ABSTRACT

HERRERA QUESADA, MARIA JOSE. Tracking Reactive Oxygen and Nitrogen Species in
Atmospheric Pressure Plasma Jets: Advanced Diagnostics from Gas to Liquid to Biological
Effects. (Under the direction of Katharina Stapelmann).

Non-thermal plasmas offer a unique platform for generating a diverse mixture of reactive
oxygen and nitrogen species (RONS), enabling targeted chemical modulation for a variety of
applications. With medical applications in mind, this dissertation advances the mechanistic
understanding of CAP-biomolecule interactions through a top-down experimental framework
that connects plasma physics with biological effects. Using the standardized Cooperation in
Science and Technology Reference Microplasma Jet (COST-Jet), a systematic exploration was
conducted across three feed-gas compositions (He/O,, He/N5/Oq, and He/H50) to dissect
how discharge chemistry dictates the composition, transport, and reactivity of key RONS such
as O, -OH, HO9, HyO,, an NO; . Spatially resolved laser diagnostics, including laser-induced
fluorescence (LIF) and photofragmentation LIF, were employed to map gas-phase species
distributions and their evolution upon interaction with solid and liquid interfaces. These
findings were coupled with spin-trapping electron paramagnetic resonance and photometric
assays to quantify short- and long-lived RONS in liquids of increasing biological complexity.

Bridging these physicochemical insights to biological outcomes, controlled plasma treat-
ments were performed on representative biochemical and biological models—ranging from
cysteine and enzymatic systems to mammalian cells and fungal infections. Early experiments
revealed distinct oxidative and nitrosative modification pathways in biomolecular targets,
particularly in a thiol-containing system, demonstrating how changes in plasma composition
translate to specific biochemical effects. Subsequent sections extended this understanding to
enzymatic, cellular, and tissue-level responses, where different reactive environments produced
by the COST-Jet were linked to varying degrees of activation, oxidative stress, metabolic
inhibition, and infection decontamination. Together, these results delineate how the chemistry
of plasma-generated RONS can be modulated to achieve distinct biological outcomes across
scales.

Collectively, this work establishes a multi-scale framework linking the generation and
transport of plasma RONS to their biochemical and therapeutic effects. The results provide
foundational understanding for the rational tailoring of plasma chemistry toward specific
biomedical and environmental objectives, laying essential groundwork for the design of

next-generation plasma-based therapies and disinfection technologies.



© Copyright 2026 by Maria José Herrera Quesada

All Rights Reserved



Tracking Reactive Oxygen and Nitrogen Species in Atmospheric Pressure Plasma Jets:
Advanced Diagnostics from Gas to Liquid to Biological Effects

by
Maria José Herrera Quesada

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Nuclear Engineering

Raleigh, North Carolina
2026

APPROVED BY:

Steven Shannon Amanda Lietz
Jonathan H. Frank Yevgeny Brudno
Stefanie H. Chen Alexander Bataller

Katharina Stapelmann
Chair of Advisory Committee



DEDICATION

Para la persona mas inteligente y resiliente que he conocido, mi oido cada semana, mi mejor
amiga y consejera, mi mayor inspiracion y fuerza, y a quien tengo la bendiciéon de llamar mi

abuelita. Para mi Lita.

i



BIOGRAPHY

[ was born in Puriscal, a mountain region of Costa Rica, where daily life followed a measured
pace and the nearest movie theater was several hours away. I spent much of my childhood
with my grandparents, Marina and Juan, in days filled with the scent of wood smoke from
Lita’s stove, the damp earth of Lito’s crops, and the small rituals of rural life. The chores
I enthusiastically called “helping” were not always effective, but the conversations that
surrounded them about work, responsibility, and perseverance became my earliest education.

My parents, Marfa Cristina and José Guillermo, belonged to the first generation in their
families to complete high school and earn university degrees. My mother, a primary school
teacher, taught me to read and write well before formal schooling began, instilling both
discipline and curiosity. My father, a lawyer, introduced me to classical music and literature,
including Don Quijote, shaping my appreciation for language, narrative, and reflection. From
them, I learned that education is not only a vehicle for opportunity, but a responsibility to
apply knowledge with purpose.

Their quiet sacrifices expanded the boundaries of what I imagined possible. During middle
school, my uncle Juan Carlos noticed a small newspaper advertisement for a scholarship to
The Country Day School, one of the most prestigious high schools in Costa Rica. The school
existed in a world removed from ours geographically, socially, and economically, and the
tuition alone placed it well beyond our reach. Still, the application was free, and my family
believed that the attempt itself was worthwhile.

I applied by leaning into what I loved most: mathematics and language. Years of participa-
tion in local math olympiads had cultivated my appreciation for clarity and structure, while
English-language television programs sharpened my ear for nuance as I tried to understand
meanings that Spanish closed-captioning could not fully capture. I did not expect to be
selected. When the acceptance arrived, that single “yes” altered the course of my life.

To attend, I moved hours away to live with my aunt Carmen, uncle Sidney, and cousin
Diego, closer to the school. I was about to turn fourteen, and the question that had once
occupied my thoughts—\What kind of party do I want for my quincearera next year?"—
quickly shifted to more practical concerns: what I would need to live my weekdays away from
home, and how I might smuggle my little sister, Monzerrat, in my luggage. The following
year, rather than asking for a celebration, I asked for a computer, my first, so I could focus
on what had become my anchor: school. Years later, I graduated as salutatorian.

The school encouraged students to apply to universities abroad. Until then, I had always
planned to study medicine in Costa Rica and had never seriously considered leaving the

country. Yet some decisions emerge less from long-term planning than from a convergence
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of timing, encouragement, and quiet hope. One enduring memory is standing for hours on
an overnight bus to Panama with my father after I missed the SAT registration deadline in
Costa Rica. He was exhausted, but resolute, convinced that the effort itself mattered and
confident that I would perform well the next morning. That moment remains a defining
reminder of trust and perseverance.

The school’s adviser, Mrs. Oliveras, was aware of my financial circumstances and helped
me identify two universities offering substantial academic support. I was grateful to receive
offers from both, and ultimately chose Washington and Lee University, not only because
it covered my educational and living expenses, but because it also provided a stipend that
allowed me to return home to see my family during the summers. I arrived at eighteen, alone,
unfamiliar with snow, and without a clear map of what lay ahead.

At Washington and Lee University, I double-majored in Physics and Mathematics, with a
concentration in Computer Science. I sought out mentors and research opportunities early,
guided by a growing desire to understand how theory could translate into application. Dr.
Jonathan Erickson introduced me to research, first in Virginia and later in Auckland, New
Zealand, where I began to see the possibilities of international scientific collaboration. Through
his guidance, I also became involved in Women in Technology and Science and Engineers
Without Borders, contributing to water purification projects in communities that closely
resembled those of my childhood. These experiences reinforced my interest in work that
connects technical rigor with tangible societal impact.

When I graduated, my family traveled to the United States for the first time. Seeing them
in the audience as I crossed the stage made clear that the milestone belonged not only to me,
but to everyone who had helped make it possible.

After returning to Costa Rica, I taught undergraduate physics laboratory courses at the
University of Costa Rica while working full time in research and development at Hologic
Inc., a company focused on diagnostic technologies for breast cancer. Teaching deepened
my appreciation for mentorship, particularly in supporting students who aspired to pursue
graduate education abroad. During this period, Dr. Ralph Garcia Vindas, then head of the
physics department, informed me that the university had signed an agreement to acquire
Costa Rica’s first cyclotron, a development that would enable domestic production of ra-
diopharmaceuticals and significantly expand cancer treatment capabilities. He noted that
sustaining this effort would require trained nuclear engineers within the department.

This project captured my interest by uniting my longstanding engagement with physics
and its application to medical technologies. As Costa Rica did not offer a doctoral program in
nuclear engineering, I again looked abroad. I was awarded a Fulbright Faculty Development

Award and relocated to North Carolina to begin my Ph.D. in nuclear engineering at North
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Carolina State University.

For the rst two years, | conducted research under Dr. Mohamed Bourham, focusing
on plasma material deposition across multiple applications. When the COVID-19 pandemic
emerged, borders closed, laboratories shut down, and research funding became uncertain.
My project trajectory changed abruptly. For the rst time, | found myself unsure not of my
ability to work hard, but of whether the path | had imagined for myself would still exist.

This transition led me to the Plasma for Life Sciencesgroup, where Dr. Katharina
Stapelmann welcomed me into her laboratory. There, | shifted my focus to plasma{biological
interactions, with particular emphasis on improving plasma diagnostics for medical applica-
tions. | worked with advanced diagnostic techniques, co-authored peer-reviewed publications,
presented at international conferences, and mentored students from underrepresented back-
grounds, while bene ting from close engagement with scientists whose work and mentorship
have had a lasting in uence. These experiences taught me not only technical adaptability,
but also communication, coordination, and the ability to guide work through uncertainty.

This journey has not been linear, but it has been formative. What began as a series of
opportunities gradually became an understanding of responsibility to the people who made
those opportunities possible, and to the communities | hope my work will ultimately serve.
As | complete this dissertation and organize my next steps serving students at the University
of Costa Rica, | re ect with gratitude on how each challenge along the way shaped both
where | am and who | have become.



ACKNOWLEDGEMENTS

My name may be the one on this dissertation, but it re ects the collective e orts, hopes, and
countless shared hours with people who believed in me long before | fully believed in myself.

My deepest gratitude goes to my family, who have always stood by me and been my
greatest source of encouragement. Thank you for making me feel part of a larger circle of
unwavering support, where we lift and strengthen one another through every challenge.

To my parents, Mara Cristina and Jose Guillermo, thank you for planting the seeds of
education in our family, for every sacri ce that allowed me to pursue my dreams, and for
demonstrating the quiet strength of unconditional love that carried me through this long
academic path.

To my grandparents, Marina and Juan, your wisdom, kindness, and tenacity have guided
me at every stage of my life, reminding me that humility and perseverance are the true
measures of success.

To my sister Monzerrat, my unwavering emotional anchor and brilliant adviser, thank
you for listening to my endless re ections on research, life, and everything in between. Your
insight has often reminded me to look beyond experiments and remember the human side of
science. Thank you as well for being my partner in crime, even as adults, and for holding
down the fort at home during the many years | was away. There is nothing more grounding
than having a best friend who is also your sister.

To my uncle Juan Carlos, who has always believed in my potential and encouraged me to
reach higher, | owe much of this journey to your constant faith in a future | could not yet
imagine. Thank you for being an enduring source of inspiration and a true role model as a
father, brother, uncle, and friend.

To my aunt Carmen Mara and uncle Sidney, thank you for opening your home when
| needed a path forward and for supporting me through formative years that shaped the
discipline and resilience required for graduate school. Thank you for your constant love, and
especially for ta's invaluable words when | needed them most.

To my cousins Diego and Gerardo, your energy and passion for preserving Costa Rica's
wildlife have reminded me that curiosity, stewardship, and responsibility belong in every
aspect of life.

To my undergraduate mentor and professor, Dr. Jonathan Erickson, thank you for
introducing me to the world and magic of research, and for sending me across the world
to Auckland to follow scienti ¢ curiosity for the rst time. That experience taught me to
approach exploration without fear, a lesson that carried through my PhD.

To my undergraduate physics professors, Dr. Irina Mazilu and Dr. Dan Mazilu, your rigor

Vi



and genuine care for students inspired me to think critically, work meticulously, and pursue
truth even when it felt elusive. A special thank you to Dr. Irina for always o ering a warm
hug when | missed home the most.

To Dr. Ralph Garca Vindas at the University of Costa Rica, thank you for motivating me
to explore nuclear engineering and for demonstrating how education can shape a country's
scienti ¢ identity. To the University of Costa Rica, OAICE, Licda. Karol Cordero, the Physics
Department, CICANUM, Dr. Elian Conejo, Dr. Mario Cubero, M.Sc. Gerardo Noguera, and
everyone who helped secure a professorship for me after graduation, thank you for believing
in my potential to return home and contribute to science education.

To M.Sc. Alonso Arce, thank you for your guidance and patience during the early stages
of my professional development. Your advice on working in industry and understanding the
guali cations required to grow within it broadened my perspective beyond academia and
strengthened my appreciation for applied science. To my colleagues at Hologic, thank you for
your camaraderie and for showing how scienti ¢ rigor and teamwork thrive in an industrial
environment.

To Dr. Mohamed Bourham, thank you for your early mentorship and for teaching me the
value of patience and persistence in research. To Mario Milev, Lisa Marshall, Robert Green,
and Ervin Miller, thank you for your support through the inevitable challenges of graduate
life.

My deepest gratitude goes to Dr. Katharina Stapelmann, who welcomed me into her
lab at a pivotal moment in my life. Her example as a scientist and leader has profoundly
shaped the person | am becoming. Her guidance, trust, and encouragement have taught me
to approach challenges with both precision and optimism. She is a role model not only in
scienti ¢ excellence, but also in strength, empathy, and perseverance.

Special thanks to Dr. Duncan Trosan and Dr. Nicholas Sponsel, who have been part of
this journey from the very beginning and have become lifelong friends. Thank you for the
laughter and motivation during long experimental days, the co ee-fueled troubleshooting, the
conference adventures around the world, the countless cat videos, the forced game nights, and
most importantly, for showing me that lasting friendship can be one of the greatest rewards
of this journey.

To all my friends who made this path brighter despite the challenges of a PhD, thank
you. A special thank you to Benjamin Schwaller, whose support and encouragement during
my nal year were truly invaluable.

To my collaborators, thank you for your insight, generosity, and willingness to share
your expertise throughout our experiments and discussions: Dr. Brayden Myers, Dr. Pietro
Ranieri, Dr. Sebastian Pfa, Dr. Jonathan Frank, Erxion Huang, Dr. Jordyn Polito, Dr.

Vii



Mark Kushner, Grayson Gall, Cameron Wagoner, Elle Lenker, Dr. Hannah Wapshott-Stehli,
Dr. Amy Grunden, Dr. Darby Roberts, Dr. Brian Gilger, Dr. Yevgeny Brudno, Dr. Micah
Mallory, Dr. Christopher Moody, Dr. David Green, Dr. Vandana Miller, Dr. Julia Sutter,
Hrushikesh Deshpande, Dr. Selma Mededovic, Logan Byrom, Caleb Smith, Babatunde Ojo,
Dr. Arthur Dogariu, and Chiagozie Chukwukwute. Each of you contributed essential expertise
that strengthened the quality and reach of this dissertation.

A special thank you to my doctoral committee, Dr. Katharina Stapelmann, Dr. Jonathan
H. Frank, Dr. Steven Shannon, Dr. Alexander Bataller, Dr. Amanda Lietz, Dr. Yevgeny
Brudno, and Dr. Stefanie H. Chen, for your time, thoughtful feedback, and commitment to
pushing this work to its strongest form.

To everyone in the Plasma Group who made these years both challenging and rewarding,
thank you for shaping my scienti ¢ and personal growth in ways too humerous to count.

To the broader plasma community, thank you for fostering a welcoming and intellectually
rich environment through conferences and collaborations. It has been a privilege to be part
of a eld that values both rigor and openness.

Finally, to the institutions that believed in me, The Country Day School, Washington &
Lee University, the Fulbright Faculty Development Program, the IAEA Marie Sklodowska-
Curie Fellowship, and NC State University, thank you for providing not only nancial support,
but also trust and purpose. Your programs are more than scholarships; they are catalysts
that change lives.

The following research is based partly upon work supported by the U.S. Department of
Energy, O ce of Science, O ce of Fusion Energy Sciences Opportunities in Frontier Plasma
Science program under Award Numbers DE-SC-0021329 and DE-SC-0020232, as well as the
U.S. National Science Foundation under Award Numbers CBET-2032604 and PHY-2308857.

Part of the research presented used resources of the Low Temperature Plasma Research
Facility at Sandia National Laboratories, which is a collaborative research facility supported
by the U.S. Department of Energy, O ce of Science, O ce of Fusion Energy Sciences.

Sandia National Laboratories is a multimission laboratory managed and operated by
National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security
Administration under contract DE-NA0003525. This paper describes objective technical
results and analysis. Any subjective views or opinions that might be expressed in the paper
do not necessarily represent the views of the DOE or the U.S. Government. The publisher
acknowledges that the U.S. Government retains a non-exclusive, paid-up, irrevocable, world-
wide license to publish or reproduce the published form of this written work or allow others
to do so, for U.S. Government purposes. The DOE will provide public access to results of

viii



federally sponsored research in accordance with the DOE Public Access Plan.



Listof Tables . . . . . . . . . e Xiii
List of Figures . . . . . . . . e Xiv
Chapter 1 Introduction . . . . . . . . . . . e e 1
1.1 OVEeIVIEW. . . . . o e e e e e 1
1.2 Plasma RONS Applications in Life Sciences . . ... ... ... ....... 2
1.2.1 Agriculture . . . . . 3
1.2.2 Produce Disinfection . . . . ... .. ... .. .. ... .. 4
1.2.3 Degradation of PFAS and Environmental Pollutants . . . . . . . . .. 5
1.2.4 Medical Applications . . . . . .. .. ... ... .. 6
1.3 Plasma Source: COST Reference Source . . . .. ... ... .. ....... 9
1.4 Scope and Dissertation Outline . . . . ... .. .. ... ... .. ...... 13
1.5 Summary of Contributions . . . . . .. ... ... oo 14
Chapter 2 Theory . . . . . . . . 18
2.1 Plasma Physics . . . . . . . . . 19
2.1.1 Collisional Processes . . . . . . . . . . . . 20
2.1.2 Plasma Breakdown and Sustainment Mechanisms . . ... ... ... 23
2.1.3 Electron Energy Distribution Function . . . . ... .. ... ..... 25
2.1.4 Reactive Species Production . . . . . . ... ... oL 27
2.2 Diagnostic Theory . . . . . . . . . 29
2.2.1 Power Monitoring . . . . . . . ... 29
2.2.2 Gas-Phase Diagnostics . . . . . . . . . ... . .. e 33
2.2.3 Liquid-Phase Diagnostics . . . . . . . . . . . . . . e 37
2.2.4 Biological-E ect Diagnostics . . . . . . . .. .. ... ... .. ..., 41
Chapter 3 Plasma Source, Experimental Setup, Materials, and Methods 47
3.1 Atmospheric Pressure Plasma JetSetup . . . . .. ... ... ... ..... 48
3.1.1 COST-Jet . . . . . . e 48
3.1.2 Bubblers. . ... . ... 48
3.1.3 InnityPool . .. .. .. .. .. 49
3.1.4 Controlled-Atmosphere Glass Cross . . . . . .. .. ... ... .... 50
3.2 Gas-Phase Diagnostics . . . . . . . . . . . e 50
3.2.1 Laser-Induced Fluorescence . .. .. .. .. ... ... .. .. ..., 50
3.2.2 Correction of the OH-LIF Signal . . . .. ... ... ... ...... 51
3.2.3 Absolute Calibration of the OH-LIF Signal . . . . . .. ... .. ... 54
3.2.4 OH Number Density Uncertainty . . . . . .. ... ... ....... 55
3.2.5 Photofragmentation Laser-Induced Fluorescence . . . .. .. ... .. 56
3.3 Liquid-Phase Diagnostics . . . . . . . . . . . . . 61
3.3.1 Plasma Treatment . . . . . . . . . . . .. .. 61
3.3.2 Electron Paramagnetic Resonance Spectroscopy: O@H . . . . .. 64
3.3.3 Photometric Detection: HO,, NO, . . . . . . ... ... ... .... 65

