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Summary 
 

Against the opinion of earlier years, infectious diseases are the most dangerous cause of death 

worldwide.  Their epidemiologic importance is present today and will be present in the future 

[1]. The complex topic of “infections” should be examined under two aspects: prevention and 

treatment. The prevention of infections covers the fields of decontamination and sterilization, 

hygiene, vaccination and health education. The treatment of infections is commonly associated 

with antibiotic treatment, as well as with the immunological side in terms of understanding the 

human immune response. 

From 1969 to 2000 no new major class of antibiotics have been introduced and, to make 

matters worse, the decreasing interest and investment in antibiotic research by the 

pharmaceutical industry and the consequent decline in antibiotic discovery has been paralleled 

by a rapid spread of nosocomial acquired infections and cases of community-acquired, 

antibiotic (methicillin)-resistant infections [2, 3]. 

Fundamental research on infection causing microorganisms such as the human pathogen 

Staphylococcus aureus is of major importance.  

Infection related virulence factors are either displayed at the surface of the staphylococcal cell 

or released into the medium. In order to understand and evaluate the pathogenic potential of 

these organisms it is of major importance to map their pathways for protein transport. Currently, 

the machinery for protein transport of Escherichia coli (gram negative) and B. subtilis (gram 

positive) are best described [4, 5]. Many of the known components that are involved in the 

different routes for protein export in these organisms are also conserved in S. aureus. Genomic 

and proteomic studies enable an in-depth study of the secretion machinery [6]. The 

understanding of which factors are responsible for causing infection and which proteins are why 

and how associated with infections carries high potential for new findings in terms of infection 

control and treatment. 

Furthermore, contamination of medical devices such as catheters or endoscopes can also 

cause infections. Medical devices which are made of bio-compatible polymers such as 

polyethylene (PE) or polyethylenterephthalat (PET) are thermo labile materials.  Besides 

numerous advantages for the patient, they are poorly resistant to high temperatures (autoclave 

sterilization). Alternative chemical treatments such as ethylene oxide sterilization bare side 

effects or risks which are neither desired nor acceptable [7, 8]. 

Therefore, the use of alternative decontamination procedures for heat sensitive materials such 

as low temperature plasma is in the focus of not only physicist but also biologist and medical 

staff. 

As low temperature plasmas generated at atmospheric pressure consist of a variety of 

microbicidal active agents and chemical products e.g. atomic oxygen (O), ozone (O3), hydroxyl 
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(OH), reactive oxygen (ROS) and nitrogen species (RNS), it becomes an appropriate tool for 

microbial decontamination. Recently, low temperature plasma was successfully applied for 

wound treatment. First studies revealed enormous potential in this area as improved wound 

healing could be shown. Clearly, the use of plasmas in medicine opens up new vistas of 

treatment—this is the vision. On the practical side many questions are still open such as: (i) 

which type of plasma is applicable for which purpose; (ii) what are the advantages of plasma 

compared to current medical treatments; (iii) whether plasmas are a more economical 

alternative to current applications and standards [9]?  

Before plasma can be safely routinely used in hospitals, it is furthermore of major importance to 

evaluate the interaction of microorganisms (pro- and eukaryotic cells) with plasma. When these 

fundamental questions are well investigated and understood, a safe, successful and most 

important widely accepted implementation in the field of life science will be achieved.  

 

This work is divided into two parts. First, investigations of secretion mechanisms in the human 

pathogen S. aureus and the posttranslational protein folding catalyst dsbA will be presented 

followed by results about the interaction between bacteria and low temperature plasma.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

1. Secretion 
 

The Gram-positive bacterium Staphylococcus aureus is a frequent component of the human 

microbial flora that can turn into a dangerous pathogen. As such, S. aureus is capable of 

infecting almost every tissue and organ system in the human body causing three basic 

syndromes: (i) superficial lesions such as skin abscesses and wound infections; (ii) deep-

seated and systemic infections such as osteomyelitis, endocarditis, pneumonia, and 

bacteremia; and (iii) toxemic syndromes such as toxic shock syndrome (TSS) and 

staphylococcal scarlet fever [10-13]. The molecular basis of S. aureus pathogenicity is 

multifactorial, depending on the expression of a large class of accessory gene products that 

comprise cell wall-associated and extracellular proteins [6, 14].  

The translocation of proteins from the cytoplasmatic compartment to the extracellular space is 

called secretion and plays an important role in bacterial physiology. About 25% to 30% of the 

bacterial proteins function in the cell envelope or outside of the cell. But the present cell 

envelope is an export barrier for the proteins which are synthesized at ribosomes localized in 

the cytosol. Besides its barrier characteristics, the cell envelope fulfills a variety of duties such 

as the protection of the underlying protoplast and maintenance of the cell shape. Furthermore, 

the cell wall is involved in the cell division, metal ion homeostasis and interactions between the 

cell and its environment [15-17].  

