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1 Zusammenfassung 

Mikrobielle Biofilme sind ubiquitär verbreitete, multizelluläre Aggregate, welche in eine selbst-

produzierte, extrazelluläre Matrix (ECM) eingebettet sind. Diese extrazelluläre Matrix besteht 

hauptsächlich aus polymeren Substanzen wie beispielsweise Proteinen und extrazellulärer 

DNA. Im infektionsbiologischen Kontext sind insbesondere Patienten, die ein medizinisches 

Implantat erhalten haben oder an Mukoviszidose leiden, anfällig für Biofilm-Infektionen. Sobald 

sich ein Biofilm etabliert hat, ist eine quantitative Entfernung der biofilm-assoziierten Zellen 

durch mechanische, chemische, enzymatische oder antibiotische Behandlung nahezu 

unmöglich, wodurch oftmals eine Entfernung des betroffenen Implantats oder Körperteils die 

letzte Behandlungsoption darstellt. Dies kann durch eine reduzierte metabolische Aktivität der 

Zellen (bis hin zur metabolischen Inaktivität von sog. Persister-Zellen) sowie durch den Schutz 

der extrazellulären Matrix, die als effektive (Diffusions-) Barriere gegen Antibiotika und das 

Immunsystem wirkt, bedingt sein. Diese Schlüsseleigenschaften verleihen Biofilm-assoziierten 

Zellen eine massiv erhöhte Toleranz gegenüber Antibiotika, machen Biofilme zu einer der 

größten Infektions-assoziierten Belastungen und Gefahren im Gesundheitswesen und 

verursachen weltweit jährliche Behandlungskosten in Milliardenhöhe. Dies unterstreicht die 

Notwendigkeit, die Struktur und Funktion mikrobieller Biofilme besser zu verstehen, um so 

innovative Behandlungsstrategien entwickeln zu können. Daher war es das Ziel dieser Arbeit, 

grundlegende strukturelle sowie patho-physiologische Eigenschaften wichtiger bakterieller 

und fungaler Biofilm-Bildner in vitro und in vivo zu untersuchen, sowie die Wirksamkeit einer 

neue Behandlungsstrategie durch Niedertemperaturplasmen in vitro zu evaluieren. 

In Publikation I wurde das intrazelluläre sowie das Proteom der extrazellulären Matrix von 

einem der wichtigsten Biofilm-Bildner – Staphylococcus aureus – mittels Flüssigkeits-

chromatographie-gekoppelter Tandem-Massenspektrometrie (LC-MS/MS) analysiert. Hierfür 

wurden die Biofilme in vitro in einem Durchflussreaktor kultiviert. Struktur und 

Zusammensetzung des Biofilms wurden mit Hilfe globaler Proteom- und Metabolomanalysen 

sowie mikroskopischen Untersuchungen charakterisiert. Es konnte gezeigt werden, dass der 

anaerobe Metabolismus der Biofilm-assoziierten Zellen durch die Sekretion organischer 

Säuren zu einer Absenkung des pH-Werts der ECM führt. Diese Ansäuerung wiederum führt 

zur Protonierung alkalischer ECM Proteine, darunter vornehmlich ribosomale Proteine, die 

durch Zelllyse freigesetzt werden sowie aktiv sekretierte Virulenzfaktoren. Diese positiv 

geladenen, alkalischen Proteine akkumulieren in der Folge in der ECM und bilden ein 

elektrostatisches Netzwerk mit negativ-geladenen Zelloberflächen, eDNA und Metaboliten, 

was gesamtheitlich zur Biofilmstabilität beiträgt. 



Zusammenfassung 

 

2 

In Publikation II wurde die Zusammensetzung und der physiologische Zustand mikrobieller 

Biofilme aus Sputum-Proben von Mukoviszidose-Patienten mittels Metaproteom-Analysen 

untersucht. Diese Multispezies-Biofilme spielen eine entscheidende Rolle für das 

Fortschreiten der Krankheit, konnten bisher jedoch auf Proteomebene aufgrund ihrer 

Komplexizität nur schwer analysiert werden. Daher wurde erstmals ein Aufarbeitungsprotokoll 

etabliert, das es erlaubt, Mikroorganismen aus Sputum-Proben mit geringem Volumen 

anzureichern, Proteine zu extrahieren und mittels Metaproteom-Analysen zu charakterisieren. 

Zusätzlich konnten aus derselben Sputum-Probe 16S Sequenzierungen, Messungen der 

extrazelluläre Metabolite sowie mikroskopische Analysen durchgeführt werden. Durch die 

Anwendung dieses Protokolls war es möglich, die Anzahl identifizierter Proteine signifikant zu 

erhöhen, sodass erste Einblicke in die Pathophysiologie von Schlüsselkeimen der CF-Lunge 

auf Proteom-Ebene gewonnen werden konnten. Diese ersten Metaproteom-Daten zeigen, 

dass der Arginin-Deaminase-Stoffwechselweg sowie mikrobielle Proteasen eine bisher 

unterschätzte Rolle im Infektionsgeschehen spielen könnten. 

In Publikation III und IV wurde eine innovative Strategie zur Bekämpfung von Biofilmen des 

pathogenen Pilzes Candida albicans mittels Niedertemperatur-Plasmen evaluiert. Hierfür 

wurden C. albicans Biofilme mit zwei verschiedenen Plasmaquellen (mit dem sog. Nonthermal 

Plasma Jet “kINPen09” sowie der sog. Microwave-induced plasma torch “MiniMIP”) behandelt. 

Der Effekt auf das Wachstum, Überleben und die Vitalität wurden mittels Bestimmung der 

Kolonie-bildenden Einheiten (engl. CFU), Zellproliferations-Assays, sowie Lebend-Tot-

Färbung kombiniert mit Fluoreszenz- und konfokaler Laser-Scanning-Mikroskopie (engl. 

CLSM) bestimmt. Strukturelle Auswirkungen auf behandelte C. albicans Biofilme wurden 

zudem mittels Rasterkraftmikroskopie (engl. AFM) untersucht. Diese Experimente zeigten, 

dass die Behandlung mit beiden Plasma-Quellen jeweils einen starken Inaktivierungs-Effekt 

auf C. albicans Biofilme hat – vornehmlich auf der Unterseite der Biofilme – was das große 

Potential dieser beiden Plasma-Quellen im Kampf gegen mikrobielle Biofilme aufzeigt. 
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2 Summary 

Microbial biofilms can be defined as multicellular clusters of microorganisms embedded in a 

self-produced extracellular matrix (ECM), which is primarily composed of polymeric 

biomolecules. Biofilms represent one of the most severe burdens in both industry and 

healthcare worldwide, causing billions of dollars of treatment costs annually because biofilms 

are inherently difficult to prevent, treat, and eradicate. In health care settings, patients suffering 

from cystic fibrosis, or patients with medical implants are highly susceptible to biofilm 

infections. Once a biofilm is formed, it is almost impossible to quantitatively eradicate it by 

mechanical, enzymatical, chemical, or antimicrobial treatment. Often the only remaining option 

to fully eradicate the biofilm is removing of the infected implant or body part. The primary 

reasons for the inherent resistance of biofilms against all forms of antimicrobial treatment are 

(I) a reduced metabolic activity of biofilm-embedded cells climaxing in the presence of 

metabolic inactive persister cells, as well as (II) the protective nature of the biofilm matrix acting 

as a (diffusion) barrier against antimicrobials and the host immune system. Consequently, 

there is an urgent need to better understand microbial biofilms from a structural and (patho-) 

physiological point of view in order to be able to develop new treatment strategies.  

Therefore, the aims of this study were to investigate fundamental physiological properties of 

different clinically relevant single and multi-species biofilms, both in vitro and in vivo. 

Furthermore, the effectiveness of a novel treatment strategy using cold atmospheric pressure 

plasma was evaluated in vitro to treat biofilms of the pathogenic fungus C. albicans.  

In article I, the intracellular and ECM protein inventory of Staphylococcus aureus during in vitro 

biofilm growth in a flow reactor was analyzed by liquid-chromatography coupled to tandem 

mass-spectrometry (LC-MS/MS) analysis combined with metabolic footprint analysis. This 

analysis showed that anaerobiosis within biofilms releases organic acids lowering the ECM 

pH. This, in turn, leads to protonation of alkaline proteins – mostly ribosomal proteins 

originating from cell lysis as well as actively secreted virulence factors – resulting in a positive 

net charge of these proteins. As a consequence, these proteins accumulate within the ECM 

and form an electrostatic network with negatively charged cell surfaces, eDNA, and 

metabolites contributing to the overall biofilm stability. 

In article II, the in vivo metaproteome of the multi-species biofilm community in cystic fibrosis 

sputum was investigated. To this end, an innovative protocol was developed allowing the 

enrichment of microbial cells, the extraction of proteins from a small amount of cystic fibrosis 

sputum, and subsequent metaproteome analysis. This protocol also allows 16S sequencing, 

metabolic footprint analysis, and microscopy of the same sample to complement the 

metaproteome data. Applying this protocol, we were able to significantly enhance microbial 
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protein coverage providing first insights into important physiological pathways during CF lung 

infection. A key finding was that the arginine deaminase pathway as well as microbial 

proteases play a so far underappreciated role in CF pathophysiology. 

In articles III and IV, a novel treatment strategy for biofilms formed by the important fungal 

pathogen Candida albicans was evaluated in vitro. Biofilms were treated with two different 

sources of nonthermal plasma (with the Nonthermal Plasma Jet “kINPen09” as well as with 

the Microwave-induced plasma torch “MiniMIP”) and the effect on growth, survival, and viability 

was assessed by counting colony-forming units (CFU), by cell proliferation assays, as well as 

by live/dead staining combined with fluorescence microscopy, confocal laser scanning 

microscopy, (CLSM) and atomic force microscopy (AFM). These tests revealed that biofilms 

were effectively inactivated mostly on the bottom side of biofilms, indicating a great potential 

of these two plasma sources to fight biofilms. 
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3 Introduction 

3.1 Microbial Biofilms 

3.1.1 Definition, Scientific History, and Characteristics of Microbial Biofilms 

The vast majority of microorganisms in nature grow as biofilms, which can be defined as 

polymicrobial aggregates embedded in a primarily self-produced, hydrated extracellular matrix 

(ECM) composed of diverse polymeric substances. Frequently, these aggregates form on 

interphases as mats, flocs, sludge, or biofilms (1). Historically, Van Leeuwenhoek first 

observed microorganisms sticking to the surfaces of teeth and therewith could be considered 

being the discoverer of microbial biofilms (2, 3). Also, Louis Pasteur described and sketched 

bacterial aggregates derived from acetic wine (2). Other early publications mentioning the 

concept of biofilms were published by Angst in 1923 describing biofouling of ship bottoms by 

bacteria and by Henrici in 1933, stating that “for the most part water bacteria are not free-

floating organisms, but grow upon submerged surfaces” (3-5). In the 1940s, Hekelekian and 

Heller, as well as Zobell published that bacterial growth in aquatic environments was enhanced 

on surfaces these bacteria attached to and that the bacterial load in the surrounding medium 

was substantially lower compared to the colonies on surfaces (6-8). The nowadays established 

designation “biofilm” was introduced by Costerton, one of the most important pioneers of 

biofilm research, when the phenomenon of bacterial biofilm formation was scientifically 

described in more detail for the first time back in 1978 (9-12).  