TABLE OF CONTENTS

X



3.4 Biological-E ect Diagnostics . . . . . . . . . ... .. e 66

3.4.1 Liquid Chromatography Mass Spectroscopy . . . .. ... ... ... 66
3.4.2 Fourier Transform Infrared Spectroscopy . . . . . . ... .. ... .. 67
3.4.3 Enzyme Turnover Numbers . . . . ... ... ... ... .. ..., . 67
3.4.4 Cellular Metabolic Activity . . . . . . . .. .. ... ... ...... 68
3.4.5 Microscopic Analysis of Fungal Infection . . . ... .. ... ..... 73
3.5 Computational Simulations . . . . . .. ... .. .. .. ... .. 75
3.5.1 Fluid Dynamics Simulation . . . .. ... ... ... ......... 75
3.5.2 Chemistry Simulation . . . .. ... ... ... . ... ... 76
Chapter 4 Results: Gas-Phase Characterization{LIF . ... ... ... .... 80
4.1 Plasma E uent Flowing into Open Ambient . . . . . .. .. ... ...... 82
4.1.1 Humidied He Discharge: He/HBO . . . .. ... ... ... ..... 82
4.1.2 Non-humidi ed He Discharge: He/Q . . . . .. .. ... ... .... 90
4.1.3 Non-humidi ed He Discharge: He/N/O, . . . . . . . .. .. ... .. 96
4.2 Plasma Euent Onto Solid Targets . . . . ... ... ... ... ....... 97
4.3 Conclusion . . . . . . .. e 101
Chapter 5 Results: Gas-Phase Characterization{PF-LIF . .. ... ... ... 103
5.1 Mapping of HO, and HO, in the Plasma Euent . . . . ... ... ... .. 105
5.1.1 Interpretation of the PF-LIF Signal . . . . .. ... ... ....... 105
5.1.2 HO, and HO, Densities Encountering a Solid or Liquid Interface . . 111
5.2 Photofragmentation on Non-humidi ed Plasma Discharges . . . . . ... .. 114
5.3 Conclusion . . . . . . . . e e 117
Chapter 6 Results: Liquid-Phase Characterization{fEPR & Photometric
Detection . . . . . . . . . 118
6.1 Short-Lived Species Quanti cation After Plasma Treatment . . . . ... .. 119
6.1.1 OH in Liquids with Increasing Biological Complexity . . . . .. . .. 119
6.1.2 O in Liquids with Increasing Biological Complexity . . .. ... ... 124
6.2 Long-Lived Species Quanti cation After Plasma Treatment . . . . . . . . .. 127
6.2.1 HO, in Liquids with Increasing Biological Complexity . . . .. ... 127
6.2.2 NGO, in Liquids with Increasing Biological Complexity . . . ... .. 132
6.3 Conclusion . . . . . . . . e e 135
Chapter 7 Results: Plasma-E ect on Simple Biochemical Model . . ... .. 137
7.1 Cysteine Modi cations After Plasma Treatment . . . . . . . ... ... ... 139
7.2 Tracing the Origin of Reactive Species . . . . . .. .. ... ... ...... 146
7.3 Experimentally Informed Cysteine{Based Reaction Model . . ... ... .. 149
7.4 Conclusion . . . . . . . . e 154
Chapter 8 Results: Plasma-E ect on Enzymes . . . . .. ... ... ...... 156
8.1 Enzyme Activity After Plasma Treatment . . . . .. .. ... ... ..... 157
8.2 Conclusion . . . . . . . . e e 161
Chapter 9 Plasma-E ect on Pathological Models . .. ... ... ....... 163

Xi



9.1 Metabolism of Human Cancer Cells After Plasma Treatment . . . . . . . ..
9.1.1 Capan-1CellLine. ... .. .. . . . .. i 164
9.1.2 U87and A431 CellLines . . .. .. ... .. . .. .. .. .. ..... 170
9.2 Microscopic Analysis of Fungal Infection inEx-Vivo Corneas After Plasma
Treatment . . . . . . . . L 177
9.3 Conclusion . . . . . . .. e 181
Chapter 10 Conclusion . . . . . . . . . e e 183
10.1 Future WOrk . . . . . . . . e 185
References . . . . . . . . e 187
APPENDICES . . . . . e 223
Appendix A ACroNymMS . . . . . . L e e 224
227

Appendix B Constants & Variables . . . . . .. ... ... ... ... .....

Xii



Table 1
Table 2.1

Table 3.1
Table 3.2

Table 7.1
Table 7.2
Table 7.3

Table A.1 Acronyms

Table B.1 Constants
Table B.2 Variables

LIST OF TABLES

Contributors and their institutions when contributions were made. . . XX
Inelastic collision processes . . . . . .. .. ... .. ... ... 21
Gas properties and sourcesused . . . ... ... 76
Reaction rate coe cients for chemistry modeling . . . . . ... .. .. 79
FTIR bands in the Cystine spectrum . . . . . . .. ... ... ..... 141
Cysteine species in liquid-phase reaction mechanism . . ... .. ... 152
Experimentally-informed cysteine-liquid reaction mechanism . . . . . . 154
.................................. 224
.................................. 227
.................................. 228

Xiii



Figure 1.1
Figure 1.2
Figure 1.3

Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8

Figure 4.9

LIST OF FIGURES

Plasma Source Congurations . . . . . ... ... ... ........ 9
COST-Jet reference jet and schematic . . . . . ... ... ....... 10
Number of citations for the original COST-Jet publicatior by year . 12

Paschen curves showing breakdown voltage as a function of pressure{gap

product . . . . . .. e 24
Cost-Jet circuitdiagram . . . . . . . .. .. .. e 32
OH excitation diagram . . . . . . . . . . . ... . .. ... ... 35
Hyper ne interaction . . . . . . . . . .. . ... ... 40
FTIR detection of water . . . . . ... ... ... .. .. ....... 43
LIF experimental setup . . . . . . . . .. .. . ... .. ... ... 53
Optical vignetting e ects from jet's e uent on solid target . . . . . . 54
PF-LIF experimental setup . . . . . . . . .. ... ... ... ... .. 57
Dependence of OH-LIF signal on excitationlaser. . . . . .. ... .. 58
Experimentally-determined Maps ofOH Fluorescence Lifetimes . .. 60
COST-Jet experimental setup for liquid treatments . . . . . .. ... 63
MTT assay workow . . . . . . .. ... . ... . ... ... 70
A431 microscope images before and after MTT assay . . ... .. .. 72
MTT assay curves for A431and U887 . . . ... ... ......... 73
OH density measurements for He/LHIO COST-Jet e uent in air and

N, atmosphere, and simulated He density . . . . . .. ... ... ... 82
Centerline OH density measurements for He/bHO COST-Jet e uent

in air and N, atmosphere, with simulated He centerline density . . . . 84
Horizontal pro les of OH density measurements for He/bHO COST-Jet
euentinairand N , atmosphere . . .. .. ... ... ........ 85
Predicted OH density measurements for He/bHO COST-Jet e uent

in air and N, atmosphere using CFD model . . . ... .. ... ... 87
Dominant production and consumption reactions for He/HO COST-Jet
euentin airand N , atmosphere . . . ... ... ... ........ 88
OH density measurements for He/@ COST-Jet e uent in air and N ,
atmosphere and centerline proles . . . . . . ... ... ... ... .. 91
Horizontal pro les of OH density measurements for He/@ COST-Jet
euentin airand N , atmosphere . . . ... ... ... ........ 92
Predicted OH centerline density measurements for He/©@COST-Jet

e uent in air and N , atmosphere using CFD model . . . . . ... .. 93
Dominant production and consumption reactions for He/@ COST-Jet
euentinairand N , atmosphere . . .. .. ... ... ........ 94

Figure 4.10 OH density measurements for He/lWO , COST-Jet e uent in air and

N, atmosphere and centerline proles . . . . . . .. ... .. ... .. 96

Figure 4.11 Horizontal pro les of OH density measurements for He/MWO , COST-

Jet euent in air and N , atmosphere . . . . .. ... ... ...... 98

Xiv



Figure 4.12 OH number density measurements for He/HO COST-Jet e uent in

air and N, atmosphere impinging on targets . . . . . . ... .. ... 99
Figure 4.13 PLIF-measured and 2D-computed gas ow of COST-Jet e uent im-

pingingontargets . . . . . . . . ... 99
Figure 4.14 Centerline OH number density measurements for He/kD COST-Jet

e uent in air and N , atmosphere impinging on targets . . . . . . .. 101
Figure 5.1 PF-LIF of He/H,O COST-Jet e uent in air and N , atmosphere . . . 105
Figure 5.2 Absorption cross section of #0, and HO, . . . . . . .. ... .. .. 106
Figure 5.3 Model predicted number densities of kD, and HO, in He/H,0O COST-

Jet euentin air and N , atmosphere . . . . .. ... ... ...... 108
Figure 5.4 PF-LIF of He/H ,0 COST-Jet e uent in air and N , atmosphere with

HO, density approximation . . . . .. ... ... ... ........ 110
Figure 5.5 PF-LIF measurements for He/HO COST-Jet e uent impinging on

targets . . . .. e 112
Figure 5.6 Horizontal pro les of H,O, and HO, densities in plasma e uent im-

pinging no target, a solid target, and a liquid target . . . . . . . . .. 113
Figure 5.7 PF-LIF measurements of HO, and HO, with di erent admixtures in

air and N, atmospheres and the di erence between the air and,N

densities . . . . . .. 116
Figure 6.1 EPR quanti cation of DMPO concentrations for increasingly complex

liquids treated with di erent plasma admixtures . . . . . .. ... .. 120
Figure 6.2 EPR quanti cation of TEMPO concentrations for increasingly complex

liquids treated with di erent plasma admixtures . . . . . .. ... .. 124
Figure 6.3 Photometric quanti cation of H,0O, concentrations in HO, Cysteine,

and cell media after di erent plasma treatments . . . . ... .. ... 128
Figure 6.4 Photometric quanti cation of H,0, concentrations in cell media and

cell media from cells at 0 and 24 hrs post plasma treatments . . . . . 130
Figure 6.5 Photometric quanti cation of NO2 concentrations in HO and cell

media after di erent plasma treatments . . . . . .. ... ... ... 132
Figure 6.6 Photometric quanti cation of NO, concentrations in cell media and

cell media from cells at 0 and 24 hrs post plasma treatments . . . . . 134
Figure 7.1 Molecular structure of cysteine and oxidation products after plasma

treatment . . . . . . . .. 140
Figure 7.2 FTIR of cysteine after plasma treatment with He/O,, He/N,/O ,,

He/H,0, and exogenous kD, . . . . . . . . . ... .. .. ... L. 143
Figure 7.3 Mass Spectrometry of cysteine oxidation products after plasma treat-

ment with di erent gas admixtures . . . . ... ... ... ... ... 144
Figure 7.4 Normalized heavy oxygen contribution to cysteine oxidation after

plasma treatment with three di erent gas admixtures . . . . .. ... 147
Figure 7.5 Comparison of experimental and modeled trends of cysteine oxidation

product formation after plasma treatment . . . . ... ... ... .. 151

XV



Figure 8.1
Figure 8.2
Figure 8.3

Figure 8.4

Figure 9.1
Figure 9.2
Figure 9.3
Figure 9.4
Figure 9.5

Figure 9.6
Figure 9.7

TONSs for OleTs; and its fusions for exogenous D, vs. He/H,O
plasmatreatment . . . . . .. ... ... L 158
Comparison of TONSs for OleTe and its fusions treated with He/H,O
plasma and exogenous #D, concentrations . . . . . . ... ... ... 159
Amplex Red Assay of residual KO, after He/H,O plasma treatment

of OleT;e anditsfusions . . . . . . . . . . . . . . . . . . ... .... 160
TONSs of He/H,O plasma dosing experiments of di erent timing con g-
urations . . . . . . . e e 161
Cell metabolic activity from Almarblue assay of Capan-1 cells treated

with three di erent plasma gas admixtures . . . . .. ... ... ... 165
Cell con uence change of Capan-1 cells Pre and Post plasma treatments
with three di erent gas admixtures . . . . ... ... ... .. .... 168
Cell metabolic activity from MTT assay of A431 and U87 cells treated

with three di erent plasma gas admixtures . . . .. ... ... .. .. 171
Cell metabolic activity from MTT assay of A431 and U87 cells treated

with three di erent plasma gas admixtures, reduced seeding number . 175

Images of corneal fungal coverage 36 hrs after NTP treatment . . . . 177
Analysis of corneal fungal coverage after NTP treatment . . . . . .. 178
lllustration of possible death and inactivation indicators in cancer cells

and Aspergillusfungi . . . . .. ... . L o 180

XVi



AUTHORSHIP STATEMENT

For simplicity and consistency, the contribution of collaborators in this dissertation are cate-
gorized by chapter according to the Contributor Role Taxonomy (CRediT). The institutions
for each contributor are in Table 1.

Moreover, during the preparation of this work the author used ChatGPTv5.1 to improve
grammar, syntax, readability, and formatting. After using this tool, the author reviewed and
edited the content as needed and takes full responsibility for the content of the publication.

Chapter 4

- Maria Jose Herrera Quesada : Conceptualization, Data Curation, Formal Analysis,
Investigation, Visualization, Writing { Original Draft Preparation, Writing { Review &
Editing

- Dr. Sebastian Pfa : Conceptualization, Data Curation, Formal Analysis, Investigation,
Visualization, Methodology, Writing { Review & Editing

- Dr. Jonathan Frank: Conceptualization, Methodology, Resources, Supervision , Writing {
Review & Editing

- Dr. Jordyn Polito (Chemistry Computational Model): Investigation, Formal Analysis, Writing
{ Review & Editing

- Grayson Gall (Fluid Dynamics Simulation): Investigation, Writing { Review & Editing

- Dr. Mark Kushner (Chemistry Computational Model): Supervision, Writing { Review &
Editing

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Review &
Editing, Funding Acquisition

Chapter 5

- Maria Jose Herrera Quesada : Conceptualization, Data Curation, Formal Analysis,
Investigation, Visualization, Writing { Original Draft Preparation, Writing { Review &
Editing

- Dr. Jonathan Frank: Conceptualization, Methodology, Resources, Supervision , Writing {
Review & Editing

- Dr. Sebastian Pfa : Conceptualization, Data Curation, Formal Analysis, Investigation,
Visualization, Methodology, Writing { Review & Editing

XVii



- Dr. Jordyn Polito (Chemistry Computational Model): Investigation, Visualization, Writing
{ Review & Editing

- Dr. Mark Kushner (Chemistry Computational Model): Supervision, Visualization, Writing {
Review & Editing

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Review &
Editing, Funding Acquisition

Chapter 6

- Maria Jose Herrera Quesada : Conceptualization, Data Curation, Formal Analysis,
Investigation, Methodology, Visualization, Writing { Original Draft Preparation, Writing
{ Review & Editing

- Dr. Vandana Miller and Laboratory (Experiments with cells): Conceptualization, Data
Curation, Investigation, Resources, Supervision, Funding Acquisition

- Cameron Wagoner (EPR): Formal Analysis

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Review &
Editing, Funding Acquisition

Chapter 7

- Maria Jose Herrera Quesada : Conceptualization, Data Curation, Formal Analysis,
Investigation, Methodology, Visualization, Writing { Review & Editing

- Dr. Jordyn Polito (Chemistry Computational Model): Conceptualization, Data Curation,
Formal Analysis, Investigation, Visualization, Writing { Review & Editing

- Dr. Pietro Ranieri: Conceptualization, Data Curation, Formal Analysis, Investigation,
Writing { Review & Editing

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Original
Draft Preparation, Writing { Review & Editing, Funding Acquisition

Chapter 8

- Maria Jose Herrera Quesada : Investigation, Data Curation, Visualization, Formal
Analysis, Writing { Review & Editing

- Dr. Brayden Myers: Investigation, Data Curation, Visualization, Formal Analysis, Writing {
Review & Editing

XViii



- Dr. Hannah Wapshott-Stehli(TONs Analysis): Conceptualization, Data Curation, Inves-
tigation, Formal Analysis, Writing { Original Draft Preparation, Writing { Review &
Editing

- Dr. Amy Grunden: Conceptualization, Resources, Supervision, Writing { Review & Editing,
Funding Acquisition

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Review &
Editing, Funding Acquisition

Chapter 9

- Maria Jose Herrera Quesada : Conceptualization, Data Curation, Formal Analysis, In-
vestigation, Methodology, Validation, Visualization, Writing { Original Draft Preparation,
Writing { Review & Editing

- Dr. Yevgeny Brudno (MTT Experiments): Conceptualization, Resources, Supervision,
Funding Acquisition

- Dr. Brian Gilger (Fungal Keratitis Experiments): Conceptualization, Resources, Supervision,
Funding Acquisition

- Dr. Vandana Miller and Laboratory (Capan-1 Experiments): Conceptualization, Investigation,
Data Curation, Resources, Supervision, Funding Acquisition

- Dr. Darby Roberts (Fungal Keratitis Experiments): Conceptualization, Data Curation,
Formal Analysis, Investigation, Visualization

- Dr. Katharina Staplemann: Conceptualization, Resources, Supervision, Writing { Review &
Editing, Funding Acquisition

Name Institution

Dr. Yevgeny Brudno Joint Department of Biomedical Engineering, North Car-
olina State University, Raleigh, NC, USA

Dr. Jonathan Frank Sandia National Laboratories, Livermore, CA, USA

Grayson Gall Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, USA

Dr. Brian Gilger Department of Clinical Sciences, North Carolina State
University, Raleigh, NC, USA

Dr. Amy Grunden Department of Plant and Microbial Biology, North Car-

olina State University, Raleigh, NC, USA
Continued on next page

XiX



Name

Institution

Dr.

Dr.

Dr.

Dr.
Dr.

Dr.

Dr.

Dr.

Dr.

Mark Kushner

Vandana Miller

Brayden Myers

Sebastian Pfa
Jordyn Polito

Pietro Ranieri

Darby Roberts

Katharina Staplemann

Hannah Wapshott-Stehli

Cameron Wagoner

Department of Electrical Engineering and Computer Sci-
ence, University of Michigan, Ann Arbor, MI, USA
Department of Microbiology and Immunology, and Insti-
tute for Molecular Medicine and Infectious Disease, Drexel
University, Philadelphia, PA, USA

Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, USA

Sandia National Laboratories, Albuquerque, NM, USA
Department of Electrical Engineering and Computer Sci-
ence, University of Michigan, Ann Arbor, MI, USA
Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, USA

Department of Clinical Sciences, North Carolina State
University, Raleigh, NC, USA

Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, USA

Department of Biochemistry, Vanderbilt University,
Nashville, TN, USA and Department of Plant and Mi-
crobial Biology, North Carolina State University, Raleigh,
NC, USA

Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, USA

Table 1: Contributors and their institutions when contributions were made.

XX



CHAPTER

1

INTRODUCTION

1.1 Overview

Plasma, often referred to as the fourth state of matter, is an ionized uid formed when
su cient energy is supplied to a gas to free electrons from atoms, producing a mixture of
charged and neutral species that have a collective behavior. Over the past two decades,
non-thermal plasmas (NTPs) have become a rapidly expanding area of research due to
their promise in biomedicine, agriculture, and disinfectiofi’. These discharges operate in
non-thermal equilibrium where electrons are energized to several hundred degrees while the
bulk gas remains near room temperatufe This unique condition enables the generation
of chemically reactive species, metastables, charged particles, and UV photons without
in icting thermal damage to sensitive substrates. Among these active components, reactive
oxygen and nitrogen species (RONS) are particularly important, as they mediate many of
the chemical and biological e ects observed across NTP applicatichsHowever, despite
widespread applications of NTP sources like atmospheric-pressure plasma jets (APPJs) and
dielectric barrier discharges (DBDs) in medical and industrial contexts, the mechanisms
connecting plasma composition, interfacial transport, and downstream biological response
are still not fully understood.