 

 

1.1. Signal peptides 
 

Various transport mechanisms have evolved to allow proteins to cross membranes without 

compromising the barrier function [4].  Proteins that are transported to an extracytoplasmic 

location generally contain an N-terminal signal sequence peptide which is needed to target the 

preprotein from the ribosome to a particular transport pathway and gets removed after 

translocation. Signal sequences have a tripartite structure with an N-terminal region 

encompassing one to three positively charged amino acids residues (N domain), a hydrophobic 

core region consisting of 10-15 residues (H domain) and a more polar C terminus, which 

constitutes the signal peptidase cleavage site (C domain). 
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Fig.1. General features and classification of S. aureus signal peptides. The predicted signal 
peptides are divided into five distinct classes: secretory (Sec-type) signal peptides, twin-
arginine (RR/KR) signal peptides, lipoprotein signal peptides, pseudopilin-like signal peptides, 
and bacteriocin leader peptides. Most of these signal peptides have a tripartite structure, with a 
positively charged N domain (N) containing lysine and/or arginine residues (indicated by plus 
signs), a hydrophobic H domain (H, indicated by a black box), and a C domain (C) that 
specifies the cleavage site for a specific SPase. Where appropriate, the most frequently 
occurring amino acid residues at particular positions in the signal peptide or mature protein are 
indicated as well as the SPase (on the basis of Sibbald et al. [6]). 
 

 

1.2. Translocation 
 

Next, the protein is threaded through the membrane in an either folded or unfolded state- 

depending on the used pathway. During this translocation step, or shortly afterwards, the signal 

peptide is removed by a so-called signal peptidase (SPase). Upon complete membrane 

translocation, the protein has to fold into its correct conformation and will then be retained in an 

extracytoplasmic compartment of the cell or secreted into the extracellular milieu [6]. In recent 
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years, genomic and proteomic tools have been employed to generate an inventory of the so-

called secretome. By definition, the secretome includes both the various pathways for the 

protein transport across the cytoplasmic membrane to the membrane –cell wall interface, the 

cell wall or the extracellular environment and the secretory proteins themselves [17, 18]. Based 

on the cell envelope setup in Gram-positive bacteria such as S. aureus, four different final 

protein destinations for secreted proteins can be named which are (i) membrane anchored 

proteins, (ii) lipoproteins, (iii) cell wall associated proteins und (vi) extracellular proteins.  

 

 

1.3. Virulence of S. aureus 
 
The pathogenicity of S. aureus is caused by the expression of an arsenal of virulence factors 

(see Tab. 1) which are either displayed at the surface of the staphylococcal cell or secreted into 

the host milieu. Therefore it is of major importance to obtain a clear understanding of the 

protein transport pathways that are active in this organism [6]. 

 
 Virulence factor Pathogenic 

action 
function Proteins or other 

compounds 
Clinical 
consequences 

1 Surface proteins  Colonization and 
atttachement of 
host tissues and 
blood clots 

Adhesins, 
fibronectin- 
and 
fibrinogen-
binding 
proteins 

ClfA, ClfB, FnbA, 
FnbB, IsdA, 
SdrC, SdrD, SdrE, 

endocarditis, 
prosthetic 

2 Membrane damaging 
toxins, invasins 

Lysis of 
eukaryotic cell 
membranes 
and promotion of 
bacterial spread 
in tissue 

Hemolysins, 
hyaluronidase, 
leukocidin, 
leukotoxin, 
lipases, 
nucleases 

Geh, Hla, Hld, 
HlgA-C, HysA, 
Lip, LukD, LukE, 
LukF, 
LukS, Nuc 

tissue invasion and 
destruction 

3 Surface factors Evade 
opsonization and 
phagocytosis 

Capsule, 
protein A 

CapA-P, Efb, Spa deep and metastatic 
infections 

4 Biochemical compounds Survival in 
phagocytes 

Carotenoids, 
catalase 
production 

KatA, 
staphyloxanthin 

 

5 Surface proteins immunological 
disguises and 
modulation 

Clumping 
factor, 
coagulase, 
protein A 

ClfA, ClfB, Coa, 
Spa 

 

6 Exotoxins Host tissue 
damage, 
provocation of 
symptoms of 
septic shock 

Enterotoxins 
SEA to SEG, 
exfoliative 
toxin, TSST 

Eta, Etb, SEA-G, 
TSST-1 

gastroenteritis, food 
poisoning, toxic 
shock syndrome, 
scalded skin 
syndrome 

7 Resistance proteins Inherent and 
acquired 
resistance to 
antimicrobial 
agents 

Methicillin and 
vancomycin 
resistance 

BlaZ, MecA, VanA  

Tab. 1: Virulence factors of S. aureus (on the basis of Sibbald et al. and Raygada et al. [6, 19]) 
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At least six distinct pathways for protein transport have been indentified in S. aureus. Besides 

the general secretion (Sec) pathway, S. aureus has a twin-arginine translocation “Tat” pathway, 

a pseudopilin export (Com) pathway, phage-like holins and certain ATP-binding cassette (ABC) 

transporters.  