The fact that microbial cells rarely live as free-floating (planktonic) cells but rather form 

polymicrobial aggregates represents a survival strategy, which is evolutionarily advantageous 

since microbial communities obtain multiple benefits from the formation of biofilms. Notably, 

the biofilm matrix acts as a protective shield against environmental, chemical, and mechanical 

stresses like desiccation, shear forces, protozoan grazing, antimicrobial compounds, and the 

host immune system (9, 10). Another characteristic of the biofilm mode of existence is the 

complex community behavior in mono- and mixed-species biofilms, which even lead to the 

comparisons of biofilms with “multicellular organisms” or “tissues of higher organisms” (11, 12). 

This advantageous community behavior ranges from (I) mutualism, e.g. by profiting from a 

shared ECM serving as a nutrient reservoir and an external digestion system dividing the 

metabolic burden, (II) commensalism, e.g. of aerobic and obligate anaerobic microorganisms 

in mixed-species biofilms, (III) eased horizontal gene transfer (e.g. of antibiotic resistance 

genes) due to close cell-to-cell proximity, and even (IV) altruism, where cells exhibit a behavior  
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comparable to programmed cell death in higher organisms (12, 13). 

The ability to form biofilms is considered to be a nearly ubiquitous microbial feature, both 

spatially and taxonomically, and is seen to be the default mode of growth among microbes 

representing a fundamental survival strategy. In fact, biofilms are formed by the vast majority 

of microorganisms, including Gram-positive and Gram-negative, motile and non-motile, 

aerobic and anaerobic bacteria, as well as single-celled eukaryotes like yeast (14). Biofilms 

can be found in nearly every abiotic and biotic, nutrient-sufficient environment on earth, 

rendering them the most widely distributed and most successful form of life (8, 11, 12). 

3.1.2 The Biofilm Life Cycle 

The formation of complex, three-dimensional biofilm architectures is a highly coordinated and 

dynamic process. In general, biofilm formation can be described as a life cycle involving the 

following four simplified phases, regardless of the enormous diversity of biofilm-forming 

species, biofilm-formation kinetics, and morphologies (15): (I) attachment of single, planktonic 

cells to a surface, which is initially reversible, then irreversible due to first ECM production, (II) 

formation of a mono-layer/microcolonies, (III) biofilm growth/maturation forming the three-

dimensional architecture, (IV) dispersal triggered by internal and external signals releasing cell 

aggregates and single cells for the colonization of novel niches (3, 11, 16) (Figure 1). Notably, 

each phase of the biofilm life-cycle is characterized by an individual gene expression pattern 

(17). 

 
Figure 1: Illustration of the biofilm life cycle, modified from McDougald et al., 2011 (18). 
The biofilm life cycle contains four simplified steps: (I) attachment of planktonic cells (first 
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reversible, then irreversible attachment due to first ECM production), (II) microcolony formation 

with formation of a mono-layer/microcolonies, (III) biofilm growth/maturation, which forms 

three-dimensional structures, (IV) dispersal releasing cell aggregates and single cells for the 

colonization of novel niches. 

Before the biofilm life cycle starts with the initial attachment of single planktonic cells, surfaces 

in contact with an aqueous environment get inevitably coated by organic polymers forming a 

so-called “conditioning film” (8). The formation of these conditioning films can be observed in 

nature, e.g. on surfaces exposed to seawater or in the human host, e.g. on surfaces of medical 

implants exposed to blood, urine, or saliva. For example, the conditioning film forming on teeth 

(“acquired pellicle”) represents a proteinaceous coating composed of albumin, lysozyme, 

phosphoproteins, glycoproteins, lipids, and more (8). The coting of surfaces with such a 

conditioning film affects the physicochemical surface properties and thus significantly 

influences the degree of microbial attachment (8). 

Prior to the first (reversible) attachment of planktonic cells to a (conditioned) surface, cells 

sense environmental characteristics like nutrient concentrations, temperature, pH, and 

osmolarity, triggering a sessile lifestyle (3), which is initially affected by Brownian motion, 

bacterial motility as well as by gravitational and hydrodynamic forces (8, 19). On a molecular 

level, the initial attachment is mediated by electrostatic and hydrophobic interactions of the 

substratum and several adhesive bacterial surface structures. These structures include pili, 

flagella e.g. found on Pseudomonas aeruginosa cells, or teichoic acids, and adhesion proteins 

like the group of microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs) e.g. found on Staphylococcus aureus cells (15, 20, 21). Interestingly, 

substratum properties like roughness and hydrophobicity do influence bacterial adhesion, but 

only to a minor extent. This means that bacteria are able to efficiently colonize both smooth 

surfaces as well as rough surfaces (17, 22). Thus, there is currently no biocompatible material 

available, which is able to resist microbial attachment due to its surface properties (20). The 

immediate transition from planktonic to biofilm growth within minutes after initial attachment to 

a solid surface is mediated by a broad regulatory network orchestrating changes in gene 

expression. These changes e.g. affect the expression of genes encoding surface proteins, 

proteins for nutrient utilization, and virulence factors preparing the cell to survive under hostile 

environmental conditions (19). Therefore, the gene expression profile of biofilm cells differs 

greatly from the profile of their planktonic counterparts with up to 70% (20). After the initial 

reversible attachment of single cells, they attach irreversibly to the substratum due to the first 

production of ECM components, which starts to tighten cell-to-cell and cell-to-surface contacts. 

However, there is also evidence that bacteria frequently detach before they phenotypically 
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switch to ECM production and irreversible attachment (15, 20). In the second step of biofilm 

formation – monolayer and microcolony formation, respectively - motile microorganisms like 

P. aeruginosa use type IV pili (after flagellum-mediated initial attachment) for lateral twitching 

motility and the building of first microcolony structures. However, nonmotile microorganisms 

like S. aureus form monolayers and build biofilm structures by clonal growth. During biofilm 

maturation, three-dimensional structures are formed by cell division and excessive production 

of ECM components (see 3.1.3) like polysaccharides (e.g. alginate, Psl, Pel in P. aeruginosa), 

proteins (ribosomal proteins and virulence factors of S. aureus), amyloid fibers (e.g. curli in 

Escherichia coli, or TasA in Bacillus subtilis), as well as eDNA in multiple species (1, 23). After 

maturation, biofilms reach a steady-state phase and release single cells or cell clumps from 

the community to colonize new niches. Here, release mechanisms can be divided into 

desorption, detachment, and dispersion (17). Desorption primarily occurs during earlier phases 

of the biofilm life cycle and describes the direct transfer of biofilm cells into the environment. 

Detachment is mediated by external forces, including abrasion by elevated shear forces, 

grazing, and erosion, which are able to disrupt biofilm integrity. In contrast to desorption and 

detachment as passive release mechanisms, dispersion is an active process involving gene 

expression changes, which mediate cellular release from biofilms e.g. by the secretion of 

nucleases, proteases, surfactants, D-amino acids, or by cell death (17, 19). Such gene 

expression changes, which lead to dispersal, are triggered by internal and external 

environmental signals like levels of oxygen, nitric oxide, and carbon and energy sources (24). 

3.1.3 The Extracellular Matrix 

The extracellular matrix (ECM) encapsulates biofilm-grown cells as a mostly self-produced 

scaffold, thereby significantly contributing to the three-dimensional biofilm architecture (1). The 

ECM accounts for more than 90% of the dry mass, which emphasizes its importance for 

microbial biofilms (1, 11). To a large extent, the ECM consists of extracellular polymeric 

substances (EPS), which were formerly called “the dark matter of biofilms” due to their great 

variety and the lack of proper analytical methods in the past. In the early days of biofilm 

research, EPS was mistakenly used as an abbreviation for “extracellular polysaccharides” but 

was renamed when other biopolymers were discovered as essential components of the ECM 

(1). Today, the main components of the ECM are generally well described. However, the 

composition is very dynamic, heterogeneous and depends on the biofilm-forming species, 

growth conditions, and environmental factors like shear forces, temperature and nutrient 

concentrations (1). In general, the scientific consensus states polysaccharides, proteins, 

extracellular nucleic acids (primarily eDNA, but also eRNA), and lipids being the main 
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components of the ECM (1, 11, 25). In addition, structures like pili, flagella, adhesive fibers, 

outer membrane vesicles, and humic substances have also been described as important ECM 

components (19, 26). Besides these polymeric substances, also metabolites, metal ions, and 

water play a crucial role (1, 19, 27). Indeed, in early reports, biofilms were designated as “stiff 

water” (1). Depending on the environment, also abiotic materials like mineral crystals, 

corrosion particles, clay, or split particles can be found within the ECM (8). In infection settings, 

also blood components and other host proteins were described as parts of the biofilm ECM 

(8). As mentioned above, the ECM is primarily responsible for the architectural properties of 

biofilms. Specifically, it defines the density of biofilm areas, pores and water channels within 

the biofilm. It furthermore accounts for morphological characteristics like thickness, roughness, 

porosity, or the formation of mushroom-like microcolonies (1). Structural properties and biofilm 

stability are attributable to molecular interactions between the ECM components, including van 

der Waals interactions, hydrogen bonds, as well as attractive and repulsive electrostatic forces 

(Figure 2, adapted from Flemming and Wingender, 2010 (1)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Illustration of the extracellular matrix 
(ECM) and its components on different magni-
fications, adapted from Flemming and Wingender, 
2010 (1). a) Model illustrating (from left to right) the 
attachment of a single cell to a solid surface, micro-

colony formation including first ECM production, 

maturation, a mature biofilm (dispersal is not 
depicted). b) proteins, polysaccharides, and eDNA 

are the main components of the ECM and hetero-

geneously distributed. c) Molecular Interactions 
between ECM components stabilizing the ECM and 

contributing to the overall biofilm architecture and 

integrity. 
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However, the ECM composition changes dynamically and can be actively influenced in 

response to environmental cues like nutrient limitation or elevated shear stress. This is 

accomplished by the secretion of enzymes (e.g. proteases, nucleases), or the release e.g. of 

proteins and DNA into the ECM by cell lysis, but also via active secretion processes (28). Thus, 

biofilm architecture and ECM composition can be adjusted according to environmental 

conditions (19). For example, biofilms under high shear stress conditions are mechanically 

more stable than biofilms of the same species grown under low shear stress (22). 

The complex and dynamic composition of the ECM furthermore leads to physicochemical 

heterogeneities within the biofilm manifesting as gradients of nutrients, oxygen, signaling 

molecules, waste products, and pH, which form e.g. depending on the biofilm depth (12, 18). 

These gradients lead to physiological heterogeneities of subpopulations e.g. represented by 

respiring microbes using oxygen as the terminal electron acceptor in oxygen-rich biofilm areas 

close to the surface vs. fermenting microbes in oxygen-depleted, deeper biofilm levels. 