A major challenge in advancing NTP science is the inherent complexity of plasma{chemical



environments®’. Electron-driven reactions generate a diverse set of short- and long-lived
species, each in uenced by the electron energy distribution, gas composition, humidity,
power coupling, and interaction with surfaces or liquids. Once formed, these species undergo
cascades of secondary and tertiary reactions in the gas phase before reaching the plasma{liquid
interface where an entirely new network of aqueous intermediates can be produced, which
can then interact with the gas-phas&!®. This multiscale reactivity makes it di cult to
isolate individual modes of action or predict biological outcomes from plasma exposure.
Therefore, standardized plasma sources and quantitative diagnostics are essential to establish
reproducible relationships between discharge conditions and the resulting chemistry.

In response to this need, the COST Reference Microplasma Jet (COST-Jet) was developed
as a community-standard atmospheric-pressure plasma sourtets carefully engineered
geometry, embedded diagnostics, and reproducible operating characteristics allow researchers
across laboratories to generate comparable plasma conditions using identical electrical and
gas con gurations. This standardization has enabled meaningful cross-study comparisons,
facilitated benchmarking of diagnostic techniques, and provided a common platform for
validating kinetic models and simulation frameworks. The widespread adoption of the COST-
Jet has thus been instrumental in building a shared scienti ¢ foundation for NTP chemistry
and its biomedical applicationg?.

This dissertation leverages the COST-Jet to systematically investigate how feed-gas
composition governs the formation, transport, and biological action of RONS. Three helium-
based admixtures (He/Q, He/N,/O ,, and He/H,O) are used to span distinct chemical
families of reactive species. A top-down strategy integrates gas-phase optical diagnostics,
liquid-phase analytical chemistry, and biological assays to progressively link fundamental
plasma processes to biochemical and cellular outcomes. Through this approach, the work
contributes to the broader e ort to quantitatively understand RONS generation in NTP
systems and supports the rational design of plasma environments optimized for therapeutic
and disinfection applications.

1.2 Plasma RONS Applications in Life Sciences

The following sections outline the signi cance and diverse applications of atmospheric
plasma{generated reactive oxygen and nitrogen species (RONS) across the life sciences.
These include agricultural uses for enhancing crop resilience and seed germination, food and
produce disinfection for microbial safety, degradation of persistent environmental pollutants
such as PFAS, and emerging biomedical and therapeutic applications. Understanding how
the composition of RONS varies with di erent plasma discharge conditions, and how this



knowledge can be leveraged to enhance e cacy across these applications, particularly in
biomedical contexts, constitutes the central motivation of this research.

1.2.1 Agriculture

Agriculture has emerged as a dynamic frontier for plasma technology, driven by its capacity
to enhance seed germination, plant growth, and fertilizer e cienc§*35. A key innovation

in this eld is plasma-treated water (PTW), produced when water is exposed to a plasma
discharge, enriching it with RONS such as nitrate (N@), nitrite (NO , ), hydrogen peroxide
(H»0,), and mild acidity *. PTW functions as both a fertilizer and a biostimulant: nitrate and
nitrite provide nitrogen for plant uptake, while H,O, and other oxidative species enhance
seed vigor and suppress microbial pathogens. Numerous studies have reported that irrigation
with PTW accelerates germination and promotes robust seedling development across a range
of crops including soybeans, lentils, tomatoes, wheat, and ric¥. Furthermore, PTW-treated
plants exhibit greater resistance to disease and pest infestation, resulting in higher yields
and reduced dependence on conventional agrochemiéats Complementarily, direct NTP
exposure has been shown to improve plant stress tolerance, provide antimicrobial protection,
and stimulate growth across various speci€s',

Another important application of NTP in agriculture is nitrogen xation. Ammonia
and nitric acid remain among the world's most critical industrial chemicals, with ammonia
production projected to surpass 220 million tons by 2050 and market values nearing half a
trillion USD 4. Approximately 80% of ammonia production is devoted to fertilizers that sustain
an estimated 40% of global food suppfy*3. However, conventional nitrogen xation through
the Haber{Bosch and Ostwald processes is highly energy-intensive, consuming 5.5 EJ annually
and contributing roughly 1.4% of global greenhouse gas emissibhs Renewed interest in
plasma-based nitrogen xation arises from its compatibility with renewable electricity and
potential for decentralized, low-emission fertilizer synthesis. Unlike fossil fue{dependent
systems, atmospheric-pressure plasma can generate reactive nitrogen species directly from air
and water, providing a sustainable nitrogen sourde?®.

PTW and NTP processes extend this concept further by serving as direct, low-impact
alternatives to conventional fertilizers and nitrogen additives. Through the delivery of RONS
to plants and soils, they can replace or supplement ammonia-based fertilizers entifefy.
Additionally, these plasma-based approaches eliminate the need for the high-temperature
and high-pressure infrastructure intrinsic to the Haber{Bosch proce$% Their scalability,
modularity, and on-site generation capabilities make them particularly attractive for dis-
tributed fertilizer production, reducing transport costs, empowering small-scale farmers, and



supporting sustainable agricultural developmerits.

1.2.2 Produce Disinfection

Microbial contamination remains a leading cause of food insecurity, contributing to the lack
of safe food for over 820 million people worldwide and causing foodborne illnesses in nearly
10% of the global population each yed?!’. Conventional disinfection methods, such as
steam sterilization or chemical treatments, are e ective but often costly and environmentally
taxing®>'’. In contrast, direct NTP and PTW have emerged as highly e cient, non-thermal
technologies for microbial decontamination of food surfaces and fresh produce. Operating near
ambient temperature and without the use of chemical additives, plasma treatment preserves
nutritional value, avor, and texture while eliminating harmful residues and minimizing water
consumptiont®,

One of the principal advantages of plasma-based decontamination is its broad antimicrobial
spectrum. The bactericidal and fungicidal activity of NTP and PTW arises from a diverse
mixture of RONS that penetrate microbial bio Ims, oxidize membrane lipids and proteins,
and damage nucleic acids, leading to rapid pathogen inactivatiéft®3. Numerous studies
have reported multi-log reductions ofE. coli, Listeria monocytogenesand Salmonellaspecies
on fresh produce after only seconds to minutes of plasma expogdfé-2°. Plasma treatment
also a ects enzymatic and stress-response pathways: proteingsand lysozymé’ activities
decrease after NTP exposure, whereas oxidative stress{related proteins exhibit enhanced
activity 2829,

The e ciency of microbial inactivation depends strongly on microorganism type and envi-
ronmental conditions, including humidity and gas compositiotf-*%34, For example, spherical
bacteria such asS. aureustend to be more resistant than rod-shapedl. monocytogenes?,
and even di erent E. coli strains can exhibit variable susceptibilitie$®. Surface topology also
plays a major role as NTP achieves higher inactivation rates on smooth substrates than on
rough or porous ones. Micro-crevices on rough surfaces can shield cells from the reactive
species®?’,

Recent work has shown that NTP can achieve rapid, multi-log microbial reductions on
materials widely used in food processing, including stainless steel, aluminum, and various
polymers'’. Surface composition further in uences plasma e cacy; for instance, di erent
grades of steel yield distinct inactivation e ciencies®. Beyond processing equipment, NTP
has been evaluated for its e ects on food packaging materials, where it can inactivate mi-
croorganisms without compromising the mechanical or barrier properties of the polymé&té?.
Together, NTP and PTW represent versatile, energy-e cient, and environmentally sustainable



alternatives to conventional sanitization approaches, enabling safe and e ective microbial
control without the chemical residues or thermal degradation associated with traditional
methods!’.

1.2.3 Degradation of PFAS and Environmental Pollutants

Per- and poly uoroalkyl substances (PFAS) have been identi ed as persistent environmen-
tal pollutants that are increasingly concerning for environmental and health reasor$“s.
Comprising more than 4700 known compounds, PFAS are de ned by their highly stable
carbon{ uorine bonds, which make them exceptionally resistant to chemical, thermal, and
biological degradatiorf®. NTP has recently emerged as an e ective method for PFAS de-
composition, o ering faster treatment times and greater removal e ciency compared to
conventional remediation technologi€$+"48, One of the most notable studies to date was
conducted by Strattonet al.*°, who achieved 90% removal of PFOA from an aqueous solution
within 30 minutes, with concentrations falling below detectable limits after an additional
40 minutes of treatment.

The performance of plasma-based PFAS degradation varies widely depending on opera-
tional and environmental conditions. NTP factors such as reactor con guration, electrode
material, applied voltage, pulse frequency, energy input, and gas composition all in uence
e ciency. Parameters of the treated liquid like pH, temperature, and conductivity matter as
well*>*°, However, because most reactions occur at the plasma{liquid interface, NTP treat-
ment is inherently less a ected by the presence of organic or inorganic co-contaminants than
conventional remediation method®. This inherent resilience to contaminants underscores the
potential of NTP for complex water systems and highlights the need for systematic parameter
tuning to fully harness its capabilities for reliable and scalable PFAS remediati6h°.

Understanding the intermediate transformation products of PFAS is critical for achieving
total conversion into stable, inorganic constituents. Topoloveet al.*® examined six PFAS
byproducts to investigate degradation pathways under NTP treatment. Their ndings indi-
cated that, for certain PFAS species, degradation is initiated by electron transfer leading to
cleavage of C{C or C{S bonds at the head group, followed by successive decarboxylation,
de uorination, hydrolysis, and reactions with hydroxyl radicals. In other compounds, bond
cleavage occurs rst at the ether group, with subsequent de uorination and decarboxylation
steps. Overall, the study suggests that both reductive and oxidative reactions caused by
introduced RONS contribute to PFAS decomposition, with mechanisms dependent on the
speci ¢ molecular structure. More thorough investigation into PFOS-degradation byproducts
and their e ects on health and the environment is warranteéf.



While PFAS degradation represents a major success of plasma-based remediation, it is far
from the only environmental application of NTP. Wastewater from industrial, agricultural,
and domestic sources often contains persistent organic micropollutants (OMPSs) that pose
signi cant environmental and health risks*®3. Conventional biological treatment processes
are largely ine ective at degrading these compounds due to their stable and complex molecular
structures®. RONS o er a promising alternative, providing strong degradation of OMP by
oxidation at ambient conditions and without the need for hazardous chemicafs

NTP o ers a promising solution for the degradation of OMPs in water, including phar-
maceuticals, synthetic dyes, and pesticidé¥>®. These compounds are of increasing concern
because they are chemically stable, poorly biodegradable, and resistant to conventional waste-
water treatment processes. Pharmaceuticals contribute to long-term aquatic contaminatith
dyes disrupt aquatic ecosystems through their toxicity and persisten®é?, and pesticides
accumulate in water sources, threatening both environmental and human heafff®.

Plasma-based oxidation processes address these challenges by generating highly reac-
tive species capable of breaking down stable organic molecules under ambient conditions
without producing secondary pollutant$*. Magureanuet al.®® used a pulsed coaxial DBD
reactor to degrade antibiotics such as amoxicillin, oxacillin, and ampicillin. Suet al.®’
demonstrated e cient decolorization of methyl orange dye using a 24-needle plasma jet, with
oxygen-containing plasmas achieving the highest e ectiveness. Similarly, low-temperature
plasma treatments have successfully decomposed a variety of pesticides without forming
harmful byproducts®. Together, these studies highlight NTP's versatility and environmental
compatibility as a chemical-free, energy-e cient method for wastewater puri cation.

1.2.4 Medical Applications

Sterilization was the rst medical application of plasma technology dating back to the 19
century. It plays a vital role in preventing disease transmission in healthcare environments
where conventional methods include autoclaving, ethylene oxide treatment,®, gas plasma,
and ionizing radiation®®. NTP's broad-spectrum antimicrobial e cacy combats bacteria,
viruses, and fungi and can be applied to medical surfaces, instruments, and directly to
biological tissu¢®’t. NTP has demonstrated the ability to inactivate both vegetative cells
and resistant bacterial spores. For example, Mendes-Oliveia al.”? reported that DBD
treatment e ectively reduced the survival ofBacillus subtilis spores, a species known for its
high resistance. Kogelheideet al.”® extended these ndings by showing that many species
are likely involved in this spore inactivation by nding no correlation between UV and ozone
concentration when humidity levels vary. The higher humidity drastically increased the rate



of inactivation, suggesting that reactive species originating from water molecules, including
OH, H,0,, HNO,, HNO3, and HO,NO,, are key contributors to inactivation’. Similarly,
Kim et al.”* showed that DBD plasma e ciently inactivated other notable microbes like
Escherichia coliand Vibrio parahaemolyticuson porous substrates.

A critical advancement in plasma medicine has been the ability to apply plasma directly
to living tissues, eliciting bene cial therapeutic responses. Larousst al.”> demonstrated
that helium-based NTP can be applied at room temperature for safe and painless medical
treatment. Directly applied NTP has shown signi cant promise in promoting blood clotting
and tissue regeneration in open wounds. Feret al.”® optimized the use of argon plasma
for blood coagulation during pediatric tonsillectomies while Hungt al.”” con rmed the
anti-in ammatory and wound-healing e ects of NTP through in vivo studies. NTP can also
be used on closed wounds to prevent scarring. Metelmaahal.”® showed signi cant aesthetic
improvement of patient scar tissue after plasma treatments.

NTP has also emerged as a promising non-photochemical strategy for antifungal treatment,
owing to its generation of a wide spectrum of RONS. NTP has demonstrated strongn vitro
antifungal activity against major fungal keratitis (FK) and respiratory pathogens, including
Aspergillus avus, Aspergillus fumigatus and Pseudomonas aeruginosé®?. Complementary
in vivo investigations have shown that NTP not only eradicates fungal pathogens associated
with fungal keratitis (FK) but also promotes corneal tissue regeneration without detectable
adverse e ect$18. When applied alongside conventional antifungal agents, NTP enhances
therapeutic e cacy, indicating a synergistic interaction that holds promise for combating
severe fungal infection®82,

In recent years, the therapeutic potential of NTP for cancer treatment has gained increasing
attention 8. Unlike its regenerative role in wound healing, NTP has been shown to induce cell
death in tumor tissues. One of the ways this can be achieved is through extended exposure
times to create elevated levels of RONS in target cells, leading to oxidative dam&yeOne
of the most compelling aspects of NTP oncology research is its possible selectivity towards
cancerous cells over healthy on&s Yan et al.8” conducted a comparative study of 33 cancer
and normal cell lines, nding strong selectivity in 26, weak selectivity in 5, and negative
selectivity in only 2.

This selective e ect may arise from di erences in cell membrane composition and perme-
ability. Cancer cells typically express higher levels of aquaporins, membrane proteins that
facilitate water and small solute transport, than healthy cells, allowing KO, and other reac-
tive species to di use more readily into the cytoplasi?®. Keidar et al. reported that H,O,
generated during NTP exposure can easily penetrate tumor cells, increasing intracellular ROS
concentrations and promoting oxidative stress. Supporting this hypothesis, rapid removal of



H,0, from glioblastoma culture media has been observed, indicating active uptake by tumor
cells. In addition to aquaporin expression, the rate of radical di usion depends on membrane
cholesterol content®. Healthy cells with higher cholesterol levels exhibit condensed lipid
packing, forming an e ective barrier against reactive species. In contrast, many tumor cells
contain less membrane cholesterol, increasing permeability and susceptibility to oxidative
stres$"%0,

RONS can in uence multiple intracellular signaling pathways that regulate cell survival
and death?®. Depending on the dose and exposure conditions, NTP has been shown to induce
apoptosis or necrosis in several types of cancer, including colorectal, lung, and pancreatic
cancer$%8. Biscop et al.”! further demonstrated that NTP can simultaneously trigger a
range of programmed cell death mechanisms|such as necroptosis, apoptosis, pyroptosis,
and ferroptosis|while other studies have reported autophagy and cellular senescence in
various tumor model$23. By in uencing several cellular pathways at once, NTP reduces the
potential for resistance to therapy while improving the e ectiveness of treatment.

Despite this progress, the speci ¢ signaling cascades and RONS concentrations required
to activate each pathway are incompletely understood. Precise control of plasma exposure is
crucial, as di erent doses can produce opposite biological outcomes. Daetgal.** identi ed
ferroptosis as a promising target for cancer therapy, as tumor cells are particularly vulnerable
to this form of cell death; however, they also noted that certain anti-tumor immune cells may
be similarly a ected. Biscopet al.®® reported that excessive plasma dosing can promote cancer
cell migration. Pfe er et al.®® found that melanoma cells exhibit elevated levels of apoptosis-
related proteins, potentially leading to resistance when this pathway is overstimulated. These
ndings highlight the importance of optimizing NTP treatment parameters and improving
our understanding of RONS-mediated cellular mechanisms to achieve selective and e ective
therapeutic outcomes.

Optimizing NTP con guration and delivery is essential to maximize therapeutic e cacy.

In medical applications, three primary delivery principles are typically used: DBD, which are
high-voltage electrodes placed just over the target; plasma jets, which ionize a noble or inert
gas that subsequently interacts with surrounding oxygen and nitrogen; and plasma-treated
liquids (PTL), where a liquid medium is exposed to plasma produced from a jet or DBD and
then applied to the target®>®37, Figure 1.1 illustrates some plasma source con gurations
that have been employed in medical research applications.

Each con guration encompasses a range of device designs and operating parameters,
including gas composition, ow rate, power, treatment time, distance to the target, among
others. These factors determine the type and concentration of RONS delivered, which in turn
a ect the biological response. However, this diversity also complicates comparison across



Figure 1.1: Di erent types of plasma source con gurations that have been commonly used
in medical application research: a) Pin to Pin b) Volume DBD, c) Floating Jet, d) Pin to
Ring Jet, ) DBD Jet. [Adapted from Bruggeman et af]

studies and makes quantitative assessment of RONS delivery challenging. To address this
issue, the COST-Jet, described in the following Section 1.3, was developed as a standardized
plasma source for biomedical research and is the source employed throughout this dissertation.

1.3 Plasma Source: COST Reference Source

A wide range of APPJs have been developed worldwide for biomedical applicatiéf$*.
However, the large number of independently designed devices has made it di cult to directly
compare experimental results or establish a consistent understanding of plasma generation,
reactive species transport, and plasmaftarget interactiort4’. To overcome this limitation,

the European COST (Cooperation in Science and Technology) Action MP1011 Biomedical
Applications of Atmospheric Pressure Plasma Technologgstablished a subgroup to explore
the development of a standardized plasma source for atmospheric pressure stifife3he
objective was to create a simple, robust, and cost-e ective jet that could be reliably reproduced
and operated across laboratories. Essential design requirements included compatibility with
standard electrical and gas connections, use of inert or medically approved materials, an



airtight con guration to minimize ambient in uence, built-in probes for continuous monitoring,
and compliance with safety and electromagnetic standards. Moreover, the design was intended
to be openly accessible to promote cross-laboratory comparability and collaborati§h The
u-APPJ introduced by Schulz-Von Der Gathenet al.1° was chosen as the foundation for
further development.

The outcome of the initiative was the COST Reference Microplasma Jet (COST-Jet),
shown in Figure 1.2, developed and characterized by Golea al.'l. The COST-Jet has since
become an established benchmark for investigating plasma chemistry, species transport, and
plasma{surface interactions under atmospheric pressure conditions.

