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2. Abbreviations 

Abbreviation stands for: 

2D-SDS-PAGE two-dimensional sodium dodecylsulfate polyacrylamide gel-
electrophoresis 

APPJ atmospheric pressure plasma jet 

BSA bovine serum albumin 

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate 

CTFR cystic fibrosis conductance regulator 

DBD dielectric barrier discharge 

DIGE difference in-gel electrophoresis 

DNA deoxyribonucleic acid 

ENTplas treatment epithelial cell non-thermal plasma treatment 

FGF-2 fibroblast-growth-factor 2 

h hour(s) 

HRP horseradish peroxidase 

KEGG Kyoto Encyclopedia of Genes and Genomes 

MALDI-TOF-MS matrix-assisted laser desorption/ionisation time-of-flight mass-
spectrometry 

min minute(s) 

mRNA messenger ribonucleic acid 

MRSA methicillin-resistant Staphylococcus aureus 

NO nitric oxide 

PVDF polyvinylidene fluoride 

RNA ribonucleic acid 

RNS reactive nitrogen species 

ROS reactive oxygen species 
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sec second(s) 

TBS-T tris-buffered saline Tween-20 

UV ultraviolet (light) 

W watt(s) 
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4. Abstract 

Non-thermal atmospheric pressure plasma has recently been shown to have broad 

application potential for medical as well as industrial purposes. Improved wound 

healing and tissue decontamination have been described as consequences of non-

thermal plasma treatment. However, thus far the underlying molecular mechanisms in 

human tissues have only been partially characterized. 

In this work a two-dimensional difference in-gel electrophoresis (2D-DIGE) approach 

was used and an analysis-workflow to study the response of human cells to atmospheric 

pressure non-thermal plasma was established. Human S9 bronchial epithelial cells were 

used as a model for airway epithelial cells. They were treated with atmospheric pressure 

plasma jet (APPJ) for different periods of time. Subsequently, time-resolved 

comparative proteome analysis was used to study the complex cellular adaptation 

reactions after a 120 sec plasma treatment, which accelerated wound healing in a 

clinically relevant model. The results indicate, that intracellular oxidative stress due to 

the non-thermal plasma treatment either leads to cell death or to proliferation. The 

oxidative stress response, mediated by Nrf2, appears to play a pivotal role in molecular 

signalling and might be a key pathway determining the fate of stressed cells. This thesis 

demonstrates changes in Nrf2-expression after non-thermal plasma treatment. 

Furthermore, potential protein biomarker candidates for evaluation of oxidative stress 

after non-thermal plasma treatment were identified. 

Finally, it is shown, that the cytosolic concentrations of IL-1beta and IL-33 were 

decreased following non-thermal plasma treatment. Thus, modulation of innate immune 

response by non-thermal plasma treatment of epithelial cells (ENTplas treatment) is 

concluded. 
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5. Introduction 

5.1. Non-thermal atmospheric plasma 

Plasma is a specific gaseous state usually considered the fourth state of matter. By 

applying energy to gases, electrons may be liberated to yield a fully or partially ionized 

gas, which is referred to as plasma. In nature plasmas are found in lightning and in the 

magnetosphere [1]. About 99 % of all known visible matter in the universe is in the 

plasma state. Plasma is normally generated at temperatures far above 1000°C and is 

therefore dangerous for life. However, it is also possible to create low-temperature 

artificial plasmas (“non-thermal” or “cold plasma”). Non-thermal plasma of this sort is 

used for example in TV- plasma screens or in energy-saving lamps [2].  

These low-temperature plasmas can be created either under low or atmospheric pressure 

conditions. A distinction is made primarily between so-called “jet”-sources and the 

“dielectric-discharge barrier” (DBD)-sources. Both make use of a high-frequency 

alternating voltage, which are able to excite the surrounding gases and to convert it into 

the plasma state. Both technical approaches can be used in pulsed and unpulsed modes. 

Interrupting the voltage source creates pulsed plasmas with decreased output 

temperatures. DBD-sources are primarily using the surrounding air, while jet-sources 

can excite gas in capillaries between two electrodes. In this latter case not only ambient 

but also various gas mixtures and rare gases such as Argon can be converted into 

plasma and are transported to the origin. The jet-sources have the advantage that the 

flow-rate of these passing gases can be defined and varied. The electrical excitation 

leads to the formation of ions, radicals and free electrons in the excited plasma field, 

which may then interact, with surrounding materials. The composition of non-thermal 

plasmas has been well described by Sensenig et al. and Heinlin et al. [3], [4]. Beside the 

charged particles, such as ions and electrons, they mentioned electric fields, UVA-, 

UVB- and UVC-radiation and heat as additional components. Furthermore, reactive 

oxygen species (ROS) such as O, OH, HO2, H2O2, electrically excited oxygen (O (1D)), 

O2 1Δg and O3 were detected in non-thermal plasmas. Finally, reactive nitrogen species 

(RNS), such as NO, NO2 occurred in the excited plasma field. 
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5.2. Possible applications of non-thermal atmospheric 
plasma  

The availability of non-thermal atmospheric pressure plasma sources opened a wide 

field of possible applications not only in technology, but also in the military and last but 

not least the medical field [5–8]. Nowadays, industrial plasma is frequently used e.g. for 

staining fibres and plastics, converting fuels into hydrogen, food preservation and 

surface conditioning [5–7] and air decontamination [8]. The results of these attempts 

drew the military’s attention to this new technology and decontamination of biohazards 

and biological warfare agents like anthrax became a possible application [9].  

However, the most interesting facet of non-thermal atmospheric plasma may be in civil 

applications. Beside the industrial attempts, first initial observations of biological and 

medical applications were promising. Investigation of interactions of non-thermal 

atmospheric plasmas with human body fluids and tissues in-vitro and in-vivo were the 

first studies in this field. Fridman et al. showed, that blood coagulates significantly 

faster after non-thermal plasma treatment of wounds in-vivo [10], [11]. Furthermore, 

they investigated the effect of a non-thermal plasma treatment on wound healing of 

chronic wounds [8], [12]. They were able to show, that non-thermal plasma has a 

supporting effect on the wound healing. Furthermore, non-thermal plasma has the 

ability to kill bacteria, even methicillin-resistant Staphylococcus aureus (MRSA) 

strains, on surfaces and even on patient’s skin [13–16].  

Based on these observations, two main fields of medical applications of atmospheric-

pressure plasma can be envisioned: The first and most innovative field is the direct 

application onto patient’s skin for therapeutic purposes [17] ranging from skin 

disinfection via treatment of infective skin diseases, stimulation of wound healing [8], 

[15], [18], dental applications [19–21] to cancer treatment [8], [19], [22], [23]. The 

second type of application is plasma-based decontamination or sterilization [24–33], or 

the improvement of biocompatibility of surfaces, materials, devices, or implants for 

subsequent medical applications [34–37]. In addition to its general antimicrobial 

activity a main advantage of non-thermal plasma is its ability to inactivate even MRSA 

and biofilms [16], [31], [32], [38] to resolve recent MRSA and biofilm-related issues. 

An overview of the published effects of non-thermal atmospheric plasma on eukaryotic 

cells and tissues will be summarized in the following chapters.  
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5.3. Effects on eukaryotic tissues and cells 

Based on the initial findings, further and more detailed investigations concerning the 

effects of non-thermal plasma treatment on eukaryotic cells were performed in different 

working groups. Kalghatgi et al. demonstrated a stimulation of proliferation of human 

endothelial cells by non-thermal atmospheric plasma [39]. In contrast, they found 

increased cell damage and the induction of apoptosis in melanoma cells at higher doses 

of non-thermal plasma [3]. Similar results have been shown by Kim et al. [40]. 

Colorectal cancer cells showed increased cell growth arrest and initiation of apoptotic 

activity after a non-thermal plasma treatment.  

Sensenig et al. and Kalghatgi et al. were able to demonstrate in melanoma cells as well 

as in endothelial cells and mammalian cells the increased appearance of reactive oxygen 

species (ROS) after non-thermal plasma treatment [3], [39], [41]. ROS are believed to 

be the most potent reactive agents interacting with surfaces and tissues during a non-

thermal plasma treatment [42]. ROS appeared elevated in the medium after non-thermal 

plasma treatment and even in the medium alone, prior to addition to the cell cultures, 

and caused subsequent effects. Increased activities of Fibroblast-Growth-Factor-2 

(FGF-2) in endothelial cells have been associated with increased levels of extra- and 

intracellular ROS after non-thermal plasma treatment. Removing the short wave UV-

light during non-thermal plasma treatment showed no significant differences in the 

effects achieved, supporting a subordinate role of UV radiation [41]. 

When much higher doses of plasma have been applied to human tissues, less positive 

effects of a non-thermal plasma treatment were described [41], [43]. Both studies found 

DNA damage and cell death after non-thermal plasma treatment. 

These observations lead to the conclusion, that the effects of a non-thermal atmospheric 

plasma treatment on living cells and tissues can be diverse under different conditions 

and seem to be dose-dependent. Thus, on the one hand overdoses of plasma-treatment 

leads to cell damage, but on the other hand, lower doses may induce potentially useful 

effects like cell proliferation [39], [41], [44]. Although many in-vitro attempts have 

been made to modulate cell repair and regeneration using non-thermal plasmas, the 

underlying molecular mechanisms mediating the effects have not been completely 

investigated so far. Here, proteomic analyses can provide new insights by providing 

protein level information of global adaptation reactions.  
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5.4. Proteomic approach provides new insights into adaption 
mechanisms of cells after non-thermal plasma 
treatment 

Proteomics deals with changes in the pattern of expressed proteins. Proteins and their 

modified forms are physically separated and identified. Proteins are the result of an 

evolutionarily developed system, which follows a central dogma of molecular biology 

from the reading (transcription) of DNA, the genetic material, to the RNA to the 

proteins, which are translated from the RNA. With few exceptions (i.e.: reverse 

transcriptase), this procedure is a one-way street and ends at the proteins and the 

execution of their functions. The aforementioned components of this system are subject 

during this cascade to many changes and modifications. And for each of these parts 

there is a specific area of molecular biology to befriend them.  

Quantitation of these changes in response to external stimuli can shed light on changes 

induced in cell physiology by the stimulus. It is to be expected that non-thermal plasma 

treatment may well result in alterations of protein levels since protein damaging agents, 

including ROS, reactive nitrogen species, UV and infrared radiation are generated. This 

allows both comparison of plasma dosage and the determination of the kinetics of the 

effects. Interesting protein candidates are identified by mass spectrometry, allowing a 

subsequent wider network analysis. 

By performing time-resolved experiments direct and secondary effects of plasma 

treatment can be studied. To achieve a better understanding of the effects of cold plasma 

on human mucosa, ENTplas (Epithelial Non-Thermal Plasma) treatment-related 

changes on the proteome level of S9 epithelial cells were investigated as a surrogate 

model for airway medical use. Recent studies by Hellings et al. [45] established a united 

airways model, considering no relevant molecular biological and physiological 

differences between upper and lower airways. Thus, results from experiments with S9 

epithelial cells should be able to transfer to both levels, allowing conclusions to a 

broader field of application. 

5.5. Possible use of non-thermal plasma in Ear-, Nose- and 
Throat (ENT) medicine 

Various medical applications of non-thermal plasma to skin have been developed and 

tested over the last years [4], [17]. In order to define special requirements for possible 
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ENT applications, some specific properties of oral and airway-specific mucosa have to 

be considered. The mucosae of the upper airways and the oral cavity are different from 

skin surfaces elsewhere on the human body and are much more sensitive to external 

plasma applications. Furthermore, the mucosa of the oral cavity in particular has a 

different resident bacterial population from the dermis [46–48]. Staphylococcus aureus, 

however, colonises both oral and airway mucosa as well as the skin and can lead to 

severe infection after tissue injury [49], [50]. Extensive bacterial colonization and 

biofilms may inhibit wound healing [51], [52], which in turn requires biofilm removal 

or prevention strategies. It is commonly assumed that low dose non-thermal 

atmospheric pressure plasma could potentially satisfy these needs: Recent studies by 

Winter et al. [53] actually showed impacts of low temperature gas plasma on vegetative 

bacteria on protein level. Treatment with non-thermal argon plasma led to severe DNA 

and cell wall damages. Comparable studies with human cells have not been done so far, 

but are necessary to verify the safety of an appropriate treatment.  

However, if non-thermal plasma treatment of human tissues can be shown to be 

harmless at defined doses, many possible applications can be envisaged ranging from 

the stimulation of wound healing to tissue decontamination.  
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6. Focus of this thesis 

The application of non-thermal plasma showed promising results for different purposes 

in the medical field. Phenomena, such as the accelerated clotting of blood or the support 

of wound healing in vivo have already been described. The effects of non-thermal 

plasma treatment emerged to be dose dependent. Thus, higher applied doses resulted in 

tissue damage and apoptotic reactions. 