Moreover, there are even metabolically inactive, non-dividing persister cells described within 

biofilms, which are genotypically identical to the remaining population, but dramatically more 

tolerant against antimicrobial therapy since most antibiotics target bacterial processes relevant 

for growth or cell division (19, 28). These persister cells as reservoirs of the disease and their 

potential to reactivate into an infectious state when antibiotic treatment ends are reasons why 

biofilms are so challenging to treat and such a significant healthcare burden (28, 29). 

Structure and function of the biofilm ECM are in close relation. The highly hydrated but robust 

structure encapsulating biofilm-embedded cells fulfills a broad spectrum of functions. Most 

intuitively, the biofilm ECM confers stability to the entire biofilm. As mentioned above, biofilm 

stability thereby increases with elevating shear forces. The stability is mediated by attracting 

intermolecular interactions between ECM components, cellular surface components as well as 

surface molecules of the substratum. In consequence, the ECM plays an essential role in the 

adhesion of the entire biofilm. This is especially important during the early stages of biofilm 

development after the first attachment of single cells, which start expressing and secreting 

ECM components within minutes after the first surface contact (20). The adhesive character 

of the ECM also mediates an important cell-to-cell-contact within the biofilm, which enables 

efficient quorum sensing signaling as well as an eased horizontal gene transfer (1, 19, 29). In 

fact, the ECM acts as a reservoir for great amounts of genetic material, which facilitates a quick 

spread e.g. of antibiotic resistance genes further complicating biofilm treatment. Moreover, the 

ECM not only represents a reservoir for genetic information but also binds nutrients and 

enzymes, which are derived from cell lysis or are actively secreted. This renders the ECM an 

“external digestion” system containing “common goods”, which makes nutrients available to a 

great number of cells embedded in multi-species biofilm – event those lacking the genetic
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information for the utilization of particular nutrients. However, one of the most important 

features of the ECM is its protective function against a variety of different environmental 

factors. These e.g. include protection from desiccation, radiation, oxidants, protozoan grazing, 

the host immune system, antimicrobials, and other harmful agents (19) and can mainly be 

explained by the ECM acting as a diffusion barrier. In fact, biofilm-grown cells are up to 1000 

times more tolerant against antibiotics compared to their planktonic counterparts (30). A 

summary of the most essential ECM functions is modified from Flemming and Wingender (1) 

and provided in Table 1. 

In summary, the ECM is the outstanding hallmark of biofilms fulfilling a great variety of different 

functions – each inheriting a great individual importance, which in total reasons the immense 

evolutionary success of the biofilm mode of growth. 

 

Table 1: ECM functions in biofilms modified from Flemming and Wingender, 2010 (1) 

Function Relevance for biofilms Involved EPS 
components 

Adhesion  
 
  

Allows the initial steps in the colonization of abiotic 
and biotic surfaces by planktonic cells, and the 
long-term attachment of whole biofilms to surfaces 
123 

Polysaccharides, 
proteins, DNA and 
amphiphilic molecules   

Aggregation 
of bacterial 
cells  
  

Enables bridging between cells, the temporary 
immobilization of bacterial populations, the 
development of high cell densities and cell–cell 
recognition  
123 

Polysaccharides, proteins 
and DNA  
 
  

Cohesion of 
biofilms  
 
 
 
  

Forms a hydrated polymer network (the biofilm 
matrix), mediating the mechanical stability of 
biofilms (often in conjunction with multivalent 
cations) and, through the EPS structure (capsule, 
slime or sheath), determining biofilm architecture, 
as well as allowing cell–cell communication  
123 

Neutral and charged 
polysaccharides, proteins 
(such as amyloids and 
lectins), and DNA  
 
  

Retention of 
water  
  

Maintains a highly hydrated microenvironment 
around biofilm organisms, leading to their tolerance 
of dessication in water-deficient environments  
123 

Hydrophilic 
polysaccharides and, 
possibly, proteins   

Protective 
barrier  
 
 
 
 
  

Confers resistance to nonspecific and specific host 
defences during infection, and confers tolerance to 
various antimicrobial agents (for example, 
disinfectants and antibiotics), as well as protecting 
cyanobacterial nitrogenase from the harmful effects 
of oxygen and protecting against some grazing 
protoza  
123 

Polysaccharides and 
proteins  
 
 
 
 
  

Sorption of 
organic 
compounds   

Allows the accumulation of nutrients from the 
environment and the sorption of xenobiotics (thus 
contributing to environmental detoxification)  

Charged or hydrophobic 
polysaccharides and 
proteins   
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123 
Sorption of 
inorganic ions 
 
 
 
  

Promotes polysaccharide gel formation, ion 
exchange, mineral formation and the accumulation 
of toxic metal ions (thus contributing to 
environmental detoxification)  

Charged polysaccharides 
and proteins, including 
inorganic substituents 
such as phosphate and 
sulphate  
123 

Enzymatic 
activity  
 
  

Enables the digestion of exogenous 
macromolecules for nutrient acquisition and the 
degradation of structural EPS, allowing the release 
of cells from biofilms  
123 

Proteins  
 
 
  

Nutrient 
source  
  

Provides a source of carbon-, nitrogen- and 
phosphorus-containing compounds for utilization by 
the biofilm community  
123 

Potentially all EPS 
components  
  

Exchange of 
genetic 
information  
123 

Faciliates horizontal gene transfer between biofilm 
cells   

DNA  
 
  

Export of cell 
components  
 
 
  

Releases cellular material as a result of metabolic 
turnover  
 
 
  

Membrane vesicles 
containing nucleic acids, 
enzymes, 
lipopolysaccharides and 
phospholipids  
123 

Binding of 
enzymes   

Results in the accumulation, retention and 
stabilization of enzymes through their interaction 
with polysaccharides  
123 

Polysaccharides and 
enzymes  
  

 

3.2 The Role of Microbial Biofilms in Industry and Health Care 

3.2.1 Harmful Microbial Biofilms in Industry 

The earliest report of biofilms dates back to 1923, describing biofouling of ship bottoms (7). 

The term “Biofouling” generally outlines the attachment and growth of micro- and 

macroorganisms on surfaces leading to major problems and financial losses in a great variety 

of industrial, medical, and marine devices and applications (31). In marine industrial 

environments, biofouling can be ubiquitously observed, which includes underwater structures 

like the aforementioned ship hulls, but also offshore structures, oil installations, cables, 

marinas, and many more (32). The biofouling-induced increase in ship friction, for example, 

leads to a significantly decreased speed, as well as an increase in mechanical engine stress, 

fuel consumption, and emission of greenhouse gases. In fact, it is reported that a biofilm of 
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1 mm thickness on ship hulls increases the ship drag by 80% and consequently lowers ship 

speed by 15% (32). Moreover, also in other water-associated industrial environments, 

biofouling and biofilms, respectively, cause huge problems and economic losses. Examples 

include power plant cooling systems affected by malfunctioning heat exchange facilities, water-

treatment systems affected by blocked pipes and decreased membrane flux, and food-, 

beverage-, and dairy-associated industries suffering from microbial contamination of 

equipment and products (31-33). Another dilemma going hand in hand with biofouling is the 

corrosion of surfaces e.g. made of stainless steel, or aluminum, due to microbial acid 

production within the biofilms (11, 31, 33, 34). However, the most severe dangers of industrial 

biofilms originate from diseases transmitted by food, which is contaminated by pathogenic 

microbes. Some of the most prominent foodborne pathogens include Salmonella, Listeria, 

Campylobacter, Yersinia enterocolitica, S. aureus, and Candida albicans (31, 35). These 

contributed to 49,950 foodborne outbreaks in Europe in 2016, which led to 3869 

hospitalizations and ultimately to 20 deaths (European Centre for Disease Prevention and 

Control & European Food Safety Authority, 2017) (36). Of note, in the same year, 99,392 

outbreaks were reported in the United States, which led to 2625 hospitalizations and ultimately 

to 115 deaths (Centers for Disease Control and Prevention, 2016).  

3.2.2 The Burden of Microbial Biofilms in Health Care 

Besides the health risks originating from food contamination, the by far more severe health 

burden originates from biofilm-associated infections. Notably, in the past years, it has been 

recognized that biofilms are responsible for most bacterial diseases (12). It is estimated that 

approximately 80% of all human infections and 65% of all nosocomial infections are caused 

by biofilms (11, 37). Here, biofilm-forming pathogenic microbes cause severe, recalcitrant 

infections, especially in immunocompromised patients. Once opportunistic pathogens 

establish biofilm-associated infections in these individuals, the infections often become chronic 

and frequently lead to severe symptoms and ultimately to death (19). More precisely, in the 

USA, 17 million patients are affected by biofilm-associated infections leading to approximately 

550,000 deaths and billions of dollars of treatment costs annually (38). Among the most 

harmful biofilm-forming pathogens are the ESKAPE organisms Enterococcus faecalis, 

S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa ,and Enterobacter 

spp., which are categorized as most clinically relevant and multi-drug-resistant by the World 

Health Organization (WHO). But also other microbial pathogens are widely recognized as 

dangerous causative agents of biofilm infections e.g. including E. coli, Proteus mirabilis, 

Streptococcus spp., Staphylococcus epidermidis, and C. albicans. The spectrum of biofilm-

associated diseases caused by these pathogens is tremendous, ranging from device-related 
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infections on urinary catheters, prosthetic joints, central vascular catheters, prosthetic cardiac 

valves, pacemakers, and contact lenses to tissue-related infections like endocarditis, 

osteomyelitis, chronic wounds, urinary tract infections, dental caries, otitis media and lung 

infections in cystic fibrosis (CF) patients and many more (11, 12, 19, 28, 35, 39) (Figure 3). 

 

 
Figure 3: Examples of biofilm infections related to medical devices (left) and tissues 
(right). Modified from Lebeaux et al., 2014 (39). 

The sheer number of annual biofilm-related infections stated above, as well as the great variety 

of types of biofilm infections, which can be caused by various different species, is alarming. 

These infection numbers can be explained by a hallmark of microbial biofilm infections: their 

inherent resistance towards many treatment strategies. Although a large number of biofilm-

associated infections occur in immunocompromised patients, even in immunocompetent 

individuals, the host defense mechanisms are not able to effectively fight and clear biofilm 

infections (11). This is mainly due to the protective nature of the ECM discussed in section 

3.1.3, which shields biofilm bacteria from opsonization and phagocytosis. Moreover, besides 

the ineffective clearance of biofilms by the immune system, it can be observed that recruited 

immune cells cause damage to surrounding tissues (11), releasing new nutrients for biofilm-

associated microbes. The protective ECM not only avoids clearance by the host immune 

system, it simultaneously confers tolerance against antimicrobial agents acting as a diffusion 

barrier (23, 30). Another tolerance mechanism of biofilms is the occurrence of metabolically 
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inactive, non-dividing subpopulations, so-called persister cells, as already mentioned in 

section 3.1.3. Since most antimicrobial agents target bacterial growth or cell division 

processes, persister cells are naturally more tolerant against antibiotics (19, 28). These 

phenotypical tolerance mechanisms of biofilms are further enhanced by genetically encoded 

specific antibiotic resistance mechanisms. The impaired diffusion within biofilms leads to 

decreasing concentrations of antimicrobials in deeper biofilm layers, and this, in turn, supports 

the development of resistant microbes and the concomitant interspecies spread of resistance 

genes via horizontal gene transfer (36, 40).  