Figure 1.2: The COST Reference Microplasma Jet (left) and a schematic of its head (right).
The COST-Jet facilitates cross-site comparison of experimental results across diverse appli-
cations in atmospheric plasma physics. Inside the jet head, two symmetric stainless steel
electrodes are enclosed within a quartz plate, sealed with TorrSealand connected to a
ceramic gas inlet. Gas ows through the 1 mm discharge channel where a su cient electric
eld between the electrodes generates a non-thermal plasma (NTHAdapted from Golda et
al.11]
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This standarized APPJ minimizes experimental variability through precise mechanical and
electrical design. It features integrated voltage and current probes, a standardized operating
protocol incorporating an LC coupling circuit, and a single-frequency RF generator to ensure
consistent plasma operation across laboratoriesThe device comprises two stainless-steel
electrodes (30 mm 1 mm) enclosed between quartz panes, forming a 30 rhelischarge
channel through which helium-based gas mixtures ow at approximately 1 standard liter per
minute (sIm) to sustain stable plasma conditions. The quartz housing provides direct optical
access, enabling observation of plasma formation and propagation along the channel before
the e uent exits at roughly 15 ms * from the jet!.

By enabling precise adjustment of feed-gas admixtures, through the addition of calibrated
small fractions of molecular gases into the helium ow, the COST-Jet provides a controlled
means to study gas-phase RONS generation under de ned discharge conditf8h&®. Its
simple geometry, an electric eld oriented perpendicular to the gas ow producing a homoge-
neous -mode glow discharge, also facilitates computational modeling and direct comparison
between experimental diagnostics and simulatio¥. The reproducibility of the COST-Jet
has been demonstrated across multiple independent studies, showing excellent agreement in
measured atomic oxygen and ozone densities, electrical and optical emission characteristics,
gas temperatures, and bactericidal performanée!®1%, As one tangible, although limited,
indicator of the device impact on the plasma research community, Figure 1.3 shows the
number of citations per year accumulated by the original COST-Jet publicationsince its
initial report.

The COST-Jet has supported a wide range of plasma-science investigations across ma-
terials, chemical, and biomedical applicationé. Representative examples include studies
of plasma{surface interactions during NTP etchind'®, elucidation of mechanisms driving
plasma-induced wettability changes in polypropylene Im&!, and plasma-assisted deposition
of silicon thin Ims with controlled chemical compositiont'2. The jet has also enabled mech-
anistic investigations of atomic-oxygen reaction pathways in agueous environmehgs'4,
as well as assessments of plasma-generated reactive species on bacterial cdfdniesthe
biomedical domain, the COST-Jet has been used to characterize parameter-dependent re-
sponses of melanoma and glioblastoma cell lines to NTP expostifé’, to probe selective
cytotoxicity toward malignant versus benign cell€, and to compare the e ects of direct
plasma treatment with those induced by plasma-treated medi&. More recently, it has
contributed to identifying key RONS that mediate therapeutic e ects in three-dimensional
tumor modelstt’.

The generation and transport of speci c RONS in the COST-Jet have been charac-
terized extensively using a broad suite of diagnostic techniques. Gas-phase species have
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Figure 1.3: Number of citations for the original COST-Jet publicatiod by year. The COST-
Jet has remained a relevant tool in the eld for almost a decade.

been quanti ed through optical emission spectroscopy (OES)¥, molecular-beam mass spec-
trometry %121 two-photon absorption laser-induced uorescence (TALIFYY24 and cavity
ring-down absorption spectroscopyt. Complementary liquid-phase studies have employed
EPR spectroscopy, ion chromatography, and colorimetric assays to identify and quantify
plasma-derived species and their reaction produdfsi*?’. Additional theoretical background
for several of the diagnostic approaches used here is provided in Section 2.2.

Collectively, these investigations form an integrated foundation that has progressively
advanced the understanding of COST-Jet physics, chemistry, and possible applications.
Building on this established and standardized knowledge base, the present work utilizes the
COST-Jet to advance the eld by applying a multi-level approach that links plasma behavior
directly to its downstream biological consequences. This framework connects discharge
parameters to RONS generation, liquid-phase transformations, and biomolecular modi cations,
culminating in demonstrated e cacy within pathological models. Together, these ndings
support the development of evidence-based strategies for tailoring plasma conditions to speci ¢
therapeutic objectives and o er guidance for the design of e cient plasma-jet technologies
for medical applications.

12



1.4 Scope and Dissertation Outline

This dissertation employs a top-down approach to elucidate the generation, transport, and
biological action of RONS produced by NTP. Using the COST-Jet, as a standardized plasma
source, three feed-gas admixtures|He/Q,, He/N,/O ,, and He/H,O|were systematically in-
vestigated to determine how discharge composition governs plasma chemistry and downstream
reactivity. Each stage of this work integrates targeted diagnostic and analytical techniques to
progressively bridge scales, linking fundamental gas-phase processes to liquid-phase reactions
and ultimately to biological e ects. The resulting data contribute to the broader scienti c
foundation established by ongoing e orts to understand and optimize RONS generation in
NTP, supporting the collective pursuit of improved biomedical applications.

Results: Gas-Phase Diagnostics (Chapters 4 and 5) The investigation begins at the
plasma origin, where RONS are generated through electron-impact processes that depend
sensitively on gas admixtures. Chapters 4 and 5 employ advanced optical diagnostics, including
laser-induced uorescence (LIF) and photofragmentation LIF (PF-LIF), to quantify key
biological species:OH, HO,, and H,O, with high spatial resolution. These measurements
establish species densities and reveal how reactive uxes evolve with variations in gas
composition, ambient atmosphere, and interaction with solid or liquid interfaces.

Results: Liquid-Phase Diagnostics (Chapter 6) Building on the gas-phase framework,
Chapter 6 focuses on plasma{liquid interactions, where gaseous RONS are solvated and
transformed into aqueous species. Colorimetric assays and electron paramagnetic resonance
(EPR) spectroscopy are used to quantify both short- and long-lived species, such @$i, O,
H,O,, and NO, , across increasingly biological complex liquid environments, including HPLC-
grade water, HPLC-grade water with amino acid solutions, complete cell media, and complete
cell media with cells. This phase of the study characterizes how varying gas admixtures
interact with di erent liquid solutions to in uence RONS concentration and persistence,
forming the bridge between physical plasma processes and liquid chemistry meaningful for
biological substrates.

Results: Plasma E ects on Biological Models (Chapters 7, 8, and 9) The nal
component of this study translates the chemical insights learned in previous chapters into
biological context. Chapters 7 and 8 examine plasma{biomolecule interactions using cysteine
and the enzyme OleTe as model systems, revealing how specic RONS environments
drive selective oxidation and biochemical modi cation. Chapter 9 extends this framework to
translationally relevant systems, including cancer cell cultures anex vivo fungal keratitis
models, to evaluate how well-characterized plasma chemistries translate into therapeutic
outcomes.
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Conclusion (Chapter 10) The discussion of how this work connects plasma generation,
transport, and biological impact of RONS under various COST-Jet discharge conditions are
found in Chapter 10. It highlights how understanding plasma chemistry tunability enables
linking fundamental plasma physics with biomedical function, guiding the design of NTP
environments for optimized therapeutic and disinfection applications.

1.5 Summary of Contributions

" A re ned calibration approach was implemented using PF-LIF to obtain absolute 2D
spatial distributions of OH radicals, providing a transferable method for other plasma
systems requiring non-intrusive absoluteOH quanti cation 28,

Comparative LIF-derived OH spatial density distributions provided a quantitative
reference capturing the sensitivity of OH to feed-gas composition, environmental
parameters such as humidity and ambient gas type, and proximity to solid interfaces,
thereby establishing a benchmark for validating kinetic models ofOH transport,
quenching, and interfacial reactivity in APPJs'?8,

A methodological advance was provided by the application of 2D PF-LIF for simultane-
ous spatial mapping of HQ and H,O, in the e uent of a humid APPJ, where these
species are notoriously di cult to distinguish from their photofragmentation products.
The imaging revealed distinct spatial distributions above solid and liquid interfaces,
highlighting the combined e ects of gas{liquid partitioning, governed by the species’
Henry solubility constant, and heterogeneous conversion at the interface. This work
thereby established a diagnostic benchmark for linking gas-phase kinetics of H&hd
H,O, with their interfacial transfer in plasma{liquid environments'?°,

Established a dual spin-trapping and photometric quanti cation framework (DMPO{
OH, TEMP/TEMPO, H ,0,, and NO, ) to determine how short- and long-lived RONS
are delivered to, transformed within, and sustained in liquids of increasing biological
complexity. These measurements demonstrated that gas admixture composition governs
the dominant oxidative or nitrosative regime, while the liquid matrix functions as a
chemically active lter that reshapes incoming RONS uxes, selectively stabilizes or
consumes species, and ultimately controls their biological availability.

Quantitatively characterized plasma-induced cysteine oxidation and nitrosylation un-
der He/O,, He/N,/O ,, and He/H,O gas admixtures, establishing how the discharge
chemistry dictates the balance between reversible (sulfenic, disul de, S-nitrosothiol)
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and irreversible (sul nic, sulfonic acid) modi cations. These results provided a direct
experimental framework linking speci c RONS environments to distinct molecular
oxidation outcomes.

Collaborative work incorporated experimentally derived datasets to validate a data-
constrained reaction mechanism for plasma-driven cysteine oxidation which com-
bines mass spectrometry product analysis with kinetic modeling using tl&obalKin
gas{liquid code. The resulting mechanism accurately reproduced the temporal evolution
of oxidation products across gas admixtures and exposure times. This experimentally-
informed framework links feed-gas composition and short-lived reactive species uxes
to long-timescale biomolecular chemistry, providing transferable rate coe cients and
uence thresholds for modeling plasma{biomolecule interactions in more complex
systems=,

It was demonstrated that a COST-Jet plasma discharge can supply su cient in situ
H,0O, to drive the cytochrome P450 peroxygenase Olgd and OleT;s {SOR fusion
enzymes to produce higher turnover numbers than equimolar exogenoug dosing.
Notably, continuous plasma exposure, rather than short intermittent treatments, was
shown to better maintain the HO, setpoint for OleT;g and reduce fatty-alcohol
byproducts, thereby favoring formation of the desired terminal alkené¥.

Demonstrated, across cancer cell lines and &x vivo fungal keratitis model, that con-
trolled RONS tailoring via COST-Jet gas admixtures yields distinct, target-dependent
biological responses, He/kD producing the strongest cytotoxicity, He/O, driving
potent antifungal structural damage, and He/N/O , favoring bio-stimulatory rather
than oncologic e ects, thereby establishing an experimentally-grounded framework
for matching plasma chemistry to the physical{biological architecture of pathological
tissues.
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CHAPTER

2

THEORY

In the previous chapter, a general overview was provided on the motivation for studying
plasmas and strategies for tailoring RONS toward speci ¢ applications. The present chapter
introduces the theoretical background necessary to interpret the experimental results and
to understand how diagnostic methods are applied to achieve this goal. The chapter begins
with an overview of the fundamental principles governing atmospheric-pressure plasmas,
including collisional processes, breakdown and sustainment mechanisms, the electron energy
distribution function, and reactive species production. These concepts establish the framework
for understanding plasma generation, particularly for the discharge con gurations employed

in this work.

The latter sections outline the theoretical foundations of the diagnostic techniques used
to probe these systems across multiple phases. Gas-phase diagnostics, including laser-induced
uorescence (LIF) and photofragmentation LIF (PF-LIF), enable guantitative mapping of
reactive species such a®H, HO,, and H,0,. Liquid-phase diagnostics, such as colorimetric
analysis and EPR, provide complementary insight into long- and short-lived species and
solvation dynamics. Finally, biological-e ect diagnostics, including Fourier-transform infrared
(FTIR) spectroscopy, mass spectrometry, and metabolic assays, connect plasma-induced
chemical changes to measurable biological outcomes.

Together, these theoretical frameworks support the overarching objective of this disser-
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tation: to integrate multi-phase, multi-diagnostic approaches for advancing the mechanistic
understanding of biological interactions with the standardized APPJ, the COST-Jet. This
work aims to contextualize and contribute to ongoing e orts toward tailoring and elucidating

RONS generation and delivery for controlled plasma applications.

2.1 Plasma Physics

Plasma is often referred to as the fourth state of matter and is commonly described as a
gas energized to the point where ionization occurs. However, this description is incomplete,
since all gases contain some degree of ionization. A more precise de nition describes plasma
as \a quasineutral gas of charged and neutral particles which exhibits collective behavidr"
These collective behaviors are governed by electromagnetic forces, collisional interactions,
and energy transfer mechanisms. A plasma is considermgaiasineutral when the densities of
electrons and ions are approximately equal, such that; ne over a su ciently large spatial
scale. This balance arises because ionization produces both a positively charged ion and a
negatively charged electron; as they separate, an electric eld develops that acts to restore
charge neutrality. However, negative ions can also be formed within a plasma, for example
through electron attachment to neutral atoms. In such cases, the electron density must
account for these negative ions to satisfy quasineutrality. The characteristic length scale over
which this quasineutrality is maintained is known as theDebye length( )2.

S

_ OkBTe
D — nocﬁ

Here, o is the permittivity of free space,kg is the Boltzmann constant, T, is the electron
temperature,ng is the particle density, andg. is the elementary charge. Plasmas are considered
quasineutral because variations in the electric potential within a plasma occur over distances
on the order of a Debye length, while at distances much greater than this, the potential
e ectively approaches zero.

The motion of charged particles in an electromagnetic eld is described by the Lorentz
force equation:

(2.1)

mgzq E+v B (2.2)

wherem is the particle mass,v is the particle velocity, q is the charge,E is the electric
eld, and B is the magnetic eld. In plasma, electrons and ions react signi cantly di erently
when exposed to electromagnetic elds because electromse(= 0:511 MeVc 2) are several
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orders of magnitude lighter than ions such as hydrogem{ = 938:27 MeVc 2). Electrons
respond relatively instantaneously to electromagnetic forces in comparison to ions, which
respond much more slowly. Under su ciently high applied elds, these less massive electrons
accelerate rapidly reaching e ective temperatures of several electronvolts (1 eV11,604 K),
which is su cient to ionize nearby atoms and molecules. In contrast, ions experience far
less acceleration and rapidly thermalize with the background gas due to the high collision
frequency at atmospheric pressure. Consequently, both ions and neutrals in an atmospheric-
pressure plasmajlsuch as those studied in this work|remain near room temperature. These
plasmas are therefore classi ed ason-thermal, as the electron population is not in thermal
equilibrium with the heavier species, such thal.  T;;Ty. This temperature di erential
allows for typically high-temperature chemistry, such as the production of speci c RONS, to
occur at much lower gas temperaturés

2.1.1 Collisional Processes

As electrons are accelerated by an electromagnetic eld, the likelihood of collisions between
particles increases. Three types of interactions can occeastic, inelastic, or superelastic
collisions. In elastic collisions, the total kinetic energy of the colliding particles remains
unchanged, whereas in inelastic collisions, part of the kinetic energy is converted into internal
energy of one of the particles. Superelastic collisions are the reverse process of elastic collisions
in which internal energy is released as additional kinetic enerdi#122. Inelastic collisions are of
particular interest because they are vital for sustaining plasma breakdown and reactive species
formation, as further discussed in Sections 2.1.2 and 2.1.4. A summary of representative
inelastic collision processes in a plasma is provided in Table #3133,

Reaction Description
Inelastic electron-driven collisions
A+e ! A*+e Electron impact excitation
AB+e! ABY +e Electron impact vibrational excitation
A*+e | A+e Superelastic collision
A+e! A" +e+e Electron impact ionization
AB+e! A+B+e Electron impact dissociation
AB+e! A" +B+e+e Electron impact dissociative ionization
AB+e! A" +B +e lon-pair production
AB+e! A +B Dissociative attachment
A" +e! A+h Radiative recombination

Continued on next page
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Table 2.1 { continued

Reaction Description

AB* +e! A+B Dissociative recombination

A +e! A+e+e Electron detachment

AB +e! A +B+e Electron impact dissociation of anions

Inelastic heavy particle collisions

A +B! AB Polarization scattering

A+B! A+B* +e lonization

A*+B ! A+B* +e Penning ionization

A+B! A" +B Electron capture

A+B! A*+B Excitation

AB+C ! ABYP +C Vibrational excitation

AB*+C ! A+B+C Dissociation

A +B! A+B+e Collisional detachment

A +B! AB+e Associative detachment

A +B I A +B+e Detachment

A*+B ! A+B Deexcitation, quenching, deactivation

ABY® +C ! AB+C Vibrational deactivation
Inelastic radiation-driven collisions

A+ h | A* Photoexcitation

AB+ h | ABYP Vibrational photoexcitation

AB+ h ! A+B Photodissociation

AB+ h ! A*+B+e Dissociative photoexcitation

A+h ! A+ h' Luminescence, uorescence

A*+ h ! A+ h +h Induced emission

A +h ! A+e Photodetachment

AB +h ! A+B+e Dissociative photodetachment

Table 2.1: Examples of inelastic collision processes. Species A through D represent heavy
particles, h represents a photong represents an electron, Arepresents an electronically
excited particle, A" represents a cation, and A° is a vibrationally excited molecule[Adapted

from Becker et all3]

Collisional behaviors in plasmas are characterized by the reaction cross section, which

de nes the e ective area within which two particles interact. The value of this cross section
depends on the relative velocity of the colliding species. Because electrons typically move much

faster than ions or neutral atoms, the heavier species are often approximated as stationary,
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and only the electron motion is considered in most electron-driven interactions.

The average distance a particle A travels before colliding with a particle B can be expressed
in terms of their interaction cross section and the number density of Byg. This distance is
known as themean free path( ag) and is de ned as:

1
as(VR) Ng
where vy is the relative velocity between particles A and B, and g is the total interaction
cross section. The rate at which such collisions occur per unit time is described by tmtlision
frequency( ), given by:

ag (VR) = (2.3)

¢c=nNeg a(VR) WRr (2.4)

Equation 2.4 assumes a single relative velocity between the two colliding species. In real
plasmas, however, particles exhibit a range of velocities that follow a distribution function,
so the average collision frequency is calculated instead:

Z 1

c= Ng ag (VR) VrT(Vvr)dvgr (2.5)
0

The quantity inside the integral de nes thereaction rate coe cient (kag ), which represents
the probability of a speci ¢ process occurring based on the reaction cross section and the
velocity (or energy) distribution of the interacting particles:

yA 1
Kag = oo (VR) Vrf(Vvr)dvr (2.6)

This coe cient accounts for the probability of interaction between the two species, the
kinetic energy of the electrons, and the corresponding electron energy distribution function.
Integrating over all velocities yields the total reaction rate. For example, the production of
an excited specie®\ through direct electron-impact excitation of a ground-state specie&y

can be written as
dA ] _

dt
Each excited state corresponds to a discrete energy level, and the di erence between two
levels E Ey) represents the released energy. In photodissociation, as shown in Table 2.1,
this energy di erence appears as the emitted photon enerdy . These emitted photons can be
measured experimentally and used as diagnostic signatures to determine plasma parameters,
as described in Section 2.219,

Ka, [Ax]le I (2.7)
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2.1.2 Plasma Breakdown and Sustainment Mechanisms

Electrical breakdown in gases occurs when an applied electric eld accelerates naturally
occurring free electrons to energies su cient to ionize neutral atoms or molecules through
impact collisions. Each ionization event produces one additional electron and a positive ion,
initiating a cascade that multiplies exponentially as new electrons are accelerated by the
same eld. This self-sustaining ionization process, rst described by J. S. Townsend in 1900,
is known as theTownsend avalanch&41%, A stable avalanche is established once ionization
events equal electron losses from attachment, recombination, or di usion, but the resulting
space charge remains too small to signi cantly distort the externally applied eld. Townsend
analyzed requirements for an avalanche to occur with a parallel plate con guration using DC
voltage and following equations are dependent upon that con guration.