In general, the export of proteins can be divided into the following three stages:  

(i) targeting the membrane translocation machinery by export-specific or general chaperones,  

(ii) translocation across the membrane and  

(iii) posttranslocational folding and modification.  

 

If the translocated proteins of gram-positive bacteria lack specific retention signals for the 

membrane or cell wall, they are secreted into the growth medium [6]. 

 

 

1.4. Sec-pathway 
 
The majority of secretory proteins are transported by the general secretion (Sec) pathway. Proir 

to translocation, the preproteins with a signal peptides SPase I or II, are recognized by the 

signal recognition particle (SRP) or by the secretion-dedicated chaperone SecB. Subsequently, 

they are targeted to the Sec translocase in the cytoplasmic membrane, a multimeric membrane 

protein complex composed of a highly conserved protein-conducting channel, SecYEG, and a 

peripherally bound ribosome or ATP-dependent motor protein SecA.  

The Sec translocase mediates the translocation of unfolded proteins across the membrane and 

the insertion of membrane proteins into the cytoplasmic membrane [16, 18]. 130 to 145 

proteins are predicted to be exported, depending on the investigated S. aureus strain. Typical 

proteins which are transported through the Sec pathway are degradative enzymes (e.g. 

carbohydrases, DNAses, lipases, phosphatases, proteases and RNAses), proteins involved in 

cell wall biosynthesis, substrate binding proteins and even pheromones involved in sensing the 

cell population density for onset of developmental processes such as natural competence and 

sporulation [6, 18].  
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Fig. 2. Scheme of protein targeting to the Sec translocase. The bacterial Sec translocase is a 
protein complex in the cytoplasmic membrane (CM), which comprises a peripheral motor 
domain SecA (green), the protein-conducting channel, SecYEG (orange), and the accessory 
proteins SecDF(yajC) (pink) and YidC (red). Signal peptidase (SPase) is a membrane-bound 
peptidase that cleaves the signal sequence from preproteins at the periplasmic face of the 
membrane. (a) Secretory proteins (yellow) are posttranslationally targeted to the Sec 
translocase by virtue of their signal sequence, which is recognized directly by SecA, the motor 
domain of the Sec translocase, or by the aid of the molecular chaperone SecB (blue). (b) 
Membrane proteins and some preproteins are cotranslationally targeted to the Sec translocase 
as ribosome-bound nascent chains by the SRP and the SRP-receptor FtsY (purple). (c) Some 
membrane proteins insert into the cytoplasmic membrane via YidC [16].  
 

 

1.5. Accessory secretion pathway 
 

Interestingly, the genome of S. aureus contains a second set of chromosomal secA and secY 

genes named secA2 and secY2, respectively. Several other pathogens, including 

Streptococcus gordonii, Streptococcus pneumoniae, Bacillus anthracis and Bacillus cereus 

have the same duplication in their genome [6, 20]. It is known that SecA2/Y2 is required for the 

transport of certain proteins related to virulence. In S.gordonii, the SecA2 system is responsible 

for exporting GspB, a large serine-rich glycoprotein to the cell surface [21]. Exported GspB 

promotes S. gordonii binding to platelets. Therefore, the SecA2 system is likely to contribute to 

pathogenesis, as platelet binding is believed to be important for S. gordonii attachment to 

damaged cardiac tissue and subsequent infective endocarditis [20]. 

Recently, Siboo and coworkers were able to show that the accessory Sec system of S. aureus 

is required for the export of SraP (Serine-rich adhesin for platelets) and it seems that this 
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system is dedicated to the transport of this substrate exclusively [22]. SraP shares similarity 

with a group of cell wall-associated glycoproteins. Among the best characterized members of 

such glycoproteins is the platelet binding protein GspB of S. gordonii. Compared to 

streptococci, however, SraP of S. aureus is predicted to differ in its signal peptide and 

glycosylation, which may affect its dependence on a specialized system for transport. In 

addition, two genes (asp4 and asp5) essential for export of SraP in S. gordonii are missing in S. 

aureus (Fig.3). 

 

Fig.3. Schematic diagram of the accessory Sec loci of S.aureus and S. gordonii [22]. 

 

Despite these findings, it was still unclear what determines the different specificity of the 

SecA1/SecY1 and SecA2/SecY2 translocases. It is also not known whether the SecA2/SecY2 

translocase shares SecE and/or SecG with the SecA1/SecY1 translocase, whether these 

translocases function completely independently from each other, or whether 

mixed translocases can occur. Clearly, the secE and secG genes are not duplicated in S. 

aureus. The SecE and SecG functions in the SecA2/SecY2 translocase may, however, be 

performed by the S. aureus homologues of the Asp4 and Asp5 proteins of S. gordonii, for which 

SecE- and SecG-like functions have been proposed [23].  

