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Abbreviations

ANOVA analysis of variance
ATM ataxia telangiectasia mutated
AVBB Annexin V Binding Buffer
CDH1 cadherin 1
cDNA complementary DNA
Chk1 checkpoint kinase 1
CM conditioned medium
CSF2 colony stimulating factor 2
COL14A1 collagen, type XIV, alpha 1
COL5A3 collagen, type V, alpha 3
CXCL2 chemokine (C-X-C motif) ligand 2
CXCL5 chemokine (C-X-C motif) ligand 5
DBD dielectric barrier discharge
DEPC diethylpyrocarbonate
DNA deoxyribonucleic acid
ECM extracellular matrix
EDTA ethylenediaminetetraacetic acid
EGF epidermal growth factor
EGFR epidermal growth factor receptor
EPR electron paramagnetic resonance
F13A1 coagulation factor XIIIA1 polypeptide
FCS fetal calf serum
FGF fibroblast growth factor
FITC fluorescein isothiocyanate
FTIR fourier transformed infrared spectroscopy
G-CSF granulocyte colony-stimulating factor
GM-CSF granulocyte macrophage colony-stimulating factor
GS. gluthathione thiyl
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GSH gluthathione
H2O2 hydrogen peroxide
HaCaT human adult low calcium temperature keratinocytes
HB-EGF heparin-binding epidermal growth factor-like growth factor
HMOX1 heme oxygenase-1
HNO2 nitrous acid
HNO3 nitric acid
HO2

. hydroperoxyl
HRP horseradish peroxidase
IFN-γ interferon-γ
IGF insulin-like growth factor
IL interleukin
IL-6R interleukin-6 receptor
iNOS inducible nitric oxide synthase
JAK1 janus kinase 1
LPS lipopolysaccharide
MMP matrix metallopeptidase
NO nitric oxide
NO2 nitrogen dioxide
NO2

- nitrite
O and O(1D) atomic oxygen
O2(1Δg) oxygen metastable
O2

.- superoxide anion
O3 ozone
.OH hydroxyl
PA plasminogen activator
PBS phosphate buffered saline
PDGF platelet-derived growth factor
PTGS2 prostaglandin-endoperoxide synthase 2
RMA Robust Multichip Average
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RNA ribonucleic acid
RNS reactive nitrogen species
RONS reactive oxygen and nitrogen species
ROS reactive oxygen species
RPL13A ribosomal protein L13a
RPMI Roswell Park Memorial Institute
SD standard derivation
sLm standard liter per minute
STAT3 signal transducer and activator of transcription 3
TFRC transferrin receptor
TGF transforming growth factor
TNFα tumor necrosis factor α
UV ultraviolet
VEGF vascular endothelial growth factor
VTN vitronectin
VUV vacuum ultraviolet
WISP1 WNT1 inducible signaling pathway protein 1
WNT5A Wingless-type MMTV integration site family, member 5A
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1 INTRODUCTION

1 Introduction

1.1 Plasma

Figure 1: The fourth state of matter
explained with argon: With contin-
uous heat input, solid argon (a) can
become a liquid (b) or a gas (c). At
higher temperatures, some gas atoms
are ionized and form a plasma (d).

Plasma, the fourth state of matter
besides solid, liquid and gas (fig.
1) was first described by the Amer-
ican physicist and chemist Irving
Langmuir in the nineteen-twenties.29

Plasma is a partially or completely
ionized gas. Gas atoms can be ion-
ized, if they collide with other gas
atoms or free electrons. This only
happens if the kinetic energy of the
collision is equal or larger to the ion-
ization energy.42 The gas tempera-
ture is related to the kinetic energy
of the gas particles. With increas-
ing gas temperature, the probabil-
ity of electron and ion collision ion-
ization rises. Therefore, the transi-
tion from the gas to the plasma state
is continuous. With increasing tem-
perature more ionizing collisions oc-
cur and more free charge carriers are
present.46 Common plasmas in na-
ture are lightnings, stars, flames or
northern lights but it is supposed,
that 99 % of the matter in the uni-
verse is plasma.
In the history of plasma technology,
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1.1 Plasma 1 INTRODUCTION

plasma with temperatures larger than 80 °C has very early been used for
tissue destruction and ablation, etching, cutting and sterilization of heat
resistant medical devices.35 Recently, non-thermal plasma sources with tem-
peratures near body temperature have been developed. These are suitable for
the treatment of heat sensitive materials.35,86 Especially for the treatment
of tissues or cells the application of hot plasma is not an option. Already at
temperatures from 40 °C to 50 °C local hypothermia causing modification of
the cell membrane, edemas, necrosis and devitalization can occur.86 A fur-
ther requirement on the plasma sources for biomedical applications is, that
they need to be operable at atmospheric pressure in order to be practicable
for clinical application. For this reason, the plasma sources used for biomed-
ical applications are not ignited by heating of the gas, but by acceleration
of the electrons by electric fields. The electrons are accelerated to velocities
that are sufficient to ionize neutral atoms. The light electrons can easily be
accelerated by alternating electric fields. Argon ions however have 80,000
times the weight of electrons and therefore possess to much inertia to be
accelerated effectively in high frequency alternating electrical fields. In this
way a sufficient amount of fast electrons (corresponding to a high electron
temperature) can be achieved, while the temperature of the ions and neutral
atoms hardly exceeds room temperature. The transport of heat from the
electrons to the ions is also ineffective due to the large mass difference. With
a sufficiently high gas flux, a heating of the neutral atoms is prevented almost
completely.46,86

As plasma is a highly complex system with many variables like the tem-
perature of the gas and of the electrons, gas composition, generated radicals,
reactive oxygen species (ROS), reactive nitrogen species (RNS), reactive oxy-
gen and nitrogen species (RONS), ultraviolet (UV) radiation (A, B and C)
and electric fields, thorough scientific investigations are absolutely essen-
tial.30,63,86
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1.2 Human Skin 1 INTRODUCTION

1.2 Human Skin

The skin is the largest organ of humans. With a surface of 1.5 - 2 m2 it weights
around 3 to 10 kg and serves as a protection against mechanical, physical or
chemical stress.80 As shown in figure 2, the skin is divided into the epidermis,
dermis and subcutis.73,80 The epidermis is a stratified squamous epithelium
with a high regeneration rate and consists of 90 % keratinocytes. The other
cells are melanocytes, Langerhans cells and Merkel cells. As keratinocytes
make up the majority of the skin, the investigations in the present work focus
on a keratinocyte cell line as a model system.

Figure 2: Scheme of the skin.7
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1.3 Wound Healing 1 INTRODUCTION

The epidermis is divided into the layers stratum basale, stratum spinosum,
stratum granulosum and stratum corneum as depicted in figure 2. The layers
correspond to the several differentiation stages of the keratinocytes. These
differentiate from the stratum basale, the basal layer, to the stratum corneum,
the horny layer and in the process generate more keratin and actin filaments,
which provide the stability of the skin. During this process of differentiation
the keratinocytes flatten more and more and at the stratum corneum they
lose their cell nuclei. The migration of the cells from the basal layer to the
horny layer takes around four to six weeks.73,80

1.3 Wound Healing

1.3.1 Acute wound

Wound healing is a very well-orchestrated and complex mechanism. Numer-
ous cell types such as keratinocytes, fibroblasts, monocytes, macrophages
and neutrophils are involved in this dynamic process. Wound healing is
divided into four overlapping phases: Hemostasis, inflammation, prolifera-
tion and remodeling.19,49,54,72 After injury of tissue and blood vessels small
molecules like ATP, adenosine, uric acid and arachidonic-acid-derived and
other bioactive lipids leak at the wound site.55 Thereafter, platelets reach
the wound space from the damaged blood vessels. They aggregate and clot
to plug the defect.19,54 This fibrin clot additionally consists of cross-linked
fibrin, fibronectin, vitronectin, thrombospondin and erythrocytes.19 It pro-
tects against invading microorganisms and provides a matrix for migrating
skin and immune cells and a reservoir for released cytokines and growth fac-
tors (fig. 3).19 These secreted signaling molecules play a vital role during
wound healing. The different cell types use these molecules for crosstalk and
to effect or amplify the behavior of other cells, whereby they can initiate the
wound healing phases.54,89

Platelet derived growth factor (PDGF), transforming growth factor-β (TGF-
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1.3 Wound Healing 1 INTRODUCTION

Figure 3: Scheme of wound repair. Modified from 7 .

β) and vascular endothelial growth factor (VEGF) are some of the first
molecules, shedded by platelets into the wound site. These chemoattrac-
tants recruit circulating inflammatory cells like neutrophils or monocytes.54

A few minutes after injury, the neutrophils are the first cells that migrate into
the wound matrix.54,89 They infiltrate to remove pathogens, for this purpose
neutrophils produce proteases and ROS. They also secrete various growth
factors and cytokines to initiate the proliferative phase of wound repair.89

Monocytes migrate through the blood vessel walls into the wound site and
are stimulated by cytokines like interleukin-1α, -1β, -4, -6, -10, -13 (IL-1α,
-1β, -4, -6, -10, -13), tumor necrosis factor α (TNFα), interferon-γ (IFN-γ)
but also lipopolysaccharide (LPS), a component of gram-negative bacteria
membranes. The monocytes degrade the extracellular matrix (ECM) with
enzymes, so that they will have space enough to migrate into the wound
site.19 Later, monocytes differentiate into macrophages, as sketched in figure
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1.3 Wound Healing 1 INTRODUCTION

3.19 These macrophages produce numerous growth factors (e.g. VEGF) and
cytokines to amplify the signals by platelets, neutrophils and monocytes.54,55

They phagocyte cell and matrix debris but also those neutrophils which did
not initiate apoptosis.19,54

During proliferation or granulation phase the keratinocytes perform reepi-
thelization while fibroblasts contract the wound. Additionally, angiogenesis
(generation of new blood vessels) and the neural response is initiated.54,89

Angiogenesis is mainly promoted by fibroblast growth factor-2 (FGF-2) and
VEGF-A. FGF-2 is secreted by endothelial cells and macrophages, whereas
VEGF-A is produced by wound edged keratinocytes, fibroblasts, platelets,
neutrophils and macrophages.3,54,89 Angiopoietin-1 stabilizes the blood ves-
sels, but also chemokines or further growth factors such as IL-8 or granu-
locyte macrophage colony-stimulating factor (GM-CSF) can effect angio-
genesis.89 After tissue injury the reepithelization is necessary for wound
repair. First, the wound edged keratinocytes change their shape, they be-
come flatter and elongate.19 For migration and proliferation at the wound
edge the keratinocytes need to express integrins, collagens, plasminogen ac-
tivator (PA) and receptors.54 Important molecules that promote migration
and proliferation of the keratinocytes are TGF-α, TGF-β1, epidermal growth
factor (EGF), FGF-7, heparin-binding EGF-like growth factor (HB-EGF),
matrix metalloproteases-1, -9, -10 (MMP-1, -9, -10), GM-CSF, IL-6 and se-
veral chemokines.19,54,89 Most molecules are mitogenic such as IL-6 which
is a crucial kick-starting cytokine for the wound healing process,89 but some
molecules such as MMPs and PA are also important for fragmentation of
the ECM to create a path through the fibrin clot for reepithelization.19 The
epidermal migration ceases when the denuded wound space is covered by a
monolayer and filled with granulation tissue.19,54 The latter consists of a
very high amount of capillary blood vessels, which transfer nutrients and
oxygen into the wound tissue.55 In order to support the reepithelization
the myofibroblasts contract the connective tissue into the wound site.19 For
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1.3 Wound Healing 1 INTRODUCTION

this fibroblasts crawl into the fibrin clot, generate large amounts of collagen-
rich matrix and can transform into myofibroblasts.54,89 The last and longest
phase during wound repair is the remodeling phase.19 The collagen is re-
modeled into larger and more organized fibrils and the cell proliferation and
protein synthesis is ceased.19 After successful wound repair, blood vessels
regress and inflammatory cells die and are removed or are extruded with the
eschar.19,55

1.3.2 Chronic wound

The dynamic wound repair process can fail and cause a non-healing, chronic
wound.72 Different conditions can enhance the risk for chronic wound suf-
fering such as diabetes, aging, venous insufficiency, skin fragility or pressure
sores.21,60,72 A critical colonization by bacteria is associated with non-healing
wounds. The microorganisms produce a biofilm which protects themselves
from phagocytic cells and is impermeable for antibiotics.16 Characteristi-
cally, chronic wounds have an impaired proliferative phase with a failure of
reepithelization and a defective wound ECM. In chronic wounds the wound
repair process is additionally arrested in the inflammation phase, which re-
sults in a prolonged infiltration of inflammatory cells.3,60 However, the rea-
sons for chronic wounds are poorly understood,21,60 but analyses of wound
fluids showed imbalances of ROS, RNS and released cytokines and growth
factors.3,50,60,93

ROS as hydrogen peroxide (H2O2), superoxide anion (O2
.-) or hydroxyl (.OH)

play a very important role during wound repair process.50,72 The reactive
species are normally produced after wounding and are used for the defense
of pathogens. Additionally, they act as signaling molecules and can induce
proliferation, differentiation or apoptosis. The recruitment of neutrophils
into the wound site can also be regulated by ROS.50,72,84 In chronic wounds
an excessive production of ROS is given which can cause oxidative stress.72

Nucleic acids, proteins and lipids are damaged by ROS which induce a loss
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1.3 Wound Healing 1 INTRODUCTION

of function and impaired cell migration, proliferation and ECM synthesis.60

The excessive level of ROS can also cause a dysregulation of cell signaling
pathways and finally result in a changed release of growth factors and cy-
tokines.84 Indeed, the amount of signaling proteins in chronic wound fluids is
reduced.50 To antagonize the oxidative stress antioxidants are crucial, but in
chronic wounds an imbalance of oxidants and antioxidants is given.60,72 Im-
portant ROS-detoxifying enzymes are superoxide dismutases, catalase, per-
oxiredoxins and heme oxygenases.72 The expression of heme oxygenase-1
(HMOX1) during wound repair is highly up regulated and can therefore be
used as a biomarker for oxidative stress in wounds.84

Besides ROS, RONS like nitric oxide NO play also a crucial role for wound
healing.72 In an acute wound the inducible nitric oxide synthase (iNOS)
catalyzes the NO synthesis from the amino acid L-arginine.84,93 Its expres-
sion, transcription and function is regulated by various growth factors and
cytokines and the produced NO can enhance cell proliferation and reepithe-
lization but it can also regulate gene expression and cellular differentiation.
NO seems to influence the secretion of cytokines and growth factors. How-
ever, in a chronic wound the level of NO is reduced due to the decreased rate
of L-arginine, which is necessary for its production.93

Another, very important role is played by various growth factors and cy-
tokines during wound healing. They coordinate the dynamic processes in
the four different wound repair phases. The cell signaling molecules can act
in an autocrine, paracrine, juxtacrine or endocrine way. Thereby they bind to
a receptor and activate the downstream cascade of the signaling pathway. If
a transcription factor is activated, it binds to a promoter which subsequently
regulates the expression of defined target genes. These genes are translated
into proteins and can subsequently control cell cycle, motility, differentiation
or others.3 This crucial crosstalk by growth factors and cytokines is imbal-
anced in chronic wounds. A higher level of many signaling molecules (like
GM-CSF, VEGF-A, HB-EGF) is released after wounding, whereas in chronic
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1.4 Plasma medicine 1 INTRODUCTION

wounds the excretion is decreased. And the secretion of other molecules (like
IL-8) is drastically increased in chronic wounds.3,16,19,21

Until now, no perfect therapy has been developed to heal chronic wounds.16,21

Many different methods were established or investigated involving maggots
or spices. The topical delivery of single or multiple growth factors and cy-
tokines is a very promising therapeutic approach. However, therapies with
several mediators were more beneficial because they amplify the stimulation.
Some molecules, which enhance wound healing in a combined delivery do not
positively influence the healing process in a single application.1,3, 18,50,72

1.4 Plasma medicine

As plasma medicine is a young and highly interdisciplinary field of research
plasma can very efficiently be applied for sterilization and decontamination.
It can be used against gram positive and negative bacteria, fungi, viruses and
spores.35,63,86 Plasma is also used for blood coagulation, dental care, cancer
treatment and wound healing.30,35,86 Many research groups have treated
eukaryotic cells or tissue with plasma. Cells tend to respond to plasma
treatment in a dose dependent manner. At low plasma doses, DNA strand
breaks can occur, which are repaired by cellular mechanisms, preventing
the cell from inducing apoptosis.6 In case the applied dose is too large,
adherent cells detach and die due to apoptosis or necrosis.24,35 As different
plasma sources have been used in these studies (dielectric barrier discharge,
atmospheric pressure plasma jet), the respective lethal treatment times are
very different. Besides the duration of treatment, further conditions play
crucial roles for cellular response. The cell culture medium can influence
the treated cells, but also the humidity in feed gas and environment. The
ambience itself can affect cells, too.8,61,71,91

As explained in chapter 1.3, in chronic wounds bacteria produce a harming
biofilm. Studies showed, that plasma can reduce the amount of bacteria
significantly, whereas the eukaryotic cells are still viable. It was repeatedly
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shown that for bacteria smaller plasma doses are lethal than for example skin
cells, probably as these possess defense mechanisms against components of
the plasma.8,24,35,38 The interactions between plasma, liquids (e.g. wound
fluids or cell culture medium) and cells or tissues are largely unknown, also
the mechanisms promoting wound healing are controversial.35 However, it
is assumed that the cocktail of generated reactive species and UV radiation
is associated with the beneficial effects. Studies revealed the activation of
genes and proteins for the defense of oxidative stress75,87 and the stimulation
of cell signaling in skin and immune cells.2,13

1.5 Aim of the work

Plasma medicine is a young research field and not much is known about
the molecular biological cell response to plasma. A few studies revealed the
activation of cell signaling in fibroblasts2 and immune cells;13 a first hint, that
plasma can influence cell signaling and therefore enhance wound healing.
In the present work, the impact of non-thermal plasma on cell signaling in
keratinocytes is to be analyzed. For that reason the HaCaT keratinocyte cell
line was treated with the argon-operated non-thermal atmospheric pressure
plasma jet kinpen. Due to the well known hormesis response to plasma
treatments, doses for the treatment of the keratinocytes have to be found.
With regard to wound healing, expression and secretion profiles of signaling
molecules have to be conducted. In addition, following questions should be
answered: How can the plasma treatment be modulated, so that the cellular
responses can be regulated? And which reactive species could be responsible
for these responses? Furthermore, for simulation of crosstalk in wounds it is
to be analyzed how cells interact with each other post plasma treatment: On
the one hand, treated keratinocytes and untreated keratinocytes and on the
other hand, keratinocytes and monocytes.