Although more and more applications are being sought, the basic effects of non-thermal 

treatment are still not understood on the cellular and subcellular level for eukaryotic 

cells. Because of this, risk assessment and source design cannot be optimally performed 

at this time. 

The aim of this work is to examine the effects of non-thermal plasma application on 

protein levels in an epithelial cell model. For this purpose, a physiological relevant 

system had first to be established as well as an experimental wound-healing protocol. 

After that, molecular effects of the non-thermal plasma treatment were examined using 

a proteomic approach consisting of a high-resolution two-dimensional difference in-gel 

polyacrylamide gel electrophoresis (2D-DIGE-PAGE) and subsequent identification of 

proteins by MALDI-TOF-mass-spectrometry. Statistical methods for quantitative 

analyses had to be established and selected for the resulting large data sets. 

Furthermore, visualization of large data sets had to be tested and modified. 

Finally, the detected biological effects on proteins and their expression have to be 

understood in terms of cell physiology. 
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7. Material and Methods 

In order to investigate the intracellular effects of a non-thermal plasma treatment on 

upper airway epithelial cells, a proteomic approach was chosen. After cell cultivation 

and non-thermal plasma treatment, protein extraction and labelling was carried out 

using a protocol developed for the difference in-gel electrophoresis methodology 

(DIGE). This method, previously described by Westermeier et al. [54], [55], uses an 

internal standard, which permits normalization of spot intensities from different gels. 

This 2D gel procedure shows approximately 1500 protein spots per gel in the region 

between pI 4 to 7 and a molecular weight from 10 kDa up to 120 kDa. The major 

advantage of this two-dimensional gel-based method is the ability to directly detect 

protein modifications, which result in changes of pI or molecular weight. Oxidation of 

proteins due to ROS, dimerization and methylation show characteristic spot patterns on 

the gels and can therefore be easily visualized. The gel-preparation and the 

electrophoresis were performed according to the protocols described by Junker et al. 

[56] and Farajzadeh et al. [57]. Subsequent identification of protein spots was achieved 

by a combination of matrix-assisted laser desorption/ionization time-of-flight mass-

spectrometry (MALDI-TOF-MS) followed by sequencing of isolated peptides by 

MS/MS experiments. Briefly, protein spots were cut out of the gels, digested with 

trypsin and co-crystallized with a special organic matrix on analytical targets. The 

spotted peptides are released using high-energy laser light and are accelerated in an 

electrical field towards a detection unit, where the time of flight of the fragment-ions 

can be determined. The time-of-flight and the mass of the accelerated fragments 

correlate according to the following formula: !
!
= !∙!"

!!
∙ 𝑡! (t=time-of-flight; m=mass; 

z=charge number; e=elementary charge (constant); U=voltage; L=length of acceleration 

way). Thus, fragments of different weights can be separated by their specific mass. 

Proteins can now be identified via their specific “fingerprint” of tryptic fragments. 

Additional MALDI-TOF-MS/MS was used to confirm separated peptide ions by 

additional fragmentation and sequencing of the peptide fragment. This method allows 

the detection of multiple proteins in one excised spot or of proteins present in low 

concentration. 
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After identification of the two-dimensional separated proteins in plasma treated 

samples, their quantification and statistical analysis of their expression was compared to 

that in non-treated controls.  

Proteins with altered expression after treatment were further analysed for their 

biological functions and involvement in metabolic networks.  

Western Blots were used for validation of possible protein biomarker, characterizing the 

effects of the non-thermal plasma treatment. 

7.1. Cell line and Cell cultivation 

Epithelial cells were isolated from the bronchus of a seven-year-old patient with cystic 

fibrosis [58]. This parent cell line IB3 showed the typical one-gene defect, which affects 

functionality of chloride channels. The defect was corrected by transforming IB3 with 

recombinant adenovirus (adeno-12-SV 40) containing a functional cystic fibrosis 

conductance regulator (CTFR) gene. This generated the S9 cell line [59]. S9 cells 

(ATCC CRL-2778) were incubated with 10 ml standard cell cultivation medium (93% 

MEM Earl Standard w/o L-Glutamin, 4% FCS, 2% Glutamin, 1% non-essential amino 

acids) in a cell culture plate in an atmosphere of 95% air and 5% CO2 at 37°C. 

Micrographs are shown in Figure 1. 

Sub cultivation was performed at an approximate cell density of 1x107 cells/cm2 by 

removing the cell cultivation medium, washing with 5.0 ml PBS (8.0 g NaCl, 0.2 g KCl, 

1.44 g Na2HPO4*2H2O, 0.24 g KH2PO4, Aqua dest. ad 1000 ml) and overlaying with 

1.0 ml trypsin-solution (0.05% trypsin, 0.02% EDTA) for 5 to 15 minutes to detach 

cells from the surface [51], [60]. Then, 3 ml standard cell cultivation medium was 

added, cells were repeatedly pipetted and afterwards divided into aliquots in new cell 

culture plates each with 9 ml fresh cell cultivation medium with a sub-cultivation ratio 

of 1:4, which corresponded to approximately 1x107 viable cells per cell culture plate. 

These subcultures were incubated as described above until sufficient numbers of cells 

for ENTplas treatment were reached. 
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Figure 1: Micrographs of cultured S9-epithelial cells. S9 cells are an immortal cell 
line derived from a patient with cystic fibrosis. The one gene defect was corrected with 
an adenovirus. Growth phase cells are displayed on the left. Cell culture near 
confluence is displayed on the right. The micrographs were kindly provided by the 
manufacturer (ATCC; www.atcc.org). 

 

7.2. Non-thermal atmospheric pressure plasma (ENTplas) treatment  

For ENTplas treatment the kINPen 08, an atmospheric pressure plasma jet developed by 

the INP (Leibniz Institute for Plasma Science and Technology) in Greifswald, was used: 

It consists of a quartz capillary (1.6 mm diameter), which surrounds a pin-type electrode 

(1 mm diameter). Argon gas passes the quartz capillary with a steady flow rate of 

5 standard litres per minute (slm) and flows around the electrode (see Figure 2). A 

high-frequency (HF) voltage of 2-6 kVpp., 1.1 MHz was applied to the pin-type 

electrode. 
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Figure 2: Scheme of the atmospheric pressure non-thermal plasma jet kINPen 08 
used. (The scheme is taken from Landsberg et al. [61] and kindly provided by the 
manufacturer: Leibniz Institute for Plasma Science and Technology; Greifswald, 
Germany). 

By this mechanism, the plasma is generated from the top of the centred electrode and 

expands to the surrounding air forming a visible plasma-jet with a length of up to 

12 mm. The length of the jet depends on voltage and flow rate of the gas applied. At the 

tip of this plasma jet, temperatures measured were more or less constant between 37°C 

and 48°C (depending on the operating power between 1,9 W and 3,2 W) with a constant 

thermal output of about 150 mW [6]. Plasma was operated at 2,8 W and a temperature 

of about 39°C to 41°C at the tip, which was cooled down immediately during 

application by the medium covering the cells. These parameter set up was used in order 

to ensure comparability with results from other working groups like Sensenig et al. [3]. 

Table 1 shows the physical parameters of the ENTplas treatment for the different 

treatment time periods of 30 s, 60 s, 120 s, 240 s and 360 s. Values were calculated 

based on the measurements from Weltmann et al. [6].  
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Table 1: Physical parameters of the applied plasma on S9 airway epithelial cells 
using the plasma-jet device for different operating times. The kINPen 08 was used at 
2,8 W and the plasma tip was guided over the entire cell culture plate following parallel 
offset lines within the different treatment times. The resulting physical parameters can 
be taken from the table. 

Treatment time 
for the entire cell 

culture plate 
(78,54 cm2) in 

seconds (s) 

Corresponding 
treatment time for 
1 cm2 in seconds (s) 

Maximum 
corresponding 

discharge power at 
3,2 W in J/cm2 

Corresponding 
thermal output at 

150 mW in J/s 

30 0,382 1,222 0.057 

60 0,764 2,445 0,115 

120 1,528 4,889 0,229 

240 3,056 9,778 0,458 

360 4,584 14,668 0,688 

 

For ENTplas treatment, cell cultures were split. In comparison to untreated controls, 

applied ENTplas treatment varied between 30 sec and 360 sec for the entire cell culture 

plate to monitor the effects on wound healing for different ENTplas doses. Finally, a 

120 sec ENTplas treatment was chosen for the analysis of short and long-time 

observations on protein level after ENTplas treatment in a 2D-DIGE approach. The 

visible tip of the plasma jet was oriented vertically to the cell culture surface 

(see Figure 3) and moved in lines with parallel offsets over the cell layer within the 

culture plate (see Figure 4), while cells were covered with 1 ml standard cell medium. 
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Figure 3: Non-thermal plasma treatment 
procedure of the whole cell. Cells are 
covered with medium in the cell culture 
plate and the tip of the plasma jet is 
vertically positioned to the cell culture 
surface. (Picture taken with kindly 
permission from Landsberg et al. [61]) 

 

 

Figure 4: Schematic view from above of 
the cell culture plate. The tip of the non-
thermal plasma jet follows the line with 
parallel offsets in order to treat the entire 
area of the cell culture plate. 

 

After ENTplas treatment for 120 sec, treated and control cell cultures were either 

harvested immediately (0 h) or incubated for different time periods enabling assessment 

of recovery (incubation for 24 h, 48 h, 72 h, 96 h, or 120 h) before proteome analysis. 

Time-resolved proteome analyses (short-time: 0, 0.5, 1 h and long-time: 24, 48, 72 h) 

were performed on controls and samples. 

7.3. Wound model 

In order to study effects of ENTplas treatment on wound healing, cell cultures of S9 

airway epithelial cells in a cell culture plate of 10 cm diameter were used as a surrogate 

model for airway epithelial cells. Confluent cell cultures were treated using an 

established wound model, previously described by Beule et al. [60] and Roth et al. [51]. 

Briefly, S9 epithelial cells in their 16th passage were seeded at a density of 106 cells/cell 

culture plate and grown under similar conditions as described above. When confluence 

was reached, 21 circular wounds per 10 cm diameter cell culture plate were created (see 

Figure 5) using a 4 mm sterile biopsy punch (pfm AG, Cologne, Germany) and cells 

were flushed away using an Eppendorf pipette.  
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Figure 5: Scheme of the distribution of the punched wounds for one entire 10 cm cell 
culture plate. Wounds are distributed equally over the available area. 

All wounds were documented photographically and subsequently plasma treated using 

the kINPen 08 device as described above (see Figure 4) for 30 sec, 60 sec, 120 sec, 

240 sec and 360 sec. Untreated wounds (controls) were kept in the dark for the same 

period. Wound areas were documented at 4-fold magnification using an inverted 

microscope (Nikon Eclipse) either directly after treatment (0h), or after a 24 h, 48 h, 

72 h, 96 h and 120 h recovery period in cell culture. The size of six wounds per 

treatment condition was measured on the photographs by using an area-calculating tool 

of Photoshop CS5 (Adobe, San Jose, Calif., USA). Medians for each condition were 

calculated. Each of the different treatment groups was compared with the untreated 

control group. Effects between the two factors “group” and “time” were considered 

statistically significant for p < 0.05 using Anova. Sphericity of wounds was assumed. 

7.4. Sample preparation for proteomic analysis 

For harvesting of cells, the cell culture medium was removed and cells were washed 

with 5 ml 1x phosphate buffered saline (PBS). After PBS removal, cells were incubated 

with 1.8 ml sample buffer (8 mol/L urea, 2 mol/L thiourea) and detached with a cell 

scraper (Greiner BioOne). Prior to disruption, cells were shock-frozen in liquid nitrogen 

and stored at -70°C. For disruption, cells were defrosted in a thermomixer (Eppendorf, 

Hamburg, Germany) at 1400 rpm at 30°C for 10 minutes and again shock-frozen. After 
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five freeze and thaw-cycles, samples were centrifuged (20,000 x g, 60 min, 4°C) to 

remove cell debris. Supernatants were transferred into new tubes and stored at -70°C 

prior further processing. Protein concentrations were estimated using a Bradford assay 

(Bio-Rad, Munich, Germany) as previously described [62]. 