The combination of tolerance and resistance of biofilm-embedded cells is referred to as 

“recalcitrance” (30), which translates into survival of 10 to 1000-times increased concentrations 

of antimicrobial agents compared to their planktonic counterparts (12, 23, 30). In consequence, 

antimicrobial treatment never entirely eradicates the biofilm. Relapse of the biofilm infection 

after weeks often demands surgical removal of the affected medical device or tissue (11), (12). 

Consequently, novel treatment strategies are urgently needed. 

3.2.3 Cystic Fibrosis 

CF patients are suffering from a genetic disorder, which is particularly prevalent among the 

Caucasian population. More precisely, mutations in a gene encoding the cystic fibrosis 

transmembrane conductance regulator, an anion channel localized in epithelial cells of the 

respiratory and gastrointestinal tract, occur with an incidence of approx. one in 3,000 births, 

thereby causing the CF phenotype (41, 42). More than 1,500 mutations have been identified, 

which lead to the CF phenotype manifesting in impaired ion homeostasis. The most common 

mutation (affecting up to 66% of all CF patients) is a deletion of three nucleotides encoding 

phenylalanine (F508), resulting in an impaired CFTR protein processing and trafficking (43). 

This, in turn, leads to a dehydrated, viscous, sticky mucous within the CF lung, impairing the 

mucociliary clearance mechanism, which renders the mucous an ideal growth substrate for the 

colonization by inhaled opportunistic microbial pathogens (43, 44). Typically, CF patients are 

already colonized during infantry by S. aureus and Haemophilus influenzae, followed by other 

opportunistic pathogens like P. aeruginosa, Burkholderia cepacia complex, and 

Stenotrophomonas maltophilia (45, 46) (Figure 4). In addition, fungal pathogens like 

Aspergillus fumigatus and C. albicans, and viruses (e.g. influenza and respiratory syncytial 

virus) frequently contribute to the CF lung microbiota and pathophysiology. Here, microbial 

pathogens are prevalently acquired from environmental reservoirs but can also be transmitted 

from patient to patient (47). Over the past years, new “core genera” have been identified within 

the CF airways, which can be attributed to the development of innovative culture-independent  
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diagnostic methods. These genera e.g. include Neisseria and Streptococcus, but interestingly 

also obligate anaerobic bacterial genera like Prevotella, Veilonella, and Catonella (44, 45). 

Importantly, the polymicrobial communities within the CF airways change dynamically and 

differ greatly both spatially and from patient to patient. However, it is still under debate if some 

microbes, which were formerly characterized as pathogenic CF community members, could 

be part of the normal microbiota rather than being pathogenic, like S. maltophilia or 

Streptococcus pneumoniae (45). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The colonization by some key microbial pathogens like P. aeruginosa and the concomitant 

establishment of chronic biofilm infections is considered the main reason for CF mortality. This 

is due to the production of virulence factors and the host immune response leading to an 

inflammatory milieu, destroyed lung tissue, reduced lung function, and ultimately to death (45, 

48, 49). In fact, between 60 to 70% of all CF patients are actually colonized with P. aeruginosa 

already by the age of 20, underlining the importance of this CF key pathogen (49). 

Furthermore, another CF key pathogen, S. aureus, represents one of the earliest colonizing 

bacteria being frequently detected in infants and children with CF (50). Despite aggressive 

antibiotic treatment of CF patients starting early in childhood, there is currently no drug 

available, which is able to cure CF lung infections. This is mainly due to the formation of 

polymicrobial biofilms and multicellular clusters acting as a naturally drug-shielded reservoir 

for recalcitrant, recurrent infections (28, 51). Moreover, both synergistic and antagonistic 

microbial interactions have been described within the CF lung, harboring the potential to 

exacerbate these severe lung infections. For example, it has been observed that some 

bacterial species with a limited capability to attach to surfaces and to form biofilms are suppor- 

Figure 4: Prevalence of microorganisms colonizing the repiratory tract of CF patients. Taken from Cystic 

Fibrosis Foundation Annual Data Report 2019 (46) 



Introduction 

 

17 

ted by the interaction with the existing polymicrobial community facilitating efficient attachment 

and biofilm formation (40). Moreover, P. aeruginosa is able to sequester exoproducts, 

enhancing the formation of S. aureus small colony variants (SCVs, 3.3.3) with reduced 

metabolic activity and enhanced resistance against antimicrobial agents providing a survival 

advantage of S. aureus in mixed-species biofilms with P. aeruginosa (50). 

 

Taken together, it needs to be emphasized that the role of each single species colonizing the 

CF airway and the interplay between community members is still poorly understood but 

nevertheless dramatically important for CF pathophysiology and disease progression. Thus, 

deeper in vivo insights into the CF lung microbiome to shed light on the pathophysiology and 

polymicrobial interactions within polymicrobial CF biofilms are urgently needed for the 

development of novel antimicrobial, antibiofilm therapies – a problem, which has been 

addressed by article II of this thesis: “An innovative protocol for metaproteomic in vivo analyses 

of microbial pathogens in cystic fibrosis sputum”. 

3.3 Staphylococcus aureus 

3.3.1 S. aureus Infections 

S. aureus is a Gram-positive, nonmotile, opportunistic bacterial pathogen, which is the 

causative agent of a broad spectrum of diseases. It asymptomatically colonizes approximately 

20 to 40% of the healthy population on the nasal mucosa but can also be isolated as a 

commensal from various niches like the anterior nares, pharynx, perineum, or skin (52, 53). 

However, in immunocompromised patients, S. aureus is able to cause infections ranging from 

(minor) skin and soft tissue infections like folliculitis, impetigo, cutaneous abscesses, and 

infections in chronic wounds to life-threatening diseases like sepsis and pneumonia. 

Furthermore, S. aureus is responsible for several toxin-associated diseases like toxic-shock 

syndrome and staphylococcal food-borne diseases (54). The arguably most disease-

promoting traits of S. aureus are the formation of biofilms on various biotic and abiotic surfaces 

and the consequent causation of many biofilm-associated infections. S. aureus and its close 

relative S. epidermidis are recognized as two of the most frequent causative agents of biofilm-

related infections (21, 46). Staphylococcal biofilm-induced pathologies include i.e. 

osteomyelitis, endocarditis, cystic fibrosis, or chronic wound infections. But also the 

implantation of medical devices results in biofilm infections e.g. of prosthetic joints, artificial 

heart valves, pacemakers, or catheters (50, 55-57). In particular, S. epidermidis leads to 

biofilm-formation on indwelling devices. Thus, it is not surprising that S. aureus wound 
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infections are considered one of the most feared complications that can occur post-surgery. 

Collectively, S. aureus infections represent one of the most significant health care burdens 

worldwide and account for 490,000 hospitalizations and more than 20,000 deaths in the USA 

annually (58, 59). Consequently, due to its immense health care risks and multi-drug 

resistances (discussed below), S. aureus was classified as one of the most dangerous 

pathogens by the WHO, including it into the list of ESKAPE organisms. 

3.3.2 Methicillin-resistant Staphylococcus aureus (MRSA) 

Increasing the challenges associated with the treatment of S. aureus soft-tissue and biofilm 

infections is the rapid worldwide emergence of multi-drug resistant S. aureus strains. From a 

historical point of view, S. aureus infections have been considered highly fatal over the first 

half of the 20th century, until penicillin became available to treat S. aureus infections. However, 

the first resistances mediated by the β-lactamase gene blaZ have been observed very quickly 

after the first clinical usage of penicillin around 1940 (60). The first semi-synthetic β-lactamase-

resistant penicillins, such as methicillin, were developed in 1960. This was followed by the 

emergence of the first methicillin-resistant S. aureus (MRSA) strains within one year of 

methicillin usage (60). The spread of methicillin resistance is mediated via horizontal gene 

transfer of a specific mobile genetic element, the staphylococcal cassette chromosome mec 

(SCCmec) (60). Acquiring this mobile genetic element confers resistance by the expression of 

an additional penicillin-binding protein (PBP2A), which has a very low affinity to β-lactam 

antibiotics. Consequently, these strains are not only resistant towards methicillin but an entire 

class of β-lactam antibiotics, and the term “multi-resistant S. aureus” is often synonymously 

used with the term “methicillin-resistant S. aureus” (60). The spread of MRSA worldwide 

became so severe (Figure 5) that currently only a few last-resort antibiotics can be used for 

the treatment of MRSA infections like linezolid, vancomycin, daptomycin, and clindamycin. 

However, resistances against these last-resort antibiotics have already been observed, 

underlining the threat of MRSA infections. In fact, approximately 80,000 patients are infected 

by MRSA in the USA, resulting in about 11,000 patients deaths annually (59, 61). These 

numbers again emphasize the urgent need for new anti-staphylococcal therapies. 
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Figure 5: Spread of methicillin-resistant Staphylococcus aureus (MRSA) over the world 
shown by percentages of oxacillin resistances. Taken from Lee et al., 2018 (53) 

3.3.3 Virulence Factors of S. aureus 

S. aureus encodes and exploits a huge arsenal of different virulence factors – both surface-

associated and secreted ones – that pave the way to successfully initiate, establish and persist 

during an infection.  

 

For the first step of infection – the initial attachment to biotic host surfaces like tissues, cells, 

and extracellular host matrix molecules, or abiotic surfaces like implants - S. aureus is 

equipped with a variety of adhesive factors. Among them are MSCRAMMs, which allow 

S. aureus to attach to fibronectin, fibrinogen, collagen, or plasma clot (55). Prominent 

MSCRAMMS are the fibronectin-binding proteins A and B (FnbpAB), clumping factor A and B 

(ClfAB), the serine-aspartic acid repeat proteins SdrCDE, and staphylococcal protein A (SpA) 

(62-65). Besides their roles in initial attachment, these adhesins do also play a role during 

biofilm formation. Other adhesive factors, which are important during biofilm formation, are the 

biofilm-associated protein Bap, teichoic acids, and eDNA (23).  

After successful initial attachment and colonization, S. aureus secretes several exoproteins in 

order to hydrolyze host tissues releasing nutrients required for growth. Among these 

exoproteins secreted by nearly all S. aureus strains are nucleases, proteases, lipases, 

collagenase, and hyaluronidase (62). In addition, there are several exotoxins produced by 

S. aureus, which expose cytolytic activity by forming β-barrels within the membrane of target 

host cells leading to cytoplasm leakage. Here, cytolytic toxins target human platelets, 
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erythrocytes, monocytes, and leukocytes, rendering them efficient tools for nutrient acquisition 

and host immune evasion. The most important cytolytic toxins are α-hemolysin, β-hemolysin, 

γ-hemolysin, leukocidin, and Panton-Valentin leukocidin (62). Moreover, another type of 

cytolytic, amphiphilic, surfactant-like toxins are the Phenol-soluble modulins (PSMs) 

categorized in four PSMα (approx. 20-25 amino acids long), and two PSMβ (approx. 44 amino 

acids long) proteins. Importantly, besides their cytolytic function, PSMs were also reported to 

contribute to the formation and spreading of staphylococcal biofilms (66). Another crucial group 

of S. aureus toxins includes the toxic shock syndrome toxin-1 and enterotoxins SEA, SEB, 

SECn, SED, SEE, SEG, SHE, and SEI causing toxic shock syndrome and food-poisoning, 

respectively (62, 63, 66).  