The development of the Townsend avalanche is characterized by Townsend's rst ionization
coe cient, , which quanti es the number of ionizing collisions per unit length. lons and
photons striking the cathode can also liberate new electrons, described by Townsend's
secondary emission coe cient, . The interplay between impact ionization and secondary
emission determines when a discharge becomes self-sustaining. The number of electrons
generated through impact ionization over the electrode gagpis e? 1, while the number
produced by secondary emission per initial electron ise(e? 1). The condition for a
self-sustaining discharge, where an electron produces one secondary electron, is therefore:

se ed 1 =1: (2.8)

The ionization coe cient  depends on gas composition, pressure, and eld strength, and
is empirically expressed as:
= Ape BP°E; (2.9)

where A and B are gas-speci c constantsp is the pressure, ancE is the electric eld.
Combining these relations withE = V=dgives the well-knownPaschen's Law which de nes
the minimum breakdown voltage between two electrodes separated by distartte

Bpd

Vb= nApd) in@+1= o)

(2.10)

The breakdown voltage solely depends on the product of gas pressure and electrode spacing
(pd). Plotting V;, as a function ofpd yields the characteristicPaschen curvewhich exhibits a
minimum at optimal pd values. At low pd, electrons lack su cient path length to gain ionizing
energy, while at highpd, excessive collisions dissipate their energy before ionization occurs.
Noble gases typically exhibit lower breakdown voltages than molecular gases because they
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lack rotational and vibrational energy loss channefs'*¢:137 Figure 2.1 shows a characteristic
Paschen Curve for several commonly used gases in atmospheric pressure plasma physics.

Figure 2.1: Paschen's law curves illustrating the dependence of breakdown voltage on the
product of pressure and electrode gap for several commonly used gases in plasma physics. A,
B, and . values obtained from Liebermaret al.*3 where tungsten was documented as the
electrode material.

In the COST jet, plasma sustainment occurs at applied RF electric elds signi cantly
lower than those predicted by the Paschen curve for DC breakdowii. At low frequencies,
the breakdown process follows the same mechanism as DC discharges. As frequency increases,
however, positive ions become con ned within the discharge gap, enhancing the local electric
eld and reducing the breakdown voltage. At even higher frequencies, electrons also become
trapped, further increasing ionization and lowering the breakdown voltage until the eld
intensity stabilizes near 29 kV cm? due to recombination e ects. In vacuum, where there are
no gas molecules to ionize, breakdown behavior is dominated by the electrode surface's texture
rather than ionization dynamics, rendering frequency e ects negligiblé®. Irregularities in
the surface create intense local elds which allow electrons to escape the metal and form a
path for breakdown, so smoother surfaces have a higher breakdown potential.

At lower voltages, plasma operates in the -mode characterized by uniform, low-intensity
emission across the plasma volume. Here, electron heating occurs mainly through collisional
interactions with the background gas, allowing stable operation at moderate voltagd$4t:142,
Collisional heating dominates at atmospheric pressure, where the electron mean free path

24



is short, but diminishes at lower pressures, where stochastic or sheath heating mechanisms
become more signi cant®’.

As the applied voltage increases, the discharge transitions into the more energetic
mode (or Penning mode)}“3. This transition is accompanied by a visible shift from di use
emission to sheath-localized brightness and, at still higher voltages, to lamentary arcs. In

-mode, plasma sustainment is primarily driven by secondary electrons produced via ion and
metastable bombardment of the electrodé#’. For helium discharges at atmospheric pressure,
this process is further enhanced bf?enning ionization (see Table 2.1), in which metastable
helium atoms (He*) collide with molecular impurities (%) to produce free electrons:

He +X,! He+X; +e : (2.11)

At one atmosphere, the high collision frequency and lower energy threshold for metastable
formation make this process particularly e ective. The lowest helium metastable state,
He(22S), is formed via electron impact excitation at 19.83 eV, while direct helium ionization
requires 24.59 eV*414° Because metastable formation requires nearly 5 eV less energy,
Penning ionization is a dominant mechanism in sustaining atmospheric-pressure helium
plasmas. Helium's large metastable{ionization energy gap and high metastable energy relative
to heavier noble gases amplify secondary electron emission, leading to an exponential increase
in dissipated power with applied voltage during the { transition $*°. Other noble gases,
which lack metastables energetic enough to drive Penning ionization, maintain a linear
voltage{power relationship until entering the constricted regime. This contrast highlights the
crucial role of metastables in helium plasma sustainment.

At even higher voltages, the discharge constricts into lamentary arcs. In thisonstricted
modeg the applied voltage decreases sharply while the dissipated power rises due to strong
current localization and gas heatingf?. The resulting temperature increase disrupts non-
equilibrium conditions, and extended operation can damage the electrodes. For this reason, the
COST jetis generally operated in the - and -modes, where it maintains its low-temperature,
non-thermal properties. The speci c transition voltages depend on both the applied power
and gas admixture composition.

2.1.3 Electron Energy Distribution Function

A fundamental property governing plasma behavior is thelectron energy distribution function
(EEDF), which de nes the normalized probability that an electron in a discharge possesses a
given energy. The EEDF determines the fraction of electrons energetic enough to participate
in processes with speci ¢ threshold energies, such as excitation, ionization, and dissocid{fén
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Consequently, it directly controls plasma kinetics and species generation. Understanding
and tailoring the EEDF is therefore critical for optimizing plasma chemistry in applications
ranging from materials processing to biomedical plasmaf{liquid interactions.

For a gas in thermal equilibrium, where elastic collisions dominate, the EEDF follows a
Maxwellian distribution, expressed as:

f Maxwelian (Em) = 4 vee BT (2.12)
whereEy, is the electron energy andl is the mean electron temperature in electronvolts. In
equilibrium, the distribution is determined solely byTe, and the electron population can be
described by a single temperaturé’.

Non-Maxwellian distributions arise under several conditions within low-temperature
atmospheric pressure plasmas. The heating of electrons occur at a thin boundary layer
which is much smaller than the total area of the discharge leading to non-uniform electron
temperature and plasma density. Additionally, the elastic collisions coexist with frequent
inelastic collisions with gas species that disrupt equilibrium, leading to substantial deviations
from the Maxwellian form'37:141.146_ These deviations can result in Druyvesteyn-like or multi-
modal distributions, which signi cantly a ect the rates of electron-impact reactions and
thereby the selective formation of RONS.

A commonly observed non-Maxwellian form in non-equilibrium discharges is tha-
Maxwellian distribution, which represents two electron groups with distinct temperature$,;
and T, (T, > Ty):

fom (Em)= Aw (1 De Ft+ e B2 (2.13)
where = ny,=n; is the fractional population of high-energy electrons, and\ is the
normalization constant given by:

p_ h ) N
At="=2 @ T2+ 1,7 (2.14)

This two-temperature behavior arises because frequent inelastic collisions deplete the pop-
ulation of high-energy electrons through excitation and ionization processes, while elastic
collisions maintain a substantial population of low-energy electrof¥:1°,

In summary, the EEDF encapsulates the non-equilibrium nature of atmospheric pressure
plasmas. Its shape, whether Maxwellian, bi-Maxwellian, or otherwise, dictates which chemical
pathways dominate plasma chemistry. Accurate modeling and diagnostic measurement of
the EEDF are essential for understanding and controlling plasma-driven processes in both
fundamental and applied contexts.
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2.1.4 Reactive Species Production

Reactive species generation in APPJs originates from a sequence of electron-driven processes
occurring within the plasma volume and its surrounding environment. Energetic electrons,
accelerated by the applied electric eld, collide with feed-gas molecules and entrained air,
initiating a complex network of chemical reactions that lead to the formation of a wide
spectrum of RONS3%147.148 |nside the discharge channel, these reactions are primarily
governed by the plasma composition and the local electron energy distribution, while in the
e uent, additional interactions between metastables and ambient molecules further extend
the reactive chemistry*#°.

At the most fundamental level, reactive species production is initiated through a small set
of electron{molecule interactions: electron attachment, dissociation, direct electron excitation,
and ionization as seen in Table 2.1. The products of these reactions, radicals, ions, and excited
species, rapidly participate in further collisions with neutrals, electrons, or one another.
Through such cascades, primary species give rise to longer-lived compounds includip@41
ozone (Q), hydroperoxyl (HO,), and nitrogen oxides. The speci ¢ balance among these species
depends strongly on the plasma's EEDF, which is determined by the feed-gas composition and
discharge conditions as discussed in Section 2.1.3. Adjusting the gas admixture or applied
voltage therefore allows a more selective control over which reactive species domitiate®.

In helium-based APP jets, metastable helium atoms (He*) are central to both discharge
sustainment and reactive chemistry. As discussed in Section 2.1.2, these long-lived excited
states possess energies high enough to ionize molecular impurities or additives through
Penning ionization As a result, even minor changes in gas composition|such as adding small
fractions of oxygen or water vapor|can profoundly alter the spectrum of reactive products.

In a helium-only discharge, the formation of reactive species arises almost exclusively from
trace impurities, primarily residual N,, O,, or H,O, typically present at only a few tens of parts
per million. These impurities originate from atmospheric entrainment or humidity entering
the feed lines, incomplete sealing or di usion through polymer tubing, accidental back ow,
or the inherent impurity levels of commercial gas cylinders. At such low concentrations, these
trace components generate only small amounts of GQH, and other related RONS, resulting
in the weakest RONS production among the following commonly tested mixtures: He, He/O
He/N,/O », and He/H,0.

Although the simplicity of a helium-only discharge has made it a common baseline in
plasma{chemistry and simulation studie$>®, the inability to precisely control these impurities,
and the disproportionate impact they can have on plasma behavior, poses challenges for
reproducibility and interpretation. For this reason, only He/O,, He/N,/O ,, and He/H,O
admixtures are used in this dissertation. In these admixtures, the deliberate molecular
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additions dominate the discharge chemistry and e ectively overshadow impurity-driven
reactions, enabling more reliable comparison of RONS environments across conditions.

In a He/O, admixture, electron-impact dissociation of @ generates atomic oxygen (O),
the dominant short-lived ROS in this system®!. Atomic O rapidly recombines with O, to
form ozone (Q), a long-lived secondary oxidant with lifetimes on the order of an hour under
atmospheric condition$®21%3, Additional oxygen-derived species, including singlet oxygen
Oy(a 4) and superoxide (Q), arise through electron excitation and attachment processes.
Because these production pathways depend sensitively on the electron energy distribution,
the applied voltage and Q mixing ratio govern the relative densities of O and @in the
e uent 4, In biological contexts, the O-atom{rich environment of the He/Q admixture
drives rapid oxidation of exposed biomolecules, while longer-lived ROS such asi@part
strong antibacterial activity, including against antibiotic-resistant strains>®.

In a He/H ,O admixture, electron-impact dissociation of water shifts the chemistry toward
OH production!*®. OH radicals rapidly recombine to form hydrogen peroxide ($0,), which
can readily partitions into the liquid phase due to its high Henry's law solubility®®. H,O,
thus becomes a dominant long-lived species at plasma{liquid interfaces and a key mediator
of downstream biological responses, including intracellular oxidative signaling, antibacterial
action, and immunogenic cell death (ICD)-pathway activation in cancer ceff$. Secondary
aqueous and gas-phase reactions @H generate additional oxidants such as HOand
hydroxide ions (OH ), further enriching the HO, chemistry. Overall, the He/H,O system
produces ROS that are highly e ective at penetrating liquids, generating sustained peroxide
loads, and driving biologically consequential redox pathways.

In a He/N,/O , admixture, the dominant reactive pathways shift toward coupled oxygen{
nitrogen chemistry, producing substantial quantities of nitric oxide (NO) and related reactive
nitrogen species (RNS). Electron-impact excitation and dissociation of,Nind O, generate N
and O atoms, which subsequently react through fast NO-forming channels (e.g., N +O®
NO+O; 0O+N,! NO+N) ¥, As demonstrated by Preissinget al., in the COST-Jet NO
production is maximized at an N/O , ratio of 4:1 (synthetic air), yielding densities exceeding
3  10%cm 2 at 2 mm from the nozzlé®’. Downstream of the discharge, secondary reactions
involving O3z, O,, and NO, further regulate the local NO/NO, balance.

NO exhibits comparatively long persistence in aqueous and biological environments, with
lifetimes ranging from several seconds in cellular systems to hundreds of seconds in oxygen-
poor agqueous solution$81%9_ |ts high di usivity and ability to traverse membranes readily
contribute to its recognized role in redox signaling and tissue-regenerative proces%es

Unlike He/O, discharges which are dominated by O and £or He/H,O discharges where
OH, H,0,, and HO, prevall, the He/N,/O , system produces a mixed ROS/RNS environment
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in which NO acts as a key modulator of O-atom reactivity. As a result, this admixture exhibits
intermediate oxidative strength.

In summary, reactive species in APPJs arise from electron-driven dissociation, excitation,
and ionization processes, followed by a cascade of secondary reactions whose products are
governed by the gas composition, local electric eld, and the EEDF. Adjusting the feed-gas
admixture and discharge conditions allows APPJs, such as the COST-Jet, to bias these
pathways toward particular ROS or RNS populations. This tunability provides the basis for
con guring plasma chemistry to meet the speci ¢ demands of biomedical applications.

2.2 Diagnostic Theory

Accurate diagnostics are central to understanding and quantifying plasma behavior across
physical and biological contexts. Beyond describing physical phenomena, diagnostics provide
the means to validate theoretical models, quantify reactive species uxes, and interpret the
chemical and biological outcomes of plasma exposure. In atmospheric-pressure plasmas, these
measurements are particularly challenging due to high collisionality, short species lifetimes,
steep spatial and temporal gradients, and complex chemistry, which demand sensitive, high-
resolution techniques.

This section outlines the theoretical basis of the diagnostic approaches employed through-
out this work, spanning from gas-phase to liquid-phase measurements and extending to
biological e ects. Together, these diagnostics form an integrated framework that links plasma
physics to biological function, bridging scales from electron-driven reactions in the discharge
to measurable viability changes in living systems.

2.2.1 Power Monitoring

Dissipated power monitoring is a fundamental diagnostic method for quantifying the energy
delivered to the plasma. Because voltage{plasma coupling depends strongly on gas composition,
the absorbed plasma power serves as a more intrinsic parameter for characterizing plasma
behavior!®. In this work, the dissipated power was maintained constant across all gas
admixtures to ensure comparable plasma conditioh®'161, Goldaet al.*! detailed the standard
procedure for measuring and controlling the dissipated power of the COST-Jet. The device's
design emphasizes reproducibility and includes integrated voltage and current probes that
enable real-time power monitoring. The probe signals are visualized using an oscilloscope,
while a Python script developed at Ruhr-University Bochum was used to compute the

29



dissipated power according to the relation:
P=V | cos() (2.15)

whereV is the applied voltage,l is the discharge current, and is the phase shift between
them.

Because the internal voltage probe of the COST-Jet is capacitively coupled to the powered
electrode, it does not directly measure the true electrode voltage and therefore requires
calibration. Calibration is performed by connecting a commercial high-voltage probe directly
to the COST-Jet electrodes while simultaneously connecting the internal voltage probe to
a second oscilloscope channel with a S@termination to minimize signal re ections. The
commercial probe is rst matched to the oscilloscope using the built-in calibration signal to
ensure accurate response at 13.65 MHz, the typical operating frequency of the COST-Jet.
The signal generator input to the COST-Jet is then varied from 50 mV to 120 mV in 10 mV
increments. For each step, the ratio between the voltages measured by the commercial and
internal probes is determined and subsequently averaged to yield a single calibration factor,
C. During plasma operation, the applied voltage used in Equation 2.15 is calculated as:

vV=C VInternaIVoItageProbe (2.16)

The calibration factor typically ranges between 1200 and 2700, depending on system con gu-
ration and measurement conditions.

Similarly, the true discharge current is derived from the internal current probe signal. The
current probe measures the voltage drop across a AMresistor within the COST-Jet circuit,
which is connected in series with the oscilloscope's B0termination. The e ective current
used in Equation 2.15 is then calculated using Ohm's law:

4.7 +50
| = VintemalcurrentProbe ((4_7 50 )) (2.17)

The phase angle di erence is also calibrated. In the absence of discharge activity, the
electrodes behave as a pure capacitor, producing a phase shift of &d yielding an active
power of approximately zero. The di erence in phase between the internal current and voltage
probes when the plasma is switched o is the 1. Deviations from this reference phase
to the delta phase seen between the current and voltage probes during plasma operation are
used to determine the actual for Equation 2.15 using:

= E + ref (2 . 18)
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Each of these measurements introduces potential sources of error. The calibration factor,
C, may vary if the commercial voltage probe is disturbed during calibration or if a di erent
oscilloscope channel is used between calibration and operation. The current calculation can
deviate slightly due to manufacturing tolerances in the resistors within the COST-Jet and
oscilloscope, although these components typically have uncertainties below 2%. The phase
measurement may also be a ected by signal jitter during reference measurement or by changes
in the electrical characteristics of the COST-Jet during operation, such as modi cation of the
electrode surface, parasitic capacitance, or heating of the transformer coil. However, these
combined uncertainties remain small and the COST-Jet's power measurements are considered
highly reliable within narrow error marginst®®,

In addition to dissipated power, the COST-Jet's impedance, resistance, and reactance
can also be derived from the measured voltage and current signals, with the assumption that
the plasma is operating in the -mode rather than the constricted mode. These quantities
are related through the expression:

Z,= Rp+iX, (2.19)

whereR;, is the resistive (real) component and, is the reactive (imaginary) component of
the COST-Jet. The magnitude of the impedancgZ,j, is calculated by dividing the measured
voltage amplitude V by the current amplitude | :

iZpi = (2.20)

\%
I

For a sinusoidal waveform, the individual components can then be determined using the
phase di erence between them:

Rp = \liCOS() (2.21)

Xp = \I—/sin( ) (2.22)
Using these relationships and the previously obtained measurements, Goktaal. de-
termined that the (Z,) of the COST-Jet is approximately 9 k when the plasma is o .
This corresponds to a capacitance of about 1.3 pF, calculated froth= (!X ,) !, where! is
the angular frequency that is typically 2 13:65 MHz. However, earlier studies reported a
COST-Jet capacitance Cje) of roughly 0.3 pF!%2163, The remaining 1 pF is attributed to
parasitic capacitance from the jet housind®°. The equivalent circuit of the COST-Jet in the
plasma-o state, shown in Figure 2.2 a), therefore includes these two capacitors connected in
parallel. The parasitic capacitance remains constant during operation because the electrode
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shielding prevents foreign objects from in uencing it. The adjusted 0.3 pF capacitance cor-
responds to an impedance of approximately 40 k , consistent with both experimental and
simulated results%3.164,

Figure 2.2: Basic COST-Jet circuit diagram when a) the plasma is o and b) the plasma is
active. When the plasma is 0, the jet's electrodes act as a capacitor ¢£) in parallel with
the parasitic capacitance (G, ) of the jet housing. When the plasma is active, the plasma
bulk acts as a resistor (B) and capacitor (G,) in parallel. The bulk is in series with the
plasma sheath which acts as another capacitor { [Adapted from Golda et al*%]

Considering the contribution of parasitic capacitance, the equivalent electrical circuit
of the COST-Jet with the plasma ignited can be adapted from a simpli ed version of the
homogeneous model described by Liebermanal.®8185 As illustrated in Figure 2.2 b), the
central plasma region is represented by a bulk capacitanc€y) and a bulk resistance Rp) in
parallel. In addition, plasma sheaths that form adjacent to the electrodes contribute their
own capacitance Cs), which appears in series with the bulk element€, and Ry. By solving
the equation system resulting from Figure 2.2 b), the relationships between the bulk and
sheath parameters can be expressed as folld%s

RS
Xe=Xp+ ———— 2.23
Xp=Xo Xs (2.24)

RS
Re=R, 1+ ——— 2.25
° P (Xp  Xo)? (2.29)

32



Here, X represents the reactance of the discharge gap in the absence of plasma, given by
Xo= (ICae) *

The nal relation is particularly insightful in resolving an apparent discrepancy between
COST-Jet observations and expected behavior based on theory. The bulk resistaneg)(is
inversely related to the electron densit}?®15, so it is expected that increasing the dissipated
power, which increases the electron density, will lower the plasma resistance. However,
experimental measurements from Goldat al. and Marinov et al. observed the opposite
trend of the apparent plasma resistanceR,,) increasing with power%%167. The derivations of
Equations 2.25 provide a new expression Bf, that provides insight into this discrepancy:

Rp = (226)

Rp
1+ Xo Xs

This expression demonstrates that the sheath reactance also plays an important factor ip.R

As the dissipated power increases, the sheath thickness decreases, leading to an increase in the
sheath capacitance ¢s) and, consequently, the sheath reactanceXg). Thus, R, can increase

with dissipated power, reconciling the experimental ndings with theoretical expectatiori§®.

