in terms of plasma parameters, especially gas phase 20
composition. By scavenger experiments and isotopic labelling, gaseous nitric dioxide radicals and 21
liquid phase peroxynitrite ions were determined as dominant RNS. The presence of water molecules 22
in the active plasma favored the generation of peroxynitrite. A pilot study, identifying RNS driven 23
post-translational modifications of proteins in healing human wounds after the treatment with cold 24
plasma (kINPen) demonstrated the presence of the in vitro determined chemical pathways. The 25
plasma-driven nitration and nitrosylation of tyrosine allows the conclusion that covalent 26
modification of biomolecules by RNS contribute to the clinically observed impact of cold plasmas.  27

Keywords: cold physical plasmas; kINPen; redox signaling; reactive nitrogen species; nitrosative 28
stress; oxidative post-translational modifications 29

 30

1. Introduction 31

Reactive nitrogen and oxygen species (RNS/ROS) are unstable compounds prone to react rapidly 32
with cellular molecules. In biological systems. they may be involved in redox signaling pathways 33
(e.g. oxygen sensing, muscles and vascular physiology, immune defense, inflammatory processes) 34
(1), mostly by covalently changing the structure of biomolecules such as lipids and proteins (2-5). 35
When their homeostasis is impaired, they become markers or drivers of pathological conditions like 36
cancer progression, metabolic and neurodegenerative diseases. While some species are constantly 37
formed as by-products of cell metabolism, others are generated for dedicated purposes (second 38
messengers, oxidative burst) (4, 6-9). Well-known endogenous radicals are hydroxyl radicals ( OH), 39
superoxide anion ( O2-), nitric oxygen radicals ( NO), nitric dioxide radicals ( NO2) and other reactive 40
species like singlet oxygen (1O2), hydrogen peroxide (H2O2), peroxynitrite (ONOO-), dinitrogen 41
trioxide (N2O3), and the nitrite ion (NO2-). The dual role of ROS and RNS is exploited by various 42
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strategies aiming to control or modulate redox-signaling pathways (10-13). Among these, cold 43
plasma discharges - ionized gases with complex physical and chemistry properties, are being 44
investigated (14, 15). Most prominent components are small reactive species, many of which are also 45
endogenously generated. A large number of gas plasma sources with different gas phase chemistry 46
has been developed (16, 17). One of the best-characterized plasma sources is the kINPen, approved 47
as certified medical tool in the MED variation (18), currently applied in research (cancer immunology) 48
and in the clinics (wound care, skin-related diseases)(19-24). To the current knowledge, by tuning 49
central parameters of the discharge including working gas composition, distance, or power, the 50
variation of the resulting plasma chemistry is responsible for the biological and biochemical effects 51
observed (25-29). Besides a direct signaling by long-lived reactive species e.g. via peroxiredoxins, 52
short-lived reactive species can covalently modify biomolecules of cellular structures so far with 53
unknown impact (26, 30-33).  54

Gas plasma tuned to create high levels of oxygen species, dominated by singlet oxygen 1O2, 55
atomic oxygen O, ozone O3, and to a lesser extent hydrogen peroxide H2O2 and hydroxyl radicals 56
OH focus on applications like disinfection or cancer regression (34-38). In contrast, other conditions 57

foster a N2-driven chemistry, yielding species like NO, NO2, N3O5, HNO2, and HNO3 (39, 40). The 58
nitrogen species are assumed to play a role in bactericidal (41, 42) and virucidal effects (43), and cell 59
stimulation, e.g. in wound healing (11, 44-50). In contrast, data on their transport, deposition, or 60
production in liquids, as well as their impact on biological systems are limited. While the long-lived 61
species nitrite and nitrate can be easily accessed by the Griess assay or the ion chromatography and 62
are almost inevitably observed for plasma discharges, both ions are in physiologic conditions not 63
reactive enough to contribute significantly to the effects seen after plasma treatments. Nitration (28, 64
51, 52) and nitrosylation (53) of biomolecules have been observed, indicating the presence (and 65
activity) of more reactive species at least under certain conditions. Potential candidates are e.g. NO2, 66
N2O3, and ONOO-. The presence of peroxynitrite (52) and peroxynitrate (54) has been reported for 67
liquid systems under strongly acidic conditions. The capability of reactive nitrogen species to modify 68
biological structures and to modulate signaling pathway, e.g. via acting as a second messenger like 69
nitric oxide, a significant contribution of RNS can be assumed (55). Natural sources of RNS are 70
enzymes of the nitric oxide synthase complex, and subsequent reactions with mitochondrial 71
superoxide anion radical spill-off, forming peroxynitrite. 72

Tyrosine is a key amino acid reactive towards RNS and protein tyrosines are significant targets 73
in biological environments (56-58). Principal roles of tyrosine are the formation of hydrophobic cores 74
in proteins, as well as the transduction of signals via phosphorylation events. In this, tyrosine has a 75
superior relevance compared with serine or threonine due to the high specificity of some protein 76
kinases (59). The presence of the aromatic hydroxyl group also allows the reaction with non-protein 77
structures, in contrast to phenylalanine. Therefore, modifications of the tyrosine substructure could 78
yield to a gain or loss of function of proteins and subsequently alter signaling pathways or 79
immunological responses (57, 60). Protein nitration may also act as a signal for negative feedback 80
regulation, leading to ubiquitination and protein degradation (61, 62). Some studies suggest the 81
involvement of tyrosine nitration in the pathogenesis or as marker of nitro-oxidative stress (61, 63-82
65). Nitric oxide and its oxidation products are also involved in wound healing processes, although 83
the mechanisms are still under investigation (66, 67). For example, tyrosine nitration occurring on the 84
metalloproteinase-13 (MMP-13) promoted its release by endothelial cells, triggering a faster cell 85
migration, angiogenesis and wound healing (63). In the same way, it was shown that protein tyrosine 86
nitration by exogenous NO donors inhibited the degranulation processes in mast cell lines (68). The 87
release of exogenous NO is a possible strategy to stimulate skin healing (69), potentially beneficial 88
in diabetic patients, where the increased hyperglycemia leads to a decreased NO bioavailability and 89
delaying the wound healing process (70).  90

The effectiveness of cold plasmas was shown in the treatment of wounds both in diabetic and 91
normal subjects, and in wound models (22, 23, 71, 72). The responsible species are not completely 92
known, but recent observations emphasized the role of the local cell stimulation over wound bed 93
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disinfection suggesting that reactive nitrogen species may be involved. Therefore, this work intends 94
to further investigate the N2-driven biochemistry induced by the kINPen plasma source, aiming to 95
define the principal formed bioactive reactive species and their mechanisms of action. To reach this 96
aim, tyrosine was chosen as a tracer molecule and modifications occurring due to the impact of 97
plasma-derived reactive nitrogen species were identified and quantified via high-resolution mass 98
spectrometry. Finally, the ability of kINPen plasmas in modulating the RNS-mediated pathways in 99
complex models was tested. Overall, significant impact of nitrosating and nitrosylating agents, 100
assumingly peroxynitrite, was observed, leading to a covalent modification of sensitive targets. Given 101
the prescinded role of tyrosine in numerous proteins, functional consequences will arise in both pro- 102
and eukaryotic cells.  103

2. Materials & Methods 104

2.1. Sample Preparation 105

2.1.1. Model Solutions 106

L-tyrosine (Sigma Aldrich) solutions with a concentration of 0.3 and 30 mM were prepared in 5 107
mM ammonium formate buffer pH 7.4 (Sigma Aldrich) fresh and kept on ice until use. The singlet 108
oxygen and superoxide scavenger ergothioneine (Enzo Life Sciences) and the nitric oxide scavenger 109
cPTIO (Dojindo fine chemcials, Lot. PK822) were dissolved in double distilled water to create a 10x 110
stock solution with 3 mM concentration (73-75). 111

2.1.2. Wound Exudates 112

Wound exudates were obtained from seven diabetic patients with chronic wounds of the 113
Klinikum Kalsburg, Germany according to an existent ethics approval. After removal of the wound 114
bandage material, the patient wound was rinsed with sterile natural saline followed by blotting with 115
a dry gauze. Afterwards, eSwab samples (Copan) were taken in a circular, inside-out motion across 116
the treated wound surface, and rotated during sampling. Samples were placed in 1 ml of serum-free 117
RPMI 1640 medium (Invitrogen). Subsequently, wounds were plasma treated (see section 2.2), rinsed 118
again and sampled as before using eSwabs. The swabs were vortexed for the maximal elution of 119
wound exudates into the medium, and the supernatant was centrifuged at 4500 rpm for 5 minutes 120
and sterile-filtered (0.22 µm). All swabs and supernatants were kept at -  121

2.2. Cold plasma and Control Treatments  122

For the model solutions, the kINPen09 with a shielding device was used as source of reactive 123
species, as shown in Figure 1. Briefly, 750 µL of tyrosine solutions was treated in 24 well plates at a 124
distance of 9 mm for 30 or 180 seconds. Argon (± 1 % of molecular gas admixture) served as working 125
gas using 3 standard liters per minute (slm). Admixtures were 1 % oxygen, 1 % nitrogen, or a mix of 126
both (0.7 % N2 and 0.3 % O2). For some treatments, isotopically labelled working gas admixtures (15N2, 127
or 18O2, Sigma Aldrich) or solvent (water, H218O, Sigma Aldrich) were used. The plasma effluent was 128
shielded against the ambient air by a gas shielding of 5 slm nitrogen. For some treatments, the 129
working gas was enriched with water (320 ppm) by guiding 1 % of the total flow through a gas wash 130
bottle containing double distilled water  (39, 76, 77). Chronic wounds were treated in the Klinikum 131
Karlsburg using the kINPen MED under standard medical conditions (30 s per 1 cm² of wound area 132
and 5 slm of Argon (5.0, Air Liquide), without shielding device.  133