14
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and solutions

ammonium acetate Sigma-Aldrich
Annexin V Axxora
Argon gas (purity 99.999 %) Air Liquide
β-mercaptoethanol Sigma-Aldrich
dH2O, PCR grade Roche Applied Sciences
DEPC diethylpyrocarbonate
EDTA Sigma-Aldrich
ethanol, absolute Sigma-Aldrich
etoposide Axxora
FCS Sigma-Aldrich
glycogen Ambion
H2O2 (30 %) Sigma-Aldrich
isopropanol Sigma-Aldrich
L-glutamine (2 mM) Lonza Group
LPS Sigma-Aldrich
Nitrogen gas (purity 99.999 %) Air Liquide
Oxygen gas (purity 99.995 %) Air Liquide
PBS (10 x, w/o Ca2+/ Mg2+) PAA Laboratories
penicillin (100 U mL-1)/ streptomycin (0.1
mg L-1)

Lonza Group

RNase ZAP Sigma-Aldrich
RPMI 1640 Lonza Group
Trypsin/EDTA Lonza Group
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2.1.2 General laboratory equipment

4x72K Array Roche NimbleGen
beakers VWR
Buerker counting chamber VWR
cell culture flasks TPP
cell scrapers TPP
FACS tubes Sarstedt
glass bottles VWR
HaCaT keratinocytes German Cancer Research

Center DKFZ
LightCycler® 480 Sealing Foil Roche Diagnostics
microcentrifugation vials VWR
PCR tubes (0.2 mL, 0.5 mL) Corning Life Sciences
petri dishes (60 mm) TPP
pipettes Eppendorf
pipette filter tips Eppendorf
pipette tips Eppendorf
reservoirs Corning Life Sciences
serological pipettes (5 ml, 20 ml, 25 ml) Sarstedt
THP-1 monocytes Cell Lines Services
tubes (15 mL, 50 mL) Corning Life Sciences
96 well plates TPP
96 well plates for PCR Roche Applied Sciences

2.1.3 Kits

CellTox™ Green Cytotoxicity Assay Promega
Green Caspase-3 Staining Kit PromoKine
Human IL-6 ELISA MAXTM Deluxe BioLegend
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Human IL-8 ELISA MAXTM Deluxe BioLegend
Human Inflammatory Cytokines
Multi-Analyte ELISArrayTM Kit

Qiagen

LEGEND MAXTM Human GM-CSF ELISA
Kit with Pre-coated Plates

BioLegend

LEGEND MAXTM Human TNF-α ELISA
Kit with Pre-coated Plates

BioLegend

NimbleGen Gene Expression Array Roche NimbleGen
NimbleGen Hybridization Kit Roche NimbleGen
NimbleGen One-Color DNA Labeling Kit Roche NimbleGen
NimbleGen Tracking Control Kit Roche NimbleGen
NimbleGen Wash Buffer Kit Roche NimbleGen
Realtime ready Catalog Assay Primer Roche Applied Sciences
RNA Mini Kit Bio&SELL
RNase-Free DNase Set Qiagen
RT2 First Strand Kit Qiagen
RT2 Profiler PCR array Qiagen
SuperScript Double-Stranded cDNA
Synthesis Kit

Invitrogen

Transcriptor First Strand cDNA Synthesis
Kit

Roche Applied Sciences

VEGF-A ELISA Kit Thermo Scientific

2.1.4 Instruments

Centrifuge 5810 R Eppendorf
clean bench Thermo Scientific
CNC router Step-Control Zero2 Hylewicz CNC-Technik
CO2-Incubator 160 Mytron
Gallios™ Beckmann Coulter
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kinpen neoplas
Laboratory hot plate Labotect
LightCycler® 480 II Roche Diagnostics
mass flow controller MKS Instruments
MS 200 Microarray Scanner Roche NimbleGen
NanoDrop 2000c Thermo Fisher Scientific
NimbleGen Hybridization System 4 Roche NimbleGen
NimbleGen Microarray Dryer Roche NimbleGen
Plate reader Infinte 200 PRO Tecan Group
pipetboy INTEGRA Biosciences
Tabletop centrifuge Mini Spin Eppendorf
Thermocycler Professional 96 gradient Biometra
Thermo block/ Thermomixer Eppendorf
Vacusafe INTEGRA Biosciences
Waterbath Memmert WNB14 Memmert
xyz-table Nanotec Munich

2.1.5 Software

GraphPad Prism 6 Graphpad Software
IPA® Ingenuity Systems
Kaluza 1.1 Beckmann Coulter
MS Office Microsoft
Nano Drop operating software Thermo Scientific
NimbleScan v2.6 software Roche NimbleGen
PANTHER 8.1 Paul Thomas, University of

Southern California
Partek® Genomic SuiteTM Partek
Tecan i-Control 1.10 Tecan Group
LightCyler®480 SW 1.5.1 Roche Applied Science
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WinPC-NC software Burkhard Lewetz

2.1.6 Buffers and solutions

Lysis buffer, 25 x 5 % benzalkonium chloride
3 % acetic acid, glacial

Annexin V Binding Buffer 10 mM HEPES
140 mM NaCl
2.5 mM CaCl2
dest. H2O, ad 1 L

PBS/ EDTA 5 mM EDTA in PBS
Swelling buffer 20 mM tris

1 mM MgCl2
0.5 mM CaCl2
pH = 6.7

Cell culture medium RPMI 1640
8 % fetal calf serum
2 mM L-glutamine
0.1 mg L-1 streptomycin
100 U mL-1 penicillin

2.2 Methods

2.2.1 Cell culture

All experiments were conducted with the human adult low-calcium high-
temperature keratinocyte (HaCaT) cell line. For subcultivation cells were
washed with 3 mL PBS/ EDTA and subsequently incubated in 5 mL PBS/
EDTA for 10 minutes in the incubator with following conditions: 37 °C,
95 % humidity, 5 % CO2. In order to detach the keratinocytes they were
trypsinized with 5 mL trypsin/EDTA for 4 minutes in the incubator. The
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detached cells were gathered and suspended with 5 mL cell culture medium.
Subsequently they were centrifuged at 250 g for 3 minutes at room temper-
ature. The supernatant was discarded and the pellet was resuspended in 10
mL medium. In the next step, 20 µL cell suspension were incubated in 460
µL swelling buffer for 7 minutes and after adding 20 µL lysis buffer the cells
were counted via Buerker counting chamber. Subsequently, 2 x 106 cells in
15 mL medium were transferred into a new cell culture flask with a growth
area of 75 cm2. The subcultivation was repeated twice a week.5

2.2.2 Plasma source

The non-thermal atmospheric pressure plasma jet kinpen, depicted in figure
4, was operated with argon at a flow rate of 3 standard liters per minute
(sLm). The feed gas flows through a ceramics capillary in which a radio
frequency electrode with a radius of 1 mm is mounted. At this inner electrode
a voltage of 2 kVpp is applied with a frequency of 1.1 MHz, providing the
alternating electric field required for the ignition of the atmospheric pressure
plasma. The visible effluent has a length of around 12 mm and the ROS

Figure 4: Plasma treatment of 5 mL cell culture medium in a petri dish by
the ignited non-thermal atmospheric pressure plasma jet kinpen.
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and RNS generated in the effluent are of special interest for their impact on
biological systems. Additionally, UV radiation is generated by the kinpen by
recombination and excitation processes.71,86

Although the jet is operated with pure argon, nitrogen and oxygen from
ambient air (main components: 78 % N2, 21 % O2) diffuse into the effluent.
To study the influence of oxygen and nitrogen, the ambience of the effluent
was controlled for some experiments. Therefore, the kinpen was surrounded
by a shielding device, depicted in figure 5. The distance from the nozzle
of the kinpen to the nozzle of the device was 2.5 mm. As a shielding gas,
a mixture of oxygen and nitrogen was used with a total gas flow rate of 5
sLm. The shielding gas mixture was varied in five steps, ranging from pure
nitrogen to pure oxygen. The parameters for each shielding gas composition
were adjusted 3 minutes before treatment to guarantee constant conditions
and homogeneous gas mixtures.

Figure 5: Picture and scheme of the plasma treatment with the kinpen in
combination of the shielding gas device.
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2.2.3 Plasma treatment

Both, treatment with and without a shielding device were conducted in the
same way: The cells were prepared one day prior to indirect plasma treat-
ment. Therefore 1 x 106 cells in 5 mL medium were seeded in a 60 mm petri
dish. For attachment they remained in the incubator for 24 hours. To ensure
same conditions for every treatment, cell culture medium was incubated in a
cell culture flask for 24 hours, too. Hence, CO2 amount, temperature and pH
of the medium were constant for every treatment. The plasma was ignited
1 hour prior to the treatment to remove humidity from the tubing, which
can enter through tube openings or diffuse through the tube walls from the
ambience and influence the cellular response.91

For treatment, a 60 mm petri dish containing 5 mL cell culture medium was
positioned on a warm plate (37 °C) and subsequently treated for desired time.
The kinpen, which was fixed in a xyz-table, was moved automatically by a
computer system (WinPC-NC software) along the treatment path sketched
in figure 6. Due to the evaporation during plasma treatment the respective
amount of distilled sterile water was added to the treated medium (300 µL
to 180 s treated medium). Immediately after treatment the medium on the
cells was aspirated and replaced by the treated one. For the untreated control
cells, a medium change with untreated medium was done. For the treatments
with H2O2 , insulin or etoposide the desired concentrations were produced
in 5 mL medium and subsequently added to the cells. After treatment, the
cells were incubated in the incubator for the desired time.

Figure 6: Path of the computer controlled plasma treatment.
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2.2.4 Preparation of conditioned medium

Due to plasma treatments keratinocytes can change their gene and protein
expression profiles and it is unclear if these changes can impact untreated
cells. Therefore, the influence of cell culture medium conditioned by plasma
treated and starved keratinocytes on other starved keratinocytes was studied.
The cells were treated as follows. At first, 1 x 106 HaCaT keratinocytes were
seeded in 5 mL standard cell culture medium (containing 8 % FCS) in a 60
mm petri dish. After an incubation time of 24 hours the cells were starved

Figure 7: Treatment of starved keratinocytes with conditioned, plasma
treated medium.
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by a medium change with a medium containing only 1 % FCS. One day
later, these cells were treated with plasma in an indirect way, as described
in chapter 2.2.3 on page 22. The keratinocytes were allowed to modify the
medium by secretion of molecules like cytokines and simultaneously they
consumed the medium within 24 hours. The conditioned medium was di-
luted 1:2 with cell culture medium without FCS, thereby 3 mL conditioned
medium was mixed with 3 mL medium without FCS. This diluted medium
was given onto other cells as shown in figure 7. These cells were starved
24 hours post seeding, too. However, the starved keratinocytes were treated
with the treated and conditioned medium by the other cells 18 hours after
starving. They were incubated for 6 or 24 hours and cells and supernatants
were used for further gene expression and protein secretion analysis explained
in chapters 2.2.7 and 2.2.8.

2.2.5 Co-culture with keratinocytes and monocytes

Besides the interactions between plasma treated and untreated keratinocytes
the crosstalk between different cell types is also very interesting for wound
healing. Therefore the impact of plasma on a co-culture with skin and im-
mune cells was studied. Keratinocytes (HaCaT cell line) and monocytes
(THP-1 cell line) were used for this study. In order to compare the results
of the co-culture, the same treatments were conducted with skin or immune
cells alone. The treatment of the co-culture was performed as follows: The
keratinocytes (1 x 106 in 5 mL medium) were seeded in a 60 mm dish and in-
cubated for 24 hours for attachment. Subsequently, 1 x 106 monocytes were
centrifuged and resuspended with either untreated medium, 180 s plasma
treated medium or 180 s plasma treated medium with LPS (1 µg µL-1). The
monocyte suspensions replaced the keratinocyte cell culture medium.
The treatment of the keratinocytes alone was performed in a similar way,
but the medium was directly added to the HaCaT cells and not used to
resuspend the monocytes. The treatment of the monocytes alone was also
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similar. However, the THP-1 cells were resuspended with the treated or non
treated medium and were not aliquoted to the keratinocytes, but just seeded
in a 60 mm dish. Co-culture and mono-cultures were incubated for 24 hours
and the supernatants were collected for analyses of secreted proteins. All ex-
periments were done in collaboration with Lena Bundscherer, who handled
the monocytes (explained in detail by 13).

2.2.6 Cell survival

Cytotoxicity assay

The analysis of cell viability was performed with the CellTox™ Green Cyto-
toxicity Assay (Promega). The CellTox™ Green Dye is not cell permeable
and stains intracellular DNA after cell membrane becomes leaky due to cell
death. For the measurements 15,000 keratinocytes in 75 µL cell culture
medium were seeded per well in a 96 well-plate. Besides plasma and H2O2

treatments the cells were also treated with a lysis buffer as a positive control.
After treatment, the cells were incubated for 24 hours. The CellTox™ Green
Dye was added and the plate was mixed for 1 minute by the microplate reader
(Infinte 200 PRO, Tecan Group). After an incubation time of 15 minutes,
the fluorescence was detected at 490 nm (excitation wavelength) and 525
nm (emission wavelength). At least six replicates were measured for each
treatment.4

Early apoptosis

The amount of early apoptotic cells after plasma treatment was detected
with a measurement of Annexin V positive cells. Therefore, 1 x 106 cells
were seeded in a 60 mm petri dish for plasma treatment. After treatment
they were incubated for 12 hours. The cell culture medium was gathered and
the cells were trypsinized and added to the cell culture medium. Cell culture
medium and cell suspension were centrifuged at 160 g for 5 minutes at room
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temperature. The supernatant was removed and the pellet was suspended
with 1 mL Annexin V Binding Buffer (AVBB). The cells were counted via
Buerker counting chamber and 0.3 x 106 cells were centrifuged. The cells
were resuspended in 400 µL AVBB with 1 µL Annexin V-fluorescein isothio-
cyanate (FITC) and incubated for 10 minutes in the dark. Subsequently they
were centrifuged again and washed with 400 µL AVBB. The cells were resus-
pended with 300 µL AVBB and measured with the flow cytometer GalliosT M

(Beckmann Coulter) and analyzed with the Kaluza® software (Beckmann
Coulter). This assay was repeated 3 times in independent experiments.

Late apoptosis

Late apoptosis was measured with the Green Caspase-3 Staining Kit (Promo-
Kine). One million cells in a 60 mm petri dish were treated with plasma and
incubated for 18 hours. The cells were detached with trypsin and 0.3 x 106

cells in 300 µL medium were incubated with 1 µL labeled and cell perme-
able FITC-DEVD-FMK for 1 hour in the incubator. Afterwards, they were
washed twice. Therefore they were centrifuged at 3,000 rpm for 5 minutes,
the supernatant was removed and the cells were resuspended in 500 µL wash
buffer. After washing they were resuspended in 300 µL wash buffer and
measured with the GalliosTM flow cytometer and analyzed with the Kaluza®

software.

2.2.7 Gene expression analysis

RNA isolation

After plasma treatment and incubation time the medium was removed and
the keratinocytes were washed with 1 mL of ice-cold PBS. Subsequently, 1
mL ice-cold PBS was added to the cells and the cell layer was detached via
cell scraper and transferred into a micro vial. The cells were centrifuged at
250 g at 4 °C for 5 minutes. The supernatant was removed and the cell
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pellet deep-frozen at -80 °C or the RNA was isolated. For RNA isolation the
RNA Mini Kit by Bio&SELL was used.5 Therefore, 400 µL lysis buffer SM
was added to the cell pellet which was incubated for 2 minutes. The pellet
was resuspended with the lysis buffer and incubated for 3 minutes. The
cell suspension was aliquoted into the blue shredder column and centrifuged
(10,000 g, 2 minutes). The filtrate was mixed with ethanol (70 %) and
aliquoted into the purple centrifugation column for centrifugation (10,000 g,
2 minutes). DNA was digested due to the addition of 5 µL DNase I (6.8
Units) and 35 µL RDD buffer (RNase-Free DNase Set by Qiagen) which
was than incubated for 15 minutes. Two wash steps followed: First 500 µL
wash buffer IT were aliquoted to the column and centrifuged at 10,000 g
for 1 minute and subsequently the column was washed with 700 µL wash
buffer MT at 10,000 g for 3 minutes. For elution the column was incubated
for 1 minute with 40 µL RNase-free water and eluted due to centrifugation
at 6,000 g for 1 minute. Either the isolated RNA was stored at -80 °C or
the cDNA synthesis was performed. Therefore, the concentration of isolated
RNA was measured with a spectrophotometer (NanoDrop 2000c, Thermo
Fisher Scientific) and 1 µg µL-1 isolated RNA was used for cDNA synthesis.

cDNA synthesis

For studies with a RT2 Profiler PCR array (Qiagen) the cDNA was synthe-
sized by RT2 First Strand Kit (Qiagen), otherwise the Transcriptor First
Strand cDNA Synthesis Kit (Roche Applied Science) was used.
For cDNA synthesis with the RT2 First Strand Kit a gDNA elimination mix
was prepared. Therefore, 2 µL GE buffer and 1 µg isolated RNA were neces-
sary. In order to reach a total volume of 10 µL, RNase-free water was used.
The elimination mix was incubated for 5 minutes at 42 °C in the thermo-
cycler. Subsequently, 10 µL reverse transcriptase mix, which consisted of 4
µL BC3 buffer, 1 µL Control P2, 2 µL RE3 RT Mix and 3 µL RNase-free
water, was aliquoted to the elimination mix, which was then incubated for 15
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minutes at 42 °C and 5 minutes at 95 °C in the thermocycler. Subsequently,
91 µL RNase-free water was added and either stored at -20 °C or used for
the analysis with the RT2 Profiler PCR array.
The cDNA synthesis with the Transcriptor First Strand cDNA Synthesis was
performed as described in the manual: First, 1 µg RNA was mixed with 1
µL anchored-oligo(dT) primer, 1 µL random hexamer primer and RNase-free
water was used to achieve a total volume of 13 µL. The solution was heated
for 10 minutes at 65 °C. Subsequently, 4 µL Transcriptor RT reaction buffer,
2 µL dNTPs, 0.5 µL RNase inhibitor and 0.5 µL reverse transcriptase were
added. The solution was then heated for 45 minutes at 55 °C and 5 min-
utes at 85 °C by the thermocycler and afterwards either stored at -20 °C or
used for DNA microarray analysis or quantitative polymerase chain reaction
(qPCR).
The studies of the transcriptome after plasma treatment were done with
i.) DNA microarray, ii.) qPCR using the RT2 Profiler PCR array or iii.)
qPCR using Realtime ready Catalog Assay which will be explained in the
subsequent paragraphs.