 

 

1.6. Synthetic effects of secG and secY2 mutations on exoproteome biogenesis  
       in Staphylococcus aureus  
       Sibbald, M.J*., Winter, T*, van der Kooi-Pol, M. M., Buist, G., Tsompanidou, E., Bosma,   

       T., Schäfer, T., Ohlsen, K., Hecker, M., Antelmann, H., Engelmann, S., van Dijl, J.M.          

       (2010) 

       Journal of Bacteriology, 192, 3788-3800 

       * both authors contributed equally to this work 

 

1.6.1. Goal of study 
 

So far, relatively few functional studies have addressed the protein export pathways of S. 

aureus. Notably, the Sec pathway is generally regarded as the main pathway for protein export, 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sibbald%20MJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Winter%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Kooi-Pol%20MM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buist%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsompanidou%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sch%C3%A4fer%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ohlsen%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hecker%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Antelmann%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Engelmann%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Dijl%20JM%22%5BAuthor%5D�
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but, to date, this has not been verified experimentally in S. aureus. Therefore, the present 

studies were aimed at defining the roles of two Sec channel components in the biogenesis of 

the S. aureus exoproteome. We focused attention on the nonessential channel component 

SecG as this allowed a facile co-assessment of the nonessential accessory Sec channel 

component SecY2 [24].  

 

 

1.6.2. Results of study 
 
Our results show that secG and secY2 are not essential for growth and viability of S. aureus. 

We could prove that SecG is more important for Sec-dependent protein secretion in S. aureus 

than in B. subtilis or E. coli., since studies for E. coli  [25] and B. subtilis [26] have shown that 

deletion of secG had fairly moderate effects on protein secretion in vivo. The extracellular 

accumulation of proteins is affected to different extents by the absence of SecG: some proteins 

are present in reduced amounts, some are not affected, and some are present in elevated 

amounts. But all altered proteins have Sec-type signal peptides in common. 

The effects of the absence of SecG are exacerbated by deletion of SecY2, suggesting that 

SecY2 directly or indirectly influences the functionality of the general Sec pathway. This is 

remarkable since the absence of SecY2 by itself had no detectable effects on the composition 

of the extracellular proteome of S. aureus. 

Importantly, the transcription of genes for three proteins (Geh, Hlb, and Spa) that were affected 

in major ways by the absence of SecG was not changed and all observed effects of the secG 

mutation could be reversed by ectopic expression of secG. This suggests that the observed 

changes in the exoproteome composition of the S. aureus secG mutant strain relate to changes 

in the translocation efficiency of proteins through the Sec channel rather than to regulatory 

responses at the gene expression level. 

Since we were unable to detect secretion defects for secY2 single mutant strains, our studies 

confirm that only very few proteins are translocated across the membrane in a SecA2/SecY2-

dependent manner, as has previously been suggested by Siboo et al. [22, 24].  
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2. Post-translocational folding 
 
Most of the secretory proteins are translocated across the cytoplasmic membrane in an 

unfolded form. But once translocated across the membrane, proteins must be folded rapidly 

into their native conformation. This is not only requires for the activity of exported proteins but 

also for their stability, since the membrane-cell wall interface is a highly proteolytic environment 

that monitors and maintains the quality of secreted proteins. Furthermore, proteins may not 

block the translocation machinery in the membrane, form illegitimate interactions with the cell 

wall or, through intermolecular interactions, form insoluble aggregates [18]. To ensure correct 

processing, folding catalysts have evolved such as PrsA and thiol-disulphide oxidoreductases. 

 

 

2.1. Thiol-disulphide oxidoreductases (TDORs) 
 
A disulphide bond is a sulphur-sulphur chemical bond that results from an oxidative process 

that links two nonadjacent cysteines of a protein. In all three domains of life, disulphide bonds 

play major roles in the correct folding of many different proteins, maintaining their structural 

integrity and regulating their activity [27, 28]. Proteins containing disulphide bonds are found 

predominantly in the membranes and periplasm of Gram-negative bacteria, or the 

membrane/cell wall interface and extracellular milieu of Gram-positive bacteria [29]. 

Proteins that contain disulfide bonds can be divided into two classes: (i) those in which the 

cysteine-cysteine linkage is a stable part of their final folded structure and (ii) those in which 

pairs of cysteines alternate between the reduced and oxidized states. For the first class, the 

disulfide bond may contribute to the folding pathway of the protein and to the stability of its 

native state. For the second, the oxidative-reductive cycling of the disulfide bond may be 

central to a protein’s activity as an enzyme [30]. 