Buffered solutions (pH 7.4) of tyrosine 0.3 mM were incubated for 2 min at room temperature 134
under constant mixing with equimolar amounts of reactive species generators (300 µM). Those were 135
1) peroxynitrite at pH 14 (EMD Millipore); 2) peroxynitrite at pH 6.4, yielding to 30 % peroxynitrous 136
acid dissociation in nitric dioxide radicals and hydroxyl radicals (52, 78, 79); 3) the nitric oxide donor 137
DEA NONOate (Cayman Chemical); 4) nitrite and nitrate (Sigma Aldrich); 5) hydrogen peroxide 138
(Sigma Aldrich); 6) mixed solutions of nitrite, nitrate and hydrogen peroxide. For solutions 5) and 6), 139
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300 µM of each standard species were included. After reaction, samples were put on ice and 140
immediately subjected to mass spectrometry analysis. 141

 142
Figure 1. Schematic layout of treatment of tyrosine model solutions (left), and kINPen device w/ gas 143
shield installed (right). . 144

2.3. Cold Plasma-Induced Modifications of Tyrosine 145

2.3.1. Qualitative Screening via Direct Infusion High-Resolution Mass Spectrometry 146

All samples were analyzed by high-resolution mass spectrometry using a TripleTOF 5600 147
(Sciex). Samples were diluted 1:1 with acetonitrile/0.1 % formic acid to stimulate ionization and to 148
facilitate evaporation and injected using a syringe pump (50 µL/min). Ionization was achieved by 149
positive mode electro spray ionization with the following settings:  +5.5 kV probe voltage, 300 °C, +30 150
V declustering potential, 40 psi curtain gas, 20 psi gas 1 and 25 psi gas 2 (Turbo Ion Source). 151
Concentrated sample solutions (30 mM) were diluted 1:100 before injection. All spectra were acquired 152
in the m/z range from 40 to 600 m/z. After a first qualitative scan of the produced compounds, their 153
structure were elucidated by acquisition in tandem mass spectrometry (MS2 spectra) and collisional 154
energies for optimal fragmentation was tuned for each compound of interest.  155

2.3.2. HPLC-MS2 Quantitation of Tyrosine and 3-Nitrotyrosine 156

Considering their relevance, L-tyrosine and 3-nitro-L-tyrosine (Sigma Aldrich) were absolutely 157
quantified by coupling a chromatographic separation (Infinity II 1290, Agilent) to the mass 158
spectrometry detection (qTRAP 5500, Sciex). A Hydrophilic Liquid Chromatography (HILIC) 159
strategy was adopted, using a 2.1 mm x 5 mm Acquity Amide VanGuard Pre-column followed by a 160
2.1 mm x 100 mm Acquity Amide Column (both 130 Å pore size, 1.7 µm particle size, Waters). For 161
the separation,  the eluent A (85 % acetonitrile, 0.15 % of formic acid and 10 mM ammonium formate), 162
and the eluent B (HPLC water, 0.15 % formic acid and 10 mM ammonium formate - pH 3), were used. 163
A linear gradient at a flow rate of 0.8 mL/min was applied (time, B): 0 min, 99 %; 4 min  92 %; 4.1 164
min  99 %; 5 min  99 %. After a 1:5 dilution in buffer A, 20 µL of sample was injected. Ionization 165
was achieved in positive mode, using the following parameters: +5.5 kV probe voltage at 150 °C, +100 166
V declustering potential, 35 psi curtain gas, 25 psi gas 1 and 30 psi gas 2. Compounds of interest were 167
quantified by multiple reaction monitoring. The transitions and collisional energies (CE) were tuned 168
differently for each compound: tyrosine 182  136 m/z (quantitative), CE 18 V, and 165 m/z 169
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(qualitative), CE 10 V. Nitro-tyrosine 227 181 m/z (quantitative) and 158 m/z (qualitative), both CE 170
10 V. For the quantification, external calibration curves were generated. 171

2.3.3. Data Analysis & Visualization 172

All experiments were performed three times with technical duplicates each. Statistical analysis 173
was performed using GraphPad Prism 7. The MarvinSketch software (version 18.8.0) was used to 174
identify the exact molecular weight and the formula of each compound, as well as to predict the 175
reactivity of tyrosine and standard reactive species in different pH. The spectra produced through 176
direct infusion high-resolution mass spectrometry were calibrated and analyzed with PeakView 177
(version 1.2.0.3, Sciex). The peak areas of each observed derivative was normalized on the peak area 178
of the control (untreated tyrosine), giving a relative estimate of the conversion. For treatments 179
involving isotopes, date were corrected according to (34), taking into account the natural distribution 180
of isotopes and the purity grade.  181

2.4. Characterization of Plasma-Induced Protein Modifications in Wound Exudates 182

Proteins were precipitated by incubating with 80 % ice-cold acetone (Carl Roth) overnight. The 183
pellets were washed twice and dissolved in 100 µl resuspension buffer (10 mM Tris/HCl with 1 mM 184
EDTA, pH 8, all Sigma Aldrich). Protein concentrations were determined by Bradford assay 185

-Nanoquant, Roth). Single dimension 186
electrophoresis was achieved by loading 60 µg of each sample onto 10 % precast protein gels (Biorad), 187
followed by in-gel digestion (31). Briefly, gel slices were dried and incubated for 5 min with 50 µl of 188
10 mM tris(2-carboxyethyl)phosphine (Sigma Aldrich) at 60 °C followed by an incubation with 50 µl 189
of 50 mM iodoacetamide to alkylate reduced thiols at RT for 30 min (Merck). After brief drying, 2.5 190
µg trypsin (sequencing grade, Promega) was added and samples incubated at 37 °C for 16 h. Peptides 191
were eluted into ultra-pure water by ultra-sonication for 30 min. The peptides were further purified 192
by using Pierce C18 tips (Thermo Scientific) following the included protocol for peptide purification 193
and desalting. 194

Eluted peptides were subjected to nanoLC/HRMS. An UltiMate 3000 nanoLC (Dionex) was 195
coupled to a QExactive mass spectrometer using electrospray ionisation (both Thermo Scientific). 196
Sample aliquots of 1µg were loaded onto an Acclaim PepMap 100 precolumn (2 cm x 100 µm, 5 µm 197
particle size, 100 Å pore size) for 6 min at 5 µl/min flow followed by separation on a PepMap RSLC 198
column (25 cm x 75 µm, 2 µm particle size, 100 Å pore size). The following gradient was used at 200 199
nl/min: 2 % to 35 % in 6 min, to 50 % B in 15 min, to 90 % B in 15 min, keeping at 90 % for 15 min, 200
equilibration at 2 % B for 20 min (A: H2O + 0.1 % acetic acid, B: acetonitrile + 0.1 % acetic acid both 201
Merck). Each sample was injected twice. The QExactive was run in Top10 DDA mode with a dynamic 202
exclusion of 30 s. MS1 spectra were acquired with a resolution of 70,000, whereas MS2 spectra were 203
acquired in 17,500 resolution. Raw data files were analyzed with the Proteome Discoverer 2.2 204
(Thermo Scientific) software. At least two unique peptides had to be identified with a maximal mass 205
divergence of 5 ppm (MS1) and 0.02 Da (MS2) for the corresponding protein to be accepted. A 206
maximum FDR of 5 % was accepted for the datasets. Afterwards, abundances were normalized on 207
individual trypsin intensities and resulting relative intensities taken for label free quantification using 208
two-fold cut offs. In a second step, samples were analyzed by using the Byonic (Protein Metrics 209
Version 3.6) plug-in for Proteome Discoverer. Here, a list of oxidative chemical modifications were 210
identified using a machine-learning algorithm with a database, which was previously acquired using 211
model peptides (80). For normalization, the peptide spectrum matches with a modification where 212
counted and divided by the total number of peptide spectrum matches in each of the samples. The 213
modifications found with Byonic where filtered and scored to separate nonsense peptide spectrum 214
matches from correct identified.  215

3. Results & Discussion 216
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3.1. Tyrosine Modification Induced by Plasma-Generated Reactive Oxygen and Nitrogen Species217

Tyrosine solutions have been treated by cold plasma with varying parameters and incubated 218
with standard solutions of reactive species. The generated products were identified via the accurate 219
monoisotopic mass and on the Tandem-MS level identifying molecule substructures. All the 220
identified structures are listed in Table 1, independently from the condition in which they were 221
produced. The dominant modifications observed were all localized on the aromatic ring: 222
hydroxylations, nitrosylations, nitrations, and a combination of different groups (up to four groups). 223
Here, the addition of a functional group via electrophilic substitutions is stabilized by resonance 224
effects (81, 82).  225

To a lesser extent, the dimerization of tyrosine to dityrosine and the functionalization of this 226
structure with other groups were also detected. While hydroxylations were mostly driven by oxygen 227
species, the presence of N-containing functional groups indicated an active RNS chemistry. This was 228
partially shown previously by using cysteine as tracer, yielding S-nitroso-cysteine (30).  229

Table 1. Overview of modifications introduced in the tyrosine (Y) structure by tuning kINPen cold 230
plasmas. *Assignement of a group letter in relation to the results obtained from the experiment 231
performed in presence of scavengers (details in Paragraph 3.5, Figure S4). The areas of compounds 232
scavenged in the same way were summed up to generate six groups (from a to f). 233

Functional group(s) on tyrosine Formula [M+H]+ Compound code Group letter* 
None C9H11NO3 182.081725 1 - 