DNA microarray

For the analysis of the transcriptome by DNA microarray, the cells were
treated with plasma and incubated for 3 hours. Four independent biological
experiments were performed. At a time the samples of two experiments were
pooled during RNA isolation as sketched in figure 8. And subsequently the
two, pooled RNAs were again pooled yielding one sample for single strand
cDNA synthesis (Transcriptor First Strand cDNA Synthesis Kit). The second
strand cDNA synthesis was performed with the SuperScript Double-Stranded
cDNA Synthesis Kit (Invitrogen): 20 µL single strand cDNA was mixed with
17.05 µL diethylpyrocarbonate (DEPC) water, 10 µL 5 x Second Strand
Buffer, 1 µL dNTP Mix (10 mM), 0.35 µL DNA ligase (10 U µL-1 ), 15 µL
DNA polymerase I (10 U µL-1) and 0.35 µL RNase H (2 U µL-1). This was
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incubated in the thermocycler for 2 hours at 16 °C. Later, 0.6 µL of T4
DNA polymerase (5 U µL-1) were added to the solution and incubated for 5
minutes and 16 °C, again. The solution was placed on ice and 3.3 µL EDTA
(0.5 M) were added. Afterwards the cDNA was precipitated. Therefore, 5.5
µL 7.5 M ammonium acetate and 5 µL glycogen (5 mg ml-1) were added. In

Figure 8: Scheme of the DNA microar-
ray procedure.

a micro-centrifugation tube 120 µL
ice-cold ethanol were aliquoted and
the solution was added. It was
then centrifuged at 12,000 g for 20
minutes at 4 °C. The supernatant
was decanted and 200 µL ice-cold
ethanol (80 %) was aliquoted to
the pellet. A centrifugation step
followed (12,000 g, 20 minutes, 4
°C) twice. Later, the pellet was
dried at 37 °C in a thermoblock
for 10 minutes, while the tube was
open. The pellet was rehydrated
with 20 µL PCR-clean water and
the quality of the cDNA was con-
trolled with the spectrophotometer
NanoDrop 2000c.
The Cy3 labeling was performed
with the NimbleGen One-Color
DNA Labeling Kit (Roche Nimble-
Gen). Therefore, 1 µg cDNA was aliquoted to 40 µL diluted Cy3 random
nonamers and PCR-clean water to a total volume of 80 µL in a 0.2 mL mi-
crocentrifugation tube. A heat denaturation followed at 98 °C for 10 minutes
in the thermocycler, subsequently the reaction was immediately placed on
ice for 2 minutes. The dNTP/ klenow mastermix, consisting of 10 µL dNTPs
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(10 mM), PCR-clean water and klenow-fragment (50 U µL-1) was aliquoted
to the denatured sample and heated for 2 hours at 37 °C, protected from
light. The reaction was stopped by the addition of 21.5 µL stop solution
and then transferred into a microcentrifugation tube containing 110 µL iso-
propanol. The solution was incubated for 10 minutes at room temperature
protected from light and subsequently centrifuged at 12,000 g for 10 minutes.
The supernatant was removed and the pellet was visible in a pink color. The
pellet was resuspended with 500 µL ice-cold ethanol (80 %) and centrifuged
at 12,000 g for 2 minutes. The supernatant was carefully removed with an
pipette and the pellet was dried in an thermoblock at 37 °C for 10 minutes.
The sample could either be stored at -20 °C for 1 month or used for next
steps. Afterwards, the pellet was rehydrated with 25 µL PCR-clean water by
vortexing it for 30 seconds. It was incubated for 5 minutes in the dark and
the double stranded DNA concentration was measured with the spectropho-
tometer. 4 µg of Cy3-labeled cDNA was dried in a vacuum concentrator and
could be stored for 1 month at -20 °C.
Hybridization and washing of the DNA was performed with the Nimble-
Gen Hybridization Kit and NimbleGen Tracking Control Kit by Roche Nim-
bleGen. The pellet was resuspended with 3.3 µL sample tracking control
and mixed for 15 seconds using a vortexer with 8.7 µL of hybridization mas-
termix. The hybridization mastermix consisted of 29.5 µL 2x hybridization
buffer, 11.8 µL hybridization component A and 1.2 µL alignment oligo. The
reaction was heated to 95 °C for 5 minutes and subsequently kept at 42 °C for
at least 5 minutes. The sample was positioned in the hybridization system
(NimbleGen Hybridization System 4), which had a temperature of 42 °C.
The mixer was prepared and the sample was loaded into the microarray chip
(4x72K Array). The hybridization was performed for 20 hours at 42 °C in the
hybridization system. Afterwards, the chip was removed and washed with
the NimbleGen Wash Buffer Kit. At first, the hybridized array was washed
for 2 minutes in Wash I, subsequently for 1 min in Wash II and then 15 s in
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Wash III. The array was spin dried in the NimbleGen Microarray Dryer for
2 min and then scanned with a resolution of 2 µm by the MS 200 Microar-
ray Scanner. With the NimbleScan v2.6 software a background correction of
the signals was performed via Robust Multichip Average (RMA) algorithm
and the signal intensities of the raw data were converted into gene expres-
sion levels which were then used for the analysis with the Partek® Genomic
SuiteTM software. The statistical analysis was performed and genes were re-
garded as significantly up or down regulated, if they were at least twofold
changed. The Protein Analysis Through Evolutionary Relationships (PAN-
THER) classification system is an open-source software (PANTHER 8.1) and
was used to classify the changed genes and assort them into biological func-
tion groups. Molecular interaction pathways and networks were generated
with the software IPA®.

qPCR

The gene expression profile of the HaCaT cells was analyzed after plasma
treatment. The qPCR was either conducted with a human wound healing
RT2 Profiler PCR array (Qiagen) or in separate reactions with the Realtime
ready Catalog Assay (Roche Applied Science).
For the qPCRs with the RT2 Profiler PCR array one 96 well-plate was used
for each cDNA be analyzed. Into each well a forward and reverse primer
of one gene was located. Besides housekeeping genes, 84 different genes
were analyzed. The cDNA was synthesized with the RT2 First Strand Kit.
A mastermix composed of 1350 µL RT2 SYBR Green Mastermix, 102 µL
synthesized cDNA and 1248 µL RNase-free water, was prepared. Into each
well 25 µL mastermix was aliquoted and the well-plate was sealed with a foil.
After centrifugation (1,000 g, 1 minute) the qPCR was performed with the
LightCycler® 480 (Roche Diagnostics). For further experimental controls a
melting curve was measured. The data analysis was performed at the free
PCR Array Data Analysis Web portal of Qiagen. The quantification was
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performed automatically by the software using the Livak orΔΔCT method.48

The gene expression was considered significantly changed if a twofold up or
down regulation compared to the untreated control was detected. The genes
which were analyzed are listed in the appendix.
Besides this, qPCR was also performed with the Realtime ready Catalog
Assay by Roche. Here, 1.3 µg µL-1 cDNA was twenty-fold diluted with PCR-
clean water. Each reaction was conducted with 4 µL PCR-clean water, 10 µL
LightCycler Probes Master (Roche Diagnostics), 1 µL RealTime ready Assay
Primer (VEGFA, IL6, HBEGF, CSF2, PTGS2, RPL13A or TFRC; Roche
Diagnostics) and 5 µL twenty-fold diluted cDNA. VEGFA, IL6, HBEGF,
CSF2 and PTGS2 were the investigated target genes, whereas RPL13A or
TFRC were used as housekeeping gene controls. Housekeeping genes were
used as internal controls and should not be regulated by plasma treatments.
In previous experiments the expressions of numerous housekeeping genes were
analyzed after plasma treatment and the expressions of RPL13A and TFRC
were not regulated. Each sample was measured as a technical triplicate, the
two house-keeping genes (RPL13A, TFRC) as duplicates and one no template
control without DNA were part of every run. The qPCR was conducted with
the LightCycler® 480. The Livak method or so calledΔΔCt method was used
for fold change calculation.48

2.2.8 Protein expression analysis

Analyses of secreted proteins were conducted with the Enzyme-linked im-
munosorbent assay (ELISA). Different ELISAs from various providers were
used and conducted as prescribed in the respective manuals. Here, only a
general explanation is given. The interleukins IL-6 and -8 were detected with
the Human IL-6 ELISA MAXTM Deluxe and Human IL-8 ELISA MAXTM

Deluxe from BioLegend. For the detection of GM-CSF and TNF-α the LE-
GEND MAXTM Human GM-CSF ELISA Kit and LEGEND MAXTM Human
TNF-α ELISA Kit (BioLegend) were used. VEGF-A was measured with the
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Human VEGF-A ELISA Kit from Thermo Scientific and the multi analyte
ELISAs were performed with the Human Inflammatory Cytokines Multi-
Analyte ELISArrayTM Kit from Qiagen. One day prior to the measurement,
each well of the 96 well-plate had to be coated with a capture antibody. The
antibody was diluted with a coating buffer and aliquoted into each well of
the well-plate. The plate was incubated overnight at 4 °C. This step could be
excluded, if the plates were pre-coated (GM-CSF, TNF-α, VEGF-A, multi
analyte). The plate was washed 3 to 4 times by adding wash buffer into each
well and subsequently tapping the plate on absorbent paper. Non-specific
binding was minimized by the addition of blocking buffer which was incu-
bated for 1 hour at a plate shaker. The plate was washed again and standard
or sample was aliquoted as triplicates in the appropriated wells. Before the
standard was added into the wells, a standard curve was prepared. The
lyophilized standard was reconstituted with assay diluent and this standard
stock solution was diluted with assay diluent to prepare the standard curve.
Standard and samples were incubated for 2 hours while shaking. The plate
was washed again and the detection antibody was added to the wells. If the
antibody was horseradish peroxidase (HRP)-conjugated the antibody was
incubated for 30 minutes until substrate was added. If the secondary anti-
body was not HRP-conjugated, they were incubated for 1 hour while shaking
and subsequently washed. Diluted avidin-HRP solution was added and an
incubation time of 30 minutes followed. The plate was washed again and
substrate solution was given into each well and incubated for 15 minutes in
the dark. Thereby positive samples were colored in blue. Immediately stop
solution was added to the substrate solution and the color changed from blue
to yellow. The absorbance was measured with the plate reader at 450 nm
and a reference wavelength of 570 nm.
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3 Results

3.1 Impact of plasma on HaCaT cells

The investigated human HaCaT keratinocytes were treated with the non-
thermal atmospheric pressure plasma jet kinpen. The impact of plasma
on cell survival was analyzed. Furthermore, gene expression and protein
secretion of wound healing related mediators after plasma treatment was
investigated

3.1.1 Cell survival

To study the impact of plasma on cell survival, especially apoptosis, three
different experiments were performed. The cytotoxicity of plasma on the
human keratinocyte cell line HaCaT was studied and is shown in figure 9.

Figure 9: Cytotoxicity of HaCaT cells after plasma treatment. The ke-
ratinocytes were either non treated , exposed to plasma for a short (20 s)
or long (180 s) time, or they were treated with 100 µM H2O2. The bars
and error bars are presented in mean and standard derivation (SD). Anal-
ysis was performed by Dunnett’s test as a follow up for one-way analysis
of variance (ANOVA). Three independent experimental repetitions with six
technical replicates were performed. The long term plasma treatment (180
s) and H2O2 exposure was significantly changed to the untreated control
(significance level: α = 0.001 (***)) .
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(a) Early apoptotic cells 12 hours post treatment.

(b) Late apoptotic cells 18 hours post treatment.

Figure 10: Detection of early (10a) and late (10b) apoptosis after plasma, hy-
drogen peroxide (100 µM) or etoposide (10 µM) treatment. Each experiment
was repeated three times (n = 3). Mean values and SD are given and the
statistical analysis was performed via one-way ANOVA following Dunnett’s
test (significance levels: α = 0.01 (**), α = 0.001 (***)).

The number of dead cells increased with the plasma treatment time. An
exposure of 180 s induced cell death of 10 %, which was similar to the treat-
ment with 100 µM H2O2. The short term plasma treatment (20 s) was not
cytotoxic for the HaCaT cells and the amount of dead cells was similar to the
untreated control cells. The cellular cytotoxicity was studied in greater detail
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by apoptosis investigations, presented in figure 10 on the previous page.
Both, early and late apoptosis was detected after plasma exposure. Early
apoptosis was measured with the FITC labeled annexin V 12 hours post
plasma treatment, whereas late apoptosis was detected via caspase-3 activity
18 hours after exposure. The incubation times were determined in previous
studies (data not shown) where these time points yielded the highest signal.
The cells showed a similar behavior as observed for the cytotoxicity experi-
ment - the longer the plasma treatment, the higher the amount of early and
late apoptotic cells. The longest plasma treatment (180 s) induced 10 %
annexin V positive cells after 12 hours, whereas after 18 hours less cells were
caspase-3 positive (7.5 %). A treatment time until 60 s did not even increase
apoptosis neither early nor late apoptosis compared to untreated cells (4.5
%). H2O2 and etoposide were used as positive controls. The treatment with
H2O2 induced in 25 % of the cells early apoptosis and only in 9 % late apop-
tosis, whereas 22 % of the cells were both annexin V and caspase-3 positive
after etoposide (10 µM) treatment.

3.1.2 Transcription profile

The human keratinocytes were treated with plasma in order to analyze the
impact on the expression profile of defined genes. After plasma treatment
they were incubated for 6 or 12 hours and the qPCRs were performed with
the human wound healing RT2 Profiler PCR array by Qiagen. As described
by Barton et al. the 84 studied genes belong to different subgroups like
extracellular matrix, cell adhesion, growth factors, inflammatory cytokines
and chemokines and signal transduction. Genes for the following proteins
were investigated: Collagens, E-cadherin, integrins, angiopoietin 1, GM-CSF,
G-CSF, EGF, FGFs, HB-EGF, IGF-1, TGF-α, TGF-β1, TNF, VEGF-A,
chemokine ligands, IFN-γ, interleukins, WNT-pathway related proteins and
EGFR. The human keratinocyte cell line HaCaT reacts with a change of gene
expression due to plasma treatment. Table 1 displays the 21 genes, which
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were significantly up or down regulated after plasma exposure.5

Table 1: Genes which showed a significantly changed gene expression after
plasma treatment compared to untreated control cells. A positive fold reg-
ulation describes an up regulation and a negative fold regulation a down
regulation.5

short

gene

name

gene name group treatment and

incubation

time

fold regu-

lation

ACTA2 Actin, alpha 2
ECM & Cell

Adhesion

120 s, 6 h 4

180 s, 6 h 8

ANGPT1 Angiopoietin 1 Growth Factors
120 s, 6 h -52

180 s, 6 h -45

CCL2
Chemokine (C-C

motif) ligand 2

Cytokines &

Chemokines

120 s, 6 h -5

180 s, 12 h -5

CDH1
Cadherin 1, type 1,

E-cadherin

ECM & Cell

Adhesion

180 s, 6 h -13

120 s, 12 h 5

COL5A2 Collagen, type V,

alpha 2

ECM & Cell

Adhesion

180 s, 6 h 20

CSF2
Colony stimulating

factor 2
Growth Factors

180 s, 6 h 13

120 s, 12 h 7

180 s, 12 h 6

CSF3 Colony stimulating

factor 3

Growth Factors 180 s, 6 h 6

CXCL1 Chemokine (C-X-C

motif) ligand 1

Cytokines &

Chemokines

180 s, 12 h -4

CXCL2 Chemokine (C-X-C

motif) ligand 2

Cytokines &

Chemokines

180 s, 6 h 12

FGF10 Fibroblast growth

factor 10

Growth Factors 180 s, 12 h 9
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short

gene

name

gene name group treatment and

incubation

time

fold regu-

lation

HBEGF

Heparin-binding

EGF-like growth

factor

Growth Factors

120 s, 6 h 6

180 s, 6 h 4

180 s, 12 h 5

IL1B Interleukin 1, beta Cytokines &

Chemokines

180 s, 12 h 5

IL6 Interleukin 6
Cytokines &

Chemokines

120 s, 6 h 7

180 s, 6 h 29

120 s, 12 h 9

180 s, 12 h 21

ITGA5 Integrin, alpha 5 ECM & Cell

Adhesion

180 s, 6 h 6

ITGB6 Integrin, beta 6 Extracellular

Matrix & Cell

Adhesion

180 s, 6 h 5

MMP9 Matrix

metallopeptidase 9

ECM & Cell

Adhesion

180 s, 6 h 5

PLAUR Plasminogen activator,

urokinase receptor

ECM & Cell

Adhesion

180 s, 6 h 5

PTGS2 Prostaglandin-

endoperoxide synthase

2

Signal

Transduction

180 s, 6 h 7

TAGLN Transgelin ECM & Cell

Adhesion

180 s, 6 h 4

VEGFA
Vascular endothelial

growth factor A
Growth Factors

120 s, 6 h 4

180 s, 6 h 4

B2M Beta-2-microglobulin House Keeping 180 s, 6 h -10
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The distribution of these genes in different subgroups is depicted in figure
11. Most genes, which were changed due to plasma treatment, are signal-
ing molecules and encode for growth factors or inflammatory cytokines and
chemokines. But also genes, responsible for ECM and cell adhesion, were
changed by plasma treatment. One signal transducing gene and one house
keeping gene was also changed.

Figure 11: Distribution of the significantly changed genes from table 1. Num-
bers represent the total number of genes for each subgroup.