In addition to toxins used for immune evasion, S. aureus synthesizes various additional factors 

to cope with the host immune system. One of the most important immune evasion factors is 

the staphylococcal protein A (encoded by the spa gene). The main function of SpA, which is 

localized at the cell surface, is impairing immunoglobulin G-mediated opsonization and 

phagocytosis by binding the antibody Fc domain (63, 66). Interestingly, there is a second 

protein, designated second immunoglobulin-binding protein Sbi, fulfilling a redundant function 

(67). S. aureus cells also have to cope with oxidative stress imposed i.e., during the oxidative 

burst of neutrophils. Key proteins during oxidative stress protection include enzymes like 

superoxide dismutases SodAM, catalase KatA, peroxiredoxin AhpC, as well as a carotenoid 

pigment staphyloxanthin, which acts as an antioxidant within the cytoplasmic membrane (68, 

69). An additional, crucial pathophysiological adaptation, which evolved in S. aureus to cope 

with the host immune system and antimicrobial therapy during infection, is the formation of so-

called “small colony variants” (SCVs). SCVs are subpopulations of infecting S. aureus cells, 

which are characterized by reduced metabolic activity, membrane potential and cell wall 

synthesis. This, in consequence, leads to tolerance against antimicrobial therapy (63, 70). 

SCVs therewith contribute to biofilm persistence and stability, fueling recurrent infections for 

years (63, 70). 

3.3.4 S. aureus Biofilm Formation 

As described in section 3.1.2, biofilm development can be categorized into four general 

phases: primary surface attachment, formation of a monolayer/microcolonies, maturation, and 

biofilm dispersal (3, 11, 15, 16). Interestingly, for S. aureus biofilms Moormeier et al. observed 

that the second phase is characterized by a very intense multiplication leading to a rapid 

formation of an S. aureus monolayer and that a subpopulation prematurely detaches in an 

additional phase termed “exodus” prior to the designated maturation phase (71). 
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Historically, early descriptions of S. aureus biofilms reported teichoic acids (80%) as well as 

staphylococcal and host proteins being the most prominent ECM components (72). However, 

in later studies, the S. aureus ECM research focused on a newly discovered polysaccharide, 

a major component within the S. aureus ECM: the polysaccharide intercellular adhesin (PIA, 

also called poly-N-acetylglucosamine (PNAG)) (72, 73). Importantly, PIA is partially 

deacetylated, which introduces positive charges at neutral or acidic pH found in biofilms and 

in natural S. aureus habitats like skin. It was proposed that these positive charges render PIA 

a crucial biofilm stabilizing component due to electrostatic interactions with other biopolymers 

like negatively charged teichoic acids and eDNA (21). Interestingly, PIA homologs have been 

identified in various biofilm-forming bacterial pathogens like Pel in P. aeruginosa, suggesting 

that this stabilization mechanism is a widespread concept among biofilm-forming species (21, 

23). The genes and gene products responsible for PIA synthesis are encoded on the ica locus 

(N-acetylglucosamine transferase IcaA and IcaD, PIA deacetylase IcaB, a putative PIA 

exporter IcaC, and a regulator IcaR). These genes are reported to be required for biofilm 

formation (21) and are upregulated by environmental factors like oxygen limitation, glucose, 

osmolarity, temperature, ethanol, and antibiotics (72). However, in later studies, it was 

discovered that the deletion of the ica locus not necessarily leads to the inability to form biofilms 

and that some clinical isolates are able to form PIA/ica-independent biofilms. From a clinical 

point of view it is interesting that the ability to form PIA/ica-independent biofilms seems to be 

strain-specific: strains with mutations/deletions in the ica locus belonging to the MRSA group 

often remain more competent of biofilm-formation, whereas MSSA strains frequently lose their 

biofilm-forming capability (72, 74). PIA/ica-independent biofilms are based on extracellular 

proteins and eDNA, and a general classification of S. aureus in PIA/ica-dependent and PIA/ica-

independent biofilm formers gained scientific acceptance. Accordingly, PIA/ica-independent 

biofilms are susceptible to treatment with proteases, protein-denaturing agents, and nucleases 

(74). Within PIA/ica-independent S. aureus biofilms, important roles for biofilm-growth has 

been described for various proteins like the adhesive fibronectin-binding proteins (FnBPs), 

clumping factors A and B (ClfAB), S. aureus surface proteins C and G (SasCG), Serine-

aspartate repeat-containing proteins C, D, and E (SdrCDE), S. aureus protein A (Spa), biofilm-

associated protein (BAP) as well as α-hemolysin Hla (72, 74). Importantly, proteins involved in 

cell lysis like the major autolysin Atl and the holing homolog CidA are crucial for stabilizing the 

ECM by mediating the release of eDNA (72, 74). Moreover, ribosomal proteins, other 

cytoplasmic proteins as well as secreted virulence factors were reported to have moonlighting 

functions within the ECM by mediating stability via electrostatic interactions (23, 75). In 

addition, PSMs play a role in biofilm dissemination due to their surfactant characters but, on 

the other hand, can also promote biofilm growth by the formation of amyloid fibers stabilizing
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the ECM (73). For the modulation of biofilm architecture, proteases play a major role in PIA/ica-

independent biofilms and are low abundant during biofilm maturation and high abundant during 

biofilm dispersal (74). Important proteases produced by various S. aureus isolates are e.g. the 

metalloprotease Aur, two cysteine proteases ScpA and ScpB, six serine proteases Spl A-F, 

and the V8 serine protease SspA (74). Surprisingly, despite its importance in biofilm formation, 

the overall proteinaceous composition of the S. aureus ECM has been barely addressed 

experimentally so far. Consequently, this research gap is addressed in Article I of this thesis: 

“Virulence factors of Staphylococcus aureus biofilms have a moonlighting function contributing 

to biofilm integrity”. 

3.4 Candida albicans 

C. albicans is an opportunistic-pathogenic yeast colonizing multiple niches of the human body 

as a part of the native microbiota in over 50% of healthy individuals. Frequently colonized 

niches include cutaneous or mucosal surfaces of the digestive, reproductive and urinary 

systems (76, 77). Importantly, this colonization rate renders C. albicans the causative agent of 

multiple superficial diseases like oral and vaginal infections up to life-threatening systemic 

infections like sepsis (35), with mortality rates around 40% (77). In fact, Candida spp. are 

considered to be responsible for approximately 15% of all cases of hospital-acquired sepsis 

(77). Candida spp. is of particular concern for immunocompromised patients, who are e.g. 

suffering from AIDS or are treated with chemo- or other immunocompromising therapies. 

Moreover, infections by yeast of the genus Candida – collectively referred to as candidiasis – 

are frequently biofilm-associated (76) and develop on abiotic surfaces like indwelling medical 

devices, as well as on biotic surfaces e.g. found within the oral cavity. Importantly, Candida 

species account for the highest number of fungi recovered from infected medical devices like 

pacemakers, prosthetic heart valves, joint prostheses, and catheters (77). Moreover, 

C. albicans plays a major role as a foodborne pathogen and spoilage microorganism due to its 

ability to form biofilms on abiotic surfaces used within the food-processing industry like 

stainless steel, aluminum, glass, polytetrafluoroethylene, and polyamide (35). Similar to 

bacterial biofilms, C. albicans biofilms show increased antimicrobial tolerance compared to 

their planktonic counterparts, as well as the presence of persister cells. These characteristics 

combined with the ability of fungal biofilm-grown cells to detach, reinfect other body sites, and 

to cause bloodstream infections make C. albicans biofilm infections recalcitrant and 

enormously difficult to treat. Consequently, removal of the infected medical device often 

remains as the only treatment option (3, 77). C. albicans belongs to the fungal species, which 

are most frequently isolated from mixed-species biofilm infections (76), where it can even 
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support the biofilm growth of other pathogenic microorganisms. For example, it has been 

shown, that C. albicans enhances the growth of anaerobic bacteria within hypoxic biofilm 

centers (40). Another well-studied example is P. aeruginosa, being frequently found 

associated with C. albicans in CF patients. In CF patients, this type of co-infection is associated 

with a worse prognosis compared to single P. aeruginosa infections (76).  

Collectively, C. albicans represents one of the most dangerous microbial biofilm-forming 

pathogens demanding a tremendous need for novel antimicrobial/antibiofilm treatment 

options. Therefore, a novel treatment strategy – nonthermal atmospheric pressure plasma - 

against this type of biofilms has been assessed in article III “Nonthermal Plasma Jet Treatment 

Negatively Affects The Viability and Structure of Candida albicans SC5314 Biofilms“ and article 

IV “Antimicrobial Effects of Microwave-Induced Plasmatorch (MINIMIP) Treatment on Candida 

albicans Biofilms” of this thesis. 

3.5 Strategies Combating Microbial Biofilms 

3.5.1 Preventing the Initial Step of Biofilm Formation 

As outlined in section 3.2.2, microbial biofilms represent an immense burden for both industry 

and healthcare. Consequently, there has a lot of research been done to prevent and 

treat/eradicate biofilms resulting in the discovery of a plethora of different strategies and 

molecules showing antibiofilm properties. However, due to the great genotypically and 

phenotypically variety of biofilm-forming species, physicochemical and physiological 

heterogeneities within biofilms, the shielding ECM properties as well as the existence of 

persister cells within biofilms it is incredibly difficult to fully prevent or eradicate biofilms. Thus, 

no preventive or eradication strategy so far provides 100% efficiency, entirely avoiding or 

eliminating microbial biofilms. In general, biofilm prevention and removal strategies can be 

differentiated into three categories: physical strategies, mechanical strategies, and 

chemical/enzymatical strategies.  

Most intuitively, the best biofilm fighting strategy is the prevention of its development by 

interfering with the initial attachment of microbes. A common method preventing initial 

microbial attachment is a physical biofilm control approach by surface modification. This is 

either achieved directly on the surface or indirectly by a coating (48). Nature-mimicking 

physical control approaches e.g. include low drag and low adhesion inspired by the lotus leaf 

and sharkskin and were achieved by the creation of microtextured topographies combined with 

surface charge manipulation resulting in superhydrophobic or superhydrophilic surfaces (32). 

However, even though some microbial species show a reduced ability to adhere to these 
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surfaces, a conditioning film consisting of environmental molecules may form on the surface, 

facilitating microbial attachment due to altered physicochemical surface properties. Another 

observed problematic effect is that species failing the initial attachment simply adhere to 

species, which were still able to attach to the surface resulting in multi-species biofilms on the 

basis of these early colonizers (11). Another strategy to prevent initial surface colonization is 

to inhibit the biosynthesis of bacterial adhesins. Examples include pilicides and curlicides, 

molecules specifically designed to inhibit the assembly of type 1 pili and the polymerization of 

the major curli subunit protein CsgA in uropathogenic E. coli (UPEC), respectively (19, 39). 