1 x OH C9H11NO4 198.0766 2 - 
2 x OH C9H11NO5 214.071525 3 - 
3 x OH C9H11NO6 230.066425 4 - 
4 x OH C9H11NO7 246.061425 5 - 
1 x NO C9H10N2O4 211.071925 6 e 
2 x NO C9H9N3O5 240.062025 7 a, d 
3 x NO C9H8N4O6 269.052225 8 b, d 
4 x NO C9H7N5O7 298.042325 9 b, d 

1 x NO2  +  1 x OH, 1 x NO C9H10N2O5 227.066825 10 c, e 
2 x NO2  +  2 x OH, 2 x NO C9H9N3O7 272.051825 11 b, e 

3 x NO2  C9H8N4O9 317.036925 12 b, e 
4 x NO2 C9H7N5O11 362.022025 13 b, e 

1 x Y C18H20N2O6 361.139925 14 - 
1 x Y, 1 x OH C18H20N2O7 377.134925 15 - 
1 x Y, 2 x OH C18H20N2O8 393.129825 16 - 
1 x Y, 3 x OH C18H20N2O9 409.124725 17 - 
1 x Y, 1 x NO C18H19N3O7 390.130125 18 c, d 

1 x Y, 1 x NO2  +  1 x Y, 1 x OH, 1 x NO C18H19N3O8 406.125025 19 e 
1 x OH, 2 x NO C9H9N3O6 256.056925 20 a, f 
1 x OH, 3 x NO C9H8N4O7 285.047125 21 b, f 

1 x OH, 1 x NO2  +  2 x OH, 1 x NO C9H10N2O6 243.061725 22 c, f 
2 x OH, 1 x NO2  +  3 x OH, 1 x NO C9H10N2O7 259.056625 23 f 

3 x OH, 1 x NO2  C9H10N2O8 275.051525 24 f 
1 x OH, 2 x NO2  C9H9N3O8 288.046825 25 f 
2 x OH, 2 x NO2 C9H9N3O9 304.041725 26 a, f 
1 x OH, 3 x NO2 C9H8N4O10 333.031825 27 f 

However, the detected amounts were low, suggesting that cysteine is not an optimal target for 234
the intended downstream analysis technique. The number and amount of identified N-containing 235
modifications of tyrosine shows a good suitability to study the RNS output of cold plasma discharges. 236
An overview of oxidative modifications induced on tyrosine by different reactive species, possibly 237
formed also by kINPen plasmas, is shown in Figure 2. When considering a radical-driven reaction 238
mechanism, the first step for tyrosine derivatization is the formation of tyrosyl radicals by different 239
one-electron oxidants ( NO2, 2 is a candidate species able to form tyrosyl radicals via a slow 240
reaction (k = 3.2 x 105 M-1 s-1 9 M-1 s-1. Consequential 241
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further direct reactions of tyrosyl radicals with tyrosine yield to dityrosine (k = 2.3 x 108 M-1 s-1); with 242
9 M-1 s-1 2, yield to nitrotyrosine (k = 3.0 x 109 M-1 243

s-1 2- yield to tyrosine hydroxyquinone (k = 1.5 x 109 M-1 s-1) (only on free tyrosines). This last 244
product rapidly loose O2 from the structure to reform tyrosine (55, 61, 83). After the formation of 245
those derivatives, a further addition of groups led by reactive species was assumed. The conversion 246
of NO-tyrosine to NO2-tyrosine can occur in oxidative conditions by first formation of an iminoxyl 247

-tyrosine) and further oxygen addition. This two one-electron steps oxidation is a slow 248
process, promoted by the presence of metals, which are not included in the used liquid model. In 249

250
-tyrosine) (k = 1.2 x 1010 M-1 s-1), which rapidly lose an electron to became OH-tyrosine 251

(61).  252

 253
Figure 2. Formation pathways of tyrosine derivatives considering a neutral pH. The hypothesized 254
possible responsible species generated by kINPen plasmas and the reactions leading to their origin 255
are highlighted in the box (15, 61, 77, 84, 85). 256

A non-radical mechanism driven by peroxynitrous acid and peroxynitrite has also been 257
proposed by (84), leading to tyrosine hydroxylation and nitration by formation of ONOOH transition 258
intermediates during the H+ driven isomerization of peroxynitrous acid to NO3- and H+. Indeed, the 259
energy and the rate for the isomerization (18 kcal mol-1 and 1.3 s-1, respectively) are equivalent to 260
those necessary to achieve the nitration or hydroxylation of aromatic compounds, occurring 261
independently from their concentrations. At very low pH (< 2.5), the formation of nitryl anion (NO2+) 262
by peroxynitrous acid or peroxynitrite heterolysis could occur and lead to tyrosine nitration (85). 263
However, this mechanism can be excluded in our system, due to the controlled pH at 7.4.  264

3.2. Gas Composition: A Crucial Parameter to Regulate the NOx Generation 265

Tyrosine solutions were treated using different working gas compositions and treatment times, 266
yielding various products. While tyrosine and 3-nitrotyrosine were absolutely quantified by a 267
multiple reaction monitoring approach (Figure 3), all other tyrosine derivatives were relatively 268
quantified (Figure 4  dry working gas, Figure 5  humidified working gas).  269

The highest tyrosine consumption (68 %) was observed for a discharge regime rich in short-lived 270
ROS (dry Ar/O2) (25, 86). In contrast, hydrogen peroxide rich conditions (dry Ar) (77), yielded only 271
in 14 % tyrosine conversion.  272
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Using admixtures of molecular gases, more than 50 % of tyrosine was converted into 273
hydroxytyrosine. Target water ionization, homolysis or photolysis is promoted by excited states of 274
Ar2 or N2 (excimers), as well as from radical reactions (34, 87). The direct reaction with those species 275

276
(88-90), which would react directly with tyrosine to form hydroxytyrosine. The higher OH-tyrosine 277
production in conditions with Ar/N2 (up to 70 % converted tyrosine) confirmed the synergistic action 278
on the target of Ar2 and N2 excimers (15, 91). In contrast, in conditions including oxygen, gaseous 279
radical280
to 4 281
liquid (92, 93). In presence of both N2 and O2 in the working gas, a substantial consumption of tyrosine 282

 %), alongside with the only detection of small amounts of 3-nitrotyrosine in dry 283
conditions (Figure 3).  284

Accordingly, the formation of primary or secondary nitrosative NOx species can be assumed for 285
this condition, corroborating previous results determining S-nitrosocysteine formation. Here, a 286

S-287
ONOO-, N2O3) were assumed to be of relevance (30). Considering the strong accumulation of nitrate 288
in this discharge condition (30), an end product that can derive from the decomposition of 289
peroxynitrite, ONOO- could be responsible for both the S-nitrosylation and the nitrotyrosine 290
formation (94).  291

The incorporation of 2 NO2 (2 %) and 4 NO (up to 5 %) groups was detected in major amounts 292
in admixtures including oxygen (Figure 4), confirming an active nitrogen chemistry in the liquid also 293
using shielding N2 as source (40, 95). Considering quantitative data, an isobaric structure for 294
nitrotyrosine (e.g. hydroxy-nitrosotyrosine, see Table 1) was detected in conditions with oxygen only 295
as admix.  296

2 (  8 x 1013 cm-3) and 297
N2O (  5 x 1012 cm-3) using dry working gases (N2 shielded) containing 1 % N2/O2 with O2 in less than 298
50 %. Those species decreased by increasing the O2 %, with the increase of highly oxidized species, 299
such as O3 (  1.5 x 1015 cm-3) and N2O5 (  3 x 1013 cm-3) (77). Considering the higher production of 300
nitrotyrosine in conditions with 1:1 N2/O2 2 could be a direct nitrating 301
agent of tyrosyl radicals in the target. However, it must be considered that only a minimal amount of 302

2 would be able to diffuse from the gas phase into the bulk of the liquid, due to its low solubility 303
in water (Hcp = 3.4 x 10-2 Pa-1 2 could occur at 304
the interface. These limitations could justify the overall low production of nitrotyrosine. 305

2 as precursor can be 306
2 and water molecules generates HNO2, which is highly soluble 307

(53). However, at a pH of 7.4, the nitrous acid can 2 could 308
form N2O3309
However, due to the low solubility of N2O3 (Hcp = 6.0 x 10-1 Pa-1) (96), its penetration to the target is 310
unlikely. With that, the well soluble peroxynitrite could be a prominent candidate for the effective 311

2 (61), or transition intermediates of 312
peroxynitrous acid formed during its isomerization in nitrate (97). ONOOH/ONOO- production is 313

2- 2 as major gaseous precursor, 314
2 2 with H2O2 (in liquid) are possible 315

formation pathways (97-99). The production in liquid of H2O2 316
dissociation/ionization driven by radicals and vacuum UV radiation was previously shown (34, 87). 317
The formation of peroxynitrite by the reaction of HNO2 with H2O2 is favored by low pH (< 4), which 318
may be achieved in the gas-liquid interface (97, 99) and not in the liquid bulk (Figure S1) (100).  319

As shown in Figure 3 and 5, the addition of humidity in the working gas reduced the general 320
tyrosine oxidation in conditions containing oxygen, increasing drastically in Ar and Ar/N2 the 321
production of nitrotyrosine (up to 2 µM), nitrosotyrosine (1 and 4 NO groups, 2 %), mixed 322
modifications (2 %), and multiple nitration events (2 NO2 groups, 8 %). Conditions with Ar-only in 323
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the working gas became slightly more oxidative (25 % oxidized tyrosine) than dry conditions. In 324
contrast, tyrosine oxidation was lower than in dry conditions with molecular admixtures (7 % and 5 325
%, for Ar/O2 and Ar/N2/O2, respectively), as well as the production of tyrosine derivatives (Figure 5). 326
This can be explained by interaction of water molecules in the effluent with gaseous species formed 327
using Ar/O2 and Ar/N2/O2 1O2 2). In parallel, it was shown that this interaction, mostly 328
with Ar2* 2- in the effluent area, which partially diffuse into the 329
target, forming high amounts of H2O2 330
humidified kINPen plasmas with low O2 %, a boost of gaseous nitrogen chemistry was also detected, 331
with higher production of HNO3 (  4 x 1013 cm-3  6 x 1013 cm-3 2, which 332
densities increased only increasing O2 % (39). 333