As shown in table 1 Cadherin 1 is a protein belonging to the extracellular
matrix and after plasma treatment it was both down and up regulated. The
integrins ITGA5 and ITGB6 also became up regulated due to plasma treat-
ment. Furthermore, the transcription of various growth factors like VEGF-
A, GM-CSF or HB-EGF was activated post plasma treatment. The gene
VEGFA, which encodes the growth factor VEGF-A was changed within the
first six hours after treatment. Both 120 s and 180 s plasma treatment in-
duced a fourfold up regulation of the gene expression. The HaCaT cells also
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increased the expression of CSF2, the gene which encodes GM-CSF, after
plasma treatment. Twelve hours post treatment a sixfold up regulation af-
ter 120 s treatment and a sevenfold up regulation after 180 s was observed.
For the short incubation time of 6 hours and a plasma treatment duration
of 180 s the gene expression was 13-fold increased, whereas 120 s plasma
treatment did not change the expression rate of CSF2. Another growth fac-
tor, which was regulated by plasma is HB-EGF. After the first six hours
this gene showed a sixfold and twelvefold up regulation for 120 s and 180
s of treatment. After 12 h incubation, this up regulation vanished and 180
s of treatment even lead to a minor decrease of gene expression. Another
growth factor is angiopoietin-1, which expression rate was rapidly declined
within the first six hours after plasma treatment. Besides the growth fac-
tors also the gene expressions of cytokines were influenced by plasma. Three
of them were chemokines (CCL2, CXCL1, CXCL2) and two of them inter-
leukins (IL-1β, IL-6). The gene which encodes IL-6 was up regulated after
both treatments of each incubation time (6 and 12 hours). And for 180 s the
gene expression was exceedingly increased (29- and 21-fold) at both times.5

Prostaglandin-endoperoxide synthase 2 was sevenfold up regulated after 180
s treatment and 6 hours incubation, whereas for 120 s no significant changes
were detected. After the longer incubation time (12 hours) both samples
(120 and 180 s) did not show any changes in regulation.
The genes (VEGFA, CSF2, IL6, HBEGF and PTGS2) which encode the
proteins VEGF-A, GM-CSF, IL-6, HB-EGF and PTGS2 were separately de-
tected by qPCR. Besides the short and long plasma treatments, the cells
were also treated with 100 µM H2O2. As depicted in figure 12, VEGFA was
only up regulated by 180 s plasma treatment (2.4-fold) and H2O2 exposure
(4.7-fold) after 6 hours incubation. CSF2, which encodes the protein GM-
CSF, was significantly up regulated (2.7-fold) due to a plasma treatment of
180 s and an incubation time of 12 hours (fig. 13). A 2.1-fold up regulation
of the gene PTGS2 could be observed at an incubation time of 6 hours after
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Figure 12: Changed gene expression of VEGFA after plasma or H2O2 (100
µM) treatment. The HaCaT cells were incubated for 6 or 12 hours. The
data analysis was performed according to the ΔΔCT method. Was a gene
not twofold regulated (between 0.5 and 2; colored area) the gene was not
significantly changed. A fold-regulation above 2 displays an up-regulation.

Figure 13: Changed gene expression of CSF2 (which encodes GM-CSF) after
plasma or H2O2 (100 µM) treatment. The HaCaT cells were incubated for
6 or 12 hours. The data analysis was performed according to the ΔΔCT
method. Was a gene not twofold regulated (between 0.5 and 2; colored area)
the gene was not significantly changed. A fold-regulation above 2 displays
an up-regulation.
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Figure 14: Changed gene expression of PTGS2 after plasma or H2O2 (100
µM) treatment. The HaCaT cells were incubated for 6 or 12 hours. The
data analysis was performed according to the ΔΔCT method. Was a gene
not twofold regulated (between 0.5 and 2; colored area) the gene was not
significantly changed. A fold-regulation above 2 displays an up-regulation.

Figure 15: Changed gene expression of HBEGF after plasma or H2O2 (100
µM) treatment. The HaCaT cells were incubated for 6 or 12 hours. The
data analysis was performed according to the ΔΔCT method. Was a gene
not twofold regulated (between 0.5 and 2; colored area) the gene was not
significantly changed. A fold-regulation above 2 displays an up-regulation.

42



3.1 Impact of plasma on HaCaT cells 3 RESULTS

180 s plasma treatment (fig. 14). The gene encoding HB-EGF was signifi-
cantly up regulated after 180 s plasma exposure and H2O2 treatment after 6
as well as 12 hours incubation time.
As shown in figure 15 the changed gene expression after 6 hours was more
increased by the treatment with 100 µM H2O2, whereas after 12 hours both
180 s plasma and H2O2 induced a similar changed gene expression. The gene
expression of IL6 was 2.3-fold increased after both 180 s plasma and H2O2

treatment at an incubation time of 6 hours, as depicted in figure 16. Twelve
hours post treatment, the up regulation was significantly increased for 120
and 180 s plasma and H2O2 treatment, whereas H2O2 induced the highest
increase.

Figure 16: Changed gene expression of IL6 after plasma or H2O2 (100 µM)
treatment. The HaCaT cells were incubated for 6 or 12 hours. The data anal-
ysis was performed according to the ΔΔCT method. Was a gene not twofold
regulated (between 0.5 and 2; colored area) the gene was not significantly
changed. A fold-regulation above 2 displays an up-regulation.
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3.1.3 Secretion profile

Due to the changed gene expression of various growth factors and cytokines
the secretion profile of plasma treated HaCaT keratinocytes was investigated
by ELISA. The release of VEGF-A, an angiogenesis promoting growth factor,
was detected 6, 12 and 24 hours post treatment (fig. 17). A treatment with 20

Figure 17: Secretion of VEGF-A by keratinocytes 6, 12 or 24 hours post
treatment. The treatments were either, 20 s or 180 s plasma, 100 µM H2O2
or non treatment. It was repeated three times in independent experiments
and measured with each technical duplicates.Bars and error bars represent
mean and SD. Statistical analysis was performed with Dunnett’s test as follow
up by one-way ANOVA. Significance levels: α = 0.001 (***) and α = 0.01
(**).

s plasma did not induce a significantly changed protein secretion compared
to the untreated cells for each incubation time (6, 12 and 24 h). Upon
plasma treatment for 180 s, the release of VEGF-A significantly rose for all
incubation times. The amount of secreted VEGF-A doubled between 6 and
12 hours, after 24 hours the amount doubled again. Interestingly, the level
of secreted VEGF-A also increased by untreated cells within time. The cells,
treated with 100 µM H2O2 behaved similar as the cells treated with 180 s
plasma.
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A significantly increased secretion of the granulocyte macrophage colony-
stimulating factor was detected 6 hours post 180 s plasma treatment (fig. 18).
The treatment with H2O2 also induced a slight increase, yet not a significant
one. A exposure of 20 s treated medium did not influence the release of GM-
CSF 6 hours later and after 12 or 24 hours the secretion was even decreased
in comparison to the untreated control cells. The level of secreted GM-CSF
rose with the incubation time of 6, 12 or 24 hours in untreated cells (fig. 18).
The cells, treated for 20 s with plasma also increased the level of secreted
GM-CSF with time, but in comparison to untreated cells they were even
decreased after 12 and 24 hours. In contrast 180 s treated cells significantly
increased the secretion of GM-CSF 6 and 12 hours after exposure, whereas
after 24 hours the secretion returned to the baseline level. Hydrogen peroxide
did not induce a significantly changed protein secretion, but after six hours
a slight increase was detectable.

Figure 18: Secretion of GM-CSF by keratinocytes 6, 12 or 24 hours post
treatment. The treatments were either, 20 s or 180 s plasma, 100 µM H2O2 or
non treatment. It was repeated three times in three independent experiments
and measured with technical duplicates. Bars and error bars represent mean
and SD. Statistical analysis was performed with Dunnett’s test as follow up
by one-way ANOVA. Significance levels: α = 0.05 (*), α = 0.001 (***).

45



3.1 Impact of plasma on HaCaT cells 3 RESULTS

Figure 19: Secretion of IL-6 by keratinocytes 6, 12 or 24 hours post treatment.
The treatments were either, 20 s or 180 s plasma, 100 µM H2O2 or non
treatment. It was repeated three times in three independent experiments
and measured with technical duplicates. Bars and error bars represent mean
and SD. Statistical analysis was performed with Dunnett’s test as follow up
by one-way ANOVA. Significance level: α = 0.05 (*).

Besides that, an increase of secreted IL-6 after plasma or H2O2 treatment
was observed 6, 12 and 24 hours later, illustrated in figure 19. However, a
treatment of 20 s induced only a slight increase which was not significant at
any incubation time. The long term plasma treatment induced a significant
rise after 12 and 24 hours and the treatment with 100 µM H2O2, which was
higher than 180 s response in all cases, even showed an increase after 6 hours.
The release of the cytokine IL-8 by HaCaTs after plasma treatment is shown
in figure 20. A secretion was detected 6, 12 and 24 hours after treatment, but
only after 6 hours a significant change could be measured. Here, the longer
the plasma treatment, the more secreted IL-8, while 100 µM H2O2 induced
the highest amount of released cytokine.
Several other cell signaling molecules were analyzed for secretion after plasma
treatment. Most of them were not released by the investigated HaCaT ke-
ratinocytes, those are listed in table 2 and can be classified into growth factors
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Figure 20: Secretion of the cytokine IL-8 by keratinocytes 6, 12 or 24 hours
post treatment. The treatments were either, 20 s or 180 s plasma, 100 µM
H2O2 or non treatment. It was repeated three times in three independent
experiments and measured with technical duplicates. Bars and error bars
represent mean and SD. Statistical analysis was performed with Dunnett’s
test as follow up by one-way ANOVA. Significance levels: α = 0.05 (*), α =
0.01 (**), α = 0.001 (***).

(5) and cytokines (10). These mediators can be either pro-inflammatory or
anti-inflammatory, but some could also be both (e.g. IL-10).

Table 2: Cell signaling molecules, which were neither detectable nor regulated
by plasma treatment. If these molecules are pro- or anti-inflammatory is
labeled with “+” or “-”. “n.c” and “n.d.” stands for “not changed” or “not
detectable” mediators.

short

protein

name

protein name group +/ - n.c./

n.d.

IL-1α interleukin-1 alpha cytokine + n.d.

IL-1β interleukin-1 beta cytokine + - n.d.

IL-2 interleukin-2 cytokine + n.d.

IL-4 interleukin-4 cytokine + - n.d.
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short

protein

name

protein name group +/ - n.c./

n.d.

IL-10 interleukin-10 cytokine + - n.d.

IL-12 interleukin-12 cytokine + n.d.

IL-17α interleukin-17 alpha cytokine + n.d.

IFN-γ interferon gamma cytokine + - n.d.

TGF-β1 transforming growth factor beta 1 cytokine + - n.c.

TNF-α tumor necrosis factor alpha cytokine + - n.c.

EGF epidermal growth factor growth factor - n.c.

HB-EGF heparin-binding EGF-like growth factor growth factor - n.d.

FGF-2 basic fibroblast growth factor growth factor - n.c.

PDGF-BB platelet-derived growth factor-BB growth factor - n.d.

NGF-b nerve growth factor growth factor - n.d.

3.2 Impact of the shielding gas

During plasma treatment oxygen and nitrogen from the surrounding am-
bience can diffuse into the plasma effluent which leads to a generation of
ROS and RNS. The shielding gas device was used to control this genera-
tion. The shielding gas was a mixture of oxygen and nitrogen which was
ranged from pure oxygen to pure nitrogen while the core plasma remains un-
changed. With these treatments the impact of reactive species classes, such
as ROS, RNS or RONS, generated by plasma could be correlated with the
cell responses. Therefore, the impact on cell survival was studied first. Fur-
thermore, the transcriptome as studied and the secretion of defined proteins
was investigated.
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3.2.1 Cell survival

The influence of five different shielding gas mixtures on the HaCaT cells was
investigated with the cytotoxicity assay. As shown in figure 21, the amount
of dead cells did not significantly increase within 20 s plasma treatment for
each shielding gas composition. With increasing amount of oxygen in the

Figure 21: Cytotoxicity of plasma in combination with a shielding gas. The
cells were either treated with plasma or 100 µM H2O2. The x-axis indicates
the O2 amount of the O2 to N2 shielding gas mixture in percentage. Bars
and error bars are presented in mean and SD. Statistically analysis: Tukey’s
multiple comparisons test as follow up for one-way ANOVA. Three inde-
pendent experimental repetitions with technical triplicates were performed
(significance level: α = 0.05 (*)) .

shielding gas the cytotoxicity of plasma rose (2.2 to 3.9 %), but also 1.9 % of
the untreated control cells were dead. In case of 180 s plasma treatment, the
correlation of the cytotoxicity to oxygen was more pronounced. The plasma
surrounded by pure oxygen was significantly more cytotoxic (9.3 % dead
cells) than a plasma surrounded by pure nitrogen (5.8 % dead cells). The
treatment with 100 µM H2O2 induced a similar cytotoxicity as 180 s plasma
treatment with a high rate of oxygen in the shielding gas. In addition, the
caspase-3 activity after plasma treatment in combination with a shielding
device was analyzed and is illustrated in figure 22. The cells, treated for
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20 s with plasma, showed for each shielding gas a caspase-3 activity of 6.5
%, similar to the untreated cells (6.1 %). However, a treatment of 180 s
induced a caspase-3 activity increase of 20.4 % with each shielding gas with
the exception of a pure nitrogen shielding gas (12.5 %). The treatment of
100 µM H2O2 let the cells activate caspase-3 for 18 %.

Figure 22: Caspase-3 activity after plasma treatment with a shielding gas.
The cells were either treated with plasma in combination of a shielding gas
or with 100 µM H2O2. The x-axis indicates the O2 amount of the O2 to
N2 shielding gas mixture in percentage. Bars and error bars are presented
in mean and SD. Three independent experimental repetitions with technical
triplicates were performed.

3.2.2 Transcription profile

A cytokine and growth factor profile at transcription and secretion level was
also made after treating the HaCaT keratinocytes with plasma in combi-
nation with the shielding device. First, a DNA microarray was conducted.
The heat map (fig. 23) represents all genes which were significantly (at least
twofold) up (blue) or down (red) regulated in at least one treatment. The
genes are plotted horizontally and genes, which were unchanged are white. As
shown in figure 23, the shielding gas surrounding the plasma effluent had an
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influence on the transcriptome of the investigated keratinocytes. The num-
ber of regulated genes varied by treatments with different gas mixtures. A
pure oxygen gas induced the highest change in the transcriptome, 539 genes
were changed after 180 s plasma treatment, whereas a gas mixture of 25 %
O2 and 75 % N2 changed only 42 genes after the same treatment duration.
Mainly, the longer the treatment duration, the higher the amount of changed
genes. But for the treatment at which the ratio of oxygen and nitrogen was
equal, most changed genes were detected for 20 s (202 genes) and not 180
s (171 genes). The heat map (fig. 23) visualizes that genes were usually
either up or down regulated for all conditions and while there were only two
genes which were both up and down regulated for different conditions. Fur-
thermore, there is no gene for which the gene expression was changed for all
investigated treatment conditions. Some genes were only changed due to a
long treatment time independent of the shielding gas composition. Shielding
gas with 25 % oxygen or 25 % nitrogen induced a reduction of changed gene
expression: Less than 100 changed genes were found for both a short and
long treatment time. But also a pure oxygen shielding gas changed only 22
genes for a short treatment time, whereas the long treatment duration regu-
lated 539 genes. This strong difference between the short and long treatment
time could not be observed for all shielding gas compositions. For example,
20 and 180 s at both 0 % and 50 % O2 in the gas mixture induced a changed
gene expression of a similar amount of genes, whereas these genes were not
in both treatment times identical.
PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classi-
fication System, a open-source online analysis software, was used to classify
the genes into subgroups of biological processes. These genes can also belong
to more than one subgroup. Figure 24 displays these pie charts for both
treatment times (20 and 180 s) with pure nitrogen as shielding gas. For
both 20 and 180 s treatment the biggest subgroups were cell communication,
cellular process and metabolic process. After a treatment of 20 s 39 genes
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Figure 23: Heat map illustrates the fold regulation of all genes, which were
significantly up (above 2; blue), down (below -2; red) or not (white) regulated
by plasma treatment. The cells were treated either for 20 or 180 s. The
amount of O2 and N2 were in percent and the numbers in brackets represent
the number of significantly changed genes.
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belong to cell communication and after 180 s 48 genes were part of this sub-
group. The plasma treatment in combination with shielding gas mixture
containing 25 % oxygen and 75 % nitrogen changed 6 genes after a short
and 42 genes after a long treatment duration. After 180 s treatment most
regulated genes belong to the subgroups metabolic process, cellular process
and cell communication. This distribution was also found for both treatment
times by using the shielding gas with 50 % oxygen and 50 % nitrogen (fig.
26). Keratinocytes treated with plasma and an oxygen dominated shielding
gas mixture (75 % O2 and 25 % N2) showed a similar profile (fig. 27). But
after 180 s more genes were responsible for metabolic process than cell com-
munication, whereas after 20 s it was the other way around. A pure oxygen
shielding induced the highest rate of changed genes for the long treatment
time. Most of the 539 genes were a part of the subgroup metabolic process
(fig. 28).
Cell signaling molecules like growth factors and cytokines belong to the
groups cellular process and cell communication and selected molecules were
subsequently analyzed by qPCR and ELISA for validation. Therefore the
cells were treated with plasma in combination with the 5 different shielding
gas compositions and after 6 hours incubation time the gene expression pro-
file was analyzed. One gene was VEGFA and the changed gene expression is
illustrated in figure 29. A short treatment time did not induce an up or down
regulation of VEGFA, but a 180 s treatment did. In addition the shielding
gas composition had a significant influence on the gene expression. A pure
nitrogen or pure oxygen shielding gas resulted in a 2.7-fold up regulation of
VEGFA, whereas a mixture of 25 % oxygen and 75 % nitrogen decreased
the gene expression (2.1-fold). The highest increase was reached with the
oxygen dominated shielding gas mixture (75 % O2, 25 % N2), VEGFA was
3.6-fold up regulated. A 3.1-fold changed gene expression was observed for
the plasma treatment with a shielding gas consisting of same ratio of oxygen
and nitrogen. The gene CSF2 behaved similar as VEGFA, as shown in figure
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Figure 24: Biological process subgroups, classified by PANTHER Classifi-
cation System, of the genes which where significantly changed after 20 s or
180 s treatment with a shielding gas mixture of 0 % O2 and 100 % N2. In
brackets are the numbers of genes.
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Figure 25: Biological process subgroups, classified by PANTHER Classifi-
cation System, of the genes which where significantly changed after 20 s or
180 s treatment with a shielding gas mixture of 25 % O2 and 75 % N2. In
brackets are the numbers of genes.
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Figure 26: Biological process subgroups, classified by PANTHER Classifi-
cation System, of the genes which where significantly changed after 20 s or
180 s treatment with a shielding gas mixture of 50 % O2 and 50 % N2. In
brackets are the numbers of genes.
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Figure 27: Biological process subgroups, classified by PANTHER Classifi-
cation System, of the genes which where significantly changed after 20 s or
180 s treatment with a shielding gas mixture of 75 % O2 and 25 % N2. In
brackets are the numbers of genes.
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Figure 28: Biological process subgroups, classified by PANTHER Classifi-
cation System, of the genes which where significantly changed after 20 s or
180 s treatment with a shielding gas mixture of 100 % O2 and 0 % N2. In
brackets are the numbers of genes.
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Figure 29: Fold regulation of the gene VEGFA, 6 h after plasma treat-
ment. Detected via qPCR. Values in the colored area were not significantly
changed (above 2: up regulated; below 0.5: down regulated). Further anal-
ysis: Tukey’s multiple comparisons test as a follow up for one-way ANOVA.
(significance level: α = 0.001 (***)). Bars and error bars are mean and SD.