2.2.2 Gas-Phase Diagnostics

Various diagnostic techniques have been employed to quantify gaseous RONS in plasma
environments, including optical emission spectroscopy (OES), cavity ring-down spectroscopy
(CRDS), tunable diode laser absorption spectroscopy (TDLAS), and laser-induced uorescence
(LIF). However, LIF remains the most widely adopted technique for spatially and temporally
resolved detection of radicals and species, such &, o ering excellent selectivity and sensi-
tivity. Given these advantages, the present study employs both LIF and photofragmentation
laser-induced uorescence (PF-LIF), which are discussed in detail in the following sections.

Laser Induced Fluorescence

LIF is a sensitive, non-intrusive optical diagnostic technique widely used to detect and quantify
gaseous molecules in combustion systems, low-temperature plasmas, plasma{biological envi-
ronments, and atmospheric chemistid?®172, The widespread use of LIF stems from its ability

to provide highly sensitive, spatially resolved, and species-selective measurements, while also
allowing simultaneous detection of multiple species and visualization across extended regions
or planes’®%74 The technique operates by resonantly exciting speci ¢ electronic transitions

of a molecule using a tunable laser and detecting the uorescence emitted as excited species
return to lower energy stated®®1/917’5 The recorded uorescence intensity is proportional
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to the number of excited-state molecules and, under calibrated conditions, to the absolute
number density of the target speci€’€®. This allows LIF to provide spatially and temporally
resolved measurements of short-lived species, for example, with minimal disturbance to the
plasma or surrounding environment’%172,

Advancements in laser technology|including improvements in power, beam shaping, pulse
rate, and pulse duration|have signi cantly expanded the capabilities of LIF. Combined with
ultrafast, intensi ed cameras, these developments have enabled the technique to progress
from single-point detection to two-dimensional imaging (planar-LIF or PLIF), and more
recently, to three-dimensional, time-resolved visualization of reactive speci€és'’®, Multi-
species detection has also been demonstrated; for example, Wanal.'’” used PLIF to
simultaneously measureOH and CH,O densities at 100 frames over a 2 ms period. The
increase in laser power has introduced an unintended challenge, as the photodissociation of
background species can complicate detection of the target molecule. Reducing the laser pulse
duration to the pico- and femtosecond range allows modern systems to maintain the high peak
power required for e cient excitation while minimizing total energy input. This approach
helps suppress unwanted photochemical reactions and reduces interference eétts

LIF has been applied to detect a wide range of species, includif@H, O, N, H, NO,

N,, CO, and CH,04178 Among these,OH detection is particularly relevant to this work
and serves as a representative example of the technique's application. TG excitation
scheme, as illustrated in Figure 2.3, typically involves th& 2 ( v®=0) to A% *(v°=1)
transition near 282 nm®¢17%, Following excitation, OH(A? *(v°= 1)) can relax through
several radiative and collisional pathways. In one pathway, vibrational energy transfer (VET)
collisions redistribute energy within the excited electronic state, transferring the population
from A2 *(v®=1) to A2 *(v°= 0). The latter then decays radiatively to X 2 ( v%°= 0),
emitting near 309 nmt7%.179.180 Ajternatively, radiative decay directly from A2 *(v°=1) to
X2 ( v9=1) produces uorescence around 315 nm. Rotational energy transfer (RET) can
also occur but is typically assumed to be instantaneous at atmospheric pressite

Some collisions deactivate the excited state entirely without photon emission in a process
known as collisional quenchinf>179183 At atmospheric pressure, quenching dominates
OH(A? *) relaxation by roughly three orders of magnitude, as frequent collisions in dense
gases rapidly depopulate the excited state and suppress uorescet{é’#1’°, The extent of
guenching depends on gas composition, temperature, and pressure. Rate coe cients @I
guenching by common atmospheric species such ag ©,, and H,O have been extensively
characterized across a wide range of temperatures and pressures to support a more accurate
uorescence calibratiort’®®4, Quenching can also be measured directly, a method used in
this investigation and explained further in Section 3.2.1.
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Figure 2.3: Energy-level diagram ofOH used for LIF measurements. Light at 282 nm excites
the X2 ( v°=0) ! A? *(v°=1) transition. The subsequent uorescence produces distinct
wavelengths at 309 and 315 nm, corresponding to the A* (vV°=0) ! X2 ( v®=0) and
A2 *(v9=1) ! XZ( v%= 1) emission branches, respectively. The rst branch can occur
after VET decays & *(v°=1)to A2 *(v°=0). [Adapted from Yonemori et all®?]

Once the e ects of quenching are accounted for, precise calibration is required to convert
the observed LIF signal into absolute OH number densities, which can be particularly
challenging in uctuating environments!’1174179 Calibration must consider not only the
chemical environment of the species but also the spatial overlap and intensity distribution of
the laser bean®. Early LIF studies assumed that increasing laser intensity would linearly
increase the number of excited species; however, this was later shown to be inaccié?ate
Beyond a certain threshold, further increases in laser power produce nonlinear growth in
excitation populations|a phenomenon known assaturation|because a signi cant fraction
of the population is already in the excited staté®>86. Modern high-power laser systems must
therefore account for this nonlinearity to maintain quantitative accuracy or operate in the
linear regime'®®. Linearity was veri ed for all laser measurements in this study, with further
details shown in Figure 3.4.

Absolute calibration of OH measurements with LIF has been attempted using several
approaches, including Rayleigh scattering with collisional modeling, UV absorption spec-
troscopy, and chemical decay modeling, as demonstrated and compared by Verreyoken
al.®', Additional techniques include two-temperature intensity measurements reported by Li
et al.’®” and water-vapor photolysis method®. Verreyckenet al.’® in a subsequent study
discussed the decaying quenching e ects over time after a plasma pulse and how they must be
corrected to accurately asses©H density over time. In general, absolute calibration ofOH
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remains challenging due to its extremely short lifetime, which precludes the establishment
of a readily achievable physical standard. Consequently, each available calibration approach
carries inherent limitations and sources of uncertainty. The methodologies for LIF calibrations
in this research are discussed further in Section 3.2.3.

In plasma environments, which are the focus of this work, LIF provides valuable insight into
the formation, transport, and relaxation mechanisms ofOH. These processes are strongly
dependent on factors such as air entrainment, water vapor content, and plasma{surface
interactions’®183, These e ects are especially signi cant in atmospheric-pressure plasma jets
used for environmental, energy, and biomedical applications, where interactions with humid
air or liquid surfaces modify both plasma chemistry and reactive species lifetinte%!%%. Res
et al.*® demonstrated that under such conditions, target properties such as conductivity and
humidity strongly in uence local OH densities, underscoring the need for in situ diagnostics
to capture the true reactive behavior of plasma systems.

Photofragmentation Laser Induced Fluorescence

Photofragmentation Laser-Induced Fluorescence (PF-LIF) is an advanced diagnostic technique
that extends the capabilities of conventional LIF to molecular species that are otherwise
di cult to probe directly, such as those lacking accessible electronic transitions or intrinsic
uorescence. Whereas conventional LIF applications often minimize photochemical e ects to
reduce interference, PF-LIF intentionally employs controlled photodissociation to generate
detectable fragments and relate their measured densities to those of the parent spééfes
In PF-LIF, an initial pump laser photodissociates the target molecules, producing one or
more uorescent species. Before these species undergo signi cant vibrational relaxation, a
time-delayed probe laser excites them to an electronically excited state and the resulting
uorescence is then detectet?®'%!, This sequential pump{probe con guration provides
exceptional sensitivity and molecular selectivity, allowing PF-LIF to detect non- uorescent
or short-lived species with high spatial and temporal resolution across a range of gaseous
environmentst9:192,

PF-LIF is valuable for detecting reactive intermediates such as HCand H,O,, whose
electronic structures make them inaccessible to direct LIF excitation since they dissociate
excited stateg®31% Under laser excitation, they fragment into OH and other products,
enabling indirect detection through monitoring of the resulting OH photofragments.

Absolute calibration of photo-fragmented OH requires several corrections beyond those
applied in conventional OH{LIF, and the speci c corrections depend on the chemical environ-
ment in which the measurement is performed. These include: (i) subtraction of any native OH
present in the system prior to photolysis; (ii) removal of signal contributions from unintended
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photofragmentation channels, particularly OH generated from species with overlapping pho-
tolysis wavelengths such as Hf) (iii) correction for secondary OH formation initiated by
other photolysis products, most notably O atoms (formed from H@photolysis) and G;,
reacting with ambient water vapor; and (iv) accounting for the rotational non-equilibrium
and relaxation dynamics of nascent OH, whose non-thermal population distribution di ers
substantially from that of thermally equilibrated plasma-generated OFf31%4, With these
corrections, PF-LIF enables selective, spatially and temporally resolved imaging of both ®}
and HO,, even in chemically complex and highly reactive plasma environmeft§193194,

Over the past ve decades, PF-LIF instrumentation has been extensively re ned through
advances in laser sources, detection technologies, and overall sensitiityAs a result,
the technique has become widely used beyond plasma science, with applications spanning
explosives detection, atmospheric and environmental monitoring, and combustion diagnos-
tics 191194201 Representative examples include PF-LIF detection of surface-deposited chemical
warfare agents, demonstrating its utility as a rapid eld-screening method?; CH; radical
imaging in combustion system®?; and sensitive detection of atmospheric trace species
such as NQ and HONO, where PF-LIF outperforms conventional di erential-absorption
approached®0:204,

2.2.3 Liquid-Phase Diagnostics
Photometric Detection Assay: NO 5, NO,, H,0;

The quantitative detection of nitrate (NO5) and nitrite (NO ,) ions in plasma-activated
liquids and biological uids is essential for characterizing the reactive nitrogen chemistry
induced by APPJS%5, Multiple analytical approaches have been developed for this purpose,
including uorimetric, electrochemical, and luminometric assays|the latter discussed further
in Section 2.2.477206207 Among these, photometric assays based on the Griess reaction,
rst reported in 1864, remain the most widely employed, including in plasma-treated cell
media??6:298.209 Al assays discussed in this section require calibration through standard
curves to compute quantitative concentrations. The methodologies for calibrations for assays
pertinent to this research are discussed further in Section 3.3.3,

In the Griess reaction, sulfanilic acid reacts with nitrite under acidic conditions to form
a diazonium cation, which subsequently couples with-naphthylamine to yield a bright
pink azo dye with a strong absorbance peak near 540 AH2%8, The absorbance intensity is
measured spectrophotometrically and converted to nitrite concentration using calibration
curves derived from standard solutions of known nitrite concentrations in high-purity watéf®,
Nitrate can also be measured without prior reduction by reacting with 2,6-xylenol in strong
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acid to produce 4-nitro-2,6-xylenol, which exhibits a characteristic ultraviolet absorption
peak at 340 nnt0.

Despite its simplicity and low cost, the Griess method has several limitations. It detects
only nitrite directly, necessitating prior reduction of nitrate to nitrite|typically using cad-
mium or enzymatic conversion via nitrate reductasd@®?'!, The reaction must occur under
acidic conditions and is susceptible to interference from biological compounds such as antioxi-
dants and chloride ions, which can alter or suppress color formatibfi. Although modi ed
protocols and coupled techniques such as high-performance liquid chromatography (HPLC,
see Section 2.2.4) improve performance in complex samples, interference e ects can persist.
Nevertheless, due to its accessibility, low cost, and ease of implementation, the Griess assay
remains a standard method for routine nitrate and nitrite quanti cation!’’.

H,O, is another key long-lived reactive oxygen species produced by APPJs, with signi cant
roles in both biological and environmental plasma applicatio$?. Quanti cation in the liquid
phase is commonly achieved using colorimetric, uorometric, or electrochemical methétfs

Colorimetric H,O, assays typically rely on peroxidase-based redox reactions. One com-
mon example is the oxidation of ferrous ions (&) to ferric ions (Fe**), followed by
complex formation with xylenol orange (XO) to produce the purple-blue chromophore
o-cresolsulfonephthalein 3,3-bis(methylimino) diacetate, which exhibits maximum absorbance
near 560 nnt!3. The addition of sorbitol can further enhance sensitivity by reacting with
intermediate oxidation products, generating additional F& for detection?!3.

Fluorometric H,O, assays operate on similar principles but employ uorescent products to
increase sensitivity. The Amplex Red/horseradish peroxidase (HRP) assay is one of the most
widely used and was used in this research. In this reaction, HRP catalyzes the decomposition
of H,O, to generate OH, which oxidize Amplex Red to form the uorescent compound
resoru n, with emission at 587 nnt*3. This method is highly sensitive, capable of detecting
H,O, concentrations as low as 50 nM, and has been extensively applied in quantifying
plasma-induced HO, formation in biological media*3214,

Assays, including those for HO, detection, can be in uenced by the presence of interfering
compounds in complex media. For example, Lukest al.?®> demonstrated that the use of
copper-dimethylphenanthroline (Cu(l1){DMP) for the detection of H,O, in cell culture media
resulted in false-positive responses when aromatic compounds were present. In this system,
H,O, normally reduces Cu(IN{DMP to Cu(l){DMP, producing an orange complex with
maximum absorbance near 454 nfi". However, competitive reactions with certain organics
can mimic this color change, emphasizing the need for caution when applying Cu-based
colorimetric assays in biologically complex environments.
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Electron Paramagnetic Resonance Spectroscopy

EPR spectroscopy is a robust, non-destructive, and direct method for identifying and charac-
terizing paramagnetic species, particularly free radicals, generated in plasma-liquid interac-
tions125216217 EPR s a form of absorption spectroscopy that employs a magnetic eld to split
the energy levels of unpaired electrons which can be described by the Zeeman &€&°:

EZ =0 BBoms: (227)

Here, E; is the Zeeman energy level is a dimensionless factor that is approximately 2
for most samples, g is the Bohr magneton,B is the magnetic eld, mq is the electron spin
guantum number and can be aligned paralleinfs = %) or perpendicular (g =+ %) to the
applied magnetic eld?!8,

The photon energy required for absorption is the amount of energy needed to change
the electron spin, or the di erence between the two spin states' energy levels. This energy is
given by

E, = h = g sBo: (228)

By recording the beam intensity while varying the magnetic eld strength and maintaining
a constant microwave frequency, EPR spectra are obtained when the magnetic eld induces
spin transitions and photon absorption occui8?20,

Measuring only the magnetic eld strength required to ip an unpaired electron is
typically insu cient to determine the molecular composition of a sample. The free electron,
however, is highly sensitive to its surrounding magnetic environment. Most nuclei possess an
intrinsic magnetic moment that generates a local magnetic eld in uencing nearby unpaired
electrons|an e ect known as hyper ne interaction. As illustrated in Figure 2.4, this additional
magnetic eld, denoted asB1, can either oppose or reinforce the applied el@,, depending
on the orientation of the nuclear magnetic moment. Consequentlf3; modi es the total eld
strength required for spin transitions and photon absorption, splitting the single resonance
line observed for a free electron into two peaks atB, from the central position. Because
di erent nuclei produce distinct B; values based on their magnetic properties and proximity
to the electron, each nucleus generates a characteristic splitting pattern in the EPR spectrum.
In general,N equivalent nuclei interacting with the unpaired electron produce™ spectral
lines. The hyper ne structure observed in these spectra enables molecular identi cation at
micromolar concentration$'220 Additionally, although the g-value is typically constant,
it may vary systematically when the unpaired electron is associated with a radical species,
such as a metal ion. However, thg-value often provides less diagnostic information than the
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spectral features arising from hyper ne interaction’.

Figure 2.4:. Hyper ne interaction between electrons and nuclei. E ective magnetic eld on
the electron is a combination of applied magnetic eld, B and the local magnetic eld
created by a nearby nucleus, B [Adapted from Weber et af??]

EPR spectroscopy has proven highly e ective for detecting RONS in plasma-liquid
interactions!2>148.216.220 By ysing a technique calledspin trapping, EPR is able to determine
concentrations of common short-lived RONS. A spin trap is a compound that reacts with
short-lived RONS to form longer-lived, stable species calleghin adductst®. Commonly used
spin traps include 2,2,6,6-tetramethylpiperidine (TEMP), which oxidizes to produce the
stable species TEMPO, and 5,5-dimethyl-1-pyrroliné& -oxide (DMPO), which reacts with
OH and O, to yield DMPO{OH and DMPO{OOH adducts, respectively'48216223 Neither
spin trap exhibits perfect speci city. TEMP is used in this work to measure atomic oxygen,
although it can also be oxidized by'O, and O; to form TEMPO. Myers et al.*?® reported
that, for COST-Jet experiments, the upper bound of the TEMP loss attributable to reaction
with 1O, was 25%, although this contribution was likely smaller for targets positioned within
10 mm of the jet. They further noted that TEMPO formed via oxidation of TEMP by Os
would still re ect atomic oxygen exposure, as @is generated only after reactions involving
atomic oxygen in the liquid phase and is not present in the gas phase. DMPO is used in
this work to measure OH, for which it has good speci city. DMPO reacts with OH at a
rate eight orders of magnitude higher than with Q@ ; however, the DMPO{OOH adduct can

40



decompose into DMPO{OH, thus in uencing the measured nal concentrations.

Because EPR spectra are typically recorded as the derivative of the absorption signal,
the concentration of the trapped radicals can be determined by double integration of the
spectrum??l. Some examples of EPR usage to investigate plasma-liquid chemistry include Elg
et al.?*®, who used EPR and TEMP to investigate oxygen species generated by a He plasma
jet and quanti ed the concentrations of O, G, and Os;, and Myerset al.'?®>, who used TEMP
and DMPO to quantify O and OH concentrations in plasma treated water with di erent gas
admixtures.

2.2.4 Biological-E ect Diagnostics
Liquid Chromatography Mass Spectroscopy

Chromatography is a separation technique used to isolate individual compounds from a
mixture based on their distribution between a mobile and a stationary phase. The mixture of
interest is incorporated into the mobile phase, either a liquid or a gas, which is then passed
over or through the stationary phase. Each compound in the mixture exhibits a distinct
a nity for one of the two phases, often determined by di erences in polarity. Compounds
with a stronger a nity for the stationary phase migrate more slowly, leading to natural
separation from the rest of the mixturé?+225,

Liquid chromatography (LC) is among the most widely used analytical methods across
chemical, biological, and industrial applications. In LC, a liquid mobile phase is pumped
through a column packed with an adsorbent material that serves as the stationary ph&s8226,
The e uent exiting the column is monitored by a detector, which records the concentration
of each eluting compound as a function of time. LC is particularly advantageous over gas
chromatography (GC) for analyzing non-volatile or thermally labile mixture$?*.