7.5. Two-dimensional difference in-gel electrophoresis (2D-DIGE) 

Samples were labelled before separating by two-dimensional difference in-gel 

electrophoresis. The methodological principle is shown in Figure 6. Cy-dyes were used 

and added to the samples following the manufacturer’s instructions (GE Healthcare, 

Munich, Germany). Briefly, samples were adjusted to pH 8.5 using 50 mmol/L NaOH 

and labelled by adding 400 pmol of dye  (Cy3 or 5) per 50 µg of protein on ice for 

30 minutes. To stop the reaction 10 mmol of lysine were added and incubation on ice 

was continued for 10 minutes. If necessary, labelled samples were stored at -70°C. In 

order to improve sample-to-sample comparisons, an internal standard consisting of 

aliquots of all samples was generated and labelled with the Cy2-dye as described above. 

This standard was loaded onto every gel to permit normalisation of different gels. From 

all samples, four technical replicates labelled either with Cy3-dye or with Cy5-dye were 

analysed.  

For two-dimensional difference in-gel electrophoresis, two labelled samples (Cy3 and 

Cy5, each 50 µg) were mixed with the corresponding internal standard (Cy2, 50 µg) in 

rehydration buffer (for 10 units: 80.0 mg CHAPS, 17.5 mg DTT, 52.5 µl Pharmalyte pH 

3-10, some grains Bromphenolblau, ad 400.0 µl sample buffer) and used to rehydrate 

immobilized pH gradient strips with a pH range from 4 to 7 (24 cm; GE Healthcare, 

Munich, Germany). After rehydration, the first dimension isoelectric focussing was 

performed as described earlier by Thiele et al. [63]. Subsequently, the second dimension 

separated the proteins on 12.5% SDS-polyacrylamide gel between low-fluorescent glass 

plates (GE Healthcare) in a Dodeca system (Bio-Rad). Every 2D-PAGE gel was 

scanned with a laser scanner (Typhoon 9400; GE Healthcare) at 488/520 nm for Cy2, 

532/670 nm for Cy3 and 633/670 nm for Cy5. The resulting images (3 per gel) were 

processed with dedicated software as described below. Proteome analysis was 

performed for two separate experimental series independently, one for short-time 

observations (0 min, 30 min, 60 min) and one for long-time observations (24 h, 48 h, 
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72 h). For data analysis short-term and long-term observations were initially treated 

separately, but then merged for joint time-resolved data analysis. 

 

  

Figure 6: 2D-DIGE experimental setup and workflow. First step is the creation of the 
internal standard, which is pooled from all samples. Second step is the fluorescent 
labelling of the different protein samples and the internal standard. Subsequent 2D-
PAGE separates the proteins from two different samples (Cy-3 and Cy-5 labelled) and 
the internal standard (Cy-2 labelled) by their pI and their molecular weight. After 
scanning and image analyses, expression data can be analysed via statistics. 

7.6. Statistical analysis 

Analysis of the scanned gel images was performed with the software packages Delta2D 

(Version 4.2, Decodon GmbH, Greifswald, Germany), data analysis with GeneSpring® 

GX (Version 7.3.1, Agilent Technologies, Waldbronn, Germany). Initially, all image 

sets were positionally aligned via the corresponding Cy2-channel (internal standard). 

Secondly, all samples were merged in order of increasing observation time to create a 

fused image (2D proteome map – Luhn et al. [64]) in union fusion mode. Spot detection 
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and editing were done with the Delta2D software on the union fused image and then 

spots and spot labels were transferred onto all other images included in the analysis. 

GeneSpring® GX (Agilent Technologies) and TMeV-software (implemented in Delta 

2D) were used for statistical analysis and graphical display of expression profiles. 

Acquired spot expression values were transferred to GeneSpring GX and normalized by 

a two-level procedure. The first step corrected differences between intensities of 

different gels by dividing the background-corrected values of the spot volumes by the 

median of all spots of the corresponding channel (Cy2, Cy3 or Cy5). Secondly, intensity 

calibration with the internal standard (Cy2-channel) of each spot was performed by 

dividing the median normalized spot volumes of the Cy3 and Cy5 channels by the 

corresponding value of the internal standard (Cy2 channel of the spot).  

In order to identify differences in spot intensity, the values of plasma treated samples 

were divided by the corresponding baseline values of the untreated control using 

GeneSpring® GX. Stringent selection criteria were employed in order to reduce false 

positive results and changes were only considered significant when the following three 

criteria were fulfilled: (i) the change of the intensity ratio had to exceed a factor of 1.5 

(ii) the p-value of the corresponding analysis of variance test had to be lower than 0.05 

(One-way-ANOVA) and (iii) raw values of each spot had to exceed 0.3, avoiding 

calculation of ratios of spots close to background intensities. 

This procedure had to be performed for each data set (short and long term) separately. 

Since identical normalizations were used for both sub-projects, candidate lists were 

subsequently merged with GeneSpring® GX. 

For TMeV-analysis both separate projects were initially merged and spot detection was 

optimized. pI-range and molecular weight range were cropped to the maximum 

interpretable common region. Normalization was performed as described above and 

then principle component analysis (PCA) was performed to validate reproducibility of 

experimental conditions and identify possible outliers (compare with Figure S-1). After 

removal of an obvious outlier of one gel image, caused by a hardware failure of the 

scanning device, a hierarchical clustering by the Euclidean distance was performed. A 

k-means-clustering resulting in ten different clusters visualized the different expression 

patterns observed in the time-resolved proteome analysis, which were lastly assigned to 
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metabolic pathways and cellular physiology by network analysis using Ingenuity 

Pathway Analysis (Ingenuity Systems; www.ingenuity.com). 

7.7. Preparative 2D gel electrophoresis and sample preparation for 
mass spectrometry 

Preparative two-dimensional gel electrophoresis was performed as previously described 

[63]. Briefly, 450 µg of protein was pooled from treated and untreated samples of each 

condition (75 µg each) and added to the rehydration buffer. 

Resulting 2D-PAGE gels were stained with colloidal Coomassie brilliant blue according 

to the manufacturer's instructions (GE Healthcare). Gel image documentation was 

performed by a transmission light scan. Gel image analyses were performed with the 

Delta-2D software package (Decodon GmbH) as described above.  

Spots of interest were processed for identification as described by Eymann et al. [65]. 

Briefly, spots were excised manually or using a spot cutter (Proteom Works, Bio Rad) 

with a picking head diameter of 2 mm. Excised protein spots were transferred into 96-

well-microplates, which were loaded with 100 µl of Lichrosolv water in each well. 

Tryptic digestion was performed automatically in an Ettan Spot Handling Workstation 

(Amersham Biosciences) as well as the subsequent spotting of peptide-solution onto 

MALDI targets. Cutted gel pieces were washed twice with 100 µl 50 mM 

ammoniumbicarbonate/ 50% v/v methanol for 30 min and once with 100 µl 75% v/v 

ACN for 10 min. In the next step samples were dried for 17 min and then incubated 

with 10 µl trypsin solution (20 ng/ml trypsin (Promega, Madison, WI, USA) in 20 mM 

ammoniumbicarbonate) at 37°C for 120 min. For peptide extraction gel pieces were 

covered with 60 µl 50% v/v ACN/ 0.1% w/v TFA and incubated for 30 min at 37°C. 

Supernatants containing peptides were transferred into new microtiter plates. Again 

peptide extraction was performed with 40 µl of the same solution. Joined supernatants 

were now completely dried at 40°C for 220 min. Peptides were dissolved in 2.2 µl of 

0.5% w/v TFA/ 50% v/v ACN. MALDI targets were spotted directly with 0.7 µl of this 

solution. Then, this sample solution was mixed with 0.4 µl of matrix solution (50% v/v 

ACN/ 0.5% w/v TFA saturated with a-cyano-4-hydroxycinnamic acid (CHCA)) by 

aspirating five times. After drying for 10-15 min, samples were measured using the 

MALDI-TOF/TOF instrument. 
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7.8. Matrix-assisted laser desorption-ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) 

MALDI-TOF-MS measurements were performed with a Proteome-Analyzer 4800 

(Applied Biosystems, Foster City, CA, USA). Reflector mode was used in order to 

record the spectra in a mass range from 900 to 3700 Da with a mass focus to 2000 Da. 

Twenty-five subspectra with 100 shots per subspectrum were accumulated for one main 

spectrum using a random search pattern. An automatic internal two-point calibration 

was performed, when the autolytic fragments of trypsin with the mono-isotopic 

(M+H)1+ m/z at 1045.564 and 2211.104 reached a signal-to-noise ratio (S/N) of at least 

10. Although the standard peptide search tolerance was 50 ppm, the effective standard 

deviation was between 2 and 15 ppm. Less than 1% of the samples with failed auto-

calibration had to be calibrated manually. Using GPS-Explorer software package 

(Applied Biosystems, Foster City, CA, USA), the peak lists were created and searched 

automatically. The following GPS-Explorer settings were selected: mass range from 

900 to 3700 Da; peak density of 50 peaks per range of 200 Da; minimum area of 100 

and maximum 200 peaks per protein spot and minimum S/N ratio of 6. These peak-lists 

were compared to a UniProt SwissProt database (Rel. 51.5 restricted to human 

taxonomy) by the MASCOT search engine (Version 2.1). Positive identifications had to 

reach the following specifications: sequence coverage of at least 30% and twice a 

MOWSE-score of at least 49. Proteins and peptides, which failed the 30% sequence 

coverage barrier, were reanalysed with more accurate MALDI-MS/MS. The MALDI-

TOF-TOF analysis was used for the five strongest peaks of the previous MS-spectrum. 

Here, 20 subspectra with 125 shots per subspectrum were accumulated using a random 

search pattern. The internal auto-calibration was performed if the mono-isotopic 

arginine (M+H)1+ m/z at 175.119 or lysine (M+H)1+ m/z at 147.107 reached an S/N of 

at least 5. Settings for GPS-Explorer setup were: mass range from 60 Da to a mass that 

was 20 Da lower than the precursor mass; peak density of 5 peaks per 200 Da; 

minimum area of 100 and maximum 20 peaks per precursor and a minimum S/N ratio 

of 5.  

For peak list interpretation, the database mentioned above was used with the MASCOT 

search engine (Version 2.1). Results reaching a MOWSE-score of at least 49 in reflector 

mode (MALDI-TOF-MS) and being confirmed by subsequent measurement of the 

strongest peaks (MS/MS), were regarded as positively identified proteins. The 
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confirmation by subsequent measurements (MS/MS) was particularly useful for protein-

identification in spots, which contained multiple proteins. 

Protein identifications and statistically relevant data were combined via unique spot-IDs 

using the MSRepo database software (Decodon, Greifswald, Germany). Categorization 

of the identified proteins was achieved by using the Panther Classification System 

(http://www.pantherdb.org/) [66]. 

7.9. Network and protein functional analysis using specialized software 

Expression profiles of statistically significant changing spots were exported from 

GeneSpring® and TMeV. Data were combined with identification-lists from mass-

spectrometry and then imported into Ingenuity Pathway Analysis (Ingenuity Systems; 

www.ingenuity.com). Using this program, it was possible to create protein networks 

and pathways, which contained the proteins displaying changes in intensity and thereby 

placing individual protein data into physiological context. 

Additionally, Voronoi Treemaps [67] were used for data analysis and visualization. 

Identified proteins were assigned to adapted KEGG Brite orthology hierarchies and 

subsequently displayed with corresponding normalized expression values for each time 

point. 

7.10. Immuno Blot analysis 

Ten micrograms of protein from each time point (0 h, 0.5 h, 1 h, 24 h, 48 h, and 72 h) 

were separated by 12.5% SDS-PAGE and transferred onto a Immobilon-P 

polyvinylidene fluoride (PVDF) membrane (Millipore) for Immuno Blotting with 

specific antibodies using a conventional semi-dry blotting device (Milliblot Graphic 

Electroblotter II, Millipore, Billerica, MA, USA) for 2 hours. Prior antibody binding, 

membranes were blocked in a solution of 5% non-fat dry milk in tris-buffered saline 

Tween-20 (TBS-T buffer; TBS-Tween, 137 mM Tris-HCl, 2.68 mM NaCl, and 0.1% 

Tween 20) for 90 min at room temperature. Immediately after this step, the membranes 

were incubated with the different primary antibodies overnight at 4°C. To detect nuclear 

factor erythroid 2-related factor 2 (Nrf2), Interleukin 1beta (IL-1β), Interleukin 33 (IL-

33) and Kelch-like ECH-associated protein 1 (Keap1), rabbit polyclonal IgG anti-Nrf2, 

anti-IL-1β, anti-IL-33 and anti-Keap1 antibodies (Santa Cruz Biotechnology, USA) 

were used in a dilution of 1:100 (2 µg/ml) in TBS-T buffer containing 5% bovine serum 
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albumin (BSA). Membranes were washed six times in TBS-T buffer before the 

incubation with the secondary antibodies at room temperature for 1 h. Stabilized goat 

anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz 

Biotechnology) was used in dilution 1:2,500 in 5% non-fat dry milk in TBS-T buffer. 