Figure 30: Fold regulation of the gene CSF2, 6 h after plasma treatment was
detected via qPCR. Values in the colored area were not significantly changed
(above 2: up regulated; below 0.5: down regulated). Further analysis:Tukey’s
multiple comparisons test as a follow up for one-way ANOVA. (significance
level: α = 0.001 (***)) . Bars and error bars were mean and SD.
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30. The gene expression was not changed after a short but after long treat-
ment time. Again, a pure nitrogen or oxygen shielding gas induced a similar

Figure 31: Fold regulation of the gene HBEGF, 6 h after plasma treat-
ment. Detected via qPCR. Values in the colored area were not significantly
changed (above 2: up regulated; below 0.5: down regulated). Further ana-
lysis: Tukey’s multiple comparisons test as a follow up for one-way ANOVA.
(significance level: α = 0.01 (**)). Bars and error bars are mean and SD.

up regulation (3.2- or 3.3-fold) and the minimum was at 25 % O2 and 75 %
N2 (2.8-fold). A considerable increase of the gene expression was observed
for a gas mixture with 50 and 75 % oxygen (3.8- and 3.7-fold). Another gene,
which was analyzed by qPCR was HBEGF. Its expression was significantly
changed due to a long but not a short treatment duration. The slight increase
(3.4-fold) was detected at a treatment with a shielding gas containing 25 %
O2 and 75 % N2. The maximum was at 75 % O2 and 25 % N2 (6.3-fold),
which was similar to the hydrogen peroxide treated cells (6.1-fold). A pure
nitrogen, pure oxygen and equal amounts of oxygen and nitrogen in the gas
mixtures induced a 4-, 4.8- and 5.3-fold up regulated HBEGF. Besides that,
the gene expression of IL6 was studied (fig. 32). The shielding gases with 0
%, 25 % or 50 % oxygen induced a slight up regulation of IL6, whereas the
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oxygen dominated gas mixtures (75 % and 100 % O2) rapidly increased the
IL6 expression.

Figure 32: Fold regulation of the gene IL6, 6 h after plasma treatment. De-
tected via qPCR. Values in the colored area were not significantly changed
(above 2: up regulated; below 0.5: down regulated). Further analysis:
Tukey’s multiple comparisons test as a follow up for one-way ANOVA. (sig-
nificance level: α = 0.001 (***)). Bars and error bars are mean and SD.

3.2.3 Secretion profile

The gene expressions of VEGFA, CSF2, HBEGF and IL6 were significantly
changed due to plasma treatment in combination with a shielding gas. Fol-
lowing the secretion of the proteins encoded by these genes was investigated
with ELISA. The secretion of VEGF-A was detected 6, 12 and 24 hours
post plasma treatment. As shown in figure 33a the release of VEGF-A was
enhanced only after a 20 s treatment in combination of a shielding gas con-
taining 25 or 75 % oxygen 6 hours later. The amount of VEGF-A in the
medium was increased by treatments for 180 s and an additional influence of
the shielding gases was not observed. The cells treated with plasma and a
shielding gas containing 75 % O2 showed a lower increase of VEGF-A. The

61



3.2 Impact of the shielding gas 3 RESULTS

(a) VEGF-A release 6 h post plasma treatment.(b) VEGF-A release 12 h post plasma treat-
ment.

(c) VEGF-A release 24 h post plasma treat-
ment.

Figure 33: Secretion of VEGF-A 6, 12 or 24 h after plasma treatment, mea-
sured by ELISA. The keratinocytes were treated with H2O2 (100 µM) or
plasma in combination of a shielding gas. Bars and error bars are mean and
SD. Statistical analysis: Tukey’s multiple comparisons test as a follow up
for one-way ANOVA. Four experimental repetitions and technical triplicates
were measured (significance level: α = 0.01 (**)).

secretion of VEGF-A was also measured 12 hours post plasma treatment (fig.
33b). Due to a short treatment time the keratinocytes did not increase the
secretion, but for a long time they did. The more oxygen in the gas mixture,
the more release of VEGF-A after 180 s treatments. However, these changes
were not significant. The treatment with hydrogen peroxide enhanced the
VEGF-A release similar to the maximum which was reached by plasma treat-
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ment. The secretion of VEGF-A 24 hours after treatment is illustrated in
figure 33c. A 20 s treatment enhanced the release only for a shielding gas
mixture of 25 % O2 and 75 % N2, but due to the error bars this increase was
negligible. A long plasma treatment induced increases of the secretion for all
shielding gases, whereas 50, 75 or 100 % oxygen in the shielding gas caused
the highest ratio of VEGF-A release. The slightest increase was observed at
25 % oxygen, which was significantly higher than the oxygen dominated gas
mixtures.

(a) GM-CSF release 6 h post plasma treatment.(b) GM-CSF release 24 h post plasma treat-
ment.

Figure 34: Secretion of GM-CSF 6 and 24 h after plasma treatment, measured
by ELISA. The keratinocytes were treated with H2O2 (100 µM) or plasma
in combination of a shielding gas. Bars and error bars are mean and SD.
Statistical analysis: Tukey’s multiple comparisons test as a follow up for one-
way ANOVA. Four experimental repetitions and technical triplicates were
measured (significance level: α = 0.01 (**)).

Another stimulating factor which was analyzed, is GM-CSF. The secretion
was detected 6 and 24 hours after plasma treatment and is illustrated in figure
34. At both incubation times the short treatment duration did not influence
the release of GM-CSF compared to the untreated cells, independent of the
shielding gas used. At a plasma treatment time of 180 s the secretion was
increased. After an incubation time of 6 hours (fig. 34a), GM-CSF was
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secreted the most due to a shielding gas mixture containing 75 % O2 and 25
% N2 (32.6 pg mL-1) , whereas lowest release was detected after the treatment
with 25 % O2 and 75 % N2 (21.2 pg mL-1). Pure nitrogen or oxygen shielding
gas influenced the GM-CSF secretion in the same manner (27.3 and 27.2 pg
mL-1) and a gas mixture with equal amounts of O2 and N2 induced a release
of 30.6 pg mL-1.

(a) IL-6 release 6 h post plasma treatment. (b) IL-6 release 12 h post plasma treatment.

(c) IL-6 release 18 h post plasma treatment. (d) IL-6 release 24 h post plasma treatment.

Figure 35: Secretion of IL-6 6, 12, 18 or 24 h after plasma treatment, mea-
sured by ELISA. The keratinocytes were treated with H2O2 (100 µM) or
plasma in combination of a shielding gas. Bars and error bars are mean and
SD. Four experimental repetitions and technical triplicates were measured.
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After 24 hours the behavior was similar. No changes compared to the un-
treated keratinocytes after a short but after a long plasma treatment were
observed. Most GM-CSF was released by the keratinocytes due to plasma
treatments with shielding gas mixtures consisting of pure nitrogen or 75 %
O2 and 25 % N2. The GM-CSF concentrations in the cell culture medium
were 86.8 and 87 pg mL-1 under that conditions.

(a) IL-8 release 6 h post plasma treatment. (b) IL-8 release 12 h post plasma treatment.

(c) IL-8 release 18 h post plasma treatment. (d) IL-8 release 24 h post plasma treatment.

Figure 36: Secretion of IL-8 6, 12, 18 or 24 h after plasma treatment, mea-
sured by ELISA. The keratinocytes were treated with H2O2 (100 µM) or
plasma in combination of a shielding gas. Bars and error bars are mean and
SD. Four experimental repetitions and technical triplicates were measured.
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A reduced release was detected with 50 or 100 % oxygen in the shielding gas
mixture (75.2 and 76.2 pg mL-1). Only 65.7 pg mL-1 secreted GM-CSF was
measured due to a treatment with nitrogen dominated gas mixture (25 %
O2; 75 % N2), which was similar as the hydrogen peroxide treated cells (67.5
pg mL-1).
The effect of shielding gases during plasma treatment on the IL-6 was studied,
too. Therefore, the keratinocytes were plasma treated and incubated for 6,
12, 18 or 24 hours (fig. 35). Within the first 12 hours the level of secreted
IL-6 rose even for the untreated cells from 300 to 450 pg mL-1 subsequently
it remained constant. The cells which were treated for 20 s with plasma
showed no differences in secretion compared to control cells but after 18 and
24 hours it seemed that the oxygen dominated shielding gases (75 and 100
% O2) induced an slight increase. The cells which were treated for 180 s
released a higher amount of IL-6. After 6, 18 and 24 hours the more oxygen
in the shielding gas, the more secreted IL-6. A treatment with 100 µM
hydrogen peroxide let the keratinocytes release the most IL-6 exception to 18
h incubation time. After 12 hours, the maximum was reached by treatment
with a shielding gas mixture of 75 % oxygen (1324 pg mL-1) followed by a
pure oxygen gas shielding (1202 pg mL-1). Pure nitrogen and 50 % nitrogen
made the cells release 968 and 960 pg mL-1 IL-6. An increased amount was
found at 25 % oxygen (1077 pg mL-1). Another cytokine which was analyzed
6, 12, 18 and 24 hours after plasma treatment was IL-8, illustrated in figure
36. Interestingly, the secretion of IL-8 was not changed due to a short or long
plasma treatment. But the keratinocytes treated with 100 µM H2O2 slightly
increased the release of IL-8 at all incubation times. Were the cells treated
for 180 s and subsequently incubated for 18 hours an increase of secretion
was observed for the shielding gas mixtures consisting of 75 or 100 % oxygen.
But this behavior was additionally observed in the cells which were treated
for 20 seconds only.
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3.3 Impact of conditioned medium on HaCaT cells

For the treatments of wounds with plasma it is necessary to investigate the
impact of secreted cell signaling proteins by plasma treated cells on untreated
neighboring cells. For that reason a simplified in vitro experiment was devel-
oped. Medium was conditioned and modified by plasma treated cells which
was then added on other cells.
As explained in paragraph 2.2.4 (fig. 7 on page 23) the keratinocytes were
starved by FCS reduction of the cell culture medium for 24 hours and were
then treated with medium which was taken from other keratinocytes. These
cells were starved as well for 24 hours and additionally treated with plasma
before their medium was transferred 24 hours later. The plasma treated
and conditioned medium stayed for 6 hours on the cells and after incuba-
tion time the expression levels of defined genes were analyzed by qPCR (RT2

Profiler PCR array). The keratinocytes changed the expression of 15 genes
after treatment. A heat map (fig. 37) illustrates the fold regulation of the
changed genes during the different treatments, which were either performed
with plasma (20, 60, 180 s) or H2O2 (30, 100 µM). Interestingly, most genes
were changed due to treatment with 100 µM H2O2 (11 genes) but also a
30 µM H2O2 treatment altered the expression of 7 genes in the investigated
keratinocytes. The longest plasma treatment (180 s) influenced only one
gene, whereas the shorter plasma treatments (20 and 60 s) changed 3 genes.
The genes vitronectin (VTN) and colony stimulating factor 2 (CSF2), which
encode the proteins vitronectin and GM-CSF, were the only genes which
were changed at three different treatments. CSF2 was up regulated due to
a 20 and 60 s plasma and 100 µM H2O2 treatment. However, VTN was
up regulated after 30 µM H2O2 and 60 s plasma treatment, but 20 s in-
duced a down regulation. Coagulation factor XIIIA1 polypeptide(F13A1)
and WNT1 inducible signaling pathway protein 1(WISP1) were up regulated
after both H2O2 treatments, whereas collagen, type V, alpha 3 (COL5A3)
and chemokine (C-X-C motif) ligand 5 (CXCL5) were down regulated by
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30 µM and up regulated by 100 µM H2O2. Collagen, type XIV, alpha 1
(COL14A1) was rapidly down regulated after 180 s plasma treatment and
up regulated due to 100 µM H2O2. Wingless-type MMTV integration site
family, member 5A (WNT5A) was also up regulated by the higher H2O2 con-
centration, and down regulated by 20 s plasma treatment. Table 3 contains
the exact fold regulations, short gene names, gene names and functional gene
grouping. From this follows that the most changed genes belong to the group
extracellular matrix and cell adhesion (7 genes). Additionally, 4 growth fac-
tors were influenced, 2 inflammatory cytokines and chemokines and 2 signal
transducers.

Figure 37: Heat map of the genes which were significantly up (above 2; blue)
or down (below -2; red) regulated due to a treatment of starved HaCaT cells
with plasma treated and conditioned medium. Every gene, which was not
significantly changed is displayed in white. EGF was labeled with a star (*)
because the regulation was less than -5 (-55.7).
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Table 3: Genes which were significantly up (positive) or down (negative)
regulated due to starving and plasma treated conditioned medium. Following
abbreviations are used for the groups: ECM & Cell Adhesion (ECM & CA);
Growth Factors (GF); Cytokine & Chemokine (C & C); Signal Transduction
(ST)

short

gene

name

gene name group treatment
fold

reg.

COL14A1 Collagen, type XIV, alpha 1 ECM & CA
180 s -4.9

100 µM H2O2 3.6

COL1A1 Collagen, type I, alpha 1 ECM & CA 100 µM H2O2 -2

COL4A1 Collagen, type IV, alpha 1 ECM & CA 100 µM H2O2 2.7

COL4A3 Collagen, type IV, alpha 3 ECM & CA 30 µM H2O2 2.1

COL5A3 Collagen, type V, alpha 3 ECM & CA
30 µM H2O2 -2.4

100 µM H2O2 2.2

CSF2 Colony stimulating factor 2 GF

20 s 3.1

60 s 2.3

100 µM H2O2 3.4

CSF3 Colony stimulating factor 3 GF 100 µM H2O2 2.7

CXCL5
Chemokine (C-X-C motif) ligand

5
C & C

30 µM H2O2 -2.3

100 µM H2O2 4.3

EGF Epidermal growth factor GF 30 µM H2O2 -55.7

F13A1
Coagulation factor XIII, A1

polypeptide
ECM & CA

30 µM H2O2 2.8

100 µM H2O2 4.7

IL10 Interleukin 10 C & C 100 µM H2O2 2

TNF Tumor necrosis factor GF 60 s -2.1

VTN Vitronectin ECM & CA

20 s -2.1

60 s 3.1

30 µM H2O2 3.1
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short

gene

name

gene name group treatment
fold

reg.

WISP1
WNT1 inducible signaling

pathway protein 1
ST

30 µM H2O2 3.3

100 µM H2O2 3.5

WNT5A
Wingless-type MMTV integr. site

family, member 5A
ST

20 s -3.6

100 µM H2O2 2.3

Figure 38: IL-6 secretion measured by ELISA. The cells were treated with
conditioned medium from keratinocytes which were starved and than treated
with plasma, H2O2 or insulin. The conditioned medium was let on the cells
for 6 or 24 hours. Bars and error bars represent mean and SD.

Besides studies of the expression of defined genes, an analysis of the secretion
was also performed. From further experiments IL-6 was known to be highly
secreted by the investigated HaCaT keratinocytes, therefore its release due to
conditioned medium was studied and is illustrated in figure 38. The secretion
of IL-6 was not significantly changed by the starved keratinocytes after 6 or
24 hours. The treatments with plasma showed a maximum at 60 s and
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after 24 h the 180 s treatment induced a similar release as the untreated
cells. After 6 and 24 h the higher H2O2 concentration (100 µM) led to
an increased secretion than lower concentration (30 µM). But it was not
significantly changed compared to the control cells. Also the treatment with
insulin (10 µg mL-1) did not modify the IL-6 secretion. After 6 hours it even
seemed to be slightly decreased.