 334
Figure 3. Tyrosine consumption and 3-nitrotyrosine formation by plasma-derived ROS. The presence 335
of water in the working gas reduced gas phase oxidation of RNS and yielded in higher activity of RNS 336
in the liquid (3min, 0.3 mM tyrosine in 5 mM ammonium formate, pH 7.4). Plasma is formed from 337
dry (left) or humid (320 ppm H2O, right) working gas. 338

  339
Figure 4. Modifications of tyrosine observed after plasma treatment using dry working gas are 340
dominated by hydroxylation. Multiple nitrations/nitrosylations were observed predominantly when 341
O2 was present in the working gas. Labels: + Y (tyrosyl, +180.066 Da), + OH (hydroxyl, +15.9949 Da), 342
+ NO (nitroso, +28.9902 Da), and + NO2 (nitro, +44.9851 Da). Up to four groups were observed per 343
molecule (indicated by light to dark grey). The introduction of diverse groups is represented as 344

t time 3 min, 0.3 mM tyrosine in 5 mM ammonium 345
formate, pH 7.4. Relative compound intensities are given (tyrosine ~ 4445 counts in control). 346
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Considering the 10-times higher production of nitrotyrosine in humid conditions with Ar-only 347
or Ar/N2, than in conditions with Ar/O2 and Ar/N2/O2, a higher formation of nitrogen species in liquid 348
is key. Rather than a direct impact of gaseous 2, the formation of peroxynitrite via different 349

2- at the interface or in the 350
bulk of the liquid is a substantial pathway. Additionally, the high amounts of HNO3 in the gas phase 351

3, which is an unstable species generating H2O2 2 in 352
contact with water. Alternativ 2 could form HNO2 by reacting with water molecules. The 353
subsequent reaction with H2O2 yielding ONOOH is not favored at the pH of 7.4, precluding this as a 354

2 could form peroxynitrite by the reaction w355
radicals.  356

 357
Figure 5. Modifications of tyrosine observed after plasma treatment using humidified working gas 358
show a substantial introduction of one nitroso or nitro group. Labels: + Y (tyrosyl, +180.066 Da), + OH 359
(hydroxyl, +15.9949 Da), + NO (nitroso, +28.9902 Da), and + NO2 (nitro, +44.9851 Da). Up to four 360
groups were observed per molecule (indicated by light to dark grey). The introduction of diverse 361

362
tyrosine in 5 mM ammonium formate, pH 7.4. Relative compound intensities are given (tyrosine ~ 363
4445 counts in control). 364

3.3. Tyrosine Modification Induced by Control Oxidants  365

Incubations with standards (NO donor, NO2-/NO3-, H2O2/NO2-/NO3-) were performed at neutral 366
pH (7.4).  Peroxynitrite was tested at two different pH (pH 14 and 6.4) (78, 79). The observed tyrosine 367
derivatives are shown in Figure 6 (quantitative) and 7 (qualitative). Peroxynitrite was most efficient 368
in modifying tyrosine (46% and 37%, respectively at pH 14 and 6.4). In particular, nitrotyrosine (  10 369
µM) was formed (Figure 6). The substantial functionalization observed for ONOO- at near neutral pH 370
is due to the protonation of the ion, yielding instable peroxynitrous acid (ONOOH, 58.7 % 371
considering the pKa = 6.8). This rapidly isomerizes into NO3- and H+ 2 372
(30 % yield) (57, 61, 65). However, at pH 14 a similar nitration yield was observed, likely induced by 373
the direct reaction of tyrosine with ONOO- and ONOOH via the formation of a transition 374
intermediate generated in the isomerization of ONOOH to NO3- (84). The functionalization of 375
tyrosine via non-radical processes was confirmed, inducing also an higher incorporation of up to four 376
different functional groups into the tyrosine moiety (+ 2 OH groups, 2 and 4 mixed groups) (Figure 377
7). In contrast, pH 6.4 yielded to an incorporation of up to 4 NO2 groups in the tyrosine structure, 378
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2 by peroxynitrite dissociation. According to (84, 85), the 379
hydroxylation was stronger at lower pH, due to the formation of a peroxynitrous acid intermediate 380
that facilitates the cleavage of the ions O-O bond. Incubations with any other compound (mix) yielded 381
very low amounts of nitrotyrosine (< -groups 382
on tyrosine, confirming a direct reaction with the aromatic ring (Figure 7) (61). The low formation of 383

384
2 in presence of O2 could justify the 385

formation of nitrotyrosine.  386

 387
Figure 6. Tyrosine consumption and 3-nitrotyrosine formation by controls. Peroxynitrite efficiently 388
introduced a nitro group, but independently from pH. (3 min incubation of 0.3 mM tyrosine in 5 mM 389
ammonium formate, pH 7.4, 300 µM of each standard). 390

 391
Figure 7. Modifications of tyrosine observed after treatment using 300 µM standards. Peroxynitrite 392
was most efficient, with higher pH boosting the introduction of multiple groups. Labels: + Y (tyrosyl, 393
+180.066 Da), + OH (hydroxyl, +15.9949 Da), + NO (nitroso, +28.9902 Da), and + NO2 (nitro, +44.9851 394
Da). Up to four groups were observed per molecule (indicated by light to dark grey). The introduction 395

396
0.3 mM tyrosine in 5 mM ammonium formate, pH 7.4, direct infusion high-resolution MS. Relative 397
compound intensities are given (tyrosine ~ 4948 counts in control). 398
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By the incubation with H2O2, only 11 % of the tyrosine was consumed, and yielded in 399
hydroxylated products. When nitrite and nitrate ions were available at the same, a few nitration were 400
observed. Of note, no nitrosylation occurred, indicating that peroxynitrite, formed from H2O2 and 401
NO2-, was responsible. However, due to the pH of 7.4 in the experiment this reaction was not favored. 402
Likewise, the pH in the plasma treatment never reached below pH 7, even after 10 min of treatment 403
(Figure S1 in SI), excluding a substantial formation of peroxynitrite in the bulk. When nitrite/nitrate 404
were the sole available compounds, no modification of tyrosine occurs. The apparent consumption 405
of tyrosine was in conditions with high sodium content overestimated due to the formation of 406
tyrosine salts that evaded detection in the applied experimental conditions.  407

3.4. Both Gas Phase- and Liquid Phase-Derived Species Contribute to Tyrosine Modification 408

To investigate the role of solvent-derived reactive species, higher concentrated solutions of 409
tyrosine (30 mM) were treated. The identified products were similar to the more diluted solutions 410
(see Figure S2/dry working gas and Figure S3/humidified working gas for a complete overview). 411
While the total number of oxidized molecules increased, the turnover rate was proportionally lower 412
and indicated a limitation of the produced ROS/RNS in liquid. In condition with Ar-only, Ar/N2 and 413
Ar/O2, a conversion of respectively 3.2 x 1018, 3.0 x 1018 and 5.0 x 1018 molecules per second occurred 414
(Figure 8). This corresponds to a total of 24 %, 22% and 36% tyrosine conversion in derivatives. In 415
comparison, treatments of 0.3 mM tyrosine solutions yielded in a conversion rate of 1.8 x 1016, 6.6 x 416
1016 and 9.5 x 1016 molecules per second, corresponding to 12.8 % (Ar-only), 45 % (Ar/N2) and 66 % 417
(Ar/O2) converted tyrosine. On average, the turnover rate in concentrated tyrosine solutions was a 418

 fold higher than in diluted solutions, while their concentration was 100 fold higher. This 419
would suggest that, using these working gases and high tyrosine concentration, the amount of 420
induced modifications was reduced due to a limited production/action of species in liquid. In parallel, 421
gaseous species were still effective on the target. 422

In contrast, conditions with both N2 and O2 in the dry working gas led to an identical 423
proportional formation of nitrotyrosine (0.026 % of converted tyrosine) for both concentrations. In 424
this case, the high amounts of gen 2 in the gas phase could directly modify tyrosine 425
molecules at the interface or in the underlying water layers of both high and low concentrated 426
solutions. The apparent reaction probability remained constant, indicating that the interface 427
occupation by the tyrosine molecules did not change with the concentration or that a corresponding 428
decay reaction (e.g. formation of hydroxytyrosine from nitrotyrosine) increased proportionally.  429

 430
Figure 8. Tyrosine consumption and 3-nitrotyrosine formation by plasma-derived ROS in 431
concentrated tyrosine solutions. The activity of peroxynitrite (humid conditions) is quenched in favor 432
of nitrogen dioxide (dry conditions). 3min, 30 mM tyrosine in 5 mM ammonium formate, pH 7.4. 433
Plasma is formed from dry (left) or humid (320 ppm H2O, right) working gas. 434

2 in forming nitrotyrosine was determined using heavy isotopes (15N2 or 435
18O2, or H218O). Almost 80 % 18O and 100 % 15N originated from the gas phase (Figure 9), confirming 436
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the direct nitration of 2, rather than other species (e.g. peroxynitrite) originating from 437
liquid chemistry.   438

 439
Figure 9. Nitrotyrosine formed from plasma treatment of tyrosine incorporates predominantly gas 440

atoms are introduced from the solvent 441
(water), indicating a role for water derived OH radicals (for details see text). Dry argon working gas 442
contained 18O2 and 15N2. In independent experiments, tyrosine was dissolved in labelled water (H218O). 443
Measurements performed via direct infusion mass spectrometry in triplicates. 444