For both classes of proteins, disulphide bonds are essential for their activity. The formation of 

disulphide bonds can occur spontaneously under oxidizing conditions. This process is very 

slow and non-specific [31]. For this reason enzymes have evolved that catalyze the formation 

(oxidation) or breakage (reduction) of disulphide bonds in vivo. These enzymes are called thiol-

disulphide oxidoreductases (TDORs) [32].  
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Fig: 4. Catalytic cycle of DsbA. In this 
reaction cycle, oxidized DsbA (a) reacts with 
a substrate protein to generate a mixed 
disulfide intermediate (b). This covalent 
reaction intermediate is rapidly resolved to 
release the oxidized substrate and reduced 
DsbA (c). Reduced DsbA is in turn reoxidized 
by the inner membrane protein DsbB (d). 
Image taken from Paxmann et al. [33]. 

 

Among the best known bacterial extracytoplasmic TDORs are the Dsb proteins of the Gram-

negative bacterium Escherichia coli [30]. These proteins are characterized by a CxxC motif 

(two cysteine residues separated by two amino acids), which forms the core of the active site 

[34]. The catalytic mechanism involves a disulphide exchange process in which the disulphide 

bond is transferred from the enzyme to the substrate protein (or vice versa) via a short-lived 

intermediate as it is displayed in Fig. 4 [35]. 

 

 

2.2. Thiol-disulphide oxidoreductase modules in the low-GC Gram-positive 
       Bacteria 
       Kouwen, T. R., van der Goot, A., Dorenbos, R., Winter, T., Antelmann, H., Plaisier, M.   

       C., Quax, W. J., van Dijl, J. M., Dubois, J. Y. (2007) 

       Molecular Microbiology, 64(4):984-99 
 

 
2.2.1. Goal of study 
 
Compared with Gram-negative bacteria, such as E. coli, relatively little information is currently 

available about extracytoplasmic TDORs in Gram-positive bacteria. The current knowledge on 

TDORs from Gram-positive bacteria was obtains mainly in studies with Bacillus subtilis [32]. 

We focus on the mode of action and build up of TDORs of low-GC Gram-positive bacteria and 

compared the biological activity of TDORs from B. subtilis (BdbA-D) and S. aureus (DsbA). 
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2.2.2. Results of study 
 

Blast research with BdbC and BbdD from B. subtilis against annotated S. aureus strains 

revealed the presence of a BdbD homologue (DsbA). But a BdbC homologue is missing in S. 

aureus.  

The contruction of a B. subtilis XdsbA strain allowed the expression of S. aureus lipoprotein 

dsbA in B. subtilis. This strain enabled the successful investigation of three disulphide bond-

containing reporter proteins for TDOR activity (PhoA, ComGC and sublancin 168) in terms of 

DsbA functionality. First, we were able to prove that DsbA produced in B. subtilis is active and 

able to promote specifically the folding of the secreted E. coli PhoA (Alkaline phosphatase) in a 

protease-resistant and active conformation. Furthermore, DsbA can replace all four Bdb 

proteins of B. subtilis for folding of E. coli PhoA. 

Interestingly, DsbA does not need the presence of a BdbC-like protein for this activity in PhoA 

folding. This suggests that DsbA is reoxidized in a BdbC-independent manner. 

Secondly, DsbA is able to complement, at least partly, for the absence of BdbC and BdbD in 

the correct folding of ComGC to a protease-resistant and biologically active conformation. The 

pseudopilin ComGC, which is an important element of the DNA uptake machinery of B. subtilis, 

was previously shown to require both BdbC and BdbD for folding and biological activity [36]. 

For the secretion of active sublancin 168 in B. subtilis, BdbB and BdbC are required. A bdbBC-

XdsbA strain was constructed and it was shown that the S. aureus DsbA is able to 

complement, at least partially for both BdbB and BdbC in sublancin 168 production. 
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3. Low temperature plasma 
 
3.1. Introduction 
 
Plasmas are by far the most common phase of matter (99%) in the universe, both by mass and 

by volume. In 1879 the British chemist and physicist William Crookes first described it as 

“radiant matter “ [37]. The term “plasma” itself comes from Greek (“something molded”) and 

was introduced in 1928 by Irving Langmuir [38].  

In physics plasma is, as shown in Fig. 5, considered the fourth state of matter following by 

order of increasing energy, the solid state, the liquid state and the gaseous state.  

 

 
Fig. 5: Matter of states  

 

Strictly speaking, this fourth state is a gas made up of particles and photons in permanent 

interaction. As displayed in Fig. 6, these particles include electrons, positive and negative ions, 

atoms, free radicals and excited or non-excited atoms and molecules [7].  

 

 
Fig. 6: Constituents of plasma 

 

Plasma can exist over an extremely wide range of temperature and pressure. It can be 

produced at low-pressure or atmospheric pressure by coupling energy to a gaseous medium by 

several means such as mechanical, thermal, electrical, chemical, radiant, nuclear and also by a 

combination of these to dissociate the gaseous component atoms and molecules into a 

collection of ions, electrons and neutral species. It is thus an energetic chemical environment 

that combines particles and radiations of a diverse nature, an incredibly diverse source of 

chemistry that is normally not available in other states of matter [39]. 