Furthermore, the development of antibiofilm materials pursues the idea of preventing initial 

attachment by killing approaching planktonic cells with surface-incorporated or -attached 

antimicrobial agents. This would result in an antimicrobially active microenvironment in direct 

proximity to the biomaterial surface. An equivalent in nature can be found e.g. in marine 

seaweeds releasing antibiofilm-active furanones (20). Prominent examples for imitations are 

bone cements combined with gentamicin, or polymers releasing NO, antibodies, silver ions, or 

small molecule biofilm inhibitors like phenols, imidazoles, or indole (20, 28, 48). Of note, the 

kinetics of the release from the surface is key in antibiofilm materials. If the release of 

antimicrobial compounds is too slow, inhibitory concentrations around the biomaterial surface 

cannot be achieved, leading to sublethal concentrations, which trigger resistance development 

and even promote biofilm development in some species. However, if the release kinetics is too 

quick, the concentration of the antimicrobial compound is too low after the initial burst, which 

again favors resistance and biofilm development as described above. In other words, the 

biomaterial might not show the expected long-term effect and durability (20). Another 

promising approach to prevent initial biofilm formation is the use of protective layers of non-

pathogenic microbes preventing attachment of opportunistic pathogens due to increased 

colonization resistance (39). 

3.5.2 Eradicating Established Biofilms 

Another concept of fighting microbial biofilms is the removal of already established biofilms 

rather than preventing their initial formation. This can be achieved physically, mechanically, 

and/or chemically/enzymatically. Notably, especially in health care settings, it needs to be kept 

in mind that prevention of biofilm formation should be favored over dispersal, which can lead 

to the release of cells with the potential to drive secondary-site infections (40). In industrial 

environments, biofilms are frequently removed mechanically by high-pressure cleaning, 

brushing, and wiping, resulting in a reasonably big amount of biomass being removed (33). 

However, in most cases, a thin layer of the biofilm remains on the surface, which regrows to a  
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potentially even denser and more mechanically resistant biofilm (33). Strategies for physical 

biofilm control include ultrasound, super-high magnetic fields, and electrical fields. For 

example, low electrical currents combined with antibiotic treatment effectively controlled biofilm 

formation in the past (11).  

As outlined above, antibiotic treatment alone fails to effectively eradicate microbial biofilms due 

to the protective ECM and the high intrinsic resistance of persister cells. However, very recent 

studies show that periodically administered antibiotics (e.g. Oxacillin) – referred to as “pulse 

dosing” – effectively decreased biofilm populations, including persister cells stating that 

pausing antibiotic administration can sensitize biofilms towards treatment and reduces the risk 

of resistance development (61, 62). Furthermore, nanoparticles functionalized with 

antimicrobials show great potential against P. aeruginosa and S. epidermidis biofilms due to 

their high surface-to-volume ratio (19). Another intuitive method to eradicate established 

biofilms is the breakdown or destabilization of the ECM. Therefore, matrix components 

contributing to biofilm integrity are targeted by a variety of different chemicals and enzymes. 

For example, chelators like EDTA, citrate, or iron-binding lactoferrin scavenge metal ions, 

which stabilize the ECM by electrostatic interactions with other ECM components, thereby 

destabilizing the entire biofilm (11, 19). Stabilizing ECM components like eDNA and proteins 

can get degraded by the use of DNase and proteases, respectively – thus, recombinant human 

DNase is administered to the lung of CF patients degrading biofilm eDNA and reducing mucus 

viscosity successfully (78).  

Given that microbial biofilms go through a live cycle, another very intuitive biofilm combat 

strategy is the manipulation of physiological processes or pathways being essential for the 

switch to different biofilm growth stages. Most importantly, there are two approaches: (I) 

inhibiting the transition from the planktonic to the biofilm lifestyle by interfering with c-di-GMP 

biosynthesis (by diguanylate cyclase inhibitors) since high c-di-GMP levels are associated with 

a sessile lifestyle, (II) manipulation or administration of dispersion signal molecules to artificially 

induce biofilm dispersal (39, 19). Both approaches do not target essential cellular processes, 

thus reducing the risk of resistance development (20). To be highly effective, these approaches 

still need to be combined with antimicrobials to kill planktonic, dispersed cells in order to 

ultimately avoid secondary site infections (48). Additional approaches to induce biofilm 

dispersal are based on molecules interfering with quorum sensing signaling, NO, surfactants, 

D-amino acids, and norspermidine, which were reported to interfere with biofilm formation e.g. 

of B. subtilis, E. coli, S. aureus and P. aeruginosa, respectively (43, 20, 39). Another very 

promising strategy to fight biofilms is phage therapy, either using one specific bacteriophage 

strain or even a cocktail of different strains. Phages were shown to successfully remove 

biofilms of Listeria monocytogenes, P. aeruginosa, E. coli, S. epidermidis (11, 19, 39). In 
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essence, phages represent a highly effective, natural, specific, non-toxic alternative to other 

antibiofilm approaches (11). 

Taken together, over the last few years, various new antibiofilm concepts were developed. 

However, despite these efforts, none of these approaches is able to fully eradicate microbial 

biofilms in real world industrial and clinical settings. Consequently, the most commonly applied 

and effective biofilm prevention strategies in clinical environments are still extremely high 

hygiene standards, well-trained staff, and systemic or local antibiotic prophylaxis during the 

surgical operation preventing microbial contamination in the first place (39). Of note, hitherto, 

the most effective option to fight biofilm infections is to surgically remove the affected medical 

device or area (11), underlining the urgent need for novel, more effective, and less costly 

antibiofilm strategies. A very promising new approach is the use of nonthermal plasma, which 

will be discussed in the next section. 

3.5.3 Nonthermal Plasma as a new Antibiofilm weapon 

Research in nonthermal atmospheric pressure plasmas (NTPs) is a rapidly growing field with 

great potential to fight microbial biofilms (36, 79). Plasma is an ionized gas, which is considered 

the fourth state of matter and which can be classified into thermal plasma and nonthermal 

plasma according to their temperature (79). In order to induce gas ionization to produce a 

plasma, energy needs to be supplied to the gas, e.g. by electric or electromagnetic fields to 

induce a nonthermal plasma. This energy accelerates free electrons, ionizes gas atoms and 

molecules, resulting in the release of more free electrons, which, in turn, ionize more gas atoms 

and molecules (79). Moreover, electromagnetic radiation in a broad spectrum of wavelengths 

is emitted when ionized atoms and molecules return into a stable state. Thus, the overall 

composition of plasma is a mixture of excited reactive particles, namely positively and 

negatively charged ions, electrons, free radicals like reactive oxygen and nitrogen species (e.g. 

ozone, hydroxyl radicals, superoxide, singlet oxygen, nitric oxide, or nitrogen dioxide), and UV 

radiation (79). Importantly, all of these components are able to inhibit a broad spectrum of 

microorganisms including bacteria and fungi and even spores thereof (79), which renders 

plasma a potent weapon to combat microbial biofilms. 

In fact, a version of nonthermal plasma (nonthermal atmospheric pressure plasmas (NTPs)) is 

already widely used in microbial decontamination applications in medicine as well as in the 

dairy and food industry and the fight against biofouling (36). Advantages of the application of 

NTPs include the nonthermal operation avoiding thermal damage of the treated surfaces and 

reduced costs compared to thermal plasma sources. So far, no resistance against NTPs has 

been observed (35), which renders this technique very effective against antibiotic-resistant 
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strains (35). Indeed, antimicrobial effects of NTPs are reported to exceed more classical UV 

radiation or peroxide-based approaches. 

The evaluation of the antibiofilm potential of two different NTP sources against C. albicans 

biofilms is reported in article III “Nonthermal Plasma Jet Treatment Negatively Affects The 

Viability and Structure of Candida albicans SC5314 Biofilms“ and article IV “Antimicrobial 

Effects of Microwave-Induced Plasmatorch (MINIMIP) Treatment on Candida albicans 

Biofilms” of this thesis. 
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In Brief
We comprehensively profiled
intracellular and ECM proteomes
of S. aureus flow biofilms and
complemented these data by
metabolic footprint analysis and
phenotypic assays. We show
that moonlighting, secreted viru-
lence factors and ribosomal pro-
teins within the ECM contribute
to biofilm stabilization. Mecha-
nistically, we propose that these
alkaline proteins get protonated
in an acidified ECM (because of
the release of acids upon fer-
mentation) mediating electro-
static interactions with anionic
cell surface components, eDNA,
and metabolites, which leads to
cell aggregation and ECM
stabilization.

Graphical Abstract

Highlights

• Establishment of a flow system allowing multi-omics analysis of S. aureus biofilms.

• Biofilm proteome profiling (intracellular and ECM) plus metabolic footprint analysis.

• Virulence factors and ribosomal proteins stabilize the ECM as moonlighting proteins.

• They act as electrostatic bridges between anionic cell surfaces, eDNA and metabolites.
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Virulence Factors Produced by Staphylococcus
aureus Biofilms Have a Moonlighting Function
Contributing to Biofilm Integrity*□S

Alexander C. Graf‡, Anne Leonard§, Manuel Schäuble‡, Lisa M. Rieckmann‡,
Juliane Hoyer¶, Sandra Maass¶, Michael Lalk§, Dörte Becher¶, Jan Pané-Farré‡,
and Katharina Riedel‡!

Staphylococcus aureus is the causative agent of various
biofilm-associated infections in humans causing major
healthcare problems worldwide. This type of infection is
inherently difficult to treat because of a reduced meta-
bolic activity of biofilm-embedded cells and the protective
nature of a surrounding extracellular matrix (ECM). How-
ever, little is known about S. aureus biofilm physiology
and the proteinaceous composition of the ECM. Thus, we
cultivated S. aureus biofilms in a flow system and com-
prehensively profiled intracellular and extracellular (ECM
and flow-through (FT)) biofilm proteomes, as well as the
extracellular metabolome compared with planktonic cul-
tures. Our analyses revealed the expression of many path-
ogenicity factors within S. aureus biofilms as indicated by
a high abundance of capsule biosynthesis proteins along
with various secreted virulence factors, including hemo-
lysins, leukotoxins, and lipases as a part of the ECM. The
activity of ECM virulence factors was confirmed in a he-
molysis assay and a Galleria mellonella pathogenicity
model. In addition, we uncovered a so far unacknowl-
edged moonlighting function of secreted virulence factors
and ribosomal proteins trapped in the ECM: namely their
contribution to biofilm integrity. Mechanistically, it was
revealed that this stabilizing effect is mediated by the
strong positive charge of alkaline virulence factors and
ribosomal proteins in an acidic ECM environment, which
is caused by the release of fermentation products like
formate, lactate, and acetate because of oxygen limitation
in biofilms. The strong positive charge of these proteins
most likely mediates electrostatic interactions with ani-
onic cell surface components, eDNA, and anionic metab-
olites. In consequence, this leads to strong cell aggrega-
tion and biofilm stabilization. Collectively, our study
identified a new molecular mechanism during S. aureus
biofilm formation and thus significantly widens the under-
standing of biofilm-associated S. aureus infections - an
essential prerequisite for the development of novel anti-
microbial therapies. Molecular & Cellular Proteomics
18: 1036–1053, 2019. DOI: 10.1074/mcp.RA118.001120.