After six washing steps with TBS-T buffer, membranes were incubated with 

SuperSignal West Femto Maximum Sensitivity Substrate (Pierce; Thermo Fisher) for 5 

min. Signals were detected with a Fusion-SL-3500.WL instrument for fluorescence and 

chemo luminescence applications (Vilber Lourmat, Eberhardszell, Germany). Band 

intensities were quantified using the ImageQuant software version 5.0 (GE Healthcare). 

Statistical significance was determined using a two-sided t-test. 
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8. Results 

8.1. ENTplas treatment improves proliferative activity of S9 airway 
epithelial cells in an in vitro wound model  

The analysis of changes in wound areas after ENTplas treatment revealed statistically 

significant differences. Figure 7 illustrates the time–dependent development of wound 

areas for non-treated control samples (green) and those exposed to different doses of 

ENTplas treatment. Lower doses of ENTplas (30 sec up to 120 sec) result in stronger 

proliferation, thus less residual wound area over time. ENTplas treatment for 120 sec 

(red) showed the strongest effect on wound closure activity 24 h to 120 h after treatment 

(p < 0.005) (Figure 7-A). In contrast, higher doses of non-thermal plasma treatment 

resulted either in significantly lower wound closure activities compared to the control 

(240 sec) or even completely blocked the capacity for regeneration and closure of the 

wound area (360 sec). Thus, non-thermal atmospheric pressure plasma treatment 

showed clear effects on S9 airway epithelial cells and caused differences in proliferation 

and cell migration activities, which resulted in dose dependent alterations of wound 

closure.  
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Figure 7: Effect of ENTplas treatment on S9 epithelial cell wound healing. Time 
course of overgrown wound area after ENTplas treatment of S9 epithelial cells 
observed after applying an in-vitro wound model (A) Photographically documented 
wound areas for each time point (0 h, 24 h, 48 h, 72 h, 96 h and 120 h) after ENTplas 
treatment (120 sec) and untreated control are shown. The blue circle displays the 
original punched wound border and the red line displays the current cell borderline. 
(B) The median percentages of the overgrown wound area from six observed wounds 
per condition for different ENTplas treatment durations (30 – 360 sec) at each 
observation time point are displayed. 
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In the cell culture system tested, a duration of 120 sec ENTplas treatment might be 

therapeutically beneficial, because S9 cells seemed to be clearly affected after 24 h of 

incubation compared to the control, while still displaying improved proliferative 

potential and wound healing after 120 h (Figure 7-A). Therefore, S9 cells exposed 

120 sec to non-thermal plasma were subject to comparative proteome analysis with non-

treated controls cells to explore the mechanisms responsible for these alterations. 

8.2. Two-dimensional difference in-gel electrophoresis (2D-DIGE) 
reveals alterations in the proteome of S9 airway epithelial cells 
triggered by ENTplas treatment 

S9 cells treated with ENTplas for 120 sec and non-treated controls cells were harvested 

either directly after end of treatment or at different time points of a subsequent 

cultivation in MEM. Protein extracts of treated samples and corresponding controls 

were analysed by 2D-DIGE in a pI-range from 4 – 7. In 48 gel images, 1505 detectable 

protein spots could be analysed with respect to ENTplas treatment induced alterations.  

 

Figure 8: Complex fusion gel of four technical replicates of 120 s ENTplas treated S9 
cells 0 h after treatment. Shades of grey indicate the spot intensities. 
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Figure 9: Dual channel fusion images of ENTplas treated S9 epithelial cells 
compared to the corresponding non-treated control. Protein samples were analysed by 
a 2D-DIGE approach covering a pI-range of 4-7 and a molecular weight range from 
10 - 120 kDa. Fused gel images of all four technical replicates were calculated by using 
'average' fusion mode. Green spots represent dominantly expressed proteins in a non-
treated control. Red spots represent spots, which are higher expressed in ENTplas 
treated S9 epithelial cells and yellow protein spots are expressed nearly similarly in 
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controls and plasma treated cells. (A) Cells were harvested directly after treatment 
(0 h), (B) 0.5 h after treatment, (C) 1 h, (D) 24 h, (E) 48 h and (F) 72 h after treatment. 
Self-evidently, corresponding controls have not been treated, but incubated the same 
time as ENTplas treated samples outside the cell culture incubator. 

Qualitative image analyses of dual channel comparison already showed multiple 

ENTplas treatment-related changes of intensities of protein spots. However, although 2-

DE-based proteomic approaches can precisely identify treatment-related alterations in 

the intensity of protein spots they need complementary mass spectrometry approaches 

to reveal protein identities. In an effort to comprehensively characterize the effect of 

ENTplas treatment on S9 epithelial cells, MALDI-TOF-mass spectrometry was used to 

perform 1218 protein-identifications in 722 spots. Many proteins, especially structural 

ones were represented by more than one protein spot and therefore our proteome 

analysis covered proteins coded by 499 different genes. These proteins were categorized 

using “Panther-Gene Ontology” into different functional groups. Two proteins out of 

499 assigned with “unknown function” in the Panther-Gene Onthology. The remaining 

497 proteins were first assigned to 16 main groups of biological processes as displayed 

in Figure 10. In conclusion 1071 processes were found. Second, the 497 proteins were 

assigned to 11 different main molecular functions, while a total of 586 affected 

functions are demonstrated.  
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Figure 10: Classification of all identified proteins by cellular function. Subsets of 
protein-identifications from MALDI-TOF-MS/MS are illustrated by bar charts. 497 
different proteins were characterized and assorted to 16 biological processes and 11 
molecular function categories. Classification of proteins was performed with Gene 
Ontology Categories (Panther; www.pantherdb.org). Numbers of assorted proteins are 
attached to the specific classifications. 

Compared to peptide-based LC-MS proteomic approaches, 2-D gel electrophoresis 

offers the ability to monitor protein modifications that alter protein mobility 

(processing, degradation, post translation modifications at individual positions), because 

separation occurs at the protein level. Protein modifications due to the ENTplas 

treatment appear as changes in intensity in multiple spots with the same protein 

identification by MALDI-TOF-MS (selected examples are highlighted in Figure 11). 

Figure 12 illustrates the four selected examples for modifications triggered by ENTplas 

treatment resulting in changes of spot patterns of the same identified protein. Such 

modifications may occur due to the natural protein function in response to a changed 

environment. The cytosolic thioredoxin reductase 1 for example reduces oxidized sites 

(among others: ribonucleotide-reductase). Different forms of this protein with specific 

pIs and molecular weights accumulate in separated protein spots in the two-dimensional 

gel. Other proteins, like CLIC4 (chloride intracellular channel protein 4) or HSPB1 

(heat shock protein beta-1) likely shifted due to protein modifications, namely oxidation 
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of methionine or cysteine, leading to the appearance of sulfonic acids and the creation 

of disulfide bonds. Posttranslational modifications have been identified by MALDI-MS 

(e.g. CLIC4: spot_1: AGSDGESIGNCPFSQR (m/z 1680.725) vs. spot_2: 

AGSDGESIGNC3oxPFSQR (m/z 1728.695). These modifications are not physiological 

and often result in permanent and sometimes irreversible structural changes, which may 

affect protein function and necessitate replenishment by new synthesis. As expected, 

modifications due to oxidation were dominating. Such modifications are in agreement 

the property of non-thermal plasma to trigger formation of free radicals, electrons and 

ions. 

 

Figure 11: 2D-DIGE analyses of ENTplas treated S9 epithelial cells. Dual view of 
120 s ENTplas treated S9 cells compared to untreated control S9 cells at the time point 
of 48 h after treatment. Green spots represent dominantly expressed proteins in the non-
treated control. Red spots represent spots, which are higher expressed in ENTplas 
treated S9 epithelial cells and yellow protein spots are expressed nearly similarly in 
controls and ENTplas treated cells. Highlighted protein spots contain examples for 
posttranslational protein modifications after ENTplas treatment and are enlarged and 
further explained in Figure 12. 



 

 40 

 

Figure 12: Protein modifications detected after ENTplas treatment. Time course of 
nine different spots representing modifications of four different proteins of 120 s 
ENTplas treated S9 epithelial cells compared to the corresponding untreated control at 
each time point (0 h, 0,5 h, 1 h, 24 h, 48 h and 72 h) after treatment. CLIC4 (chloride 
intracellular channel protein 4) and HSPB1 (heat shock protein beta-1) show typical 
multiple spots with characteristic expression profiles of molecular weight related 
modifications, whereas TRXR1 (thioredoxin-reductase 1) and SODC (superoxide 
dismutase) show characteristical changes of pI and molecular weight caused by 
oxidative changes (e.g. cysteine-modifications and methionine oxidation). 
Posttranslational modifications have been identified by MALDI-MS (e.g. CLIC4: 
spot_1: AGSDGESIGNCPFSQR (m/z 1680.725) vs. spot_2: AGSDGESIGNC3oxPFSQR 
(m/z 1728.695). 
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In order to filter out relevant processes and functions, which are affected by ENTplas 

treatment, further statistical and bioinformatic methods were used and are described in 

the following. 

8.3. Principal component analysis demonstrates both: experimental 
quality and the appearance of ENTplas treatment-related effects 

PCA reduces dimensionality of data and may visualize the correlations and separations 

of data subsets (sets of sample replicates or sets of proteins with similar expression 

[68]). Each sample is described by a 1505 dimensional vector, defined by the 1505 

expression values for every detected protein spot. After dimensionality reduction in a 

2D chart, principal components describe the highest variances of the data cloud from n-

dimensional space. Similar samples, such as technical replicates appear in close sets of 

data points with equal colour. Different samples appear spatially more distant (see 

Figure 13). The appropriate three-dimensional PCA plot (Figure S-1) and all possible 

projections of the first three principal components (Figure S-2 A,B,C) can be found in 

the supplementary material.  

In these figures, equal colour shades represent technical replicates of every condition 

(controls – green, 120 s ENTplas treated samples – red). With increasing darkness of 

the colour, the post-interventional observation period increased (light shaded early: 0 h, 

0.5 h, 1 h and dark shaded late: 24 h, 48 h, 72 h). The three shown principal components 

explain 36.46% (PC1), 15.84% (PC2) and 8.88% (PC3), sum = 61.18%, of data 

variance. 
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Figure 13: Principal Component Analysis (PCA). 2D-plots of the first three principal 
components from the protein expression data are displayed, separating all analysed 
samples. Comparisons between the first and the second principal component (A1, A2) 
and the comparison between the first and the third principal component (B1-B3) are 
displayed. 
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The projection of the first and the second principal component (Figure 13 A1 and A2) 

shows, that short-time observations (0 h, 0.5 h, 1 h) separate clearly from long-time 

observations (24 h, 48 h, 72 h) in both untreated controls (arrow 1) and ENTplas treated 

samples (arrow 3). Untreated controls are clearly separated from ENTplas treated 

samples (arrow 2, Figure 13 A2) and the distance between short and long-time 

observation is longer for ENTplas samples, than for untreated controls (Figure 13 A2 

and supplemental Figure S-2 A). Similar observations can be excerpted from the 

comparison between the first and the third principal component (Figure 13 B1-B3). But 

the third principal component highlights the pivotal role of the 24 h time point for 

ENTplas treated samples (arrow 3a and 3b Figure 13 B2).  

In fact, technical replicates invariably cluster together and thus underscore the adequate 

technical quality of these experiments. Moreover, the differences between short-time 

and long-time samples both in controls and ENTplas treated samples represent 

proliferative differences between these two points of observation. The spatial distance 

between short-time and long-time ENTplas treated samples is longer than it is between 

the corresponding controls. This difference in distance may represent the changes in cell 

status equilibrium observed in the wound-healing model. And at last, the clear offset 

between controls and non-thermal plasma treated samples represents the effects caused 

by ENTplas treatment. This underlines, that there are effects by non-thermal plasma 

treatment and that they interfere with cell status equilibrium and maintenance. 

8.4. Statistical comparison and subsequent network analysis of 
ENTplas treated samples and their corresponding control 
(GeneSpring®-analysis) give first insights into affected cellular 
functions and pathways  

Protein expression data generated with the Delta2D software were analysed with 

GeneSpring®. After normalization, subsequent one-way-ANOVA-testing (for 

parameters see chapter 7.6. Statistical analysis) and fold change filtering (1.5-fold 

change) of all possible sample pairs, data were further analysed using Ingenuity 

Pathway Analysis (IPA).  