By introducing humidity in the working gas, the oxidation of tyrosine, as well as the production 445
of nitrotyrosine (Figure 8) and others tyrosine derivatives, such as dityrosine and nitrosotyrosine 446
(Figure S3) was drastically reduced in relation to dry conditions (Figure S2). This suggests that in 447
humidified conditions, relevant species act or/and are formed in the bulk of the liquid. It was 448
observed that, for working gases with < 0.5 O2 %, the presence of water molecules induced mostly the 449
formation of species such as HNO3 -derived species H2O2450
O2- 2O5, O3 2 (39). When treating 0.3 451
mM tyrosine solutions with humid plasmas, nitrotyrosine was detected in a 10-fold higher amount 452
then for the respective dry discharges. Considering that high concentrated solutions limited the 453
formation/action of reactive species in liquid, gaseous species formed in humidified working gases 454
(< 0.5 O2 %) acted only in the bulk liquid or most likely as precursors of other nitrating species (e.g. 455
peroxynitrite) formed in liquid. 456

3.5. Identification of Plasma-Derived Reactive Nitrogen Species 457

458
formation of N-containing tyrosine derivatives was differential.  459

A general overview of all identified compounds containing nitrogen is given in Figure S4, while 460
Figure 10 shows quantitative data achieved by HILIC-MRM for nitrotyrosine. As shown in Figure 10, 461
in conditions with humidified working gases, the production of nitrotyrosine was almost abolished 462
in presence of cPTIO or ergothioneine. Further, almost all other N-containing tyrosine derivatives 463
were shunned (Figure S4). These results are in good agreement with the hypothesis that the addition 464
of humidity to the working gas favor the production of peroxynitrite, predominantly originating by 465

2- 3 2 in liquid, 466
 467

The formation and activity of reactive nitrogen species in liquids could not be excluded for dry 468
working gases (Figure S4). Indeed, the formation of some compounds that bear nitroso-groups was 469
prevented only by cPTIO (< 0.5% in Ar/N2/O2, Figure S4a), indicating a role for a direct or indirect 470

2 (77). Furthermore, almost 2.5 % of 471
tyrosine was converted in conditions with dry Ar/N2/O2 in derivatives scavenged by ergothioneine 472
(Figure S4b and c). These data confirm the formation and chemical activity of peroxynitrite in dry 473
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working gas conditions. Finally, conditions with dry working gases produced the maximal amount 474
of nitrogen-containing derivatives in presence of gas admixtures (3 % oxidized tyrosine). Their 475

2 and to a lesser extent to a 476
reformation of nitrosative species in the liquid (e.g. H+/NO2-, ONOO-). For humidified working gas, 477
an increase of nitrogen-containing derivatives was evident, provided when no oxygen was added (> 478
14% oxidized tyrosine). Here, the nitrosative peroxynitrite formed in liquid (Figure S4).  479

However, it must be considered that non-specific reactions. It was reported that the NO 480
2 (74), while ergothioneine is able to scavenge 1O2 481

(75, 102). No discriminative derivatives produced by the reaction of scavengers with standard 482
reactive species could be identified in this work. 483

 484
Figure 10. Nitrotyrosine formation by plasma treatment is prevented in the presence of scavengers. 3 485
min treatment, 0.3 mM tyrosine in 5 mM ammonium formate, pH 7.4, with and without ergothioneine 486
or cPTIO, using Ar ± 1% N2/O2 as humidified working gas and N2 as shielding gas. 487

3.6. Plasma Induces Oxidative and Nitrosative Protein Modifications in Wounds 488

In order to verify if nitrosative modifications can be introduced in biological molecules in 489
complex environments, and consequentially potentially in vivo, wound exudates of patients before 490
and after plasma treatment under certified conditions were collected and analyzed. The MS-based 491
proteomic analysis revealed 62 up regulated proteins and 225 down regulated proteins in relation to 492
the treatment. Specifically, (non-enzymatic) protein modifications were searched that may have been 493
introduced via reactive species generated by or in connection to the plasma discharge. Compared to 494
the control, an increase of 63, 44 and 69 % respectively for oxidation, nitration and nitrosylation events 495
was determined in the wound proteome (Figure 11).  496

These modifications were attributed to the impact of plasma, suggesting a crosstalk of plasma-497
derived species with cellular redox signaling pathways regulating processes related to acute and 498
chronic would healing like blood coagulation, immune cell migration, and cell proliferation. The 499
introduction of nitro groups into protein bound tyrosine by nitric oxide related pathways was 500
reported to have a key role in the regulation of cell migration, angiogenesis, and mast cell 501
degranulation (63, 68).  502

Consequentially, a regulation of wound healing processes via protein modifications is likely to 503
be involved in the observed outcome of plasma treatment on chronic wounds and well in line with a 504
recent study that emphasized the role of target cell stimulation over anti-microbial effects (22). The 505
presented results suggest a switch from the current condition (argon only) to argon/N2/O2 as a 506
working gas to increase the impact of the plasma derived RNS on biomolecules and subsequent 507
signaling events. 508
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 509
Figure 11. Cold plasma induced post-translational modifications in the proteome of wound exudates 510
of diabetic patients. Proteome analysis performed via nLC-MS, with detection of mass shifts 511
correspondent to the introduced functional group (OH = 15.9949 Da; NO = 28.9902 Da, NO2 = 44.9851 512
Da), according to (80). 513

4. Summary and Conclusions 514

This work studied the liquid chemistry of argon plasmas generated by the kINPen, with a special 515
focus on reactive nitrogen species. Assuming that the liquid chemistry is the bridge between the 516
gaseous plasma and biological systems, we looked for the impact of nitrogen species on the model 517
biomolecule tyrosine. Using a mass spectrometry driven approach, 26 different compounds were 518
identified. Their respective pattern was exploited to determine the dominant reactive species formed 519
in the gas or in/at the liquid phase.  520

Nitration reactions were significant for dry Ar/O2/N2 2 was found 521
responsible for a direct nitration of tyrosine at the gas-liquid interface and to be involved in the 522
formation of peroxynitrite and nitric oxide radicals at the same location. While the relevance of nitric 523
oxide for the product formation was limited, peroxynitrite contributed to a substantial extent. When 524
water molecules were present in the working gas, its role was further emphasized due to a higher 525
peroxynitrite formation via additional pathways: the reaction of gaseous nitric oxide with superoxide 526
anion radicals and the reaction of hydrogen peroxide and nitrous acid/nitrite at the gas-liquid 527
interface. In conditions with a high prevalence of ROS (e.g. dry Ar/O2), the impact of RNS was 528
minimized. Here, stable species like N2O5 2 in the 529
gas phase and the formation of peroxynitrite decreases. Due to the high activity of ROS at the interface 530
and the liquid bulk, potentially formed nitrated/nitrosylated tyrosine products are eliminated in 531
favor of hydroxylated compounds. Finally, the introduction of nitroso and nitro groups into proteins 532
in vivo by cold plasma treatments was confirmed in human diabetes 2-related chronic wounds. The 533
tyrosine moiety was particularly attacked, allowing for changes in the protein functionality. This 534
suggests a contribution of plasma-derived RNS via covalent changes to the observed efficacy in 535
wound healing.  536

In conclusion, this work verified the controllability of kINPen plasmas to achieve a relevant 537
production of reactive nitrogen species (Figure 12). The deposited or at the interface generated 538

2 and ONOO- led to nitrosative reactions on biomolecules, both in complex 539
and in model conditions. A relevant contribution to the observed biomedical effects of plasmas must 540
be assumed.  541
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 542
Figure 12. Suggested chemical pathways for the production of bioactive RNS species in plasma 543
treated tyrosine solutions in dry (a) and humidified (b) conditions. Represented species were 544
previously detected for the kINPen (39, 77, 95), except for peroxynitrite. Pathway confirmed in liquids 545
(compact lines) by use of scavengers or isotope labels. 546
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Abstract:  

In the last decade cold physical plasmas, particularly plasma jets have emerged as an alternative or adjuvant tool 

in biomedical research. Especially processes that involve reactive oxygen species (ROS) signaling, such as 

inflammation, were found susceptible to the manipulation by plasmas. Plasma-derived ROS are connected to 

stimulatory and inhibitory effects in cells/tissues, and to the introduction of covalent modifications in various 

biomolecules. Aiming for an adaptation for wound treatment and topical drug delivery, a radio-frequency (RF) 

plasma jet with annular geometry and additional aerosol injection into the effluent was developed. The role of the 

aerosol in modulating the reactive species production by the plasma source is investigated with a combination of 

physical and chemical analytics. Optical emission spectroscopy, EPR data, and a cysteine model reveal that aerosol 

injection shifts the production of ROS from atomic and singlet oxygen towards hydroxyl radicals that are generated 

in the droplets. Consequentially, chemical reactions occur mainly during the transport of the droplets through the 

effluent in the droplet´s bulk and interface. This is accompanied by a strong distance dependence. In the absence 

of the aerosol, atomic and singlet oxygen dominate the gas and liquid chemistry as demonstrated by EPR and 

cysteine product patterns. Along with this, distance is less important due to the considerable gas-phase lifetime of 

singlet oxygen. The presence of reactive nitrogen species was 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 biomedical non-thermal plasma sources, reaching out towards application safety and drug release.  
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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 [3-6]. CPPs show several direct 

and indirect effects in biological models, inducing cell signaling, proliferation, apoptosis, or senescence depending 

on the treatment intensity (“dose”) [7]. Currently, research focuses on applications such as chronic and acute 

wound healing, (pre-) cancerous lesions, and other conditions involving the immune system [8-13]. The design of 

cold plasma sources for biomedical applications evolves in two major directions: Dielectric Barrier Discharges 

(DBD) [14, 15] and Atmospheric Pressure Plasma Jets (APPJ) configuration [16].  