3.4 Impact of plasma on a co-culture

An in vitro co-culture model system involving the keratinocyte cell line
HaCaT and the monocyte cell line THP-1 was used to study the crosstalk
between these skin and immune cells after plasma treatment. Therefore,
the co-cultured skin and immune cells were either untreated or treated with
plasma (180 s). In order to simulate the presence of bacteria 1 µg mL-1

Figure 39: Secretion of IL-6 of the THP-1 or HaCaT mono-culture and the
co-culture. The cells were either untreated, treated for 180 s with plasma or
with plasma and LPS (10 µg mL-1). The experiment was repeated in four
independent experiments and measured with technical duplicates. Bars and
error bars represent mean and SD. Statistical analysis was performed with
Dunnett’s test as follow up by one-way ANOVA for each culture. Significance
levels: α = 0.05 (*), α = 0.001 (***).
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lipopolysaccharide (LPS) was added to the plasma treated medium in an
additional treatment condition. For comparison mono-cultures with HaCaT
cells or THP-1 cells under equivalent conditions were performed, too. Af-
ter treatment the cells were incubated for 24 hours and the cell culture
medium was used to analyze the secretion of 12 cytokines (IL-1α, IL-1β,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A, IFN-γ, TNFα, GM-CSF) with

Figure 40: Secretion of IL-8 by THP-1 or HaCaT mono-culture and co-
culture. The cells were either untreated, treated with plasma for 180 s or with
plasma (180 s) and LPS (10 µg mL-1). The experiment was repeated in four
independent experiments and measured with technical duplicates. Bars and
error bars represent mean and SD. Statistical analysis was performed with
Dunnett’s test as follow up by one-way ANOVA for each culture. Significance
level: α = 0.001 (***).

the human inflammatory cytokines multi-analyte ELISArray Kit by Qiagen.
The cytokines IL-6, IL-8, TNFα and GM-CSF could be detected and were
subsequently analyzed with more specific ELISAs. As shown in figure 39,
the monocytes (THP-1) secreted IL-6 only due to a treatment with plasma
and LPS, whereas the keratinocytes (HaCaT) released it under all treatment
conditions. A significant increase was observed for a treatment with plasma
alone, which was similar to the secretion by the monocytes (180 s + LPS).
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The combination of plasma and LPS induced a larger increase of IL-6 by
the keratinocytes. The secretion of the untreated co-culture was similar to
untreated keratinocytes, whereas a 180 s plasma treatment showed a smaller
increase as the keratinocyte mono-culture. The treatment with plasma in
combination with LPS induced a doubled release compared to the HaCaT
mono-culture.

Figure 41: Secretion of GM-CSF by THP-1 or HaCaT mono-culture and co-
culture. The cells were either untreated, treated with plasma for 180 s or with
plasma (180 s) and LPS (10 µg mL-1). The experiment was repeated in four
independent experiments and measured with technical duplicates. Bars and
error bars represent mean and SD. Statistical analyses were performed with
Dunnett’s test as follow up by one-way ANOVA for each culture. Significance
level: α = 0.001 (***).

Another cytokine which was analyzed is IL-8, illustrated in figure 40. Dif-
ferences in the baseline of secreted IL-8 were observed. The THP-1 mono-
culture secreted less IL-8 than co-culture or HaCaT mono-culture. A treat-
ment with plasma alone did not significantly change the secretion for all
cultures. In case LPS was added to the treated medium, the IL-8 release
increased rapidly in all cultures. The secretion of the co-culture and THP-1
mono-culture even reached a concentration between 4,000 and 5,000 pg mL-1,
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whereas the keratinocytes just reached around 700 pg mL-1.
GM-CSF, which is shown in figure 41, was not secreted at any treatment
by the immune cells alone. Both untreated keratinocytes and untreated co-
cultured cells released the same amount of GM-CSF, whereas after plasma
treatment the keratinocytes secreted more. A significant increase of re-

Figure 42: Secretion of TNFα by THP-1 or HaCaT mono-culture and co-
culture. The cells were either untreated, treated with plasma for 180 s or with
plasma (180 s) and LPS (10 µg mL-1). The experiment was repeated in four
independent experiments and measured with technical duplicates. Bars and
error bars represent mean and SD. Statistical analyses were performed with
Dunnett’s test as follow up by one-way ANOVA for each culture. Significance
level: α = 0.001 (***).

leased GM-CSF was detected in HaCaT mono-culture and THP-1-HaCaT
co-culture after plasma treatment in combination with LPS. However, the
release by the co-cultured cells was increased in comparison to the skin cells
alone.
The detected TNFα in immune or skin cell mono-culture or co-culture is
shown in figure 42. All cultures did not raise the TNFα secretion after plasma
treatment, but the immune cells alone significantly increased the TNFα se-
cretion due to additional LPS. However, this increase was not observed in
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co-cultured cells.
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4 Discussion

Plasma medicine is a young research field and further research is needed
to understand the interactions and mechanisms in plasma, liquids and cells
during and after plasma treatments. First studies investigated the molecular
biological impact on skin and immune cells. However, there is a need for
extensive research on genes and proteins linked to wound healing. Especially
the effect of plasma on cell signaling mediators such as cytokines and growth
factors in keratinocytes has not been investigated, yet. Also the crosstalk
with untreated keratinocytes or immune cells was not studied until now.
These aspects of how plasma impacts cell signaling in HaCaT keratinocytes
and which generated species could be responsible for the cellular response was
investigated in the present work and is discussed in the following paragraphs.

4.1 Impact of plasma on HaCaT cells

In the present work the impact of plasma on cell signaling in human ke-
ratinocyte cell line HaCaT was studied. Therefore the determination of ap-
plicable treatment durations was necessary first. Cell survival after plasma
treatment was analyzed with three different experiments. First, the cyto-
toxicity was detected and then early and late apoptosis was analyzed by
annexin V and caspase-3 staining. Furthermore, to investigate how plasma
impacts wound healing related mediators as cytokines and growth factors in
keratinocytes gene expression and protein secretion profiles were produced.
This could give first hints how signaling is influenced in cells by plasma.
Cytotoxicity was measured 24 hours after treatment (fig. 9). After a short
treatment duration plasma was not cytotoxic to the investigated HaCaT cells,
because both untreated and 20 s plasma showed nearly the same amount of
dead cells (2 and 3 %). However, the long-termed plasma treatment was cy-
totoxic for only 10 % of the cells. Because 90 % of the cells were still viable
this treatment duration was also used for further experiments. In almost all
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experiments the cells were additionally treated with 100 µM H2O2 in order
to investigate its sole influence. Hydrogen peroxide is very often correlated
to cellular responses after plasma treatment88,91 and during a 180 s plasma
treatment with the kinpen around 90 to 100 µM H2O2 are generated (per-
sonal communications: H. Tresp, J. Winter).
Cell survival was analyzed in greater detail by detecting the amount of early
or late apoptotic cells after plasma treatment (fig. 10a and 10b). After 12
hours the early apoptotic cells were measured via annexin V detection and
after 18 hours the late apoptotic cells were detected via caspase-3 activity.
The plasma dose dependency was also identified in early and late apoptotic
cells. The longer the treatment time the higher the amount of apoptotic
cells, however even a treatment duration of 180 s did not induce a significant
increase in early and late apoptosis (around 10 % compared to 4.5 % in un-
treated cells) and the HaCaT cells tolerated the plasma treatment. After a
treatment with 100 µM H2O2 25 % of the cells were early apoptotic but only 9
% were late apoptotic. Thus, the HaCaT cells can prevent the H2O2 induced
apoptosis process. The treatments with etoposide also induced a significant
increase of apoptotic cells, but it was not reduced with increasing incubation
time. It is known, that etoposide can induce single- and double-strand breaks
which could cause apoptosis and cell death. Is the concentration of etoposide
to high, the cells can not repair their DNA to prevent cell death.33 Plasma
can also induce cell damage with increasing DNA strand breaks in HaCaT
cells which could induce apoptosis. But it was also shown, that the DNA
damage can be decreased to baseline level within 24 hours.6,88 The reduction
of DNA damage is caused by repair mechanisms of the HaCaT keratinocytes.
The enzymes ataxia telangiectasia mutated (ATM) and checkpoint kinase 1
(Chk1), which are sensors for DNA double- or single-strand breaks, were
phosphorylated and therefore activated after plasma treatment in HaCaT
cells and could induce the repair mechanism.65 Furthermore, it was shown,
that an indirect plasma treatment for 180 s with the kinpen was not muta-
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genic.40

There are first hints, that plasma could stimulate the wound healing pro-
cess58,63,82 but until now it is unclear how plasma influences cells. Wound
healing is a very complex process and is orchestrated via the regulation of de-
fined genes and their subsequent translation into proteins. They can belong
to the extracellular matrix, cell adhesion, signal transduction, growth factors
or cytokines. It was shown in previous studies, that plasma influences the
gene expression and protein activation in cells. Besides ECM and cell adhe-
sion molecules also signaling mediators can be stimulated by plasma.2,13,32

To study how treatments with the atmospheric pressure plasma jet kinpen
regulates wound healing related genes and proteins a gene expression and
protein secretion profile of the HaCaT cells was conducted. The gene ex-
pression profile was generated with the analysis of 84 wound healing related
genes by qPCR. The analyzed genes encode for ECM, cell adhesion, signal
transduction, growth factors or cytokines. Due to the fact that some of their
proteins were activated by plasma in previous studies it was assumed that
the investigated keratinocytes could also activate these genes. A treatment
with plasma induced a significantly changed gene expression in 21 genes, of
which 11 genes encode growth factors, cytokines or chemokines. Eight genes
were related to ECM and cell adhesion and one gene (PTGS2) was a signal
transducer. The gene B2M, whose expression was changed by plasma treat-
ment, is a house keeping gene. Due to the fact that this house keeping gene
was regulated by plasma it is necessary for genetic analyses like qPCR to
investigate different house keeping genes before they can be used as internal
standards. In case the expression of the house keeping gene is regulated by
plasma it can not be used.
In addition to the gene expression profile a secretion profile was generated to
find out how plasma impacts the release of important cell signaling molecules:
19 wound healing related cytokines and growth factors were analyzed by
ELISA. The release of 12 cytokines and 7 growth factors was studied, whereas
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the secretion of only 2 cytokines (IL-6, IL-8) and 2 growth factors (VEGF-A,
GM-CSF) was changed by plasma treatment in the investigated keratinocyte
cell line. Both gene expression profile and protein secretion profile are dis-
cussed on the next pages.
The following discussion of the cellular response is adapted from the work
of Barton et al.(5). Some of the most prominently changed genes encode
for proteins involved in angiogenesis, the generation of new blood vessels,
which is an important process during wound healing. The plasma and H2O2

treatments of the HaCaT cells enhanced the transcription rate of the an-
giogenesis factor VEGF-A within the first six hours after treatment. The
secretion of this growth factor was also increased after long-termed plasma
and H2O2 treatments. A steady rise of VEGF-A release with increasing in-
cubation time was observed. The increase of VEGFA gene expression was
decreased to baseline level within time and therefore it is expectable that
also the secretion of VEGF-A will decrease. Furthermore, after 24 hours an
increase was still detectable and longer incubation times were not applied. A
transient up regulation of VEGF-A could induce or speed up the angiogenesis
in damaged tissues.64,79 However, a permanent increase of VEGF-A, which
was not shown in the gene expression results, could also have negative effects
and is associated with diseases like psoriasis.57 It can be hypothesized that
plasma triggers short term signals finally leading to the secretion of VEGF-
A. It is known that RNS like peroxynitrite, which is formed by superoxide
anion and nitric oxide, augments a VEGF-A release in fibroblasts.81 As RNS
are generated by the plasma jet, the same effect could lead to the observed
increase in HaCaT cells after plasma treatment. However, VEGF-A tran-
scription and translation could also be enhanced by ROS such as H2O2,15

which is also shown in the H2O2 treated HaCaT cells. An up regulation of
heme oxygenase 1 (HMOX1) is involved in the H2O2-induced VEGF-A up
regulation, but also p38 MAP-kinase, PI 3-kinase and other transcription
factors are involved.15 It was shown, that HMOX1 and p38 MAPK were in-
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creased at gene and protein level by plasma and H2O2 treatments in HaCaT
keratinocytes.65,74 As sketched in figure 43 VEGF-A could also be activated
by further signaling molecules (e.g. IL-6, GM-CSF) which were activated by
plasma, too. Due to that complexity VEGF-A was probably stimulated by
both plasma generated reactive species and further signaling molecules.5

Figure 43: Network of secretable cytokines and growth factors (blue) and
intracellular proteins (red).

Another angiogenesis factor is angiopoietin 1, which has rapidly declined
within the first six hours after plasma treatment (table 1). It has been
reported to be up regulated during wound healing39,51 and other studies in-
dicate that interleukin-6 can cause a down regulation of angiopoietin 1 and at
the same time a VEGF up regulation43 , which is in good agreement with the
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detected changes after plasma treatment in the experiments of the present
work.5

Angiogenesis can also be influenced by GM-CSF. An overexpression of CSF2,
the gene which encodes GM-CSF, improves wound healing by recruitment
of leukocytes, enhances keratinocyte proliferation and increases angiogenesis
by VEGF up regulation (fig. 43).9,10,23 Keratinocytes are able to produce
this stimulating factor immediately post skin injury.23,52 Plasma treatments
induced both an up regulated gene expression of CSF2 and an increased
secretion of its synthesized protein GM-CSF. The secretion profile of GM-
CSF showed a maximum after 12 hours post plasma treatment and within
24 hours it was observed at baseline level. Studies have shown a correlation
between UV radiation and increase of GM-CSF and IL-6 production.22,37

ROS, which were generated during UV radiation, could be made respon-
sible for this cellular reaction. However, a H2O2 concentration of 100 µM
did not induce changes in neither gene nor protein level. Therefore, the
increase after plasma treatment seemed not to be induced by H2O2, but fur-
ther reactive oxygen species could have triggered the CSF2 gene expression
and GM-CSF protein secretion.5 Plasma generated ROS, such as superoxide
anion (O2

.-), hydroperoxyl (HO2
.) and hydroxyl (.OH) radicals can be scav-

enged by the cells with glutathione (GSH) and the enzymes glutathione per-
oxidases, glutathione reductase and glutathione S-transferases.26,27,30 The
vacuum ultraviolet (VUV) radiation of the kinpen induced during a 180 s
treatment generation of glutathione thiyl radicals (GS.) in THP-1 monocytes
(personal communication: H. Tresp). Furthermore, O2

.-,.OH and up to now,
two unidentified radicals could be detected by electron paramagnetic reso-
nance (EPR) spectroscopy (personal communication: H. Tresp). In addition
the gene expression of several glutathione peroxidases, glutathione reductase
and gluathione S-transferases were activated in the transcriptome of HaCaT
cells after plasma treatment.75 This could be a hint, that the stimulation of
GM-CSF after a long termed plasma treatment was induced by other ROS
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such as O2
.- or HO2

.. However, the specific activation by .OH can be ex-
cluded, because .OH is highly reactive and does not interact in a specific
way.30

Angiogenesis could also be regulated via the protein prostaglandin-endoper-
oxide synthase 2, which is encoded by the gene PTGS2. Table 1 and figure
14 illustrate a PTGS2 up regulation only 6 hours after a long termed plasma
treatment. An activation of the protein PTGS2 after plasma treatment was
not detected (data not shown). It is known that the expression rate of PTGS2
can be increased via UV radiation, followed by ROS production. The reason
for activation only in the first 6 hours could be that PTGS2 is an intermediate
early gene in wound healing.97 After 12 hours the activation of PTGS2 was
decreased and the expression was not significantly changed compared to the
untreated control cells. This could be a hint that PTGS2 is only up regulated
by higher amounts of generated ROS. It is also known that PTGS2 could be
stimulated by cytokines and growth factors.77 The changes of PTGS2 at
gene level did not influence its translation rate which could mean that the
stimulus by ROS and other mediators was not intensive enough. In addition
to angiogenesis, PTGS2 can also promote cell proliferation14 and therefore it
is a very important actor during wound healing.5

HBEGF, a gene encoding the growth factor HB-EGF is another growth fac-
tor, which was regulated by plasma. In human wounds HBEGF is an early
gene, which is up regulated within the first hours.59 Interestingly this be-
havior was shown in HaCaT cells, too. HB-EGF is well known to induce
keratinocyte proliferation and regeneration during injury. It also has mito-
genic and cell survival promoting properties on fibroblasts and further multi-
ple cell types.25,41,44,59 The expression of HBEGF was up regulated 6 hours
after plasma treatment and after 12 hours it was minor decreased. Its expres-
sion is described to be rapidly increased by oxidative stress, tissue damage,
during wound healing and regeneration.25 After oxidative stress using H2O2

an increased mRNA level was shown.5,44,56 Therefore, an increased gene ex-
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pression was expected post plasma treatment.5 However, a secretion of the
protein HB-EGF was not detected neither after plasma nor H2O2 treatment.
HB-EGF is synthesized as a transmembrane form and can be proteolytically
processed to soluble form.3,89 The transmembrane form can stimulate adja-
cent cells in a juxtacrine manner.89 It could be, that the investigated HaCaT
cells activated the HB-EGF translation after plasma and H2O2 treatment,
but it was synthesized in the membrane-anchored form and subsequently
not transformed into soluble form. This would explain why HB-EGF was
not detectable in the cell culture medium. Fluorescence microscopy or flow
cytometry could be used for detection of membrane-anchored HB-EGF in
further investigations.
Besides the release of growth factors and angiogenesis promoting mediators,
another important mechanism during wound healing is the migration of ke-
ratinocytes. One cytokine that stimulates migration is interleukin-6 whose
regulation by plasma is demonstrated in table 1 and figures 16 and 19. The
gene was significantly up regulated by plasma and H2O2 6 and 12 hours after
treatment.5 However, the plasma treated cells did only secrete IL-6 after
12 and 24 hours, whereas a H2O2 treatment induced the release even after
6 hours. Similar to the secretion of VEGF-A or GM-CSF a short plasma
treatment (20 s) did not lead to a changed secretion profile, only the long
treatment duration (180 s) stimulated the release. With increasing incuba-
tion time the secretion of IL-6 in plasma treated cells rose and 100 µM H2O2

always induced a higher secretion rate. It is known that both ROS67,95,98 and
RNS53 can increase the level of IL-6 in a dose dependent manner, which could
explain these results.5 Moreover, the up regulation of IL-6 is also correlated
with an increase of further stimulating factors like GM-CSF or HMOX1 (fig.
43), which were found to be up regulated by plasma, too.22,37 Interleukin-6
is a pleiotropic cytokine and can be both pro- and anti-inflammatory, de-
pendent on the amount of secretion over a certain period of time. It can
enhance wound healing52 and be stimulated in an autocrine or paracrine
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Figure 44: IL-6 signaling pathway.

manner by binding to the IL-6 receptor (IL-6R) as sketched in figure 44.
Then, the janus kinase 1 (JAK1) binds to IL-6R and become autophospho-
rylated. Subsequently, the signal transducer and activator of transcription
3 (STAT3) protein is recruited, phosphorylated and dimerized. The STAT3
homodimer translocates into the nucleus where it binds to the DNA and
activates the transcription of the target genes, such as SOCS3, IL6, FOS
and JUNB.34,62,96 SOCS3 acts as a feedback inhibitor, which can inhibit
the canonical IL-6 JAK/STAT pathway.62 Is the canonical pathway inhi-
bited or some how not available, the MAPK- and PI3K/Akt-pathways will
be activated and the IL6 gene expression and secretion even so can be acti-
vated.11,17,34,94,99 It was shown by cell-based ELISA, that the kinase JAK1
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was not phosphorylated and therefore not activated 5 min, 30 min, 3 h or 24
h after plasma, H2O2 (100 µM) or IL-6 (100 ng mL-1) treatment (data not
shown). Furthermore, by the automated western analysis Simple WesternTM