For the short-time observation immediately after ENTplas treatment, 435 spots were 

significantly changed. 0.5 hours incubation showed 547 significantly changed spots, 

whereas 1 hour after treatment 446 spots were changed in comparison to the specific 

control for each time point. The long-time observation at 24 hours incubation after 
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treatment disclosed 341 spots with fold change greater than 1.5, at 48 hours 344 spots 

and at 72 hours incubation 277 spots with significantly changed intensity. All results 

show p-values below p<0.05. 

Spots, which did not display any difference in intensity over time (0 h to 72 h) or which 

could not be identified by MALDI-TOF-MS-identification were excluded. Thus, a 

protein index was established (see Table S-1) containing 371 different protein spots for 

which an at least 1.5-fold change in intensity was observed in at least one time point of 

the time span from 0 h to 72 h.  

The network analysis of this protein index allocated differentially expressed proteins to 

functional classes and combined expression data with the physiological context (see 

Table S-2). 

Early after treatment (first time points after treatment) cell death signalling and 

oxidative stress response played an important role. Later, cellular reproduction and 

cellular growth became more prevalent (see Figure 14-A and Figure 14-B). 

A ranking of significantly affected functionally related protein sets showed, that an 

increase of cell death related proteins dominate the cellular adaptive network 

immediately after ENTplas treatment. This is followed by a temporary decrease for the 

following hour and a subsequent increase after 24 h. Functional protein groups related 

to protein folding and post-translational modifications dominate the intermediate time 

from 0.5 hours to 24 hours. The long-time effect after 48 h and 72 h is characterized by 

mutually opposing functional groups: cell death and cellular growth, proliferation and 

migration in combination with cellular assembly and organization. A plausible 

explanation for this observation could be, that on the one hand a proportion of cells 

might be stimulated by ENTplas treatment responding with proliferation, on the other 

hand some cells might be severely damaged by the acting stressor and activate the cell 

death signalling pathway. 
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Figure 14: Molecular Function and Toxicity Analysis assessed by IPA (Ingenuity 
Pathway Analysis). Statistically approved differentially expressed proteins from each 
time-condition were assigned to networks (Ingenuity Pathway Analysis). Top 5 rankings 
of molecular and cellular functions (A) and top tox lists (B) were plotted against the 
time-points after ENTplas treatment. Relevance ranking shows time-dependent 
developments and importance for cell-status at the specific time-points. Values and 
colour coding are taken from Table S-2 (supplementary material). All results show a p-
value < 0.05. Detailed information including p-values are shown in supplementary 
material Table S-2. 
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Pathways indicating conspicuously oxidative stress and the oxidative stress response 

mediated by Nrf2 mainly characterize the toxic aspect of ENTplas treatment. Later aryl 

hydrocarbon receptor signalling and mechanism of gene regulation by peroxisome 

proliferators via PPAR-Alpha augment the appearance of hazardous compounds. 

PPAR-Alpha/RXR-activation underlines the probable need for energy supply and was 

described as a mediator of proliferation induction in the early phase of wound healing 

[69]. However, in the initially phase, oxidative stress and the response mediated by Nrf2 

to this stress, seems to be the major challenge to the ENTplas treated cells. In addition, 

enhanced G2/M Transition of the cell cycle at early time points (0 h and 0.5 h) and 

induction of proteins involved in DNA replication, recombination and repair (Figure 

14-A) at later times (48 h and 72 h) probably also indicate DNA damage. This fact may 

be considered for risk assessment and future toxicity valuation. 

8.5. ENTplas-mediated changes in the proteomic profile displayed by 
treemaps confirm the appearance of oxidative stress after 
ENTplas treatment 

Voronoi Treemaps were used to intuitively visualize large data sets. Originally used to 

visualize hierarchical structures of software systems [55], an adapted derivative, 

previously described by Bernhardt et al. [70] and Otto et al. [67], can serve as a 

powerful visualization of hierarchically structured protein functional classifications and 

expression data. In this study KEGG Brite ontology was used and adapted according to 

the proteins identified in this study. Approximately 1100 identified protein species that 

corresponded to 450 genes could be allocated to KEGG Brite functional classes. 

Expression data from Delta2D-analysis were used for expression-related colouring of 

Treemap cells (see Figure 15; Movie S-1). The section “oxidative stress” including 

oxidative stress related proteins, was extracted from the whole data set (A) and coloured 

separately for each time point (Figure 15-B: 0 h to 72 h; Movie S-2). Colourization 

follows log ratios of normalized expression volumes of ENTplas treated samples 

divided by the normalized expression volumes of untreated controls. Negative fold 

changes (fold decrease) are coloured in shades of blue, positive fold changes (fold 

increase) are coloured in shades of orange. Saturation of orange and blue is reached, 

when fold change exceeds +5 for orange and -5 for blue (Movie S-1 and Movie S-2). 

This visualization protocol shows, that expression patterns changed substantially with 

the duration of cultivation after ENTplas treatment: Examples are shown in Figure 15-
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B for members of the proteasome and protein disulphide isomerases, as well as for 

proteins involved in heat shock response and detoxification of ROS. These results 

suggest, that ENTplas treatment clearly shows effects on treated cells compared to the 

untreated controls. The effects and responses to them apparently affect metabolic 

pathways and lead to changes of proteins, which are related to oxidative stress. 

Furthermore, the 24 h-time point after ENTplas treatment seems to be crucial for cell 

status and determination of cell fate, supporting the results previously described from 

principal component analysis. 



 

 48 

 

Figure 15: Visualization of large data sets by Voronoi Treemaps. Resulting Treemaps 
from general analysis of time-related effects of ENTplas treatment in comparison to the 
corresponding untreated controls in S9 human epithelial cells. Identified proteins were 
sorted into individualised KEGG-BRITE hierarchy (A). The section “oxidative stress”, 
containing oxidative stress related proteins from Fehler! Verweisquelle konnte nicht 
efunden werden., was extracted from this general hierarchy and displayed for the time 
course from 0 h up to 72 h (B). Each tile in the structural hierarchies represents one 
identified protein and was coloured by logarithmic normalized expression values (% 
volume, normalized by the specific Cy-2-standard) from Delta-2D quantities. The 
isoluminant divergent colour gradient encodes expression changes: white coloured tiles 
show a fold change of ‘1’. Blue shaded tiles represent proteins with negative fold 
change (lower expression in ENTplas treated samples in comparison to the untreated 
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control) and shades of orange represent proteins with higher fold change than ‘1’. 
Saturation of blue and orange is reached at an expression level five times higher or 
lower than the corresponding control. 

8.6. Correlation of protein expression patterns displayed by 
Hierarchical Clustering 

In order to describe the differences in the expression profiles between all samples, all 

data were clustered hierarchically. This was done on the assumption of Euclidean 

distance metric and average linkage as supported by the TMeV-module of the Delta2D 

software package. Hierarchical sample clustering [68] illustrates relationships of the 

overall proteomic profiles of samples (top tree in Figure 16, Figure S-4 on DVD) and 

spot expression profiles (left tree). The colours of heat map cells represent expression 

values of all analysed protein spots (total: 1505).  
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Figure 16: Hierarchical Clustering of detected 2D-DIGE protein spots by sample 
condition and expression profile. Hierarchically clustered (Euclidean Distance 
measurement and “average” linkage method) log-transformed expression protein 
values. 12 samples are shown vertically on the x-axis (sample order is defined on the 
right side). Spot-expression-values are shown horizontally on the y-axis. High 
expressions are coloured orange, low expressions are coloured blue and missing 
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expressions are coloured grey. Dendrograms, both on x- and y-axis, represent the 
Euclidean Distance between the samples. Hierarchical clusters are subsumed on the 
third level on the x-axis and on the 24th level on the y-axis. The clusterdendrogram for 
the samples are roughly grouped in the higher-level clusters, replicated gels merged 
prior for each sample. The clustering did not use any sample or replicate information. 
Cluster structure in the rows resulted from grouping of proteins with similar expression 
profiles (row dendrograms are shown on left side). Specific identified proteins from K-
means cluster 3 and 4 (see Figure 17) are highlighted black (K-means cluster 3) and 
grey (K-means cluster 4) on the right side of the hierarchical cluster. 

As already shown by PCA analysis, replicates of the same sample cluster together (data 

not shown – all replicates were grouped in Figure 16). Demonstrating the experimental 

quality. Furthermore, controls and ENTplas treated samples are distinctly separated 

from each other supporting the idea that ENTplas treatment affects airway S9 epithelial 

cells. For ENTplas treated samples, the 24 h-incubation replicates separate clearly from 

all other time points, while 48 h-, and 72 h-incubation replicates approach the controls.  

  

8.7. K-means-Clustering as an assumption-free approach for regulated 
protein recruitment out of a large data set 

In order to find spots, which are similarly expressed over the time of observation, a so-

called K-means-clustering was performed using TMeV. This analytical procedure [68] 

calculates a given number of clusters with different centres. Initialization, which is the 

definition of k spot centres for clustering, occurs randomly. Therefore, multiple 

initializations (KMS – k-means supported) may compensate for different outcomes of 

the clustering approach for a single initialization. After that, every expression profile 

from the data will be allocated to the best fitting cluster. Thus, spots with similar 

expression behaviour over time are summarized in spot-lists for each cluster. The time 

course is shown in a two-dimensional diagram with samples on the x-axis and 

expression intervals on the y-axis. Spot-ID-lists with appending identifications were 

exported and analysed by using the IPA software package for network analysis. 

According to the observed expression changes, a K-means-clustering with 10 clusters 

(see Figure 17 and S-3) was calculated by the means of the Euclidean Distance of the 

genes (=spots). With help of these clusters, effects of plasma-treatment can be detected 

and described. By this means, several expression profiles can be differentiated as 

described in the following: 
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Differences between untreated controls and ENTplas treated samples show a typical off-

set (see Figure 17: Cluster 1, 6, 7, 8, 9 and 10). This supports the results from the 

principle component analysis and furthermore subsumes proteins, which are responsible 

for these effects, into more detailed clusters. Cluster 1, 2, 5 and 8 isolate proteins 

showing long-time incubation effects. Again, the two specific clusters 3 and 4 represent 

the particular features of the 24 h time point of ENTplas treated samples. 

 

Figure 17: Protein expression profile analysis by K-means clustering. Overview of 
clusters was computed by TMeV included in Delta2D. Expression profiles from every 
spot were compared with these given clusters and assorted to the best fitting one. The x-
axis shows different groups of samples. The plotting scheme is displayed as a legend 
below the clusters. From the left to middle, controls in ascending incubation time from 
0 h to 72 h are plotted. From the middle to the right, ENTplas treated samples are 
plotted in ascending incubation time from 0 h to 72 h. On the y-axis, the expression-rate 
is displayed. Each value is marked with the standard deviation of assorted protein 
expression values for this specific time point. The horizontal line marks value '0'. Values 
above that line show higher expression, values below that line lower expression, 
respectively. 
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8.8. Network analysis of calculated K-means Cluster using Ingenuity 
Pathway Analysis (IPA) suggests underlying molecular functions 
of likely expressed protein subsets 

Only identified proteins out of the K-means-clusters were used for IPA network 

analysis. Resulting networks were visualized and corresponding relationships were 

summarized. Conclusions can be drawn in combination with the previous K-means-

clustering, regarding which pathways are affected and furthermore, how cells react to 

the treatment. Expression-profiles from K-means-clustering define the assignment of 

the allocated proteins of those clusters. Thus, combination of both observations is 

necessary. Summaries of clusters and network-analysis-summary can be found in the 

supplementary material (Figure S-3).  

In order to ascertain the focus on the molecular adaptation reactions of epithelial cells to 

ENTplas treatment, functionally representative clusters are presented: 

Clusters 1, 3 and 10 contain proteins, which are up regulated in comparison to the 

specific control. Networks from Cluster 1 indicate both, the appearance of post-

translational modifications, protein folding, gene expression but also cell death, 

oxidative stress response and DNA Replication, Recombination and Repair. Proteins 

from this cluster represent both preservation of metabolic capability and cellular stress, 

including life-threatening stress. Cluster 3 includes proteins, which are specifically up 

regulated after 24 hours after ENTplas treatment. In contrast, the antagonistic cluster 4 

includes proteins, which are specifically repressed after 24 hours after treatment. Protein 

subsets of clusters 3 and 4 are highlighted in Figure 16. At a first glance, the 

corresponding networks represent similarly affected functions, e.g. post-translational 

modifications, protein folding and cell-to-cell signalling. However, the toxic aspects 

differ profoundly. While cluster 3 represents proteins from PPAR-Alpha and RXR-

Alpha activation, cell cycle damage checkpoints and gene regulation by peroxisome 

proliferators, cluster 4 represents predominantly oxidative stress response via Nrf2, cell 

death, aryl hydrocarbon receptor signalling and hypoxia-inducible factor signalling. 