28 
 

3.2. Classification of plasma 
 

Plasma can be distinguished into two main groups, namely high temperature and low 

temperature plasma. The classification of plasma is based on the relative energetic levels of 

electrons and heavy species of the plasma (see Fig. 7).  

• High temperature plasma implies that light electrons and heavy ions are in a thermal 

equilibrium state. That means that both have the same temperature. Due to the extreme 

high gas temperature in those plasmas of up to 108 K, the degree of ionizations is 

almost 1 and hence almost the entire amount of neutral species is ionized. This type of 

plasma is found in the sun. 

• Low temperature plasma is further subdivided into thermal (quasi-equilibrium plasma) 

and non-thermal plasmas (non-equilibrium plasma).  

 
o Thermal plasmas are characterized by equilibrium or near equilibrium between 

electrons, ions and neutrals. Plasma torches, arc or microwave plasma are 

common thermal plasma applications. These sources produce high 

temperatures (2x104 K) and are mainly used in areas such as in plasma material 

processing and plasma treatment of waste materials. Due to the high 

temperature, thermal plasmas are not applicable for direct medical applications.  

o In non-thermal plasmas (NTP), most of the coupled electrical energy is primarily 

channeled in the electron component, while the plasma ions and neutral 

components remain at or near room temperature. Because the ions and the 

neutrals remain relatively cold, this characteristic provides the possibility for 

using cold plasmas for low temperature plasma chemistry and for the treatment 

of heat sensitive materials including polymers and biological tissues. The strong 

thermodynamic non-equilibrium nature and the presence of reactive chemical 

species offer a tremendous potential for cold plasma to utilize these plasma 

sources in a wide range of applications [7, 39]. Examples for commonly used 

non-thermal plasma devices are plasma jets and Dielectric barrier discharges 

(DBD). The latter was used in our studies, due to its just mentioned advantages. 



29 
 

 
Fig. 7: Plasma classification 

 

 

3.3. Fields of applications of non-thermal plasma  
 

In recent years, the application of non-thermal plasma has become more and more diverse. 

Industrial applications range from surface treatment, high-power CO2 lasers, excimer ultraviolet 

lamps, pollution control, various thin film deposition processes, and most recently, also in large-

area at plasma display panels [40]. Besides this rather technical use of plasma, a variety of 

non-thermal plasma applications evolved in the area of life science ranging from teeth 

bleaching [41, 42], skin treatments to wound healing [8, 43-45].  

This quite novel field of non-thermal plasma applications with the main focus on the latter 

mentioned skin and wound treatment methods is called plasma medicine [9, 46-48].  

Besides these direct patient treatments also other infection relevant plasma applications such 

as decontamination of heat sensitive medical devices (e.g. endoscopes, central venous 

catheters) have great potential in the medical field. With its non-equilibrium plasma conditions 

and moderate gas temperatures, non-thermal plasmas present a promising new alternative to 

inactivate pathogenic microorganisms and it might prove to be a new, faster, noncorrosive, 

more economical alternative to existing decontamination methods.  

 

 

3.3.1. Microbial decontamination with non-thermal plasma 
 

Microbial decontamination means the decomposition or removal of microorganisms. The major 

goal of any microbicidal treatment is the prevention of infections. In general, the inactivation of 

microorganisms and the removal of biological hazardous contaminants is of great interest 
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especially in the clinical sector [8]. The development of bio-compatible polymers and the 

constraints of industrial safety have driven the emergence of new technologies for bio-

decontamination. As most of these polymers are poorly resistant to heating, oven or autoclave 

sterilization processes are generally inapplicable. Chemical treatments, using for instance 

ethylene oxide might be an alternative, but traces of the active compound often remain on the 

treated devices and constitute an unacceptable risk [7]. 

In general an optimal sterilization process has to be effective, fast in process, economical, 

nontoxic and nonhazardous for the staff, the operator and the patient, environmentally friendly, 

energy saving and should prevent material from damage [8].  

Non-thermal plasma generated at atmospheric pressure consists of a variety of microbicidal 

active agents and is likely to become an appropriate tool for microbial decontamination. Since 

there is no need of expensive vacuum facilities, atmospheric pressure plasma sources are 

easily applicable to even complex devices and conventional processes. Hence, their 

development and characterization has been in the focus of research for more than two decades 

and until now their entire potential is not yet predictable. 

 

 

3.3.2. Non-thermal plasma in contact with biological material/cells 
 

Besides the just described plasma applications for decontamination purposes, the treatment of 

skin and wounds with plasma is becoming more and more of interest. 

Clearly, the interaction of plasma with living systems is complex, owing partly to the complexity 

of plasma and mainly to the overwhelming complexity of biology [49].  

Besides plain physical effects such as heat, high energy UV radiation, radiation in the visible 

and infrared spectral range, alternating electric fields, plasma has another huge arsenal of 

medically relevant therapeutic active agents [8]. Plasma generates various biologically active 

agents such as charged particles (electrons, ions), electronically excited atoms and molecules. 