Here, we present an RF sustained annular-shaped plasma jet in argon flow operating in ambient air [17]. The 

coaxial geometry allows the introduction of aerosol into the discharge effluent. By this unique design, the source 

allows the direct and controlled interaction of micro-droplets with plasma 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. To this end, 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 biochemical potential of the plasma source has not been 

studied in detail, especially the impact of the RF argon discharge on the 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 these are the reactive oxygen species 

(ROS): superoxide O2
−∗, hydrogen peroxide H2O2, hydroxyl radical *OH, singlet oxygen 1O2, atomic oxygen *O, 

ozone O3, and the reactive nitrogen species (RNS): atomic nitrogen *N, nitric oxides NxOy, peroxynitrite ONOO-, 

and nitrous resp. nitric acid with the corresponding ions (HNO2/NO2
-, HNO3/NO3

-). 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 [18, 19]. Biological reactivity of species mirrors in oxidative 

changes of sensor molecules or – in case of excess – other biomolecules such as proteins or lipids [20]. The 

resulting outcome is still underexplored, but it has been observed that the oxidation of proteins changes their 

immunogenicity. In autoimmune type I diabetes patients, autoantibodies targeting experimentally oxidized insulin 

were detected [21]. It can be assumed that the introduction of covalent modifications in biomolecules is one 

mechanisms behind the observed biomedical effects of CPPs. Thus, the biochemical impact of a given plasma 

source is relevant. Biomolecules such as peptides or 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 [22-25].   

In this work, an established model system employing the amino acid cysteine as the tracer molecule has been 

chosen to scavenge RONS generated by the RF plasma source. Cysteine is a key amino acid controlling structure, 

location, and functionality of proteins by its different oxidation states [26]. Applicability of the model has been 

validated using the argon plasma jet kINPen and the helium micro-plasma COST jet [22, 25]. 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 
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with various power and distance settings, especially the direct interaction between cysteine in the aerosol droplets 

and the plasma effluent was investigated. Furthermore, electron paramagnetic resonance (EPR; *OH, O2
*-, *H, *O, 

O3, 1O2), ion chromatography (IC, NO2
- and NO3

- ions) and a colorimetric H2O2 assay were used 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 with aerosol droplets injection was used. Safe, stable and uniform 

operation of the source that is important for  plasma medicine was shown in our recent work [17]. 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 with and 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. 

 

2.1 Design of plasma reactor 

The plasma reactor was constructed in a way to allow introduction of aerosol droplets in the effluent. Plasma jet 

in annular shape 1 mm thick with external diameter dex=14mm was generated in coaxial hollow-electrode 

geometry. RF powered inner electrode was made of corrosion-resistant stainless 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. The high power is a maximum discharge power when RF plasma exists in  

mode of operation. 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 α-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 mean size of the aerosol droplets was about 22 μm. 

Additionally, 1 slm flow of Ar gas was applied through the central electrode to push droplets downwards with a 

velocity of 0.05 m/s to prevent aerosol condensation. 

 

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 species in 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 (d=200 μm) located 2 mm away from the region of interest resulting in an acceptance 

angle corresponding to the spatial resolution of 1 mm. Line-of-sight measurements were performed to record 

spectra for 3 positions perpendicular to the axis of the jet, 2 mm from the nozzle – in plasma effluent, 6-mm from 

the nozzle – the edge of visible effluent and 8 mm away from the nozzle – far effluent. The effluent was imaged 

using an Hamamatsu ICCD camera (5 μs exposition, 1000 integration), coupled to bandpass filters with a 
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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. 

 

 

  

Figure 1. a) General view of the plasma jet reactor with aerosol injection, 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). 

 

2.3 Fourier-transform infrared spectroscopy (FTIR) analysis 

FTIR high-resolution spectroscopy was performed with the use of Matrix-MG2 spectrometer of 0.5 cm-1 resolution 

in order to detect and estimate the absolute concentration of the most abundant long-living compounds generated 

in the gas phase with and without the aerosol. The spectrometer coupled with multi-pass cell of 5 m was calibrated 

for H2O, N2O, N2O5, NO, NO2, O3 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 avoid 

any water droplets entering the FTIR system. The FTIR spectra were averaged 30 times in progression mode and 

recorded in the wavenumber range of 800-6200 cm-1.  

 

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 multiwell plate was determined to be optimal.  
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Figure 2. General experimental setups. Ultrasonic aerosol used 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 for plasma power of 20 and 30 W, treatment time variation (10, 35, 60 s), and 

distance variation (2, 6, 12 mm nozzle – target). Four different set-ups including or excluding aerosol injection 

were used (Fig. 2/Tab. 1). For some experiments, the aerosol was generated from a 1 mM cysteine solution and 

collected for analysis into either empty well plates or wells filled with 1.5 mL water. Plasma on and control 

experiments were performed.  

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) 

Set-up Aerosol liquid Target liquid 
Power 

(watt) 

Distance 

(mm) 

Treatment 

time (s) 

1 1 mM cysteine in water (C) water (W) or phosphate buffer (PB) 
0  

(control) 

2, 6, 12 10, 35, 60 

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

20, 30 
3 

water (W) or phosphate 

buffer (PB) 

1 mM cysteine in water (C) / spin 

trap in PBS (T) 

4 No aerosol 
1 mM cysteine in water (C) / spin 

trap in PBS (T) 

 

The aerosol injection into the plasma effluent considerably changed the surface area of the effluent/liquid 

interaction. Assuming a droplet mean volume of 5.5610-6 mm3, a droplet formation rate of 3.1105 droplets/s at 

a flow rate of 0.1 mL/min, allows to estimate the surface area of the droplets as 4.7103, 1.65104, and 

2.8104 mm2 for the treatment of 10, 35, and 60 s, respectively. It has to be noted that aerosol droplets interact 

with plasma only during a short time when passing through the effluent (2 mm or 40 ms). This time was estimated 

based on the gas fluid model (not shown here). In comparison, an area of up to 500 mm2 is treated in condition 4 

(6-well plate, 2 mm distance).    

 

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

Qualitative high-resolution mass spectrometry analysis was achieved by direct infusion of the cysteine solutions 

into a TripleTOF 5600 (Sciex, Darmstadt, Germany). 10 µL/min of solutions were infused using a Turbo V ion 
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source, using optimized parameters (negative polarity, curtain gas 35 psi, gas1 20 psi, gas2 25 psi, capillary 

temperature 150 °C, spray voltage 4.5 kV). The spectra were acquired in a mass range of 30 to 400 mass to charge 

ratio (m/z). Quantitative analysis was achieved by high-pressure liquid chromatography – mass spectrometry 

coupling. An Infinity II 1290 system (Agilent Technologies, Waldbronn, Germany) was equipped with a HILIC 

2.1 mm x 100 mm Acquity Amide Column (130 Å pore size, 1.7 µm particle size, Waters, Manchester, United 

Kingdom) and a respective pre-column (2.1 mm x 5 mm). Using 400 µl flowrate and an 18 min gradient of A (10 

mM ammonium formate plus 0.15% formic acid in water) and B (85% acetonitrile, 10 mM ammonium formate 

buffer pH 3) the baseline separation of cysteine, cystine, cystine sulfonic acid, and cysteine-S-sulfonate was 

achieved (Sigma, Deisenhofen, Germany). The details of the gradient are resumed in Table S1. A qTRAP 5500 

triple quadrupole instrument (Sciex) was used in Multiple Reaction Monitoring (MRM) strategy for detection and 

quantification. All compounds were analyzed in positive ion mode, and specific transitions were monitored in the 

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 spin counting module 

(Bruker Biospin GmbH) was applied to quantify radicals/reactive oxygen species. The following instrument 

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, O2
•-, •H, was dissolved in 5 mM phosphate buffer to 

a final concentration of 2 mM, and 2,2,6,6-tetramethyl-4-piperidone (TEMPD, Sigma Aldrich) – spin probe for 

•O, O3, O2(a1Δg), 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 [28-31].  

 

2.7 Hydrogen peroxide assay 

Hydrogen peroxide (H2O2) was detected via a colorimetric assay. 10 µL of sample were incubated for 15 minutes 

with 100 µL 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, which oxidize Fe2
+ to Fe3

+. This induces a color change of xylenol orange, 

detectable at 595 nm through a spectrophotometer (Infinite M200 Pro plate reader, Tecan, Männedorf, 

Switzerland). Each sample was analyzed in triplicate. 

 

2.8 Ion chromatography (IC) 

Nitrite (NO2
-) and nitrate (NO3

-), as well as sulfite (SO3
-) 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 
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were separated in 25 min isocratic run, at a flow rate of 0.25 mL/min, using 80 mM HCO3
- and 450 mM CO3

2- 

buffer as mobile phase. External calibration curves were measured for all ions using an 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. 
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3. RESULTS & DISCUSSION 

3.1 Active species generation in the effluent 

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. 