This might be an indication that 24 hours after ENTplas treatment cells begin with 

cellular assembly and that cell death might play a subordinated role as long as cells are 

able to respond to cellular stress factors. These notions gain support from a comparison 

of clusters 5 and 7. Although it is showing an offset between controls and ENTplas 

treated samples, the trend between short-time and long-time response to ENTplas 
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treatment is interesting: Proteins in the networks from these clusters represent cellular 

growth and proliferation, post-translational modifications, protein synthesis but also cell 

death. Interestingly they coincide with the oxidative stress response via Nrf2. Nrf2-

signalling plays a key-role. It has to be pointed out that proteins from these clusters 

show only slight differences between treated samples and corresponding controls, and 

thus did not appear in analyses presented above, because those were restricted to 

stringent fold changed differences between untreated controls and their corresponding 

ENTplas treated samples. However, a trend analysis in-between the treated samples 

provides additional insight how effects proceed over time. In addition, cluster 10 

represents proteins antagonistic to cluster 7. 

One can see, that both analytical approaches from chapter 8.4 and this capture result in 

similar conclusions, but from two different points of view. While the first approach 

relates to the comparison between ENTplas treated samples and their corresponding 

control for each time point separately, the second approach is exclusively related to the 

time-dependent expression profile.  

8.9. Immuno Blot analysis of cytosolic Nrf2 expression confirms the 
involvement of this oxidative stress related regulator 

Statistical analyses of the proteomic experiments revealed an important role of oxidative 

stress response mediated by Nrf2. Unfortunately, Nrf2 itself was not detected with the 

2D-DIGE-approach, but only Nrf2-related network-partners. In order to confirm effects 

of ENTplas treatment on Nrf2 expression in S9 epithelial cells, Immuno Blot analyses 

were performed, using the same protein extracts of the 2D-DIGE-experiment. For this 

purpose, antibodies against Nrf2 and Keap1 (see Figure 18) were utilized. 

Levels of Nrf2 were significantly reduced after ENTplas treatment compared to control 

samples. For all analysed time points (0 min up to 72 h), bands of lower density were 

detected in treated samples compared to the corresponding non-treated controls (Figure 

18-A). Quantitative image analyses confirmed these observations with a p-value of 

< 0.005 for all time points (Figure 18-B). 
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Figure 18: Validation of by Immuno Blot analyses of Nrf2 and Keap1 cytosolic 
concentrations after ENTplas treatment. (A) Cytosolic concentrations of Nrf2 and 
Keap1 in non-treated control and ENTplas treated S9 epithelial cells are displayed for 
each time point 0 h up to 72 h after treatment. Immuno Blotting of Nrf2 in S9 epithelial 
cell extracts shows that Nrf2 disappears after ENTplas treatment while Keap1 
undergoes several modifications by ENTplas treatment. The filters were reprobed with 
an anti-GAPDH mAb to ensure equal loading of the gels. (B) Results from quantitative 
image analysis of band densities. Statistical testing with students t-test opened 
statistical significance (p < 0.005) between untreated controls and ENTplas treated 
samples regarding Nrf2 expression for all time points. 

Because of the oxidative stress presumably triggered by ENTplas treatment, Nrf2 

probably dissociates from the complex formed by Keap1 with Nrf2 and translocates into 
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the nucleus, where it binds to other proteins and subsequently to the DNA [71], [72]. 

Therefore, the reduction of cytosolic Nrf2 levels in ENTplas treatment affirms further 

findings concerning Nrf2 mediated oxidative stress response [73–80]. 

8.10. Cytosolic concentrations of full length IL-1beta and IL-
33 are decreased in S9 epithelial cells after ENTplas 
treatment, suggesting processes of stimulation and 
modulation of immune-related cytokines  

Immuno Blotting of intracellular cytosolic full-length IL-1 beta and IL-33 reveals a 

decrease of these pro-interleukins in S9 bronchial epithelial cells 30 minutes and 48 

hours after ENTplas treatment in comparison to non-treated control cells (see Figure 

19). Both interleukins were described as pro-inflammatory cytokines, which furthermore 

are associated with immunological responses [81], [82]. They are known to be 

processed under pro-inflammatory conditions via caspase-1 to the particular mature 

forms, which function as intracellular transcription factors as well as secreted cytokines, 

which target T-cells and other immune-related targets [83–87].  

 

Figure 19: Cytosolic IL-1 beta and IL-33 levels after ENTplas treatment determined 
by Immuno Blotting. Expression of IL-1β and IL-33 in non-treated control and 
ENTplas treated S9 epithelial cells are displayed for the time points 0.5 h and 48 h after 
treatment. Immuno Blotting of S9 epithelial cell extracts shows that both IL-1β and IL-
33 cytosolic protein amount is decreased dramatically after ENTplas treatment. The 
filters were reprobed with an anti-GAPDH mAb to ensure equal loading of the gels. 
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9. Discussion 

The effects of non-thermal plasma onto human cells have so far not been extensively 

studied on protein level. However, such proteomic studies will likely contribute to a 

better mechanistic understanding of detectable effects, such as, wound healing [15], 

[17] and apoptosis [3]. Recently it was demonstrated that reactive oxygen species 

(ROS) appear not only in non-thermal plasma treated cells, but also in the cell culture 

medium [3], [41].  

This thesis provides an overview about how low-temperature plasma treatment affects 

the protein pattern of human host cells and also illustrates which bio-informatics and 

statistical techniques may be applied in such analysis. Thus, the thesis presents a 

workflow for experiments evaluating plasma effects on various tissues for improving 

care in chronic medical conditions. Wound healing was accelerated at 120 sec plasma 

exposure in a clinically relevant extent, suggesting a beneficial role in the postoperative 

period. Proteomic data can help to uncover the molecular mechanisms mediating the 

observed effects. Furthermore, the application of proteomic approaches in risk 

assessment will be discussed. 

The need for the exploration of the interactions between non-thermal plasma treatment 

and living cells was recently emphasized [41]. Kalghatgi et al. investigated specific and 

hypothesis-derived markers for effects like increases in intracellular levels of reactive 

oxygen species (ROS) or DNA damages. Our proteomic approach complements and 

extends such a targeted approach. While ROS cannot be observed directly by our 

method, molecular and metabolic reactions of the cells can indicate the presence of 

ROS and demonstrate the influence of ROS on cellular structures. Furthermore, it was 

possible to monitor the strategies of living cells responding to non-thermal plasma 

stimulation and to define associated biomarkers. These indicators may be subsequently 

used for risk assessment and quality management of application of non-thermal plasma 

sources in clinical settings. 

Obviously, there are also challenges, which had to be addressed in order to design a 

practical and reliable method. In addition, specified statistical methods need to be used 

in order to filter out relevant changes and information. The presented description is a 

proposal of how to manage these complex issues. 
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9.1. The influence of non-thermal plasma treatment on 
wound healing 

Non-thermal plasma treatment of S9 epithelial cells in a wound healing model showed 

diverse effects, which are dependent on the applied dose of plasma. While relatively 

mild doses of up to 60 seconds show just a small effect on wound healing, a moderate 

dose of 120 seconds accelerates wound healing. In contrast, higher doses (240 sec and 

360 sec) result in significantly impaired wound healing (240 sec) or even to no 

measurable healing activities (360 sec). 

ROS play an important role in non-thermal plasma applications, as shown in the results 

and as already described by several authors (see above). Although the underlying 

mechanisms remain still predominantly unclear, a hypothesis based on the new aspect 

of Nrf2-signalling will be drawn in the following. 

Regular wound healing of entire tissues containing multiple layers and different cell 

types has four phases: first, the initial phase fulfilling haemostasis, second phase 

establishing an inflammation, the third phase of granulation and at last the fourth phase 

with remodelling and maturation [88], [89]. This system cannot be applied to the 

presently used wound model, since only epithelial cells in a cell culture dish were 

examined. This model lacks of multiple layers, blood vessels, immune cells and 

different cell types. Hence, the focus is on the aspect of reepithelialisation. Here, cell 

migration into the wound bed and cell proliferation in the wound surrounding areas are 

discussed to be the major sources for epithelialisation of the wound [90]. In order to 

migrate into the wound area, cells need to detach from their underground. This aspect 

was already examined for keratinocytes. Landsberg et al. [61] were able to show, that 

non-thermal plasma treatment of HaCaT –cells influences the cell adhesion. The loss of 

cell adhesion after 30 sec exposure to non-thermal plasma is necessary for subsequent 

cell migration. Nitric oxide, produced by inflammatory cells in regular wound healing 

seems to have a great influence on cell migration [91]. It is known, that non-thermal 

plasma contains distinct amounts of nitric oxides [12], [92], [93]. Thus, non-thermal 

plasma may contribute to cell migration after alteration of tissue integrity. Additionally, 

our results outline a higher proliferation activity after non-thermal plasma treatment 

compared to untreated controls, which highlights the second aspect of reepithelialisation 

for the wound surrounding areas more in detail. 
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In order to explain wound-healing support, Nrf2 emerged as a possible key player due 

to the induction of oxidative stress stimulation by non-thermal plasma application. 

Every wound shows inflammation accompanied by oxidative stress after a distinct 

latency time after alteration [94], [95]. Additionally, macrophages can secret hydrogen 

peroxide for bacterial decontamination [96–98]. Host tissues have to protect themselves 

from this aggressive environment. Due to the oxidative nature, Nrf2 is a major regulator 

of stress reaction [78], [79], [99], [100]. Experiments with Nrf2 knockout mice showed 

prolonged inflammatory phases [101], [102]. Thus, direct activation of Nrf2-pathways 

by non-thermal plasma treatment may help to control or prevent the inflammatory phase 

and subsequently reduce time of latency before the cellular phase of wound healing can 

start. These hypotheses have to be confirmed in further experiments. But the supporting 

ability of Nrf2 should be addressed, when examining wound healing after non-thermal 

plasma treatment. Furthermore, the possible contribution of nitric oxides from the 

applied plasma should be in focus as the cause of various phenomena like angiogenesis 

and cell migration. 

9.2. The role of Nrf2 in ROS-induced intracellular oxidative 
stress environments after non-thermal plasma 
treatment 

Our results indicate that oxidative stress and the related cellular response play an 

important role after treatment with non-thermal plasma. Both statistical approaches 

(time-related and control-related approaches) showed concordantly, that oxidative stress 

and response to oxidative stress, mediated by Nrf2, are placed in the top 5 rankings of 

toxicities. Thus, presence of ROS and the resulting oxidative stress / damage can be 

assumed. Although the mechanisms of oxidative stress cannot be explained in detail, 

several hints were found among the protein patterns and network analyses, that support 

already described pathological mechanisms [103], [104]. The present findings include 

direct modifications and damage of proteins, which were likely caused by the oxidative 

intracellular environment due to accumulation of reactive oxygen species. The 

responses to damage, that ROS elicited in cellular organelles and structures, like heat 

shock protein interactions, DNA repair or apoptosis, also support this notion. Table 2 

summarizes effects, which ENTplas treatment can have on human epithelial cells and 

combines them with detected and affected proteins of our analyses, especially for the 

oxidative stress response. 
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Furthermore, the results from K-means-clustering and the control-related statistical 

analyses with subsequent network-analyses indicate, that oxidative stress response leads 

to two diverse responses of cell metabolism. Namely, cellular assembly and 

proliferation, as well as, cell death and apoptotic activities, which are both associated 

with different temporal response patterns to non-thermal plasma treatment. While non-

thermal plasma treatment shifts the equilibrium between cell death and proliferation in 

favour of apoptosis and cell death signalling during the first 24 hours after treatment, 

cellular growth and proliferation on the other side are favoured after 48 hours. These 

findings suggest, that there exists a mechanism that either drives cells into cell death or 

mounts adaptive responses allowing survival of low-temperature plasma treatments. 

These observations may also explain the findings that non-thermal plasma treatment can 

turn a chronic wound to an acute wound with a better healing probability [18], [105], 

[106].  