High-performance liquid chromatography (HPLC) was developed in the 1960s to improve
the precision, speed, and versatility of LC. HPLC employs tightly packed micrometer-sized
particles within the column and uses high-pressure pumps to drive the mobile phase through
the stationary medium. The method became even more powerful in the 1980s when HPLC
was coupled with mass spectrometry (MS) as a detector, combining high-resolution separation
with molecular identi cation 224226,

Mass spectrometry (MS) is a highly sensitive and high-throughput analytical technique
used to determine the molecular mass, structure, and abundance of chemical spéeié€. A
mass spectrometer ionizes the sample, separates the resulting ions according to their mass-to-
charge ratio (m/z), and quanti es their relative intensities to generate a mass spectruttr?2’.

The integration of HPLC with MS (LC{MS) has become a cornerstone of modern analytical
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science, with broad applications in food safety, pharmaceuticals, environmental monitoring,
and chemical analysi&%22?’. Continuous technological developments have improved both the
accuracy and sensitivity of LC{MS systems. One major advancement is ultra-performance
liquid chromatography (UPLC), which operates at pressures up to 700 MPa and uses supr2
stationary-phase particles. Because ow rate and resolution scale inversely with particle size
and with the square root of particle size, respectively, UPLC provides superior resolution,
speed, and sensitivity compared with HPLC. At this level of performance, UPLC enables
quanti cation down to the picogram-per-milliliter range?2°. For example, Gosettiet al.?%°
reviews variations on UPLC{MS to accurately pro le prohibited steroid usage across di erent
media and Dzimitrowiczet al.?*' used UPLC{MS/MS and GC-MS to investigate degradation
pathways of a water pollutant treated with plasma.

Another signi cant development in LC{MS technology is tandem mass spectrometry
(MS/MS), in which two mass spectrometers are connected in series. In MS/MS, parent species
of interest are ionized and selected based on their mass-to-charge ratio, then fragmented
through collision-induced dissociation to generate daughter ions, which are subsequently
analyzed by the second mass spectrometer. Depending on the experimental mode, MS/MS
can monitor all parent ions associated with a speci ¢ daughter ion, all daughter ions from a
selected parent, or speci ¢ parent{daughter ion pairs?. Kiefer et al.?*®* demonstrated the
use of LC{MS/MS for measuring mass isotopomer distributions of metabolites, achieving
a twofold improvement in measurement accuracy fdg. coli compared with GC{MS and a
tenfold improvement relative to conventional LC{MS.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a non-destructive analytical technique
employed to assess molecular alterations in biological substrates following plasma treat-
ment?34235_Infrared (IR) spectroscopy operates on the principle that molecules absorb IR
radiation corresponding to their vibrational modes. Molecules exhibit six fundamental types
of vibration|symmetric stretching, asymmetric stretching, bending, rocking, twisting, and
wagging|all of which occur within the infrared frequency range?®. For a molecule to absorb

IR energy, its dipole moment must change during the vibration, and the magnitude of this
change determines the absorption intensity. Symmetric vibrations are generally IR-inactive
because the dipole moment remains constant, whereas asymmetric vibrations are always IR-
active since they vary the dipole moment and are therefore readily detectéd. The resulting
array of absorption bands constitutes the IR ngerprint of a molecule, and combinations
of these characteristic group frequencies can be used to identify more complex molecular
structures?34:236{238
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Figure 2.5: Water molecules absorb IR light around 3000-3800 cm?, primarily due to
OH stretching vibration (v1), and around 1640 cm?, due to the H-O-H bending vibration
(v2) 2. IR light passing through water will have lower intensities at around wavenumbers
which can be detected and interpreted by an FTIR sensofAdapted from Bruker's Guide to

Infrared Spectroscopy®.]

As an example, absorption between 1745 and 1725 chtorresponds to the ester carbonyl
(C=0) symmetric stretching and is one of several bands collectively indicative of lipid
componentg**, Analysis of IR spectra has broad applications across diverse elds, including
di erentiating between healthy and cancerous blood cells, identifying proteins that enhance
food texture and mouthfeel, and characterizing pharmaceutical compounds during drug
development362%7,

Unlike traditional infrared (IR) spectroscopy, which probes a sample sequentially at discrete
frequencies, FTIR spectroscopy simultaneously probes a range of the infrared spectrum. An
interferometer directs a broad range of IR wavelengths toward the sample, where partial
absorption occurs. The beam is then split and recombined with a controlled phase di erence
using an adjustable mirror, producing an interference pattern that encodes the absorption
information for a given wavelength. By rapidly varying the mirror position, the interferometer
captures data for the full range of IR frequencies, generating an interferogram that represents
the intensity of the detected light as a function of optical path di erence. A Fourier transform
is subsequently applied to the interferogram to obtain the nal IR spectrum, which displays
absorption intensity as a function of frequenc$?*23¢. The signal-to-noise ratio of the resulting
spectrum is further improved by normalizing it to a reference spectrum obtained without the
sample?®.

Several con gurations of FTIR spectroscopy are commonly used, each di ering in how the
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infrared (IR) beam interacts with the sample before reaching the detector. In the simplest
con guration, transmission FTIR, the sample is su ciently diluted or thinned to allow the

IR radiation to pass directly through to the detector. However, this method often requires
extensive sample preparation and can be destructive so it is rarely used.dttenuated total
re ection (ATR) FTIR, an internal re ection crystal is placed in contact with the sample.
The IR beam enters the crystal, penetrates a few microns into the sample surface through
an evanescent wave, and then exits toward the detector after partial absorption. ATR-FTIR
requires minimal sample preparation and is generally non-destructive. The third major
con guration, re ection FTIR , directs the IR beam onto the sample surface and collects the
re ected radiation rather than transmitted light. This approach is particularly suitable for
opaque or solid materials through which IR radiation cannot pag&?3’.

Cell Viability/Metabolism Assays

Cell viability refers to the proportion of healthy, living cells within a sample. Viability assays

are widely used to assess the e ects of pharmaceuticals, chemicals, or physical treatments
on cellular proliferation, metabolic activity, and organelle functiod*®?41, A subsection of
these assays are mitochondrial toxicity assays. These assays can be broadly categorized
as dye exclusion, colorimetric, uorometric, luminometric, or ow cytometric methods*.

Each category encompasses several speci ¢ techniques; representative examples of the most
common techniques are discussed below.

Dye exclusion assays are among the simplest and most widely applied methods for assessing
cell viability. They rely on dyes that selectively penetrate and stain dead cells while being
excluded by intact, viable cell membranes. The most common of these, and one of the most
widely used viability assays, is trypan blue staining, rst developed by Tolani in 1978%242,
Trypan blue is a negatively charged molecule that cannot cross intact plasma membranes,
allowing viable and nonviable cells to be visually distinguished under a microscope within
minutes of staining. Other dyes, such as erythrosine B, have been developed to simplify the
procedure by eliminating incubation requirements and reducing cytotoxicii°.

Colorimetric assays detect metabolic activity by measuring the enzymatic conversion of a
colorimetric substrate to a colored product in viable cells. The most common example is the
MTT assay, which measures the reduction of the yellow tetrazolium salt 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide into a violet-blue formazan product by mitochondrial
dehydrogenases which are indicators of metabolic healff?41:243. The formazan product has
an absorbance maximum near 570 nm, which can be quanti ed with absorbance intensity
from a spectrometer which is directly proportional to the number of viable cef§’241244,
Ghasamiet al. (Chapter 2 in?**) highlight key considerations for interpreting MTT data
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and minimizing artifacts, noting that dying cells may still exhibit partial metabolic activity.

The MTT assay is frequently used to assess cell health after plasma exposure, such as in the
study by Tere nko et al.?*°, which compared the e ects of cold atmospheric plasma on breast
cancer and healthy cell lines.

Fluorometric assays, developed in the 1990s, use uorogenic compounds that emit light
following enzymatic activation in viable cells. A common example is uorescein diacetate,
which becomes uorescent after cleavage by intracellular esterases. Another widely used
uorometric assay is the resazurin (alamar blue) assay, valued for its simplicity, non-toxicity,
and a ordability 2*°. The method is sensitive and linearly responsive for cell populations
between 50 and 50,000 cef¥. In this assay, viable cells reduce the non- uorescent blue
resazurin to the pink, highly uorescent resoru n, which can be detected using excitation
and emission wavelengths of 530{570 nm and 580{620 nm, respectiv&ly

Luminometric assays are based on bioluminescent reactions that correlate with cellular
adenosine triphosphate (ATP) content. Because ATP rapidly depletes upon loss of membrane
integrity, it serves as a direct marker of the number of viable cells. ATP bioluminometric
assays use luciferin as a substrate, which reacts with ATP in the presence of luciferase to
emit light with a peak near 560 nm. ATP assays are fast, highly sensitive and less susceptible
to interference compared to colorimetric or uorometric method&®24%, Luciferase typically
reaches steady-state luminescence in 10 minutes and maintains a half-life exceeding 5 hours,
making ATP-based assays particularly suitable for real-time monitoring of viability.

Flow cytometry enables high-throughput, single-cell analysis by directing a liquid stream
of cells through one or more laser beams. This technigue measures parameters such as
cell size, granularity, and uorescence, providing quantitative information about population
heterogeneity. Viable cells typically exhibit larger size and lower side scatter compared with
apoptotic or necrotic cells. Flow cytometry can also be combined with uorescent or dye-
based treatments to assess complex physiological states and cell death mechanisms with high
precision?4°,

Conventional viability assays were developed for 2D monolayer cultures. However, drug
candidates that perform well in 2D systems often fail to reproduce the same e cacy in 3D
tissues orin vivo. Advances in biofabrication and 3D cell culture technologies have prompted
the adaptation of existing assays to these more physiologically relevant models. Traditional
assays such as MTT and alamar blue face challenges in 3D systems due to limited dye
di usion through dense cell{cell junctions. However, newer ATP-based, dye and uorometric
assays have been successfully used for 3D tissues, providing more reliable readouts of cell
viability in complex biological environmentgL,

A subset of cell viability assays also evaluates metabolic health by assessing mitochondrial
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function and toxicity. Decades of research have established the crucial role of mitochondria
in cellular health, identi ed numerous compounds that induce mitochondrial toxicity, and
developed methodologies for high-throughput screening (HT&§{248. Section 1.2.4 provides
additional context on the importance of this research for medical applications.

Mitochondrial toxicity assays typically characterize changes in morphology, respirometry,
membrane potential, and the production of ROS to quantify treatment-induced e ects on cell
health?*’. Luminescence-based and ow cytometry techniques are frequently employed in these
assay$*7:24° Because mitochondria are the primary producers of ATP, ATP bioluminescence
measurements also serve as indicators of mitochondrial activity. In plasma medicine, studies
investigating plasma{cell interactions often combine multiple cell viability and mitochondrial
toxicity assays to obtain a comprehensive assessment of plasma-induced e &8{&3.
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CHAPTER

3

PLASMA SOURCE, EXPERIMENTAL
SETUP, MATERIALS, AND METHODS

This chapter presents the experimental framework developed to trace the progression of
plasma-generated RONS from their formation in the gas phase to their ultimate biological

e ects. Section 3.1 describes the APPJ con guration used in this work, the COST-Jet,
including key operating parameters such as gas ow rates, molecular admixtures, applied
power, and the use of specialized setups such as the controlled-atmosphere chamber and the
in nity pool for studying gas-to-liquid transfer processes. Section 3.2 introduces the top-down
diagnostic strategy, beginning with gas-phase characterization through LIF and PF-LIF,
which resolve the spatial and temporal evolution of biologically relevant RONS within the
plasma e uent.

Building upon this, Section 3.3 focuses on liquid-phase diagnostics, detailing plasma
treatment procedures alongside the complementary use of EPR spectroscopy and photometric
assays to detect short- and long-lived RONS in solutions of increasing biological complexity.
Section 3.4 then outlines the diagnostic methods used to assess plasma-induced biological
e ects, including FTIR spectroscopy, mass spectrometry, enzyme turnover quanti cation,
cellular metabolic assays, and microscopic analyses. Finally, Section 3.5 summarizes the
computational simulations that complement the experimental work, o ering insight into
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uid dynamics and plasma chemistry under varying discharge conditions. Collectively, these
methods establish a comprehensive, multi-scale framework that links plasma operating
conditions to the resulting physicochemical transformations and biological responses. This
framework provides a mechanistic understanding to help guide future plasma-jet design and
to tailor discharge conditions for more e ective and targeted plasma-medicine applications.

3.1 Atmospheric Pressure Plasma Jet Setup

3.1.1 COST-Jet

The APPJ used in this dissertation is the COST-Jet. As described in detail in Section 1.3,
the COST-Jet is a capacitively coupled atmospheric-pressure plasma source sustained by RF
excitation at 13.56 MHz. A comprehensive description of its design and operational principles
is provided in the original publication by Goldaet al.'?, which rst introduced the COST-Jet
architecture. The device features electrodes 30 mm in length and 1 mm wide, positioned
1 mm apart, resulting in a plasma volume of 30 mén

In all the following experiments, helium was used as the primary feed gas to the jet with
controlled molecular additions. Three admixtures as used throughout this work: HeA4®
(0.25% H0), He/O, (0.6% O,), and He/N,/O, (0.8% N, & 0.2% O,). The total gas ow
rate for all admixtures was maintained at 1 slm with Alicat mass ow controllers (MFCs).
High-purity helium (Matheson Ultra-High Purity, 99.999%) was used. The humidi ed helium
mixture was produced by directing 108 sccm of dry helium through a water bubbler kept in
a temperature-controlled water bath at 20 C. The humidi ed helium was then combined
with 892 sccm of dry helium, yielding a nal water mole fraction of 0.25%. The plasma
jet was driven by a Hewlett-Packard 33120A signal generator attached to an ENI 350L
ampli er, with power stabilized at 750 10 mW. Operation was continuously monitored with
a Tektronix MDO4104C oscilloscope connected to the internal current and voltage probes of
the COST-Jet.

3.1.2 Bubblers

Bubbler systems were used throughout this research for gas-phase diagnostic calibration and
correction experiments (see Sections 3.2.3 and 3.2.5), as well as for plasma operation with a
humidi ed gas admixture.

The He/H,O mixture used in most experiments here, was of particular importance for
evaluating the introduction of controlled amounts of water vapor into the helium feed gas of
the COST-Jet. In this con guration, the helium ow was divided into a primary dry stream
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and a secondary stream passed through a temperature-controlled bubbler containing distilled
water, thereby generating a saturated helium{water vapor mixture. The bubbler temperature
was regulated using either a water circulator or a thermostatic bath to maintain consistent
vapor pressure conditions. The desired total #0 concentration in the nal admixture was
obtained by adjusting the relative ow rates of the dry and humidi ed helium streams, both
controlled by mass ow controllers (MFCs).

To achieve the target concentration used in this thesis of 2,500 ppm®, the following
ow con guration was used: 0.892 slm of dry He mixed with 0.108 sIlm of fully saturated He.
Here are the calculations used:

Step 1: Determine the HO mole fraction in saturated He. At 20 C, the saturation vapor
pressure of water is approximately 2.34 kPa. Given a total operating pressure of 101.3 kPa
(1 atm), the mole fraction of HO in the saturated helium stream is
XH,0, sat = % =0:0231

Thus, 2.31% of the humidi ed helium stream corresponds to water vapor, while the remaining
97.69% is helium.
Step 2: Compute the overall HO mole fraction in the combined ow. The total helium ow
rate is 0.892 sIm (dry) + 0.108 sIm (humidi ed) = 1.000 slm. The overall mole fraction of
H,O in the mixture is

s = S0 O 0

Step 3: Convert to ppm. Since 1 ppm = 10° mole fraction,

0:00250 10° =2;500 ppm

Therefore, the resulting gas mixture contains approximately 2,500 ppm,B, corresponding
to 0.25% on a molar basis. In summary, the He/fD admixture used in these experiments
can equivalently be expressed as He + 2,500 ppm®|, He + 0.25% HO (molar fraction).

The mathematical derivation above is consistent and accurate under the assumption of
ideal gas behavior and negligible vapor pressure suppression by helium at the given conditions.

3.1.3 Innity Pool

To maintain a stable meniscus surface in the water pool and avoid variations in the water level
due to evaporation, we continuously circulated the water in the pool using a pump system
con gured with a trickle ow. This system ensured a consistent water level while maintaining
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a quiescent liquid surface throughout the experiment. The water reservoir featured tapered
edges to promote the formation of an accentuated meniscus, enabling consistent optical access
and minimizing surface distortion from possible volume changes.

3.1.4 Controlled-Atmosphere Glass Cross

For LIF and PLIF diagnostics, the plasma jet was housed within a six-way glass cross, as
depicted in Figure 3.1. The glass cross had an internal diameter of 5 cm and leg lengths of
8 cm and 13 cm, oriented perpendicular and parallel to the laser beam, respectively. The
COST-Jet was mounted on the upper port, while a translation stage, optionally equipped
with a solid (2.5 cm diameter FS disk) or liquid target (2.5 cm diameter water reservoir/pool),
was mounted through the bottom port. Openings around the stage and target enabled gases
to ow out of the cross. Optical access was provided through quartz ultraviolet-fused silica
(UVFS) windows that sealed the remaining openings of the cross.

Encasing the jet within the glass six-way cross enabled environmental control while
maintaining atmospheric pressure through the top and bottom outlets. To regulate the
atmosphere into which gas from the COST-Jet owed, an 8 sim ow of either air or N
(4 slm from each of two axisymmetric top inlets) was introduced. The inlets and outlets were
su ciently far from the plasma e uent to prevent any signi cant disturbances of the jet ow.

The nitrogen ow was sourced from evaporated liquid nitrogen, while air was supplied via
the house air compressor, which may have resulted in slight variations in ambient humidity.
For calibration, the cross was lled with uniform concentrations of HO, vapor or acetone as
a uorescent tracer gas.

3.2 Gas-Phase Diagnostics

3.2.1 Laser-Induced Fluorescence '

Planar laser-induced uorescence was used to dete@H in the plasma e uent, using the
optical setup shown in Figure 3.1.OH molecules were excited by a pulsed laser tuned
to the Qq(1) rotational transition in the A-X (1,0) band at 281.996 nm (referred to as
282 nm)!** which was continuously monitored with a wavemeter (HighFinesse WS7). This
transition is well-suited for OH-LIF measurements because it combines a high line strength
with spectral isolation, and its N = 1 rotational state is signi cantly populated under the

Lportions of the text presented in this section have been previously published in  M.J. Herrera Quesada , et al. \Two-
dimensional mapping of absolute OH densities in an atmospheric pressure plasma e uent via planar laser-induced uorescence:
e ects of He/H 20 and He/O , mixtures in N 2 and air, with and without solid targets," Journal of Physics D: Applied
Physics 58(17):175205 (2025). Reproduced with permission from IOP Publishing. For more details, see Authorship Statement.
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plasma temperatures studied; all reasons why it has been employed in earlier OH-LIF/PF-LIF
work1942% The 282 nm wavelength was produced using a frequency-doubled dye laser at
564 nm (Lambda-Physik Scanmate), pumped by the second harmonic of a 10 Hz Nd:YAG
laser (Spectra-Physics GCR-150). The 282 nm laser pulses had an energy of 0.9 mJ and
duration of 10 ns. A vertical knife edge was used to crop the laser beams before they entered
the six-way glass cross. The beams then passed through the centerline of the COST-Jet's
e uent and terminated in a beam dump. This cropping e ectively eliminated laser scattering
from the jet and/or target and was carefully adjusted to ensure that the measurement area
remained una ected, thereby preserving the accuracy of the laser beam pro les. The resulting
uorescence from the A-X (1,1) and A-X (0,0) bands was detected using an ICCD camera
(Andor USB iStar DH312T-18F-E3) in conjunction with a band pass lIter centered at 310 nm
(=10 nm). The measurements were captured with a 950 ns intensi er gate width.