Additionally, plasma treated cells or tissue surfaces are exposed to active short and long lived 

neutral atoms and molecules, including for instance atomic oxygen (O), ozone (O3), nitric oxide 

(NO), hydroxyl (OH), and singlet oxygen (O2(aΔ)) [50]. 

This long list of possible reactive species produced by plasma suggests the complexity of 

plasma itself and to go one step further- its complex interaction mechanisms with living cells. 

The whole topic gets even more complex by the fact, that these different biological active 

agents are produced in dependence on the adjusted parameters like gas composition, flow 

rate, moisture, temperature and excitation properties.  
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3.4. Motivation for biological investigation on non-thermal plasma 
 
The investigation of the actual plasma compositions itself is only one aspect that needs to be 

investigated. This can be achieved by plasma diagnostics tools such as temperature 

measurements, optical emission spectroscopy (OES) and Fourier transformed infrared 

spectroscopy (FTIR). But the individual or combined impact of each reactive species on cells is 

by far the more difficult task which lies ahead. The identification of plasma components 

responsible for the observed effect in prokaryotic and eukaryotic cells is an essential task and 

needs the expertise of multidisciplinary research teams. So far only a few selective studies 

about the interaction of plasma with living cells have been published [50, 51].  

 

 

3.5. Characterization of the global impact of low temperature gas plasma on   
       vegetative microorganisms 
       Winter, T., Winter, J., Polak, M., Kusch, K., Mader, U., Sietmann, R., Ehlbeck, J., van   

       Hijum, S., Weltmann, K. D., Hecker, M., Kusch, H. (2011) 

       Proteomics 11(17): 3518-3530 

 

 

3.5.1. Goal of study 
 
Despite numerous successful applications of low temperature gas plasmas in medicine and 

decontamination, the fundamental nature of the interactions between plasma and 

microorganisms is, to a large extent, unknown. Furthermore, sufficient analytical methods to 

investigate the effects of the interaction of plasma with microorganism have not been described 

so far. Our goal was to treat- but not destroy microorganisms with low temperature plasma in 

order to understand their responses towards that stressor. The Gram-positive model organism 

B. subtilis was chosen, because of the extensive knowledge of its stress response 
mechanisms. Proteomic and transcriptomic analysis were performed in combination plasma 

diagnostics in order to connect the biological finding with the reactive plasma species.  

 

 

3.5.2. Results of study 
 

The construction of a novel growth camber system allowed a reproductive growth and plasma 

treatment of vegetative bacteria. With connected plasma diagnostic tools such as optical 

emission spectroscopy (OES), Fourier transformed infrared spectroscopy (FTIR) and 

temperature measurements, the plasma composition were determined. Temperature 
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measurements revealed a temperature increase in dependency of the applied plasma power of 

48°C to 55.4°C in the discharge region. The temperature of the growth broth was not elevated. 

The biologically active agents produced by the plasma in this experimental setup are excited 

argon species, hydroxyl-radicals, UV-B radiation and high energy particles such as ions and 

electrons. 

A growth retardation of the bacteria, depending on the discharge power was observed leading 

to a significant growth curve decline with increasing power. The argon gas influx led also to a 

short oxygen deprivation which was not detected on the transcriptional level. Plasma treatment 

led to morphological changes of the cells, which were made visible via electron microscopy. 

Dents on the cell surface appear not directly after the plasma treatment, but after 60 min, they 

are considered to be secondary effects resulting from the deregulation of other cell 

mechanisms. 

Proteome analysis revealed numerous changes in the protein pattern as shown in Fig. 8. In 

total, 70 proteins exhibit changes in abundance (ratio <0.5 ;>2 ; p-value 0.01). 32 proteins 

displayed an increase and 38 a decreased protein amount on the 2-D gels.  

 
Fig. 8: False-colored dual-channel image of 2-D gels of intracellular B. subtilis proteins (15min 
argon influx) (green) and B. subtilis (15min 2.5W argon plasma treatment) (red). 
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Additionally, the experiments were performed for different discharge voltages in order to 

evaluate the plasma power impact. We were able to show that the increased plasma power 

does not automatically result in more affected proteins. Proteins belonging to the functional 

categories of protein synthesis, modification and degradation were mainly affected, as well as 

proteins which belong functionally to the cell wall category. Several PerR regulon associated 

proteins were affected, too. 

Transcriptome data shows that plasma treatment led to a rapid and global transcriptional 

response. 280 genes were found to be significantly regulated (ratio <0.5;>2;p-value 0.01) as a 

consequence of plasma treatment. The two most induced gene (mrgA and katA) are oxidative 

stress marker genes. Almost all significantly regulated genes belonging to the functional 

categories cell wall, motility and chemotaxis, coping with stress, prophages, sporulation and 

homeostasis were up regulated. In contrast, all genes, belonging to the functional categories 

metabolism of nucleotids and nucleic acids and carbon metabolism were down regulated. 