Network-analyses can reveal probable key players for such regulatory mechanisms. In 

this analysis Nrf2 emerged as one leading player in the cellular response to non-thermal 

plasma treatment. Adding Nrf2 (NFE2L2) to the present list of proteins, which were 

identified by 2D-DIGE and subsequent MALDI-TOF-MS-identification and performing 

a subsequent network analysis with IPA links Nrf2 with a selection of proteins, which 

were altered after non-thermal plasma treatment and were identified by our analyses 

(see Figure 20).  
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Figure 20: Ingenuity Pathway Analysis network of MALDI-TOF-MS identified 
proteins from statistical analysis. Direct and indirect relations, described in the 
literature, between identified and unidentified proteins are displayed. Proteins, which 
were identified by MALDI-TOF-MS in upper airway epithelial S9 cells, are highlighted 
in grey. Nrf2 (NFE2L2, red frame) was added due to the identification by the Immuno 
Blot assay. The resulting network is composed of 57 focus molecules characterized by 
“post-translational modifications”, “protein folding” and “cancer”. The Score is 87. 
Molecular and cellular functions show “cell death”, as well as “cellular growth and 
proliferation” and “cellular function and maintenance”. The Top Tox lists are headed 
by “Nrf2-mediated oxidative stress response” and “oxidative stress”. The computed 
network shows, that Nrf2 fits perfectly into previously found network relations and takes 
a central place in between the displayed relations. 

Nuclear factor (erythroid-derived-2)-like 2 (Nrf2) is known as a ubiquitously occurring 

transcription factor, encoded in the NFE2L2-gene [107]. Under normal conditions Nrf2 

is bound to the Keap1 protein in the cytosol of the cell. Keap1 constantly ubiquitinates 
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Nrf2 in the absence of oxidative agents, which leads to proteasomal degradation of Nrf2 

[108], [109]. Increased levels of oxidative or electrophilic agents cause a disruption of 

cysteine residues in Keap1 and the release of Nrf2 in to the cytosol [110], [111]. In this 

case Keap1 gets ubiquitinated and subsequently degraded by the proteasome. The 

released Nrf2 is now able to translocate into the nucleus and binds there to the DNA at 

specific ARE (Antioxidant Response Element)-sites [112]. These ARE-regions are 

located in the upstream regions of several specific antioxidative genes. Binding of Nrf2 

to the ARE-region starts the transcription of the associated downstream genes. Products 

of these genes like glutathione-S-transferase (GST), heme oxygenase-1 (HO-1) or 

thioredoxins, possess anti-inflammatory properties (HO-1) [113] and contribute to the 

control of intracellular oxidative stress [114]. Elevated levels of GST, TRXR1 and 

others have been found in the 2D-DIGE experiment. Our proposal of Nrf2-activation 

via non-thermal plasma treatment and the subsequent cascade is summarized in Figure 

21. 

Immuno Blot analysis confirmed the cytosolic decrease of Nrf2 levels in S9 cells after 

non-thermal plasma treatment. These findings suggest, that Nrf2 plays an important role 

in oxidative stress response, previously described by several authors [71–73], [75], [77], 

[78], [80], but also may be a part of regulatory interplays, which can lead to both: cell 

survival and to cell death. These issues have already been addressed before in different 

contexts. Oxidative stress, regardless if caused internally or externally, is often linked 

with ageing and cell death [71], [73], [115]. Proliferation-inducing abilities of Nrf2-

signalling, which support the results of dose-dependent, accelerated wound healing 

effects in ENTplas treated epithelial cells, have also been noted [73], [116], [117]. 

Nevertheless, these effects need to be studied in more detail. 
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Figure 21: Hypothetical scheme of non-thermal plasma treatment cell stimulation via 
the Nrf2-pathway. Based on our results, it can be hypothesized, that non-thermal 
plasma treatment induces oxidative stress with increased amounts of intracellular 
reactive oxygen (ROS) and nitrogen (not shown here) species. Interactions of ROS with 
Keap1 lead to the release of Nrf2 into the cytosol and subsequent translocation into the 
nucleus, where Nrf2 binds to specific ARE-regions and induces transcription of 
downstream regions containing antioxidative components. Direct and indirect functions 
and interplays of these Nrf2-related products represent the major oxidative stress 
response in our experiments. 
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9.3. Biomarkers for further analyses, risk assessment and 
plasma-source designing 

Network-analyses and time related statistical analyses of expression profiles identified 

different proteins, which are related to cellular oxidative stress responses (see Table 2) 

and can therefore serve to monitor cellular reactions to this treatment and indicate the 

cellular stress status. These candidates could be used as possible biomarkers for further 

studies in order to evaluate effectiveness and toxicities of non-thermal plasma 

treatments or even for the design of new plasma sources. The hypotheses-free approach 

leading to these candidates is a clear advantage in biomarker screening.  

Furthermore, because of the detection of apparently dose dependent apoptotic activity 

and DNA [41] of non-thermal plasma treatments, tools for the assessment of the 

associated risk are necessary before any application in daily medical routine can be 

envisioned. UV-irradiation related DNA damage is known to be mutagenic and is 

related to increased occurrence of carcinogenesis. Even if direct damages of the 

ultraviolet fraction of the non-thermal plasma or of ROS-interactions with the DNA 

have not been detected, Kalghatgi et al. [41] provided evidence that non-thermal plasma 

treatment only of the cell culture medium caused an increase in DNA strand scissions in 

subsequent cell cultivations. This underlines the pivotal role of ROS dependent DNA 

interactions. For further analyses of additional - so far unknown - side effects, these 

specific biomarkers must be validated in individual experiments. A proteomic approach 

monitoring simultaneously over 1000 protein spots can be considered as an in-depth 

method for characterization of non-thermal plasma-related effects and risks. Even fine 

adjustments in development of plasma sources and follow-up quality controls can be 

performed using proteomic approaches. Costs, and complexity of analysis have to be 

reduced in order to establish a method that is suitable for daily use and routine. 

Multiple-reaction-monitoring-assays- (MRM) based mass spectrometry for up to 50 

target proteins derived form an initial in-depth analysis might be a compromise, 

fulfilling at least some of the requirements. 

9.4. Other potential ENT-specific applications of non-thermal 
plasma 

Wound healing is important for every surgical field and consequently improvements 

and new applications for the support of healing wounds are of interest. Based on the 
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presented results, postoperative treatment directly after surgery should be beneficial for 

wound healing outcome. Another issue is the treatment of chronic wounds. Bender et al. 

[18] showed, that non-thermal plasma treatment turned a chronic wound on a dog’s 

nose into a healing acute wound. These findings open a large field of possible 

applications for all fields of surgery. In addition to the support of wound healing, some 

other applications of non-thermal plasma in the ENT-field are conceivable.  

The ability to induce blood clotting with a direct non-thermal plasma treatment is a 

promising method for minimal invasive and tissue preservative treatment of 

intraoperative and postoperative bleedings, since non-thermal plasma does not destroy 

the tissues but induces undirected clotting.  

Another aspect is the disinfection respectively decontamination of skin, mucosa and 

other surfaces. Removing localized growing bacteria for example in the upper airways 

pre or post surgery or even as a sole treatment is beneficial for wound healing on the 

one side, but more important it can be a promising treatment of bacteria-related 

diseases. This is especially true for acute and chronic inflammation as well as diseases, 

which are related to immune responses to bacterial antigens. Staphylococcus aureus and 

especially MRSA can cause severe infections and furthermore their super antigens are 

newly associated with chronic diseases like bronchial asthma, nasal polyps and chronic 

rhino sinusitis [118], [119]. Non-thermal plasma can possibly be used for inactivation or 

removal of those triggers. 

Finally it would be beneficial, if non-thermal plasma treatment can be used for direct 

modulation of immune responses of the target tissues. First discoveries among 

lymphocytes regarding sensitivity to non-thermal plasma treatment of different 

subpopulations and changes in the ratio of T- and B-cells [120] were the reason to 

perform further experiments with the non-thermal plasma treated airway epithelial cells. 

Alterations of two different interleukins after non-thermal plasma treatment of epithelial 

cells have been observed in this thesis and probably indicate the ability of ENTplas 

treatment to modulate the immune response. Although the preliminary data show the 

disappearance of IL-33 and IL-1 beta from the cytosol of ENTplas treated S9 epithelial 

cells, which cannot be explained fully with the present experimental setup, the 

suggestion of immune system modulation by non-thermal plasma treatment should be 

the subject for further studies. A therapeutic treatment with non-thermal plasma would 

be conceivable also for other chronic diseases such as bronchial asthma, chronic rhino- 
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sinusitis as well as allergic diseases. Besides, experimental set-up enables translation for 

all various cell lines to extend areas for possible plasma treatment to all parts of chronic 

medical conditions. 
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Supplemental material 

1. Figure S-1 

Three-dimensional Principal Component Analysis. 3D-plot of the first three principal 
components of Principal Component Analysis (PCA) from the protein expression data 
separates all analysed samples. Each dot represents one sample with its technical 
replicates. Controls are coloured green, ENTplas treated samples are coloured red. 
Lightest shaded dots represent samples analysed immediately after treatment (0 h). The 
darker the dots become, the later the samples were analysed (0.5 h up to 72 h). 
Differential expression between untreated controls and ENTplas treated samples and 
between short-time and long-time effects were interesting for interpretation. The 
resulting model indicates a general effect of ENTplas treatment to the cells at each 
analysed time point. Furthermore, differences between short-time and long-time 
incubation can be observed. 
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2. Figure S-2 

Two-dimensional plotting of the first three principal components of PCA. 2D-plots of 
the first three principal components of PCA from the protein expression data separate 
all analysed samples. Values conform to these, from Figure 13. Due to three-
dimensional model pictured two-dimensionally, all three possibilities in comparison 
were displayed separately. (A) Shows the comparison between the first (x-axis) and the 
second (y-axis) principal component. (B) Comparison between the first (x-axis) and the 
third (y-axis) principal component and (C) second (x-axis) and third (y-axis) component 
compared. Separation between controls and ENTplas-treated samples and separation 
between short-time and long-time observation are detectable. 



Appendix 

 v 

 
Figure'S)2'(A

)''

X=1st'principal'com
ponent'

Y=2nd'principal'com
ponent'

A
 



 

 vi 

 

Fi
gu
re
'S
)2
'(B

)''

X=
1s
t'p

ri
nc
ip
al
'c
om

po
ne

nt
'

Y=
3r
d'
pr
in
ci
pa
l'c
om

po
ne

nt
'

B
 



Appendix 

 vii 

Figure'S)2'(C)''

X=2nd'principal'com
ponent'

Y=3rd'principal'com
ponent'

C
 



 

 viii 

3. Figure S-3 

Merged results from K-means Clustering and Ingenuity Pathway Analysis. Summary 
of clusters from K-means-clustering with resulting expression-profiles from all analysed 
spots are combined with the corresponding results from subsequent network analyses 
using IPA and the table of K-means cluster assorted proteins: ten different K-means 
clusters were computed by TMeV. Expression profiles from all 1505 protein spots were 
compared with these given clusters and spots were subsequently assorted to the best 
fitting computed expression profile cluster. The x-axis shows different quadruples of 
samples (including technical replicates – indicated by subscript numbers). From the left 
to middle, controls are plotted in ascending incubation time from 0 h to 72 h. From the 
middle to the right, ENTplas-treated samples are plotted in ascending incubation time 
from 0 h to 72 h. On the y-axis, the expression-rate is displayed. The horizontal line 
marks value '0'. Values above that line show higher expression, values below that line 
lower expression, respectively. In addition, summary results from network-analysis 
using Ingenuity Pathway Analysis (IPA) are displayed. Spot-lists of identified proteins 
from the K-means clustering were analysed separately for each cluster. Direct and 
indirect relationships were considered. Resulting networks, molecular and cellular 
functions, as well as top tox lists are displayed. Corresponding spot-lists are displayed 
separately. Protein names and information were appended via Ingenuity Pathway 
Analysis-software package, whereas proteins, resulting in multiple spots on the 2D-
PAGE, are noted with a “D”. This overview combines statistical results with their 
corresponding biological relevance. 
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4. Figure S-4 (see DVD) 

Hierarchical Clustering by all samples and treatment conditions. Hierarchically 
clustered (Euclidean Distance measurement and “average” linkage method) log-
transformed expression protein values. 12 samples (6 controls 0.5 h to 72 h and 6 
ENTplas treated samples 0.5 h to 72 h) are shown vertically on the x-axis (sample order 
is defined in the top tree). Spot-expression-values for all 1505 detected protein spots are 
shown horizontally on the y-axis. High expressions are coloured yellow, low 
expressions are coloured blue and missing expressions are coloured grey. This 
statistical technique visualizes similarities and differences of different samples 
(vertically) and protein spots (horizontally). Dendrograms, both on x- and y-axis, 
represent the Euclidean Distance between the samples. Hierarchical clusters are 
subsumed on the third level on the x-axis and on the 24th level on the y-axis. Specific 
identified proteins from K-means cluster 3 and 4 (see Figure 17) are highlighted red 
(K-means cluster 3) and blue (K-means cluster 4) on the right side of the hierarchical 
cluster. They show each similar expression profiles and were therefore assigned to the 
same clusters. 
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5. Table S-1 

Established master list from GeneSpring®  analyses. This master list contains all 
significant altered protein spots of the DIGE-experiment. Only proteins, that showed at 
least a fold change greater than 1.5 for one time point and moreover were identified by 
MALDI-TOF-MS, were included. The fold change was statistically calculated in a 
multiple step procedure. After normalisation of every sample spot to the corresponding 
internal standard (this enables comparison between different gels) followed the 
calculation of the medians of all four replicates of each sample. Finally, medians of the 
treated samples were divided by the medians of the controls. Protein identification from 
MALDI-TOF-MS and information were appended via Ingenuity Pathway Analysis-
software package. Multiple identifications of the same protein spot were split up into 
each unique identification (ID XY-1, ID XY-2) and subsequently combined with the 
spot-specific expression values. 
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 C
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 C
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6. Table S-2 

Summary results from network-analysis using Ingenuity Pathway Analysis (IPA). 
Spot-lists of MALDI-TOF-MS identified proteins with statistical significance (all 
protein spots are included in Table S-1) were analysed separately for each time point 
regarding the biological functions. Statistical comparison of ENTplas treated samples 
to the corresponding control was in the focus. A fold change of at least 1.5 was 
considered as significant. Direct and indirect relationships were considered. Resulting 
network-descriptions, molecular and cellular functions, as well as top tox lists are 
displayed for each time point and combined in order to visualize time dependent 
tendencies. The top 5 rankings of cellular functions and toxicities were summarized in 
Figure 14. 
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Table S-2:

0min 30min 60min 24h 48h 72h

Score Score Score Score Score Score

1. 46 47 52 42 52 51

2. 43 41 49 40 46 49

3. 43 40 47 35 33 25

4. 42 39 46 33 31 22

5. 41 39 26 33 28 19

1.
Cell Death Cell Death

2.
Cell Death

3.