Bacteria in nature can predominantly be found as surface-
attached, multicellular aggregates called biofilms, which are
embedded in a self-produced, extracellular matrix (ECM)1 (1,
2). This matrix mainly contains polymeric substances like
polysaccharides, extracellular DNA (eDNA) as well as proteins
and varies in its composition depending on environmental
conditions and among different bacterial species (3). Com-
pared with planktonically cultivated bacteria, which poorly
represent natural conditions, biofilms show an altered growth
rate, metabolism, and gene expression profile (2). The re-
duced metabolic activity of biofilm-embedded cells and the
protective nature of the ECM, acting as a barrier against
antimicrobial agents and the host immune system, make bio-
films inherently difficult to treat thereby causing major health-
care problems (4, 5). Notably, it is estimated that 65 to 80% of
all human bacterial infections are biofilm-associated underlin-
ing the need for novel therapeutic strategies (6, 7).

The opportunistic pathogen Staphylococcus aureus repre-
sents a major cause of nosocomial infections and is well
known for its capacity to form biofilms on host tissues and
implants. This often leads to chronic infections, e.g. in pa-
tients suffering from osteomyelitis, endocarditis, cystic fibro-
sis or during catheterization (8–12). Generally, biofilm devel-
opment is characterized by three phases: primary surface
attachment, maturation, and biofilm dispersal (13). Moormeier
and colleagues suggested two more phases during S. aureus
biofilm development, which can be observed between the
attachment and maturation phase and are characterized by
intense cellular division (termed “multiplication”) followed by a
premature detachment of a biofilm subpopulation (termed
“exodus”) (14). Numerous studies mainly focused on elucidat-
ing individual molecular factors, which are crucial during these
biofilm formation steps of S. aureus. Thus, important roles in
adhesion to abiotic surfaces and host cells, as well as in
biofilm integrity and structuring have been described for pro-
teinaceous and nonproteinaceous factors. This includes mi-
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Cellular Biochemistry and Metabolomics; ¶Institute of Microbiology, Department of Microbial Proteomics; University of Greifswald, Germany
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crobial surface components recognizing adhesive matrix
molecules (MSCRAMMs, e.g. CflAB, SdrCDE), fibronectin-
binding proteins FnBPAB, the autolysin AtlA, protein A, bio-
film-associated protein Bap, phenol-soluble modulins (PSMs),
proteases, nucleases, teichoic acids, the polysaccharide in-
tercellular adhesin (PIA), and eDNA. A complex regulatory
network of specific and global regulators tightly controls the
expression and synthesis of these molecular factors during
the different stages of biofilm growth. Major regulators in-
volved in biofilm formation are: AgrA and RNAIII, Rot, SigB,
SarA, SaeRS, MgrA, IcaR, CodY, CcpA, Spx, CidR, Rbf,
LytSR, and TcaR (reviewed and summarized by (4, 15–18).

Global approaches can be particularly useful to unravel the
intricate interaction within these regulatory networks and to
identify proteins with important roles in biofilm formation.
However, so far only a few studies applied different omics
techniques to analyze S. aureus biofilm physiology (18–27).
These studies focused either on (1) static biofilm cultivation
models, (2) used obsolete omics technologies, or (3) lacked a
multi-omics approach. Most importantly, the composition of
the S. aureus ECM, particularly at the protein level, and the
role of these proteins during biofilm growth are still largely
unexplored.

Consequently, the here presented study aims at a compre-
hensive characterization of the intra- and extracellular (ECM
and flow-through (FT)) proteome, as well as the extracellular
metabolome of S. aureus biofilms cultured in a physiologically
highly relevant flow system (28) applying state-of-the-art om-
ics technologies. Moreover, we compared these biofilm pro-
tein and metabolite profiles to planktonic cells. Our analyses
identified a so far nondescribed, molecular mechanism during
biofilm formation, which uncovers moonlighting virulence fac-
tors and ribosomal proteins in the ECM as key players in
mediating biofilm integrity.

EXPERIMENTAL PROCEDURES

Strain and Growth Medium—All experiments were performed using
S. aureus HG001, which was described by Herbert et al., 2010 (29).
For all cultivations, RPMI 1640 medium (R7509, Sigma-Aldrich, St.
Louis) was used. The medium was supplemented with 2 mM gluta-
mine, 140 !M citrate, 7.5 !M FeCl3 and trace metals according to
Gertz et al., 1999 (30) and Dörries et al., 2013 (31).

Planktonic and Biofilm Cultivation for Omics Analyses—Planktonic
overnight cultures were grown in Erlenmeyer flasks filled with 10 ml
medium (liquid to air ratio 1:10) with vigorous agitation at 180 rpm and
37 °C for 18 h.

Planktonic main cultures were grown in Erlenmeyer flasks after
inoculation of 100 ml prewarmed medium (liquid to air ratio of 1:5) to
an OD500 nm of 0.06 using a fresh overnight culture. The cultures were
subsequently incubated at 180 rpm and 37 °C for 12 h.

Biofilm cultivation was performed at 37 °C in a continuous flow
reactor system adapted from Dohnt et al., 2011 (32) and Brady et al.,

2006 (33), which consists of a medium bottle, a multichannel pump, a
drop trap, a silicon tube for biofilm growth (4 mm inner diameter, 1 m
length, VWR, Darmstadt, Germany) and a waste bottle (supplemental
Fig. S1). Before inoculation, the system was filled with growth me-
dium and equilibrated overnight. To inoculate the system, S. aureus
cells were precultivated for 5 h in a planktonic main culture as de-
scribed above, diluted in fresh, prewarmed medium to an OD500 nm of
0.1 and injected into the silicon tube using a luer-lock syringe. This
precultivation step increased attachment reproducibility compared
with inoculation using cells of an overnight culture. After inoculation,
the system was left without medium flow for 1 h to allow attachment
of the cells. Subsequently, biofilm cultivation was started with a
continuous medium flow of 25 ml/h (corresponding to 2 m/h and a
retention time of 30 min) for 12 h.

Sample Collection and Protein Extraction—Sample collection for
intracellular (planktonic and biofilm) and extracellular (planktonic, bio-
film ECM and biofilm flow-through (FT)) proteome analysis of the
cultures was carried out after 12 h. All sampling and protein extraction
steps were performed on ice.

Planktonic cells were harvested and pelleted by centrifugation at
7000 ! g and 4 °C for 10 min, and the supernatant was collected. The
cell pellet was washed twice (resuspended and vortexed for 2 min
(34)) using ice-cold high salt Tris-buffer according to Rice et al., 2007
(35) and Bose et al., 2012 (36): 50 mM Tris-HCl, 10 mM EDTA, 500 mM

NaCl, pH 8. The resulting supernatants of the washing steps were
pooled with the supernatant of the initial centrifugation step and
filter-sterilized (0.45 !m cut off, Sarstedt AG, Nürnberg, Germany).
The supernatants and the remaining cell pellets were stored at
"70 °C for further analysis.

For biofilm FT samples, the medium eluting from the flow system
was collected on ice for 20 min, centrifuged, sterile filtered and stored
as described above.

To obtain intracellular and ECM samples of the biofilm, the biofilm
tube content was transferred in a centrifugation tube, centrifuged as
described above and the supernatant was collected. In a next step,
the remaining cell pellet was washed twice with high salt TE-buffer as
described for planktonic samples, to effectively separate the ECM
from the cells. The cell suspension was centrifuged again and the
resulting supernatants containing ECM proteins were pooled with the
supernatant of the initial centrifugation step, filter sterilized and stored
for further analysis as described above. Applying this method, intra-
cellular protein and metabolite contaminations caused by cell lysis
were avoided, which was verified by CFU counting and metabolic
footprint analysis comparing samples before and after the separation
step (data not shown).

Intracellular protein extracts from the planktonic and biofilm cell
pellets were prepared as already described (37, 38) with slight mod-
ifications: cells were resuspended in 1 ml TE-buffer followed by
mechanical disruption with 500 !l glass beads (0.1 to 0.11 mm,
Sartorius Stedim Biotech, Göttingen, Germany) in 3 homogenization
cycles at 6.5 m/s for 30 s using a FastPrep-25 homogenizer (MP
Biologicals, Santa Ana, California). Cell debris and glass beads were
removed by centrifugation at 20,000 ! g and 4 °C for 10 min. Insoluble
and aggregated proteins were removed by an additional centrifugation
step at 20,000 ! g and 4 °C for 30 min (37, 38). The resulting intracel-
lular protein extracts were stored at "70 °C for further analysis.

Planktonic extracellular proteins, as well as biofilm ECM and bio-
film FT proteins were enriched using StrataClean beads as described
by Bonn et al., 2014 (39) with slight modifications. Briefly, 20 !l
aliquots of the beads were washed twice with 500 !l TE-buffer for
StrataClean beads (TESC, 50 mM Tris-HCl, 10 mM EDTA, pH 8) with
intermitted centrifugation at 6000 ! g and room temperature (RT) for
2 min. Subsequently, beads were primed by incubation in 200 !l HCl
at 100 °C for 6 h and washed twice with 1 ml TESC-buffer. For protein

1 The abbreviations used are: ECM, extracellular matrix; FT, flow-
through; eDNA, extracellular DNA; CLSM, confocal laser scanning
microscopy; pI, isoelectric point; LFQ, label-free quantification;
(r)iBAQ, (relative) intensity-based absolute quantification.

Secreted Virulence Factors Stabilize S. aureus Biofilms
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enrichment, beads were incubated with culture supernatants at 4 °C
on a rotating tube shaker overnight. Loaded beads were pelleted at
10,000 ! g and 4 °C for 15 min, washed twice with 500 !l PBS buffer
(137 mM NaCl, 0.2 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4)
and dried in a vacuum centrifuge (Eppendorf AG, Hamburg, Germany)
for 20 min.