(Simon from ProteinSimple) no changes of the proteins STAT3 and SOCS3
were detected due to plasma, H2O2 or IL-6 treatment (incubation times: 30
min, 3 h; data not shown). And the target genes SOCS3, FOS and JUNB
were also not significantly changed 6 hours post treatment (measured by
qPCR; data not shown). These data support the notion that the canonical
JAK/STAT pathway was not active during plasma or H2O2 treatment in
HaCaT cells. An inhibition of the pathway due to SOCS3 can be excluded
because it was neither expressed at gene nor protein level. However, the IL-
6 transcription and translation were highly activated by plasma and H2O2

treatments. For that reason it is hypothesized that the IL6 gene expression
and protein secretion were activated by other signaling pathways such as
MAPK- or PI3K/Akt-pathways. Both pathways can regulate the IL-6 tran-
scription and secretion17,94 and it was shown in other studies that p38 MAPK
signaling pathway is highly activated in HaCaT cells after plasma treatment
with the kinpen.65 These data support the assumption, that IL-6 is regulated
via MAPK-pathway alone or in combination with PI3K/Akt-pathway, but
not via JAK/STAT-pathway.
A further pleiotropic cytokine, which is important for keratinocyte reepithe-
lization during wound healing is IL-8. It is mitogenic and can stimulate
proliferation and migration in keratinocytes and is also used for recruitment
of immune cells into the wound site.69 As depicted in figure 20 the secretion
of IL-8 by the HaCaT keratinocytes was only changed after the first six hours
post plasma (180 s) and H2O2 treatment. A longer incubation time let the
release decline to baseline level. Interestingly, the IL-8 secretion of untreated
cells increased with the incubation time, too. This baseline level increase
was also observed for other molecules (VEGF-A, GM-CSF, IL-6) and could
attribute to the normal proliferative phase during cell culture. The cells were
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seeded and after 24 hours the medium was changed. Due to the nutrients
in the fresh medium the cells proliferate and secrete cytokines and growth
factors into the cell culture medium. Therefore the total amount of molecules
in the medium increased with time. The secretion of IL-8 can be induced
by ROS, RNS or other cytokines.68,90 One hypothesis for the short time of
IL-8 release can be, that the stimulus by plasma generated ROS or RNS was
not intensive enough. The time of secretion could not be elongated and IL-8
was not detectable. It may be that IL-8 was primary activated by reactive
species with a very short lifetime and due to the indirect plasma treatment
of the HaCaT cells the stimulative reactive species did not reach the cells.
Another possibility is, that the cytokines which can activate IL-8 were not
stimulated by plasma and therefore they could not influence the IL-8 secre-
tion. Furthermore, the increased secretion was only observed 6 hours post
plasma treatment but an earlier incubation time was not investigated. For
that reason it could be that the early cell response via IL-8 secretion was not
detected.
Other important cytokines and growth factors inducing keratinocyte migra-
tion are epidermal growth factor (EGF), interleukin-1α (IL-1α) and trans-
forming growth factor-β1 (TGFβ1).85 However, EGF and TGFβ1 were not
found to be significantly regulated in transcription and secretion by plasma
in the investigated keratinocyte cell line. IL-1α was even not secreted by
the untreated control cells. During migration cellular adhesion plays a very
important role and it is known, that after ROS or plasma exposure the ad-
hesion molecule E-cadherin was less detectable.28,31 Therefore it was to be
expected that the gene CDH1, which encodes E-cadherin, was down regu-
lated post plasma exposure. However, the results showed both a down and an
up regulation (table 1) of CDH1. One hypothesis is that the cells decreased
CDH1 to induce proliferation and subsequently it was up regulated to affect
adhesion again. Furthermore, it can be hypothesized that the decrease of
the protein E-cadherin in the other studies was due to its degradation by the
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plasma generated reactive species. For the readjustment of E-cadherin the
keratinocytes increased the expression rate of the gene CDH1.
However, Haertel et al. showed that the abundance of the epidermal growth
factor receptor (EGFR) was decreased post plasma treatment,31 but in the
present experiments the amount of EGFR gene expression was not signif-
icantly changed compared to untreated cells. This may be caused by the
different experimental setups, e.g. the incubation time (6 and 12 h vs. 24
h). Additionally, in the present study the mRNA level and not the proteins
were analyzed. One hypothesis is that the receptor at the cell membrane was
modified by plasma generated ROS and due to this morphological changes
the used antibody was not able to bind. It also could be that the receptor
was internalized and was therefore not detected. Two further studies inves-
tigated the influence of plasma on the adhesion molecules α2-integrin and
β1-integrin of the human HaCaT keratinocytes. Interestingly, two different
plasma sources were used: on the one hand a dielectric barrier discharge
(DBD), and on the other hand the kinpen plasma jet, which was used for
these experiments, too. It was shown that the effects on integrins could
vary by different plasma sources and experimental designs.31,32 Addition-
ally, in the work of Haertel et al. the incubation time was extended to 24
hours. These changes in the experimental design could be the reason why
α2-integrin and β1-integrin were changed in their but not in the present ex-
periments after plasma exposure.5

Further cytokines and growth factors were studied in the present work and
most of them were not changed or detected after plasma or H2O2 treatment
in the HaCaT keratinocytes (table 2). The mediators IL-2, -4, -10 and IFN-γ
were not secreted by the investigated cells and the gene expression of these
mediators was also not changed. FGF-2 and TNF-α were neither changed at
gene nor protein level after plasma treatment and a secretion of IL-12, -17α,
PDGF-BB and NGF-b could not be detected.
It has been shown that plasma stimulates the keratinocytes in a dose de-
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pendent manner but a treatment duration of 180 s was still tolerable and
not cytotoxic. It was also shown in the present work, that plasma can acti-
vate the expression of important genes, which are linked to ECM, cell adhe-
sion and cell signaling and are therefore very important for wound healing.
Plasma also impacts gene expression and protein secretions of the cytokines
and growth factors VEGF-A, HB-EGF, IL-6, IL-8 and GM-CSF in a dose
dependent manner.

4.2 Impact of the shielding gas

It was shown in previous studies, that reactive oxygen and nitrogen species
can influence cellular responses during plasma treatment.45,47,88 During
treatments with the argon-operated atmospheric pressure plasma jet kin-
pen, ROS and RNS are generated from oxygen and nitrogen diffusing into
the effluent of the jet.70,71 The application of the shielding gas device dur-
ing plasma treatment gives some control over the generated ROS and RNS.
The shielding gas was a mixture of O2 and N2 which was varied from pure
O2 to pure N2. Besides oxygen and nitrogen humidity can also influence the
plasma and the amount of water-related species such as .OH, H2O2, HO2

., ni-
trous acid (HNO2) and nitric acid (HNO3).76,92 Another aspect of continuous
variations of the shielding gas is, that cellular responses can be correlated
to reactive oxygen or reactive nitrogen species, while the core plasma re-
mains unchanged. This experiment gives first insights into the dependence
of cellular response of the human keratinocyte cell line HaCaT on ROS or
RNS dominated plasma. It was shown by fourier transformed infrared spec-
troscopy (FTIR) measurements that the shielding gas compositions can vary
the amount of ozone (O3) and nitrogen dioxide (NO2) in the far field of the
kinpen.76 To understand the mechanisms of plasma treatments in vitro it is
necessary to also study the generation and transfer of species into the liq-
uids (in this case cell culture medium) which then could interact with the
cells. H2O2, nitrite (NO2

-) and pH were measured in medium after a plasma
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treatment with the kinpen for 180 s. It was shown, that the pH was al-
most unchanged when varying the shielding gas from pure oxygen to pure
nitrogen. NO2

- has its maximum at 25 % oxygen and 75 % nitrogen. The
amount of H2O2 in the cell culture medium was not changed by the shielding
gas, however a significant increase was detected for a pure nitrogen shielding
gas.83 O3 and NO2 measured in the far field of the plasma jet and H2O2 in
cell culture medium upon variation of the shielding gas are depicted in figure
45.

Figure 45: Concentrations of O3, NO2 (detected in the far field, FTIR)76 and
H2O2 (detected in medium, test stripes).83

It is known, that the cell response of the HaCaT keratinocytes depends on
the duration of the plasma treatment. To find out which plasma generated
species correlate to its cytotoxicity the cells were treated with the kinpen in
combination of the shielding gas device. The cytotoxicity and caspase-3 ac-
tivity experiments reflected the dose dependence: The longer the treatment
the higher the amount of dead cells. The cytotoxicity experiment (fig. 21)
showed a significant influence of the shielding gas composition for the long
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termed plasma treatment: The higher the amount of oxygen in the shielding
gas, the higher the amount of dead cells. H2O2 was probably the main actor
for cytotoxicity as the positive control using H2O2 alone was responsible for
a similar amount of dead cells. However, as depicted in figure 45 the concen-
tration of plasma generated H2O2 was not changed with increasing oxygen in
the shielding device. This indicates that also other reactive oxygen species
are cytotoxic for the keratinocytes. It is expected, that with increasing oxy-
gen amount in the shielding gas, the concentrations of O3, atomic oxygen
(O and O(1D)) and the oxygen metastable O2(1Δg) rise in the plasma ef-
fluent.76 It is also assumed, that the amount of O2

.- in the plasma treated
liquid increases with oxygen in the shielding gas. O2

.- in the liquid phase can
be generated from HO2

. which is present in the plasma as investigated by
plasma chemistry simulations.76

A DNA microarray was performed to study the influence of the shielding gas
composition on the transcriptome of the investigated HaCaT keratinocytes.
The heat map of the significantly changed genes showed (fig. 23) that the
shielding gas composition seemed to influence the expression profile. How-
ever, a clear dependency did not crystallize. The analyses with the PAN-
THER Classification System showed that for the long termed plasma treat-
ment most genes which were changed belong to the biological process sub-
groups cell communication, cellular process and metabolic process (fig. 24-
28). The shielding gas composition does not seem to influence the distribu-
tion of the subgroups. And also during plasma treatment of the HaCaT cells
without shielding device the most changed genes belonged to these three sub-
groups.75 Although many genes belong to cell communication subgroup, not
all growth factors and cytokines which were known to be changed by plasma
were found in the microarray data. The genes IL6, VEGFA and CSF2 were
not found, but HBEGF, IL-8 and PTGS2 could be identified. The qPCRs
without the shielding device were performed 6 hours post treatment and the
DNA microarray 3 hours post treatment, this could be a cause for these vari-
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ances. The DNA microarray served as a screening method and the molecules
which were known to be stimulated by plasma were subsequently validated
in qPCR and ELISA measurements.
The gene expression of the angiogenesis growth factor VEGFA was signifi-
cantly up regulated after a long termed plasma treatment and the shielding
gas composition had a significant influence on its expression. The minimum
was detected at 25 % O2 and the maximum at 75 % O2 in the shielding gas.
The secretion of VEGF-A was measured 6, 12 and 24 hours post treatment,
whereas after 6 hours no significant changes were detected (fig. 33a). After
12 and 24 hours the cells treated for 180 s increased the release of VEGF-A.
The same shape (minimum at 25 % O2, maximum at 75 % O2 ), resembling
a rotated S-curve, as for gene expression could be detected, whereas after 24
hours the maximum formed a plateau (50, 75 and 100 % O2 ).
Both gene expression and protein release of GM-CSF, which can enhance
angiogenesis and keratinocyte proliferation, were studied after plasma treat-
ment in combination of the shielding gas device. The shielding gas compo-
sition significantly changed GM-CSF after long termed plasma treatment.
Similar to VEGF-A the S-shape was detectable with its minimum at 25 %
O2.
HB-EGF, which can also enhance the proliferation of keratinocytes, was also
changed by plasma. The shielding gas composition significantly changed the
gene expression in a similar way as for VEGF-A and GM-CSF (S-shape).
Identically to the treatments without shielding device a release of HB-EGF
was not detectable. A feasible reason can be that the membrane-anchored
form was synthesized but not transformed into the soluble form.
The growth factors VEGF-A, GM-CSF and HB-EGF were all stimulated in
a similar way by the plasma treatments upon shielding gas variation: The
cellular response in dependence on the oxygen content in the shielding gas
results in a S-shape pattern. The minimum always occurred at a treatment
with 25 % O2 in the gas mixture, whereas the maximum varied, but it was
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mostly observed at a O2 dominated shielding gas mixture. In figure (46a) the

(a) separated (b) added up

Figure 46: Qualitative patterns of ROS, RONS and H2O2 upon shielding gas
variation separated (46a) and added up (46b).

qualitative patterns of H2O2, ROS and reactive oxygen and nitrogen species
(RONS) are depicted based on the measurements in figure 45: The shape of
H2O2 was directly measured in the liquid phase. RONS are expected to have
a pronounced minimum at 0% oxygen and 0% nitrogen in the shielding gas
as both components are required in order to form species like NO, HNO3 etc.
in the plasma and thus result in a convex shape like measured for NO2. ROS
like O and O2(1Δg) are expected to rise continuously in the plasma with the
oxygen content, as measured for O3. In figure (46b) the effects of H2O2, ROS
and RONS are weighted and added up to form the typical S-shape. H2O2 was
weighted to have the biggest influence on the cellular response as the posi-
tive controls using H2O2 yield strong cellular responses. The combination of
these species was probably responsible for the changes which were observed
at gene and protein level. While H2O2 was probably the main actor, the
influences of other ROS and RONS were not negligible. This clearly shows,
that plasma components different from H2O2 play a crucial role in cellular
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response.
Cytokines which were studied are IL-6 and IL-8, whereas IL-8 was not
changed by treatments. However, gene expression and protein secretion of IL-
6 were significantly influenced by the shielding gas composition. The higher
the amount of O2 in the shielding gas, the higher the expression or secre-
tion of IL-6. The main actor of IL-6 stimulation was H2O2 but the changes
upon the shielding gas variation were due to other ROS. In addition, the
expression of the ROS-induced HMOX1 was also increased by shielding gas
mixtures containing O2 (DNA microarray data; appendix).
For the first time it was shown, that the compound of plasma generated
RONS significantly influences cytokines and growth factors at transcriptome
and protein level. While H2O2 was identified as a main actor for gene ex-
pression and protein secretion activation after plasma treatment, it could be
excluded as the sole component responsible for the observed cellular response.

4.3 Impact of conditioned medium on HaCaT cells

In paragraphs 4.1 and 4.2 it was shown that plasma induces the activation of
various cell signaling molecules by its generated species. If plasma would be
applied for wound healing it is essential to know how plasma activated cells
can influence other cells. Until now, the effect of conditioned medium (CM)
of plasma treated cells on untreated cells was not investigated, although it
could give deeper insights into the mechanisms during plasma treatment.
To simulate in vitro how plasma treated keratinocytes at the wound site can
influence the neighboring non-treated keratinocytes by secretion of media-
tors a method using conditioned medium (CM) was developed: The HaCaT
keratinocytes were seeded into a petri dish and incubated for 24 hours. Sub-
sequently they were starved with medium containing only 1 % FCS. After
24 hours they were indirectly treated with plasma, hydrogen peroxide or in-
sulin. The cells consequently could alter the cell culture medium by secretion
of cytokines and growth factors and they could alter the composition of the
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medium due to their metabolism. After 24 hours, this conditioned medium
was collected and diluted (1:2) with fresh medium without FCS, which was
than added to HaCaT cells. These cells were also starved (for 18 hours) be-
fore. The cells and supernatant were collected after desired time for analyses
of the gene expression profile and IL-6 secretion.
To ensure that the effect of the abundance of FCS, which consists of numer-
ous aminoacids, peptides, proteins, sugars and further important nutrients
was excluded, the cells were starved prior to plasma treatment. Morpholog-
ical changes of the HaCaT keratinocytes after starving were not observed.
The heat map (fig. 37 on page 68) displays all genes which were significantly
up or down regulated by the keratinocytes after CM treatment. The 30 and
100 µM H2O2-CM treated cells changed the expression of the most genes (7
and 11 of 84 genes), whereas the 20 and 60 s plasma-CM treatments changed
only 3 genes and 180 s plasma-CM treatment decreased only 1 gene. The
genes which were changed by treatments with plasma-CM are probably due
to the cytokines and growth factors which were secreted after plasma treat-
ment and which modified the conditioned medium. The direct influence of
plasma generated H2O2 can be excluded. On the one hand is the lifetime
of plasma generated H2O2 in cell culture medium relatively short (personal
communications: H. Tresp, J. Winter) and on the other hand it is degraded
by the catalase of the HaCaT cells within 24 hours (personal communication:
K. Wende). However, the commercial H2O2 is stabilized78 and therefore it is
assumed that HaCaT cells did not catalyze H2O2 completely and significant
quantities were added to the investigated cells with the conditioned medium.
Besides the gene expression profile the secretion of IL-6 was detected 6 and 24
hours post conditioned medium treatment (fig. 38). No significant changes
of IL-6 could be observed, this raises the assumption and is in good agree-
ment with the previous results, that IL-6 was directly induced by plasma
generated ROS. The reactive oxygen species which would induce the IL-6
secretion were not present and therefore could not stimulate IL-6.
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These data reveal the effect of CM by plasma treated keratinocytes on un-
treated keratinocytes and simulate in a very simple in vitro experiment neigh-
boring cells of the wound site. In comparison to normal plasma treatment
(see paragraph 4.1) the effect of conditioned medium was not that inten-
sive on the genes investigated in both experiments. It was also shown that
hydrogen peroxide had larger effects on the expression of the investigated
genes than proteins which were secreted by other plasma treated cells. This
could mean that plasma acts locally and the effects on neighboring cells are
marginal.