 

 Figure 3. Overview of plasma 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 c) 8 mm bellow 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 N2 (C-B) as marked in Figure 3a. However, weak emission from NO molecules has been also detected below 

300 nm. Recorded continuum appearing in the region 300-600 nm is ascribed to the Bremsstrahlung radiation as 

explained in details in our work on similar RF discharge operating in a planar geometry [32]. Despite the 

Bremsstrahlung radiation appearance of very weak NO2 chemiluminescence should not be neglected as a 

contribution to the observed continuum. Taking into account the spectral profile of the continuum radiation the 

contribution of the Bremsstrahlung radiation was dominant in all cases. Emission intensity was the highest in the 

active excitation zone (Fig. 3a) and exponentially decreased with the distance from the nozzle. In argon plasmas 

operating under ambient conditions, the energy transfer from Ar* to N2 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 

presented in Fig. 3b/c. Presence of the aerosol in the effluent is effective in shielding the discharge from mixing 

with surrounding air especially in far effluent, Fig. 3c).  Moreover, the presence of the aerosol in the effluent leads 

to an increase of OH radicals emission intensity more than 25% in position closest to the nozzle, indicating a 

probable increase in OH radicals production by water aerosol injection. The intensity of NO excited molecule 

emission is higher in Ar plasma without aerosol. Aerosol injection in effluent results in quenching of NO emission, 

in part due to a decrease of UV radiation below 300 nm [33] due to absorption by water droplets.  

Despite some noticeable changes in OES revealed in case of aerosol injection, an overall impact of the aerosol on 

the discharge effluent is relatively weak and mostly attributed to drop in the emission of Ar I lines and increase of 

OH emission. The low impact of the aerosol was also confirmed by the effluent imaging presented in Fig. 4 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. 4) 

what can be assigned to low signal to noise ratio of the camera SNR=10. It ensures that during the experiments 
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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.  

 

 

Figure 4. Plasma effluent imaging at two different wavelengths (left) and corresponding intensity profiles (right): 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 ozone, below 20 ppm in the gas phase, was confirmed for all plasma 

and plasma-aerosol conditions. FTIR spectra of Ar jet and jet in contact with water aerosol under operating power 

20 W are presented in Fig. 5. Rotationally resolved spectra of water molecule bending vibrations 1400-2000 cm-1, 

and stretching vibration 3600-4300 cm-1, 5100-5600 cm-1 are dominant in all conditions, while ozone peak located 

at 1051 cm-1, can be also seen in Ar plasma 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(H2O)=400 ppm and 

c(O3)=1.04 ppm to c(H2O)=230 ppm and c(O3)=9.5 ppm at 20 W RF power after 5 minutes of operation. High 

amount of H2O at the beginning of experiments was attributed to adsorption of water vapour on gas tubes and 

metal body of the jet that is decreasing during the operation. At higher RF power of 30 W higher c(O3)=12.7 ppm 

was observed after 5 minutes of operation indicating positive effect of the discharge power on O3 production. This 

trend was not observed when aerosol was introduced: the humidity of the trapped gas was significantly higher 

c(H2O)=1175 ppm increasing to c2(H2O)=1500 ppm during the same time of 5 min, while ozone concentration 

was constant at c(O3)=3.5 ppm. The 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 H2O with formation of OH radicals. 

No presence of any traces of NxOy products was revealed which is well agreed with OES results where both NO 

and NO2 peaks were very weak, see Figure 3. This observation indicates that generation of nitrogen reactive species 
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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.   

 

Figure 5. FTIR spectrum in range 800-6200 cm-1 of: a) argon plasma jet, b) plasma jet in contact with aerosol at power P=20W. 

 

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 (1O2), ozone (O3), hydroxyl radicals (•OH), superoxide anion radicals (•O2
-), 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, NO2
- and nitrate, NO3

-), and a colorimetric assay (hydrogen peroxide, H2O2). 

3.2.1 Short-lived reactive species  

Using BMPO as a spin trap, hydroxyl radicals (•OH), superoxide anion radicals (O2
•-), and atomic hydrogen (•H) 

were detected in the liquid target, after treatments with plasma and plasma-aerosol (Fig. 6). According to the 

published trapping efficacies, the measured concentrations of BMPO-OH represents ~ 0.6% of the hydroxyl radical 

[34], and 90% of the superoxide anion radical (BMPO-OOH) [35], while no trapping efficacy of BMPO is known 

for the hydrogen atoms (BMPO-H). Therefore, significant signal of hydroxyl radicals (•OH) was detected, with 

considerably lower amounts of O2
•- and •H. 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 are shown. 

Interestingly, the observed species concentrations increased with treatment time and distance. The similar behavior 

suggested a common origin of the three species. Although keeping the same trends, the presence of aerosol led to 

their lower deposition. All the three radicals can be formed most likely by the interaction of water molecules with 

gas phase species, such as Ar metastables [36-39], radicals (e.g. •O) or ozone decay products [40-42]. However, 

ozone formation is not favored in the discharge, as FTIR data showed trace amounts only.  

Considering the reduced production of •OH, O2
•- and •H in liquid when water droplets were present in the effluent, 

the aerosol acted as scavenger partner for high reactive/energetic species. In this case, radiation could play a major 

role in plasma initiated chemistry in the target leading to water photolysis, due to the increased effective 

interaction-area between the jet and treated liquid. It has been estimated that effective area of gas-liquid interaction 
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in 2 mm effluent in case of injection of the aerosol increases from 4.7103 mm2 to 16.4103 mm2 and 28.2103 

mm2 at treatment time of 10, 35 and 60 s respectively.  

The EPR data confirm the observed decrease in emission of Ar I in the presence of aerosols (Fig. 4a), in favor of 

OH radicals production (Fig. 4b). Therefore, the de-novo formation of species occurs mostly at the gas-liquid 

interface or in the bulk liquid, outcompeting the deposition of species formed in the gas phase. This assumption is 

supported by previous works, where •OH formed in the gas phase due to presence of humidity was not transported 

in the liquid [43, 44]. However, aerosol droplets increased the presence of •H and O2
•- in the target at short 

distances, suggesting that water droplets transport species to the target liquid. For long distances (12 mm), this 

transport was not observed and the species decayed before reaching the spin traps/spin probes. 

 

Figure 6. BMPO-adduct concentrations for the different detected radicals after different treatment times (10, 60 s) for 2 and 

12 mm with and without the aerosol at RF power of 30 W, setups 3 and 4 respectively. 

 

To obtain further insight, the deposition of O3, 1O2, 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 [29, 45]. 

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. 7). For 12 mm distance, no signal was detected indicating that long-lived ozone 

is not relevant for this plasma source. Since the formation of O3 takes place via a three-body reaction of O2 and •O 

with a third partner [29, 46], the concentrations usually increase with higher distances [29, 47]. 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 

O3 production [48]. In contrast, signals at 2 and 6 mm show the presence of short-lived atomic or singlet oxygen 

that are exclusively generated in the gas phase, via a reaction between argon metastables and O2 [46, 49, 50]. 
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Figure 7. 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. 

 

Summarizing, •O and/or O2(a1Δg) were the potential candidates for the observed TEMPD adduct. Atomic oxygen 

is highly reactive and would react with •OH, yielding HO2
•/O2

•- [44], which was not observed during the tests. 

Hence, the most likely candidate responsible for the EPR signal of TEMPD is O2(a1Δg) in both plasma with and 

without aerosol. The slight increase of TEMPD-adduct in the presence of the aerosol, potentially reflects enhanced 

transport of O2(a1Δg) in the aerosol droplets when distances and transfer times are short (2 mm of treatment distance 

aerosol droplet passes in 40 ms). Only in the case of 10 seconds plasma treatment without aerosol, a formation of 

an •O-adduct is possible as these were the conditions with the least interactions in the gas phase. Indeed, the 

presence of aerosol could scavenge the deposition of •O by interacting with the water droplets in the gas phase [51, 

52]. 

3.2.2 Long-lived reactive species 

The long-lived reactive species hydrogen peroxide (H2O2), nitrite (NO2
-), and nitrate (NO3

-) were quantified (Fig. 

8). Nitrite and nitrate can be considered final stable products of the short-lived nitrogen species, such as 

peroxynitrite, NO, or NO2 radicals [30, 31]. In the same way, hydrogen peroxide, an almost ubiquitous product of 

cold plasma discharges formed e.g. by the recombination of OH radicals or disproportion of superoxide anion 

radicals [30, 31]. The deposited amount of H2O2 was significant, also in comparison with other plasma sources 

[22, 53], 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 focused on detection of species in the gas phase. The presence of aerosol reduced 

the deposition of NOx
- ions further, indicating that primary species, namely NxOy molecules, are generated in the 

plasma region and not in the plasma/aerosol droplets interface. Additionally, the low solubility of NxOy in aqueous 

media contributes to the observation. 

The presence of the aerosol suppressed the deposition of H2O2 significantly. Interestingly, plasma only treatments 

led to a decreased deposition of H2O2 with increasing treatment time, while in presence of the aerosol an increased 

deposition with time was observed at overall low levels. This decay of H2O2 in plasma-only conditions could be 

due to UV radiation-driven photo-dissociation in liquid or the reaction of H2O2 with atomic oxygen at the 

Page 14 of 26AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 

interphase. For longer distances, deposition decreased due to the lifetime of the precursor species OH and O2
- and 

decay and competitive reactions occur. 

 

 

Figure 8. Hydrogen peroxide (H2O2), nitrite (NO2
-) and nitrate (NO3

-) 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 radicals and atomic oxygen is most prominent. Furthermore, 

the photo-dissociation of long-lived species (or their precursors, e.g. •NO2) occurring by increasing the treatment 

time could contribute to their decomposition in liquid both for N-containing species [54, 55], and for hydrogen 

peroxide [54, 56-59], mainly due to Ar excimers radiation (λMAX = 126 nm). To support this hypothesis, the high 

amount of species from water photolysis in long distances with plasma-only, shown in Fig. 6. As previously 

discussed, the impact of radiation, as well as other reactive species in the gas phase (e.g. •O and 1O2) is reduced by 

the presence of aerosol. This is a very important observation considering that VUV/UV radiation can have an 

impact on the density of long-living species in the liquid media. However, it has to be mentioned that (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 amount of (V)UV radiation 

reaching the target as well as plasma induced chemistry in the liquid phase.  