Several regulons were well covered by the 280 genes, e.g. LexA, PerR, Spx and Fur. 

Taken together, we were able to investigate for the first time the molecular response of 

vegetative growing microorganism towards low temperature plasma treatment. Due to a novel 

growth chamber, reproducible growth and plasma treatment was possible. Effect on the growth 

behavior, the morphology and several cellular targets- such as cell wall, protein and DNA were 

found due to plasma treatment. The clear oxidative stress response, made visible with the 

proteomic and transcriptomic analysis could nicely be linked with the reactive species in the 

plasma which were detected by OES measurements.  

 

3.6. Common versus noble- Bacillus subtilis differentially responds to air and    
       argon gas plasma 
       Winter, T.., Bernhardt, J., Winter, J., Mäder, U., Schlüter, R., Weltmann, K. D., Hecker,   

       M., Kusch, H. (2011) 

       Submitted to PLoS ONE 

 

 

3.6.1. Goal of study 
 
In order to gain further insight in this topic, a second kind of plasma treatment was applied and 

combined proteomic and transcriptomic analysis were used to investigate the specific stress 

response of B. subtilis cells to treatment with not only argon but also air plasma. The 

completely different properties of air plasma (e.g. reactive species, heat, radiation) compared to 

argon plasma seemed an adequate way to gain further understanding about the impact of 

plasma composition and its direct effect on the cells. The experimental design was identical to 

the previous study in order to assure reproducibility and comparability. 
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3.6.2. Results of study 
 

The constructed growth camber system allowed a reproductive growth and plasma treatment of 

vegetative bacteria for both gas admixtures and ensured comparability between the 

experiments. 

Once again, plasma diagnostics (OES, FTIR and temperature measurements) were applied. 

Temperature measurements revealed significant differences between argon and air plasma. 

Whereas the temperature in the discharge region increased up to 55.4°C during argon plasma 

treatment, the temperatures increased up to 90.4°C during air plasma treatment. This severe 

temperature increase was also detected on the molecular level by the induction of heat shock 

genes. The temperature of the growth broth did not alter under both plasma treatment 

conditions. 

Besides similar biological active agents under both plasma treatment conditions (UV-B 

radiation and high energy particles such as ions and electrons), the composition differs 

significantly in terms of hydroxyl radicals, heat and excited oxygen/nitrogen species. 

In contrast to the clear growth retardation due to argon plasma treatment, only the highest 

applied discharge voltage during air plasma resulted in a detectable growth retardation.  

In order to visualize the possible differential effects of argon and air plasma treatment on the 

cell envelope, samples for were taken for electron microscopy. In both cases, the 

morphological changes become first visible after 60 min and not directly after the plasma 

treatment. Argon plasma treated B. subtilis cells display noticeably dents on their surface. Air 

plasma treated cells look speckled 60 min after plasma treatment and 120 min later, these 

speckles turn into spider web-like filaments between cells. 

With proteome analysis, 84 proteins were found to be altered due to air plasma treatment 

proteins (ratio <0.5 ;>2 ; p-value 0.01) in contrast to 70 proteins under argon plasma conditions. 

614 altered genes were detected in transcriptomic analysis due to air plasma treatment (ratio 

<0.5;>2; p-value 0.01). TrpC, trpF (>200fold), trpB, trpD, trpE are part of the biosynthesis of 

tryptophan and are more than 100fold up regulated after air plasma treatment and so are hxlA, 

hxlB and the oxidative stress marker genes hmp and katA. The induction of the trp genes is a 

response to photo oxidative damage to amino acids. The effect was only observed under air 

plasma conditions. 

Additionally acquired data allowed the evaluation of the impact of argon gas only on the 

microorganisms. By comparing the air control and argon gas control, a considerably number of 

affected genes was revealed. Argon gas only resulted in the significant alteration of 774 genes. 

When deleting argon gas only affected genes from the original argon plasma gene list, 219 

“real” argon plasma affected gene remain. This finding reveals that the impact of argon gas is 

higher than previously envisioned. Argon gas only resulted in the clear induction of three 
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extracytoplasmic function (ECF) σ factors, (σW, σM and σX) which are related to cell envelope 

homeostasis and antibiotic resistance as well as in the induction of σB genes. 

Our data showed clearly that the simple replacement of argon gas by atmospheric air resulted 

in a broad spectrum of similar but also plasma specific stress responses.  Both plasma stresses 

provoked an oxidative-, as well as a SOS stress response which is displayed by the induction 

of the PerR-, Fur- and LexA regulons. Argon plasma induced many genes associated with 

functions of cell wall synthesis and degradation- especially the induction of the phosphate 

starvation response regulon PhoP which does not apply for air plasma, respectively. In 

contrast, air plasma specifically induced heat shock genes as well as the trp and cymR genes 

as a clear response to photo oxidative damage of amino acids. 
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