4.4 Impact of plasma on a co-culture

The investigated HaCaT keratinocytes secrete cytokines and growth factors
post plasma treatment with the kinpen and it is also known that immune
cells as monocytes activate signaling pathways due to plasma treatment.12

For that reason it is of high interest to find out how plasma influences the
crosstalk between skin and immune cells. A co-culture of the human ke-
ratinocyte cell line HaCaT and the human monocyte cell line THP-1 was
conducted, which is a very common method to study their crosstalk.36,66

For the first time the crosstalk between human keratinocytes and monocytes
after plasma treatment was investigated. To simulate a pathogens invasion
in this co-culture LPS was added, which could therefore simulate a plasma
treatment of a chronic wound in a very simple manner. Cytokine profiling
was conducted after plasma treatment alone or plasma and LPS treatment.
Besides the co-culture HaCaT and THP-1 mono-cultures were investigated,
too. After treatment, the cells were incubated for 24 hours.
The secretion of 12 cytokines was analyzed, whereas only four (IL-6, IL-8,
TNFα and GM-CSF) were changed due to treatment. The THP-1 mono-
culture released none of the investigated cytokines due to a plasma treat-
ment alone (which was also shown by12), whereas plasma and LPS together
induced a release of IL-6, IL-8 and TNFα. The mono-cultured keratinocytes
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showed the identical secretion profile as discussed in paragraph 4.1 without
co-culture. A 180 s plasma treatment induced a significantly increased release
of IL-6 in the HaCaT mono-culture while the three other molecules (IL-8,
TNFα and GM-CSF) were not regulated anymore after 24 hours. However,
the treatment with LPS in combination of plasma induced highly augmented
secretions of IL-6, IL-8 and GM-CSF. These enormous secretions caused by
LPS, were due to its property of activating the production of various cy-
tokines.68 During co-culturing the cells secreted similar amounts as they
did in mono-culture. However, plasma treatment alone did only significantly
change the IL-6 release in co-culture, which seems to be induced by the ke-
ratinocytes. A treatment with plasma in combination of LPS induced an
amplified secretion of IL-6, -8 and GM-CSF in co-cultured cells. The con-
centrations of these mediators were higher in co-culture than mono-culture,
because both cell types secreted them. For these three mediators (IL-6, -8
and GM-CSF) it was shown that the cells did not change their secretion pro-
file during co-culture after plasma treatment.
Interestingly, TNFα was only secreted by THP-1 mono-cultured cells after
LPS stimulation and plasma treatment. It is known that TNFα can be in-
duced by LPS but it is also known that it can be blocked or suppressed by
anti-inflammatory cytokines.20 In the co-culture the secretion of TNFα was
probably inhibited by the presence of the keratinocytes. While a low level
of TNFα can promote wound healing high levels are known to impair reep-
ithelization.3 This suppression of TNFα could therefore stimulate the wound
healing process.
It was shown that co-cultured cells mainly behaved as mono-cultured cells
and the crosstalk was not inhibited. However, it could also be shown that the
expression of TNFα was suppressed which could lead to a positive instead of
a negative stimulus for wounds.
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5 Outlook

The interest for the application of plasma for wound healing increased in the
last years. However, not much is known about the intracellular mechanisms
during plasma treatments. First studies showed, that plasma can affect cell
signaling pathways in fibroblasts or immune cells. Although keratinocytes
are damaged during injuries and are involved in wound healing no studies
about cell signaling by plasma have been conducted, yet. The aim of the
present work was to investigate the impact of plasma on cell signaling in the
human keratinocyte cell line HaCaT. It reveals the activation of various cell
signaling molecules by plasma. And for the first time it was shown which
compounds of plasma could cause the cellular responses. It was also shown
that the crosstalk between (i) treated and untreated keratinocytes and (ii)
monocytes and keratinocytes was hardly changed by plasma.
Due to the fact that plasma medicine is a very young research field, a lot
of further investigations have to be done. Screenings of the transcriptome,
proteome and secretome are necessary to understand the cellular responses
after plasma treatment. Furthermore, the impact of plasma on other cell
types, at least fibroblasts, melanocytes, monocytes, macrophages and neu-
trophils should be sufficiently studied in vitro (cell lines, primary cells) and
ex vivo (suction blisters, punch biopsies, blood). In the present work it was
shown, that many genes and proteins which were activated by plasma induce
migration, angiogenesis, proliferation and the recruitment of immune cells.
Therefore, the application of plasma in vivo is necessary to study these effects
after plasma treatment. Animal models could be used for these experiments
but due to the fact that plasma should be used to heal wounds in humans
more clinical trials are required, too.
It is also known that different plasma sources induce different cell responses.
Therefore, it is crucial to research which plasma generated species are ben-
eficial for cells and how plasma sources can be modified to produce these
stimulating species.
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6 Summary

There is a growing interest in the application of non-thermal atmospheric
pressure plasma for the treatment of wounds. Due to the generation of vari-
ous ROS and RNS, UV radiation and electric fields plasma is a very promising
tool which can stimulate skin and immune cells. However, not much is known
about the mammalian cell responses after plasma treatments on a molecular
level. The present work focusses on the impact of plasma on cell signaling
in the human keratinocyte cell line HaCaT by using the methods DNA mi-
croarray, qPCR, ELISA and flow cytometry. Here, cell signaling mediators
such as cytokines and growth factors which could promote wound healing by
enhancing angiogenesis, reepithelization, migration and proliferation were of
major interest. Additionally, the crosstalk between keratinocytes and mono-
cytes was studied using a co-culture.

For the first time extensive investigations on the impact of plasma on cell
signaling in human keratinocytes were conducted. The most prominent cy-
tokines and growth factors which were regulated by plasma at gene and pro-
tein level were VEGF-A, GM-CSF, HB-EGF, IL-8, and IL-6. The latter was
not activated due to the JAK/STAT-pathway but probably by a combined
activation of MAPK- and PI3K/Akt-pathways. By the use of conditioned
medium it was found out that ROS and RNS generated directly after plasma
treatment induced larger effects on cell signaling in keratinocytes than the
subsequently secreted growth factors and cytokines. Furthermore, mono-
cytes and keratinocytes hardly altered their secretion profiles in co-culture.
From these results it is deduced that the plasma generated reactive species
are the main actors during cell signaling. In order to differentiate the impact
of ROS and RNS on the cellular response the ambience of the plasma efflu-
ent was controlled, varying the ambient gas composition from pure nitrogen
to pure oxygen. Thereby a first step towards the attribution of the cellular
response to specific plasma generated reactive species was achieved. While

98



6 SUMMARY

IL-6 expression correlated with ROS generated by the plasma source, the
cell signaling mediators VEGF-A, GM-CSF and HB-EGF were significantly
changed by RONS. Above all hydrogen peroxide was found to play a domi-
nant role for observed cell responses.

In summary, plasma activates wound healing related cell signaling media-
tors as cytokines and growth factors in keratinocytes. It was also shown that
the generated reactive species mainly induced cell signaling. For the first time
cell responses can be correlated to ROS and RONS in plasma treated cells.
These results underline the potential of non-thermal atmospheric pressure
plasma sources for their applications in wound treatment.
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7 Zusammenfassung

Das Interesse an einer Anwendung von nichtthermalem Atmosphärendruck-
plasma zur Behandlung von Wunden wächst stetig. Durch die Erzeugung von
reaktiven Sauerstoffspezies (ROS), reaktiven Stickstoffspezies (RNS), UV-
Strahlung und elektrischen Feldern ist Plasma für eine medizinische Anwen-
dung äußerst vielversprechend. Durch Plasmabehandlungen können sowohl
Haut- als auch Immunzellen stimuliert werden. Dennoch sind Zellantworten
auf molekularer Ebene weitestgehend unerforscht. In der vorliegenden Arbeit
wurde der Einfluss von Plasma auf die Signaltransduktion in der humanen
Keratinozytenzelllinie HaCaT mittels DNA microarray, qPCR, ELISA und
Durchflußzytometer untersucht. Der Fokus lag hierbei auf Signalmolekülen
wie Zytokinen und Wachstumsfaktoren, welche den Wundheilungsprozess
durch Förderung von Angiogenese, Reepithelisierung, Migration und Proli-
feration stimulieren können. Zur Untersuchung der Kommunikation zwischen
Haut- und Immunzellen wurde zusätzlich eine Ko-Kultur mit Keratinozyten
(HaCaT Zelllinie) und Monozyten (THP-1 Zelllinie) durchgeführt.

Erstmalig wurden umfangreiche Untersuchungen zur Signaltransduktion in
einer humanen Keratinozytenzelllinie nach Plasmabehandlung durchgeführt.
Die wichtigsten Zytokine und Wachstumsfaktoren, welche sowohl auf Gen-
als auch auf Proteinebene durch Plasma aktiviert wurden, sind VEGF-A,
HB-EGF, GM-CSF, IL-8 und IL-6. Es konnte zudem gezeigt werden, dass
IL-6 nicht über den JAK/STAT-Signalweg, sondern vermutlich durch eine
kombinierte Aktivierung vom MAPK- und PI3K/Akt-Signalwegen stimu-
liert wurde. Des Weiteren konnte mittels konditioniertem Medium gezeigt
werden, dass die plasmagenerierten ROS und RNS einen höheren Einfluss
auf die Signaltransduktion hatten, als die darauffolgende Ausschüttung von
Zytokinen und Wachstumsfaktoren. Die Sezernierung von Signalmolekülen in
den ko-kultivierten Keratinozyten und Monozyten war im Vergleich zu den
jeweiligen Mono-Kulturen kaum verändert. Dies ist ein weiteres Indiz dafür,
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dass die durch Plasma gebildeten reaktiven Spezies die Hauptrolle bei der
Signaltransduktion während der Plasmabehandlung spielen. Um den Einfluss
von ROS und RNS in der Zellantwort zu differenzieren wurde die Umgebung
vom Plasmaeffluenten kontrolliert. Die Zusammensetzung des Umgebungs-
gases wurde von reinem Sauerstoff zu reinem Stickstoff variiert. Hierdurch
wurde ein erster Schritt hin zur Zuordnung von Zellantworten zu plasmage-
nerierten reaktiven Spezies gemacht. Während die IL-6 Expression mit ROS
korreliert, werden VEGF-A, GM-CSF und HB-EGF durch RONS stimuliert.
Darüber hinaus wurde Wasserstoffperoxid, welches durch Plasma gebildet
wird, als besonders bedeutend für die Zellantwort identifiziert.

Zusammenfassend konnte gezeigt werden, dass Plasma wichtige Signalmo-
leküle für die Wundheilung in Keratinozyten aktiviert. Die Zytokine und
Wachstumsfaktoren wurden größtenteils durch die reaktiven Spezies stimu-
liert. Zudem konnte erstmalig gezeigt werden, dass die plasmainduzierten
Zellantworten mit ROS und RONS korrelieren. Die erzielten Ergebnisse un-
terstreichen das Potential von Atmosphärendruck-Plasmaquellen für die An-
wendung in der Wundbehandlung.
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PCR program Qiagen:

name cycle
analysis

mode

target

(°C)

acquisition

mode

hold

(mm:ss)

ramp rate

(°C s-1)

heat

activation
1 none 95 none 10:00 4.4

PCR cycle 45
quantifi-

cation

95 none 00:15 1

60 single 01:00 1

melt curve 1
melting

curve

60 none 00:15 4.4

95 continuous 0.03

PCR program Roche:

name cycle
analysis

mode

target

(°C)

acquisition

mode

hold

(mm:ss)

ramp rate

(°C s-1)

pre-

incubation
1 none 95 none 10:00 4.4

amplifi-

cation
45

quantifi-

cation

95 none 00:10 4.4

60 none 00:30 2.2

72 single 00:01 4.4

cooling 1 none 40 none 00:30 2.2

Analyzed genes qPCR array by Qiagen:
Pos. GeneBank Symbol Description
A01 NM_001613 ACTA2 Actin, alpha 2, smooth muscle, aorta
A02 NM_005159 ACTC1 Actin, alpha, cardiac muscle 1
A03 NM_001146 ANGPT1 Angiopoietin 1
A04 NM_002982 CCL2 Chemokine (C-C motif) ligand 2
A05 NM_006273 CCL7 Chemokine (C-C motif) ligand 7
A06 NM_000074 CD40LG CD40 ligand
A07 NM_004360 CDH1 Cadherin 1, type 1, E-cadherin (epithelial)
A08 NM_021110 COL14A1 Collagen, type XIV, alpha 1
A09 NM_000088 COL1A1 Collagen, type I, alpha 1
A10 NM_000089 COL1A2 Collagen, type I, alpha 2
A11 NM_000090 COL3A1 Collagen, type III, alpha 1
A12 NM_001845 COL4A1 Collagen, type IV, alpha 1
B01 NM_000091 COL4A3 Collagen, type IV, alpha 3 (Goodpasture antigen)
B02 NM_000093 COL5A1 Collagen, type V, alpha 1
B03 NM_000393 COL5A2 Collagen, type V, alpha 2
B04 NM_015719 COL5A3 Collagen, type V, alpha 3
B05 NM_000758 CSF2 Colony stimulating factor 2 (granulocyte-macrophage)
B06 NM_000759 CSF3 Colony stimulating factor 3 (granulocyte)
B07 NM_001901 CTGF Connective tissue growth factor
B08 NM_001904 CTNNB1 Catenin (cadherin-associated protein), beta 1, 88kDa
B09 NM_001911 CTSG Cathepsin G
B10 NM_000396 CTSK Cathepsin K
B11 NM_001333 CTSL2 Cathepsin L2
B12 NM_001511 CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity,

alpha)
C01 NM_005409 CXCL11 Chemokine (C-X-C motif) ligand 11
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C02 NM_002089 CXCL2 Chemokine (C-X-C motif) ligand 2
C03 NM_002994 CXCL5 Chemokine (C-X-C motif) ligand 5
C04 NM_001963 EGF Epidermal growth factor
C05 NM_005228 EGFR Epidermal growth factor receptor
C06 NM_000129 F13A1 Coagulation factor XIII, A1 polypeptide
C07 NM_001993 F3 Coagulation factor III (thromboplastin, tissue factor)
C08 NM_000508 FGA Fibrinogen alpha chain
C09 NM_004465 FGF10 Fibroblast growth factor 10
C10 NM_002006 FGF2 Fibroblast growth factor 2 (basic)
C11 NM_002009 FGF7 Fibroblast growth factor 7
C12 NM_001945 HBEGF Heparin-binding EGF-like growth factor
D01 NM_000601 HGF Hepatocyte growth factor (hepapoietin A; scatter factor)
D02 NM_000619 IFNG Interferon, gamma
D03 NM_000618 IGF1 Insulin-like growth factor 1 (somatomedin C)
D04 NM_000572 IL10 Interleukin 10
D05 NM_000576 IL1B Interleukin 1, beta
D06 NM_000586 IL2 Interleukin 2
D07 NM_000589 IL4 Interleukin 4
D08 NM_000600 IL6 Interleukin 6 (interferon, beta 2)
D09 NM_002184 IL6ST Interleukin 6 signal transducer (gp130, oncostatin M receptor)
D10 NM_181501 ITGA1 Integrin, alpha 1
D11 NM_002203 ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor)
D12 NM_002204 ITGA3 Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor)
E01 NM_000885 ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor)
E02 NM_002205 ITGA5 Integrin, alpha 5 (fibronectin receptor, alpha polypeptide)
E03 NM_000210 ITGA6 Integrin, alpha 6
E04 NM_002210 ITGAV Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51)
E05 NM_002211 ITGB1 Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29

includes MDF2, MSK12)
E06 NM_000212 ITGB3 Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61)
E07 NM_002213 ITGB5 Integrin, beta 5
E08 NM_000888 ITGB6 Integrin, beta 6
E09 NM_002745 MAPK1 Mitogen-activated protein kinase 1
E10 NM_002746 MAPK3 Mitogen-activated protein kinase 3
E11 NM_002415 MIF Macrophage migration inhibitory factor (glycosylation-inhibiting factor)
E12 NM_002421 MMP1 Matrix metallopeptidase 1 (interstitial collagenase)
F01 NM_004530 MMP2 Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV

collagenase)
F02 NM_002423 MMP7 Matrix metallopeptidase 7 (matrilysin, uterine)
F03 NM_004994 MMP9 Matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa type IV

collagenase)
F04 NM_002607 PDGFA Platelet-derived growth factor alpha polypeptide
F05 NM_000930 PLAT Plasminogen activator, tissue
F06 NM_002658 PLAU Plasminogen activator, urokinase
F07 NM_002659 PLAUR Plasminogen activator, urokinase receptor
F08 NM_000301 PLG Plasminogen
F09 NM_000314 PTEN Phosphatase and tensin homolog
F10 NM_000963 PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and

cyclooxygenase)
F11 NM_006908 RAC1 Ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding

protein Rac1)
F12 NM_001664 RHOA Ras homolog gene family, member A
G01 NM_000602 SERPI-

NE1
Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor
type 1), member 1

G02 NM_003150 STAT3 Signal transducer and activator of transcription 3 (acute-phase response
factor)

G03 NM_003186 TAGLN Transgelin
G04 NM_003236 TGFA Transforming growth factor, alpha
G05 NM_000660 TGFB1 Transforming growth factor, beta 1
G06 NM_003243 TGFBR3 Transforming growth factor, beta receptor III
G07 NM_003254 TIMP1 TIMP metallopeptidase inhibitor 1
G08 NM_000594 TNF Tumor necrosis factor
G09 NM_003376 VEGFA Vascular endothelial growth factor A
G10 NM_000638 VTN Vitronectin
G11 NM_003882 WISP1 WNT1 inducible signaling pathway protein 1
G12 NM_003392 WNT5A Wingless-type MMTV integration site family, member 5A
H01 NM_001101 ACTB Actin, beta
H02 NM_004048 B2M Beta-2-microglobulin
H03 NM_002046 GAPDH Glyceraldehyde-3-phosphate dehydrogenase
H04 NM_000194 HPRT1 Hypoxanthine phosphoribosyltransferase 1
H05 NM_001002 RPLP0 Ribosomal protein, large, P0
H06 SA_00105 HGDC Human Genomic DNA Contamination
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H07 SA_00104 RTC Reverse Transcription Control
H08 SA_00104 RTC Reverse Transcription Control
H09 SA_00104 RTC Reverse Transcription Control
H10 SA_00103 PPC Positive PCR Control
H11 SA_00103 PPC Positive PCR Control
H12 SA_00103 PPC Positive PCR Control
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