 

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 [22]. Some of the products indicate 

the presence of certain reactive species [60]: cystine for the presence of H2O2, cysteine-S-sulfonate for •OH 

radicals, cysteine sulfonic acid for gas-phase ROS (•O, 1O2), and cysteine sulfinic acid for both short-lived ROS 

(•O, 1O2) and water-derived •OH. Control measurement excluded effects of argon flow on cysteine. For the 
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treatment of liquid targets without cysteine in the aerosol, a direct electron transfer was excluded since the effluent 

did not touch the liquid. The impact of heat was estimated by control tests performed by incubating cysteine for 1 

min at 100 °C. A conversion of 17% cysteine to cystine was observed, and no other cysteine products were 

detected. 

Table 2. Major cysteine derivatives induced by plasma treatment. Further details are described in previous publications [22, 

53, 60]. 

No Name Formula [M-H]- (m/z) 
Reactive 

species* 
Structure 

1 Cysteine (RSH) C3H7NO2S 120.0119 none 

 

2 Cystine (RSSR) C6H12N2O4S2 239.016 •OH, H2O2 

 

3 
Cysteine sulfinic acid         

(RSO2H) 
C3H7NO4S 152.0017 •OH, •O, 1O2 

 

4 S-nitrosocysteine (RSNO) C3H5N2O3S 149.0021 
•NO, N2O3, 

•NO2, ONOO- 

 

5 
Cysteine sulfonic acid 

(RSO3H) 
C3H7NO5S 167.9967 •O, 1O2, O3 

 

6 
Cysteine S-sulfonate 

(RSSO3H) 
C3H7NO5S2 199.9687 •OH 

 

7 
Cysteine disulfoxide I 

(RSO2RS) 
C6H12N2O6S2 271.0056 •OH, H2O2 

 

8 
Cysteine disulfoxide II 

(RSO2RSSR) 
C9H16N3O8S3 390.0100 

•OH, H2O2, 
•O, 

1O2, O3 

 

9 
Cysteine disulfoxone 

(RSO2RSO2) 
C6H10N2O8S2 301.9879 •OH, H2O2 

 

10 Alanine (R) C3H7NO2 88.03985 
Radicals, 

photolysis 

 

11 Sulfite (SO3
-) SO3 79.95681 

Radicals, 

photolysis, 

ROS  

12 Sulfate (SO4
-) SO4 95.95173 

Radicals, 

photolysis, 

ROS  

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

 

Species as O2
•- 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 SO3
- it is potentially involved in the formation pathway of the S-sulfonate 

[61-63], the sulfate ion SO4
- is formed by over-oxidation of cysteine. Those two and the cysteine fragment alanine 
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could be formed by plasma-derived (V)UV radiation alone via cleavage of the C-S bond and subsequent oxidation 

of the SH radical [64-66].  

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-sulfonate – RSSO3H (6), sulfinic acid – 

RSO2H (3), and sulfonic acid - RSO3H (5)) were absolutely quantified by HPLC-MS. The MRM technique is both 

sensitive and specific, relaying on the detection of specific fragment ions. 

 

 

Figure 9. Absolute cysteine 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 three independent experiments +SD.  

 

Without aerosol injection, a strong, distance and treatment time independent cysteine oxidation was observed (Fig. 

9). An almost complete oxidation of the available cysteine was observed and the residue was below 5%. In contrast, 

the presence of aerosol 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 1O2 are quenched by 

the presence of the water, and at the droplets surface water is cleaved forming •OH radicals that do not survive the 

travel time (40 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 metastables is promoted (see EPR data) and the 

additional impact of the short-lived gas phase species atomic O and 1O2 leads to the observed strong cysteine 

oxidation (Fig. 10). 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 [60]. The formation of highly oxidized cysteine derivatives was still 

substantial at 12 mm distances. This highlights the potential of the RF jet to produce reactive species surviving 

6 mm and more travel distance such as singlet oxygen and (V)UV radiation. With these elements replacing the 

atomic oxygen, changes related to the distance were less significant than in the plasma-aerosol mode (Fig. 11). 

Cystine could be generated by recombination of thiyl radicals (RS•) formed in reaction with •OH and •H, or by 

reaction with H2O2 [67, 68]. Possibly, the synergistic effect of singlet oxygen and radiation is reflected in the 
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sulfite and sulfate production. Indeed, radiation (vacuum UV) impact on cysteine molecules yielding to C-S 

breakage (bond energy 272 kJ mol-1) [54]. The formed product could be further oxidized by oxygen species, e.g. 

singlet oxygen, to sulfate.  

 

 

Figure 10. 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 are shown in Fig. S3 and S4. 

 

In presence of the aerosol 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, compounds 3, 5). Obvious is a significant influence of the treatment distance, showing an inverted 

correlation with the 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, RSSO3H). 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 (RSO3H) increased 

with treatment time and decreased significantly with the distance. In contrast, distance was of minor impact in the 

plasma-only mode (Fig. 10). Backed up by the EPR data (Fig. 7, 8) and the H2O2 deposition (Fig. 10), atomic 

oxygen and singlet oxygen represent the most likely candidates to explain this formation pattern. Only small 

amounts of H2O2 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 transport of 1O2 in the 

liquid droplets might occur for short distances, yielding to the high concentrations of sulfonic acid 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 1O2 deposition further leads to the decay of intermediate products (RSO2H, RSSO3H) yielding 

to sulfonic acid (RSO3H) for long treatments. 
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Figure 11. Absolute concentrations of cysteine 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. S3 and 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 and reactive species. 

 

3.4.2 Liquid chemistry induced in the aerosol droplets 

The plasma-induced chemistry in the aerosol droplets was investigated to determine the reactive species formed 

inside and what their fate is during transport (Fig. 12). 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 in stronger cysteine oxidation. For 

the 2 mm case when aerosol droplets remain 40 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 derivatives for diverse distances and collection 

times (Fig. 13, Fig. S5), similar cysteine derivatives as for the treatment of a cysteine solution were observed. For 

longer distances, slightly higher amounts of the sulfinic acid (RSO2H) and the S-sulfonate (RSSO3H) 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, 1O2, [60]) 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 the surface of the droplets (Ar excimers and (V)UV 

photons, ˙O, 1O2). The formation of OH radicals seems to extend beyond the visible effluent zone (2 mm) for some 

time, as the increased formation of RSO2H and RSSO3H with distance suggest.. 
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Figure 12. 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 in the droplet during passage of the effluent only (40 ms).  

 

These results confirmed the potential carrier role of droplets in short distances, as well as their scavenging role 

towards radiation and reactive species in longer distances in favor of the production of water homolysis species 

(Fig. 11). 

 

 

Figure 13. Major cysteine conversion products observed in cysteine-enriched 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 discussion see text. 

 

3.4.3 Cysteine conversion pathways by RF jet derived species 

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 effluent. To compare the effectiveness of different setups in terms of 
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cysteine oxidation and its conversion into derivatives, measured absolute concentration are hereby recalibrated in 

percentages % for each setup (Fig. 14). Additionally to the schematic of the cysteine oxidation, a complete 

overview for different treatment distances is summarized in Tab. 3.  

 

Figure 14. Cysteine oxidation pathway example and its total conversion for experimental 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 presented in percentage, for better comparison of 

processes. The quantified derivatives are labelled in green color.  

 

As expected, the conversion of cysteine is highest for the 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 

the discharge is injected with water droplets, 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 th 

visible effluent (40 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. 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 and 4. 

Setup Treatment distance (mm) Cysteine conversion (%) 

Setup 2 

Plasma treatment of cysteine in 

aerosol liquid 

2 45 

6 50 

12 64 

Setup 3 

Plasma-aerosol treatment of 

cysteine in liquid target 

2 60 

6 43 

12 27 

Setup 4 

Plasma treatment of cysteine in 

liquid target 

2 78 

6 83 

12 67 
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4. CONCLUSIONS  

The chemistry at plasma/liquid interface and liquid chemistry induced in the effluent area and liquid target of a 

hybrid RF plasma jet was analyzed using cysteine as a bait molecule, particularly focusing on the role of aerosol 

droplets in the effluent. The deposition of OH, O2
-, and O, 1O2, and O3 were measured via EPR; and the long-lived 

species H2O2, NO2
-, and NO3

- were quantified by colorimetric assays and ion chromatography. Data analysis 

revealed that UV radiation (e.g. VUV of Ar excimers), followed by short-lived reactive oxygen species (e.g. •O, 

1O2), are the dominant active elements in the studied RF plasma jet. Acting directly on the liquid target or on the 

aerosol droplets, cysteine oxidation products and water photolysis products (•OH, •H) were observed. A summary 

of the model and the observations made is presented in Figure 15. 

 

 

Figure 15. Overview of cold plasma effects without (a) and with (b) aerosol droplets in the effluent area. 

 

By controlling distance, treatment time, and the presence of aerosol droplets the liquid phase chemistry can be 

adjusted. Short-lived gaseous species (e.g. •O, 1O2) were detected predominantly for short distances and in parallel, 

distinct cysteine oxidation products were observed, 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 1O2 prevails for middle and long distances (6 - 12 mm) and in the presence of aerosol. The 

impact of (V)UV 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 quenched the (V)UV 

photons and related reactions in the target. Instead, water molecules in the droplets were attacked, forming e.g. 

OH radicals. The transport of species formed in or solvated by the droplets was found to be of minor importance. 

This hypothesis was confirmed by introducing cysteine solution directly in form of aerosol droplets and the 

Page 22 of 26AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

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 formation of sulfite from cysteine-containing 

droplets. 

In conclusion, the chemical potential of the investigated hybrid RF plasma jet allows to be tuned 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 contrast, 

softer conditions including aerosol droplets could limit the impact of radiation and other gaseous radical species, 

and be of interest in wound care field.  
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