3.2.2 Correction of the OH-LIF Signal

To obtain quantitative measurements of OH density, the OH-PLIF images were corrected for
background, spatial variations in the laser beam pro le, optical throughput of the imaging
system, and collisional quenching. For background corrections, the light emission from the
plasma channel inside the jet along with laser scattering background from the apparatus
was recorded and subtracted. Beam pro le corrections were performed using two di erent
approaches. In one approach, a portion of the incoming 282 nm laser beam was sampled with
a beamsplitter and directed into a ow of argon saturated with acetone vapor. The resulting
acetone PLIF signal was recorded using a second ICCD camera that was synchronized with
the OH-PLIF measurements. This approach accounted for shot-to-shot uctuations in the
beam pro le and energy, but introduced additional complexity in data evaluation, as images
from both cameras needed to be matched and intensity di erences considered. Alternatively,
a separate measurement was performed in which the six-way cross was lled with anisole, a
uorescent tracer with a strong signal produced by excitation at 282 ndt*. This approach
provided measurements of the 282 nm beam pro le and vignetting due to obstructions in
the PLIF signal collection, such as that of the fused silica disk. These measurements were
performed either before or after the OH-PLIF measurements and were implemented when
shot-to-shot uctuations did not need to be monitored. The latter approach greatly simpli ed
the post-processing at the expense of not resolving shot-to-shot uctuations.

To obtain absolute OH number densities from the LIF signals, spatial variations in
collisional quenching rates must be taken into account. The quenching rates are strongly
dependent on the local gas composition across the jet e uent because helium is a signi cantly
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less e cient quenching partner than water vapor, nitrogen, or oxygen. Thus, there is a large
variation in the quenching rates perpendicular to the ow direction as the ambient gas is
entrained into the helium-dominated e uent. The density of ambient gases in the e uent
increases along the gas ow direction. The OH-PLIF images were corrected for collisional
guenching rates on a pixel-by-pixel basis. The quenching rates were determined in a separate
set of measurements that was performed for each jet gas mixture, atmosphere, and geometry
(e uent in an open ambient environment or impinging on a target). The temporal decay of
the PLIF signal was measured by acquiring a series of PLIF images at ten di erent delay
times between the 282 nm laser pulse and the image intensi er gate. For these measurements,
a 5 ns intensi er gate width was used and the intensi er delay time was stepped in 5 ns
increments. The resulting temporal decay of the PLIF signal at each location in the image
was t to an exponential function, and the exponential time constant corresponded to the
reciprocal of the quenching rate. In cases where the jet e uent impinged on solid targets, a
background was recorded for every time step and subtracted from the corresponding OH-PLIF
image to account for scattering of the laser beam from the solid surface.

The OH density ([ OH]) in the jet e uent, at every pixel, was then given by

[OH] - Sjet rEf[OH]

. 3.1
Jet Sref jet ( )

ref ;

where the subscriptget and ref refer to jet and reference mixtures, respectivel\s is the
PLIF signal intensity, is the lifetime of the OH(A)-state, and [ OH]e¢ is the OH density in
the reference mixture. The corrected PLIF signals in Eq. 3.1 are given /= (I 18)=l¢F,
wherel ¢ is the intensity of the raw PLIF signal, Iz is the background, andl g is the
at- eld correction that accounts for the spatial distribution of the laser beam intensity and
the optical throughput of the imaging system. The imaging system throughput includes a
correction for vignetting that results in attenuated PLIF signals near the solid targets, which
partially obscure the optical collection solid angle. The at- eld corrections were obtained
by imaging uniform distributions of the uorescent tracers acetone and anisole, as described
above (see Figure 3.2).
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Figure 3.1: LIF experimental setup. The OH-PLIF excitation laser beam (282 nm) is
overlapped with the HO, photodissociation laser beam (213 nm) using high re ectance
mirrors. Both beams are formed into sheets using a cylindrical lens (+500 nm). A UV fused
silica (UVFS) beamsplitter samples a small fraction of the beams and directs them into a
ow of acetone for live beam pro ling. The main beams are cropped by a vertical knife edge
and enter the six-way glass cross, passing thorough the centerline of the COST-Jet's e uent
and ending in a beam dump. The ICCD Camera captures the OH-PLIF signal through a
310=10 nm band pass Iter.[Reproduced with permission from IOP Publishing®]
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Figure 3.2: Optical vignetting e ects observed during imaging of the jet's e uent impinging
on a solid target. The left graphics illustrate the cause of vignetting, while the inset in
the upper-right corner shows a at- eld image where signal attenuation occurs near the
target surface due to partial obstruction of the optical collection solid angle. The lower panel
presents the vertical pro le of the at- eld image, demonstrating the signal distribution
before applying vignetting corrections[Reproduced with permission from IOP Publishin®]

3.2.3 Absolute Calibration of the OH-LIF Signal

In order to obtain an absolute calibration of the OH number density, the signal from the
COST-Jet was compared with a reference signalJH]es generated using the same laser setup
to image a known OH number density. This referenceOH number density was produced by
photodissociation of hydrogen peroxide vapor (#D,) using the 3" harmonic of a Nd:YAG
laser at 213 nm. To this end, we changed the atmosphere around the COST-Jet running with
the He/H,O mixture to an atmosphere containing a small amount of }O,. This mixture
was generated by passing argon through a bubbler lled with 50%wt D, in water with the
bubbler mounted in a temperature-controlled water bath set to 10C. The concentration of
the resulting H,O, in the bubbler exhaust gas was determined from an optical absorption

Zportions of the text presented in this section have been previously published in  M.J. Herrera Quesada , et al. \Two-
dimensional mapping of absolute OH densities in an atmospheric pressure plasma e uent via planar laser-induced uorescence:
e ects of He/H 20 and He/O , mixtures in N 2 and air, with and without solid targets," Journal of Physics D: Applied
Physics 58(17):175205 (2025). Reproduced with permission from IOP Publishing. For more details, see Authorship Statement.
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measurement by passing the 213 nm laser beam through a 50 cm long absorption cell and
measuring the attenuation of the beam. The KD, in the six-way cross was photodissociated
into OH, and the concentration of the OH photofragments was calculated using

[OH] =[H202] H,0, oHl213 (3.2)

where 4,0, IS the absorption cross section of HD,2%5, oy is the quantum yield of OH
photofragments from photodissociation of kD, at 213 nn?°¢, and |3 is the 213 nm laser
uence as measured with a power meter (MKS Ophir PE25-C) and a beam pro ling camera
(DataRay WinCamD-LCM).

The photolytically generated OH was then imaged by the PLIF set-up alongside the
COST-Jet, which operated with a He/H,O admixture, to establish a reference data set used
for absolute calibration. The OH number density in the resulting reference was determined to
be [OH]s =3 10 cm 3. Dierences in OH-PLIF quenching rates between the reference
mixture within the jet and the surrounding region containing the photolytically generated
OH were measured and accounted for. OH-PLIF measurements for the He/@nd He/N,/O ,
admixtures were calibrated by comparing the corresponding OH-LIF signal to that of the
He/H,O reference case.

3.2.4  OH Number Density Uncertainty

The absolute OH number densities reported are subject to uncertainties that arise primarily
from post-processing and calibration procedures rather than from signal detection limitations.
The dominant contribution to the uncertainty originates from the absolute calibration based on
H,0O, photofragmentation, which depends on the absorption cross section, photodissociation
guantum vyield, and laser uence used to generate the reference OH density. Additional
contributions stem from the determination of spatially resolved collisional quenching rates,
which are obtained from exponential ts to time-resolved PLIF decays and therefore carry
tting uncertainty, particularly in regions with strong gradients in gas composition.

Further sources of uncertainty include shot-to-shot laser energy uctuations, corrections for
spatial variations in the laser sheet pro le and imaging-system throughput, and sensitivity to
ambient humidity, which in uences both OH production and quenching in the e uent. Minor
contributions arise from background subtraction and camera noise but are comparatively small.
While a full formal error-propagation analysis was not performed, the combined uncertainty
is expected to primarily a ect the absolute magnitude of the reported OH densities, whereas
relative spatial trends, axial decay behavior, and comparisons between air ang &tmospheres
are considerably more robust.
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Importantly, the consistency of the observed trends across repeated measurements, oper-
ating conditions, and comparisons with uid and chemistry modeling supports the reliability
of the conclusions drawn from the OH-LIF data, despite the inherent uncertainties associated
with absolute calibration.

3.2.5 Photofragmentation Laser-Induced Fluorescence

The PF-LIF setup for the optical detection of HO, and HO, is similar to that presented
in® and is shown in Figure 3.3. The KHO,/HO , detection uses a pump-probe technique,
where a pump laser (=213 nm or 216 nm) dissociates D, and HO, to form OH. These
OH photofragments are detected using a probe laser£282 nm) to excite laser-induced
uorescence, as described in Section 2.2.2.

SpPortions of the text presented in this section have been previously published in  M.J. Herrera Quesada , et al. \2D
Photofragmentation LIF Imaging of H 20> and HO in the E uent of an Atmospheric-Pressure Plasma Jet: E ects of Solid and
Liquid Interfaces,” Journal of Physics D: Applied Physics 58,435205 (2025). Reproduced with permission from IOP Publishing.
For more details, see Authorship Statement.
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Figure 3.3: PF-LIF Experimental Setup. The excitation laser beam for OH-PLIF (282 nm)
is overlapped with the HO, photodissociation laser beam (213 nm or 216 nm) by using
high-re ectance mirrors. Both beams are formed into thin sheets by a +500 mm cylindrical
lens. A UV-fused silica (UVFS) beamsplitter diverts a small fraction of the beams into a
controlled ow of H,O,, rather than acetone as in Figure 3.3, and a beam pro ling camera for
real-time beam monitoring. The main beams are cropped by a knife edge before entering the
six-way glass cross, where they traverse the central axis of the COST-Jet e uent and nally
terminate at a beam dump. The PF-LIF signal is recorded by an ICCD camera equipped with
a 310/10 nm band-pass lIter. Another change from the LIF setup is the movable platform
downstream of the cross carrying either a solid (FS disk) or liquid (water) target can be
raised to speci ed distances from the jet nozzldReproduced with permission from IOP
Publishing*?9]

In short, both the native OH in the COST-Jet and the OH generated via photofragmen-
tation of HO, and H,O, are excited by the probe laser, which is tuned to the (1) rotational
transition in the A X (1,0) band at 281.996 nm (referred to as 282 nm). To isolate the
contribution of photolytically produced OH, the native OH-LIF signal is subtracted; further
details on the native OH in this plasma source and gas admixture are provided in Chapter 4.

The pump and probe lasers operated at a pulse repetition rate of 10 Hz. For the experiments
involving targets (Section 5.1.2), a 216 nm laser was used as the pump laser, whereas a
213 nm laser was used for the open e uent experiments (Section 5.1.1). This choice was due
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to the availability of the lasers at the time of the respective experiments. The absorption
cross-sections of kD, and HO, at 216 nm and 213 nm di er by less than 10%>2%7, allowing
for this exibility in wavelength selection without signi cant impact on photolysis e ciency.

The 216 nm pump laser beam (4 mJ/pulse) was generated by mixing the output of a dye
laser (Continuum ND6000) pumped by the second harmonic of a Nd:YAG laser (Continuum
Surelite, =532 nm) with the third harmonic of the same Nd:YAG laser (= 355 nm), as
previously described i3°2°8, The 213 nm laser beam provided signi cantly greater energy
(12 mJ/pulse) and was produced by B8 harmonic generation of a Nd:YAG laser (Spectra
Physics). Calculations based on the uence of the lasers and the corresponding absorption
cross-sections for BD, yield a photofragmentation fraction of 6%, which is well below
saturation levels.

The 282 nm excitation wavelength is generated using a frequency-doubled dye laser
(Lambda-Physik), pumped by the second harmonic of a Nd:YAG laser (Spectra Physics). The
resulting OH-LIF emission from the A X (1,1) and A! X (0,0) bands is detected with an
intensi ed CCD camera (Andor iStar) equipped with a bandpass interference Iter centered
at 310 nm. A pump-probe delay of 50 ns is used to minimize interference from scattering
and broad-spectrum uorescence generated by the pump laser. The OH-LIF probe laser
was operated in the linear excitation regime. This was con rmed by a power-dependence
measurement shown below, see Figure 3.4.

Figure 3.4: Dependence of the OH-LIF signal on excitation laser energy at 282 nm. The
signal increases linearly with laser energy over the range tested (0.05{0.5 mJ), con rming that
all measurements in this study were performed in the linear excitation regimgreproduced
with permission from IOP Publishing?®]
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To correct for variations in OH(A) collisional quenching rates due to local variations in gas
composition and temperature, pixel-resolved quenching rate measurements were performed
for each atmosphere and geometry (e uent in open ambient conditions or impinging on a
solid/liquid target) using the OH radicals produced natively in the plasma jet, following
the method in Section 3.2.1. The temporal decay of the OH-LIF signal was measured by
acquiring a series of LIF images at di erent delay times between the 282 nm laser pulse and
the image intensi er gate. The resulting temporal decay of the LIF signal at each pixel in the
image was t to an exponential function with the exponential time constant corresponding
to the uorescence lifetime, the reciprocal of the quenching rate. Experimentally-determined
maps of OH uorescence lifetimes, for di erent gas admixtures in the COST-Jet under air
and N, atmospheres, used for OH-LIF image correction are shown in Figure 3.5. Because
vibrational and rotational energy transfer (VET/RET) processes act during the excited-state
lifetime of OH, their in uence is inherently included in these pixel-resolved quenching rates
and thus accounted for in the calibrated densities reported here. Moreover, given that the
quenching cross-section of Os approximately six times that of N,2%°, and considering that
air consists of 21% @, the overall quenching rate in air is expected to be about twice that
of N,. As the quenching cross-section of He is very sntafl, the main contributions to the
guenching in the jet e uent are coming from the respective admixtures.
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Figure 3.5: Experimentally-determined maps ofOH uorescence lifetimes used for OH-LIF
image correction for the cases of a) He/4D in air atm, b) He/H ,O in N, atm, c) He/O, in air
atm, and d) He/O, in N, atm. The areas where theOH signal was too low to determine the
quenching rates accurately are maskefReproduced with permission from IOP Publishint®]

Variations in optical throughput of the imaging system, including vignetting e ects caused
by obscuration near the solid or liquid surfaces, as described in Section 3.2.1, were accounted
for with at- eld correction measurements by lling the six-way cross with a uniform mixture
of acetone and recording acetone LIF signals. Spatial variations in the laser beam pro les
that arose during the measurements were corrected by sampling the laser beams with a
beamsplitter and directing them through a separate ow of a homogeneous®, gas mixture
and recording the resulting PF-LIF signal with a second camera. To ensure a consistent
spatial overlap of the pump and probe lasers, the sampled laser beams were directed onto a
beam pro ling camera that monitored their intensity distributions.

For calibration of the H,O, PF-LIF signal, the signal from the jet was compared with a
reference signal obtained by performing a PF-LIF measurement using a homogeneous gas ow
with a known amount of H,O,. The H,O, was produced by passing Ar through a bubbler
lled with a 50 wt% H ,0O, solution in water. The H,O, density in the bubbler exhaust was
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determined using optical absorption measurements. The bubbler exhaust owed through
a 33 cm absorption cell, where the absorbance of the pump laser was measured after four
passes through the cell. To estimate the HOdensities, the HO, calibration was scaled by

an e ciency factor to account for the greater sensitivity of the PF-LIF technigque to HQ, as
discussed in Section 3.1.

3.3 Liquid-Phase Diagnostics

3.3.1 Plasma Treatment

To minimize contamination from residual line impurities, the plasma source was operated for
30 minutes prior to each experimental run. All liquid treatment experiments were conducted
with 1 mL samples placed in 12-well Fisherbrand plates. The distance from the jet nozzle to
the surface of the liquid (or target) was consistently set to 4 mm, and all procedures were
performed under open atmospheric conditions, as shown in Figure 3.6. At this nozzle-to-target
distance and sample volume, the COST-Jet nozzle is positioned within the vertical con nes
of the individual well, such that the e uent is largely contained by the well walls. As a result,
radial transport of the gas ow to neighboring wells is negligible, and cross-talk between
adjacent samples, particularly for longer-lived species, is not expected under these conditions.

The use of well covers discussed in later sections, particularly for cellular experiments,
serves a di erent purpose. In those cases, covers were employed to minimize ambient contam-
ination and unintended exposure of non-treated wells during handling outside the incubator,
as living cells are highly sensitive to environmental perturbations. Covers were not required
for the liquid-phase characterization experiments presented here, where the treated well was
spatially isolated by the plate geometry and no viable biological material was present in
adjacent wells.

The use of a 1 slm gas ow and a short jet-to-surface distance promotes continuous
hydrodynamic mixing of the liquid during plasma exposure. The impinging helium e uent
generates shear-driven circulation that enhances interfacial renewal, repeatedly bringing
unreacted bulk liquid into contact with the plasma{liquid boundary while transporting reaction
products away from the surface. Although the intrinsic chemical penetration depth of short-
lived species such a$OH and atomic O|whose lifetimes range from tens of microseconds in
neat water to tens of nanoseconds in chemically complex liquid$2¢Yjremains con ned to the
immediate interface, the gas-induced ow e ectively increases the volume of liquid in uenced
by these species over time. In complex solutions, this continual replenishment of the interface
increases the probability that reactive encounters occur and that secondary and longer-lived
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products are redistributed into the bulk. Consequently, the measured concentrations re ect
plasma-driven chemistry integrated over the treated volume rather than being limited to a
static surface layer.

Plasma treatment durations ranged from 0 to 8 minutes. In each experimental set, the
longest treatment time was used for the gas-only control, in which samples were exposed to
the feed gas for the same duration without plasma ignition. All measurements were conducted
in triplicate, and error bars represent the standard deviation of replicates.

Electron paramagnetic resonance measurements and photometric assays were performed
on three liquid sample types: ultra-pure water, ultra-pure water with dissolved cysteine, and
cell culture medium. The water used was high-performance liquid chromatography (HPLC)
grade from Fisher. The cysteine solution was prepared by dissolving L-cysteined8%, Alfa
Aesar, A10435) in HPLC-grade water to a nal concentration of 10Q,g mL 1.

The cell culture medium treatments used Dulbecco's Modi ed Eagle Medium (DMEM,
Gibco), supplemented with 10% fetal bovine serum (Avantor Seradigm) and 1% penicillin{
streptomycin, as the bulk liquid.

Any cysteine mass spectrometry or FTIR spectroscopy investigations, were derived from
initial L-cysteine liquid treatments using the same mixture as for the EPR and photometric ex-
periments: L-cysteine from Alfa Aeasar (L-Cysteine A10435, 98%) dissolved in either HPLC
grade water or heavy water (H'20, Medical Isotopes 02006, 97%) for a nal concentration
of 100ug mL 1.
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Figure 3.6: COST-Jet setup for treating liquid samples. The COST-Jét is driven by a
13.56 MHz sinusoidal signal, ampli ed before delivery to the electrodes. The jet power is
monitored using integrated voltage and current probes connected to an oscilloscope. Helium
serves as the primary feed gas, with controlled admixtures of,8, O,, or N,/O , introduced

via MFCs. For humidi ed conditions (He/H ,0), a fraction of helium is passed through a water
bubbler to establish the desired vapor content before downstream mixing. In all experiments,
the jet operates at a total ow of 1 slm with 750 10 mW input power. A motorized
platform is used to place a cell array with a xed nozzle-to-sample distance of 4 mm.
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