Protein Folding Cell Death Cell Death Cell Death

4.

5.

1.

2.

3.

4.

5.

Associated 
Network 
Functions

Post-
Translational 
Modification, 
Protein Folding, 
Cancer

Cancer, 
Reproductive 
System 
Disease, 
Cardiovascul
ar Disease

Infection 
Mechanism, 
Organismal 
Development
, Lipid 
Metabolism

Cancer, 
Reproductive 
System 
Disease, 
Cardiovascul
ar Disease

Post-
Translational 
Modification, 
Protein 
Folding, 
Infectious 
Disease

Cellular 
Assembly 
and 
Organization, 
Cancer, 
Reproductive 
System 
Disease

Cell 
Morphology, 
Cancer, 
Reproductive 
System 
Disease

Protein 
Synthesis, 
Cancer, RNA 
Post-
Translational 
Modification

Cancer, 
Reproductive 
System 
Disease, 
Cardiovascul
ar Disease

Gene 
Expression, 
RNA Post-
Translational 
Modification, 
Cellular 
Assembly 
and 
Organization

Cellular 
Assembly 
and 
Organization, 
Cancer, 
Reproductive 
System 
Disease

DNA 
Replication, 
Recombinatio
n and Repair, 
Post-
Translational 
Modification, 
Protein 
Folding

Cancer, 
Reproductive 
System 
Disease, 
Cellular 
Assembly and 
Organization

DNA 
replication, 
Recombinatio
n and Repair, 
Energy 
Production, 
Nucleic Acid 
Metabolism

Post-
Translational 
Modification, 
Protein 
Folding, 
Cellular 
Function and 
Maintenance

Amino Acid 
Metabolism, 
Post-
Translational 
Modification, 
Small 
Molecule 
Biochemistry

Cell Death, 
Neurological 
Disease, 
Organismal 
Injury and 
Abnormalities

Infection 
Mechanism, 
Infectious 
Disease, 
Amino Acid 
Metabolism

Post-
Translational 
Modification, 
Protein 
Degradation, 
Cell Death

Cell 
Morphology, 
Genetic 
Disorder, 
Neurological 
Disease

Neurological 
Disease, 
Cancer, 
Genetic 
Disorder

Cancer, 
Cellular 
Assembly 
and 
Organization, 
Small 
Molecule 
Biochemistry

DNA 
Replication, 
Recombinatio
n and Repair, 
Cardiovascul
ar Disease, 
Infection 
Mechanism

Cell-to-Cell 
Signaling and 
Interaction, 
Cellular 
Assembly 
and 
Organization, 
Cellular 
Function and 
Maintenance

Carbohydrate 
Metabolism, 
Small Molecule 
Biochemistry, 
Immunological 
Disease

Post-
Translational 
Modification, 
Protein 
Folding, 
Amino Acid 
Metabolism

Post-
Translational 
Modification, 
Protein 
Folding, 
Genetic 
Disorder

Tumor 
Morphology, 
Cell Death, 
DNA 
Replication, 
Recombinatio
n and Repair

Protein 
Synthesis, 
Skeletal and 
Muscular 
System 
Development 
and Function, 
Tissue 
Morphology

Cell Death, 
Infection 
Mechanism, 
Cell Cycle

Molecular and 
Cellular 
Functions

p-
value/Mole

cules

p-
value/Mole

cules

p-
value/Mole

cules

p-
value/Mole

cules

p-
value/Mole

cules

p-
value/Mole

cules
3,26E-11 – 
2,71E-02 / 
101

Post-
Translational  
Modification

8,29E-14 – 
2,71E-02 / 42

Post-
Translational 
Modification

1,95E-15 – 
2,54E-02 / 37

Post-
Translational 
Modification

1,11E-11 – 
2,48E-02 / 40

1,90E-06 – 
4,01E-02 / 49

Cellular 
Growth and 
Proliferation

6,58E-07 – 
4,91E-02 / 32

Post-
Translational 
Modification

3,26E-11 – 
2,71E-02 / 55

Protein 
Folding

8,29E-14 – 
1,62E-02 / 16

Protein 
Folding

1,95E-15 – 
1,28E-02 / 16

Protein 
Folding

1,11E-11 – 
2,88E-04 / 14

Cellular 
Growth and 
Proliferation

2,41E-06 – 
3,22E-02 / 35 7,20E-07 – 

4,91E-02 / 43

4,65E-11 – 
2,71E-02 / 43

4,05E-13 – 
2,73E-02 / 
110

7,86E-10 – 
2,63E-02 / 86

1,14E-10 – 
2,86E-02 / 96

Cellular 
Assembly 
and 
Organization

2,44E-06 – 
4,26E-02 / 35

Cellular 
Assembly 
and 
Organization

3,40E-06 – 
4,64E-02 / 33

Cellular Growth 
and 
Proliferation

2,32E-08 – 
1,59E-02 / 40

Cellular 
Growth and 
Proliferation

1,18E-07 – 
2,46E-02 / 67

Cellular 
Function and 
Maintenance

2,89E-08 – 
2,54E-02 / 31

Cellular 
Growth and 
Proliferation

1,43E-10 – 
2,25E-02 / 67

DNA 
Replication, 
Recombinatio
n and Repair

7,10E-06 – 
3,47E-02 / 21

DNA 
Replication, 
Recombinatio
n and Repair 3,40E-06 – 

3,87E-02 / 20

Cellular 
Function and 
Maintenance

2,32E-08 – 
1,37E-02 / 15

Cellular 
Function and 
Mainentance

2,71E-07 – 
2,70E-02 / 35

Cellular 
Growth and 
Proliferation

1,77E-07 – 
2,54E-02 / 52

Cellular 
Function and 
Maintenance

1,50E-08 – 
2,48E-02 / 31

Cellular 
Movement

3,79E-05 – 
4,01E-02 / 23

RNA Post-
Translational 
Modification

1,63E-04 – 
6,77E-03 / 6

Top Tox Lists

p-
value/Ratio

p-
value/Ratio

p-
value/Ratio

p-
value/Ratio

p-
value/Ratio

p-
value/Ratio

Oxidative 
Stress

1,2E-05 / 
7/57 (0,123)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

1,95E-03 / 
10/205 
(0,049)

Oxidative 
Stress

7,95E-04 / 
5/57 (0,088)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

8,63E-05 / 
12/205 
(0,059)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

6,69E-03 / 
6/205 (0,029)

Mechanism 
of Gene 
Regulation by 
Peroxisome 
Proliferators 
via PPAR-
Alpha

3,94E-03 / 
4/95 (0,042)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

5,28E-04 / 
10/205 
(0,049)

Oxidative 
Stress

2,28E-03 / 
5/57 (0,088)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

4,93E-03 / 
8/205 (0,039)

Aryl 
Hydrocarbon 
Receptor 
Signaling

5,79E-04 / 
9/151 (0,06)

Mechanism 
of Gene 
Regulation by 
Peroxisome 
Proliferators 
via PPAR-
Alpha

7,57E-03 / 
4/95 (0,042)

Oxidative 
Stress

6,77E-03 / 
3/57 (0,053)

Mitochondrial 
Dysfunction

7,42E-03 / 
6/125 (0,048)

Mitochondrial 
Dysfunction

4,31E-03 / 
7/125 (0,056)

Mitochondrial 
Dysfunction

2,22E-02 / 
5/125 (0,04)

Oxidative 
Stress

1,86E-03 / 
5/57 (0,088)

Oxidative 
Stress

1,12E-02 / 
3/57 (0,053)

Oxidative 
Stress 
Response 
Mediated by 
Nrf2

1,28E-02 / 
5/205 (0,024)

Mechanism of 
Gene 
Regulation by 
Peroxisome 
Proliferators via 
PPAR-Alpha

4,13E-02 / 
4/95 (0,042)

G2/M 
Transition of 
the Cell 
Cycle

1,89E-02 / 
3/35 (0,086)

Mechanism 
of Gene 
regulation by 
Peroxisome 
Proliferators 
via PPAR 
Alpha

1,22E-01 / 
3/95 (0,032)

Mechanism 
of Gene 
Regulation by 
Peroxisome 
Proliferators 
via PPAR 
Alpha

1,6E-02 / 
5/95 (0,053)

PPAR-
Alpha/RXR 
Activation

4,69E-02 / 
4/166 (0,024)

PPAR-
Alpha/RXR 
Activation

2,63E-02 / 
4/166 (0,024)

G2/M Transition 
of the Cell 
Cycle

8,24E-02 / 
2/35 (0,057)

Cholesterol 
Biosynthesis

2,71E-02 / 
2/16 (0,125)

Aryl 
Hydrocarbon 
Receptor 
Signaling

1,29E-01 / 
4/151 (0,026)

PPAR-
Alpha/RXR 
Activation

4,46E-02 / 
6/166 (0,036)

PXR/RXR 
Activation

1,06E-01 / 
2/68 (0,029)

PXR/RXR 
Activation

7,76E-02 / 
2/68 (0,029)



 

 lx 

7. Movie S-1 (see DVD) 

Timeline of resulting Voronoi Treemaps for ENTplas treated vs. untreated S9 
epithelial cells. Identified proteins were assorted into individualised KEGG-BRITE 
hierarchy. Every tile in that structural hierarchy, representing one identified protein, 
was coloured by logarithmised, normalized expression values (% volume, normalized 
by the specific Cy-2-standard) of ENTplas treated samples divided by expression values 
of untreated controls from Delta-2D quantities. The isoluminant divergent colour 
gradient encodes expression changes: white coloured tiles show expressions, which 
correspond a fold change of ‘1’. Blue shaded tiles represent proteins with negative fold 
change (lower expression in ENTplas treated samples in comparison to the untreated 
controls) and shades of orange represent proteins with higher fold change than ‘1’. 
Saturation of blue and orange is reached at an expression rate five times higher or 
lower than the corresponding control. The six different time points 0 h, 0.5 h, 1 h, 24 h, 
48 h and 72 h are displayed. 
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8. Movie S-2 (see DVD) 

Timeline of resulting Voronoi Treemaps for ENTplas treated vs. untreated S9 
epithelial cells. Identified proteins were assorted into individualised KEGG-BRITE 
hierarchy. The “oxidative stress” section was excerpted and is presented exclusively. 
Every tile in that structural hierarchy, representing one identified protein, was coloured 
by logarithmised, normalized expression values (% volume, normalized by the specific 
Cy-2-standard) of ENTplas treated samples divided by expression values of untreated 
controls from Delta-2D quantities. The isoluminant divergent colour gradient encodes 
expression changes: white coloured tiles show expressions, which correspond a fold 
change of ‘1’. Blue shaded tiles represent proteins with negative fold change (lower 
expression in ENTplas treated samples in comparison to the untreated controls) and 
shades of orange represent proteins with higher fold change than ‘1’. Saturation of blue 
and orange is reached at an expression rate five times higher or lower than the 
corresponding control. The six different time points 0 h, 0.5 h, 1 h, 24 h, 48 h and 72 h 
are displayed.
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