Sample Preparation for MS/MS Analysis—The concentration of
intracellular protein extracts was determined according to Bradford et
al., 1967 (40) using Roti®-Nanoquant (Roth, Karlsruhe, Germany)
following the manufacturer’s instructions. Extracellular/ECM/FT pro-
tein amounts loaded on the beads were determined by BCA-assay
(ThermoFisher Scientific, Waltham, MA) described by Smith et al.,
1985 (41) according to manufacturer’s instructions using the standard
protocol with additional shaking at 1500 rpm to avoid bead sedimen-
tation. Protein amounts of 25 !g per sample were boiled for 10 min at
95 °C and subsequently separated on a 4–12% SDS-polyacrylamide
gradient gel (Criterion, BioRad, Munich, Germany). The gel was fixed
for 30 min in fixation solution (10% (v/v) acetic acid, 40% (v/v) etha-
nol), washed twice for 10 min in water and stained with Colloidal
Coomassie Brilliant Blue G-250 as previously described (42, 43). After
removing excessive Coomassie stain from the gel using water, gel
lanes of intracellular and extracellular/ECM/FT samples were fraction-
ated into 10 and 5 gel pieces, respectively, cut into gel blocks of "1
mm3 and prepared for MS/MS analysis as follows. Gel blocks were
transferred into low binding tubes and washed/destained 5 times with
900 !l gel washing buffer (0.2 M NH4CO3 in 30% (v/v) acetonitrile) at
37 °C in a tube shaker (Eppendorf AG) at 1500 rpm for 15 min.
Destained gel blocks were dried in a vacuum centrifuge for 30 min,
covered with trypsin solution (2 !g/ml, Promega, Madison) and incu-
bated at 37 °C overnight for protein digest. Subsequently, 100 !l
water was added, and peptides were eluted by treatment in an
ultrasonic bath for 15 min. The supernatant was transferred into a
fresh low binding tube, desiccated in a vacuum centrifuge and pep-
tides were stored at #70 °C. Before MS/MS analysis, peptides were
resolubilized adding 10 !l of 0.1% (v/v) acetic acid and transferred
into glass vials.

MS/MS Analysis—Tryptic peptides were subjected to liquid chro-
matography (LC) separation and electrospray ionization-based mass
spectrometry (MS) measurement applying adjusted injection volumes
for each gel fraction of intracellular samples to reach maximum in-
tensities. Injection volumes for extracellular samples were kept con-
stant. Peptides were loaded on a self-made analytical column (Aeris
PEPTIDE 3.6 !m XB - C18 (phenomenex), OD 360 !m, ID 100 !m,
length 20 cm) and eluted by a binary nonlinear gradient of 5–75%
acetonitrile in 0.1% acetic acid over 80 min with a flow rate of 300
nL/min. LC-MS/MS analyses were performed on an LTQ-Orbitrap-
Velos mass spectrometer (ThermoFisher Scientific) coupled to an
EASY-nLC 1000. For MS analysis, a full scan in the Orbitrap with a
resolution of 30.000 and mass deviation of 0.5 Da was followed by
CID MS/MS experiments of the 20 most abundant precursor ions
acquired in the linear ion trap with a mass tolerance of 20 ppm.

MS Data Analysis—Database search, as well as label-free quanti-
fication (LFQ) and intensity-based absolute quantification (iBAQ), was
performed using the MaxQuant software suite (version 1.6.0.16, Max
Planck Institute of Biochemistry, Martinsried, Germany) running the
built-in Andromeda search engine (Max Planck Institute of Biochem-
istry) (44–47). The database used was downloaded from UniProt on
January 24th, 2018 (Proteome ID UP000008816) and contains 2889
protein sequences of S. aureus NCTC8325 (representing the parental
strain S. aureus HG001 was derived from). The entry for protein RsbU
was replaced by the corresponding sequence of S. aureus Newman
because rsbU has been repaired in strain HG001 by Herbert and
colleagues (29). Common laboratory contaminants and reversed se-
quences were included by MaxQuant. Database search parameters

were set as follows: Trypsin/P specific digestion (KR) with two al-
lowed missed cleavages, peptide tolerance 20 ppm, fragment ion
tolerance 4.5 Da, methionine oxidation (15.99 Da) as a variable mod-
ification, peptide spectral match FDR 1% and protein FDR 1%. No
fixed modifications were included. LFQ was performed using the
following settings: LFQ minimum ratio count 2 considering unique and
razor peptides for quantification. Match between runs was enabled
with a match time window of 0.7 min and an alignment time window
of 20 min.

Results were filtered for proteins identified with 2 or more unique
peptides in at least 2 out of 3 biological replicates. LFQ intensities of
intracellular and extracellular/ECM/FT proteome data were used to
calculate log2 ratios between biofilm and planktonic samples. No
further adjustments for systematic errors were applied. For proteins of
intracellular samples, which were identified in 3 out of 3 biological
replicates, these log2 ratios were then visualized in Voronoi treemaps
(48, 49) using the Paver software (DECODON GmbH, Greifswald,
Germany) based on functional assignment of the SEED database (50)
or based on regulon maps (51) created by Moche et al., 2014 (18),
respectively. For extracellular/ECM/FT data, treemaps were created
based on subcellular localization predicted by PSORTb (52) and
theoretical pI values extracted from AureoWiki database (53). Predic-
tions by PSORTb were manually cured based on published localiza-
tion studies, and LocateP (54) and SignalP (55) predictions. riBAQ
values were calculated (47) and used to correlate treemap cell sizes
with protein abundance.

Metabolic Footprint Analysis—For metabolic footprint analysis us-
ing 1H-nuclear magnetic resonance (1H-NMR) spectroscopy, plank-
tonic and biofilm samples were harvested on ice after 12 h of culti-
vation, sterile filtered (0,45 !m cut off, Sarstedt AG, Nürnberg,
Germany) and stored at #20 °C before measurement. For biofilm
cultures, ECM samples were collected as described above. More-
over, 1 ml of the FT was collected on ice and prepared as described
above. Samples were then thawed at RT, and 400 !l were mixed with
200 !l of sodium hydrogen phosphate buffer (0.2 mol/L, pH 7.0) made
up with 50% D2O, including 1 mM 3-trimethylsilyl-[2,2,3,3-D4]-1-pro-
panoic acid for 1H-NMR analysis (31). Samples were analyzed using
a Bruker AVANCE-II 600 NMR spectrometer operated by TOPSPIN
3.2 software. Qualitative and quantitative data analyses were car-
ried out using AMIX v3.9.12 software (Bruker Biospin GmbH,
Rheinstetten, Germany).

Nitrate concentrations were measured by applying 10 !l cell-free
culture supernatant on colorimetric nitrate test stripes (Merck, Darm-
stadt, Germany). Self-made standards with nitrate concentrations
ranging from 0–250 mg/L NO3

# served as controls.
Biofilm cultivation for CLSM analysis. To analyze biofilms using

confocal laser scanning microscopy (CLSM), flow chambers with
three individual growth channels (1 ! 4 ! 40 mm per channel) were
prepared as described by Sternberg and Tolker-Nielsen, 2006 (56).
Flow chambers were filled with growth medium overnight to equili-
brate the chambers. Each channel of the flow chambers was inocu-
lated with 300 !l of an overnight culture, which was diluted to an
OD

500 nm
of 0.01 using fresh, prewarmed growth medium. For inocu-

lation, a small syringe was used. The flow chambers were left without
flow for 1 h to allow bacterial attachment. Subsequent biofilm culti-
vation was performed with a flow rate of 3 ml/h (0.2 mm/s) for 12 h
using a Watson-Marlow 205S peristaltic pump (Watson-Marlow
GmbH, Rommerskirchen, Germany). Biofilms were stained with 5 !M

Syto9 (prepared in 0.9% NaCl, ThermoFisher Scientific) without flow
for 15 min. Subsequently, the biofilms were washed under flow for 15
min.

To elucidate the influence of ECM components on biofilm stability,
established biofilms were treated as follows. For enzymatic digestion
of ECM proteins, biofilms were incubated with Proteinase K (100
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!g/ml in growth medium, ThermoFisher Scientific) without flow at
37 °C for 2 h according to Seidl et al., 2008 (57). Treated biofilms were
challenged by elevated shear forces applying an increased flow rate
(30 ml/h) for 5 min before CLSM analysis. To analyze biofilm stability
under alkaline conditions, established biofilms were subjected to an
increased flow of growth medium adjusted to pH 12 as described
above. For all treatments, fresh growth medium served as controls.
CLSM images were acquired after 0, 2 and 5 min of increased flow
using a Zeiss LSM 510 CLSM (Carl Zeiss, Jena, Germany) equipped
with a water corrected 63!/NA1.2 objective and filter and detector
settings for monitoring Syto9 fluorescence (excitation at 488 nm using
an Ar-laser, emission light selected with a 505–550 nm bandpass
filter). Image acquisition was performed using the ZEN 2009 software
(Carl Zeiss) with z-stack sections of 0.5 !m. Three-dimensional re-
construction of z-stacks was done using the AMIRA software (version
6.0.1, ThermoFisher Scientific).

To visualize eDNA within the ECM, freshly grown biofilms were
stained with the eDNA-specific stain Toto-1 (5 !M) and Syto62 (10 !M)
as a counterstain (both prepared in 0.9% NaCl, ThermoFisher Scien-
tific). Biofilm staining and washing was carried out in the dark for 15
min as described above. For biofilm and eDNA visualization, image
acquisition was performed as described above with filter and detector
settings for monitoring of Syto62 fluorescence (excitation at 633 nm
using an HeNe-laser, emission light selected with a 650 nm longpass
filter) and Toto-1 fluorescence (excitation at 514 nm with an Ar-laser,
emission light selected with a 505–550 nm bandpass filter).

Cell Aggregation Test—The cell aggregation test was performed
using biofilm-grown cells, which were cultivated, harvested, and pel-
leted as described for omics analysis. Subsequently, cell pellets were
resuspended in the following solutions, which were adjusted to either
pH 8 or pH 5.5: (1) planktonic or biofilm culture supernatant contain-
ing extracellular/ECM proteins, (2) fresh medium supplemented with
bovine serum albumin (BSA, pI " 4.7, Sigma-Aldrich) or bovine cy-
tochrome C (CytC, pI " 10.0, Sigma-Aldrich), (3) BSA or CytC sup-
plemented growth medium plus DNA (S. aureus cDNA). The concen-
trations of control proteins and DNA used were: proteins " 50 !g/ml,
DNA " 25 !g/ml. Cell suspensions of OD500 nm 10 were prepared and
incubated at RT for 1 min. Cells were stained with 5 !M Toto-1 and 10
!M Syto62 (ThermoFisher Scientific) for 15 min in the dark. Four
microliters of these cell suspensions were applied on a thin layer of
1.5% agarose in 0.9% NaCl, which was mounted on a microscope
slide. Fluorescence microscopy images were acquired and pro-
cessed using a Zeiss Imager M2 (Carl Zeiss) equipped with a 100x/NA
1.3 oil immersion objective and the ZEN 2011 software package (Carl
Zeiss).

Test for Osmotic Stress Resistance—Planktonic and biofilm cells
were cultivated as described for omics analyses and used to test
osmotic stress resistance. To this end, Erlenmeyer flasks filled with 10
ml prewarmed RPMI-Medium supplemented with 3 and 4 M NaCl,
respectively, were inoculated to an OD500 nm of 0.05. It was micro-
scopically verified that no cell aggregates were used for inoculation or
developed during the experiment ensuring meaningful CFU counting
results. Subsequently, cultures were incubated at 37 °C and 180 rpm
following counting of surviving CFU every 24 h for 3 days.

pH Determination—Samples were collected as described for omics
analysis. pH values of the biofilm FT and planktonic cultures were
measured using a pH meter (pHenomenal pH1000L, VWR). To be able
to determine the pH directly within the ECM, growth medium within
silicon tubes was carefully removed by allowing air to enter the tube
at a flow rate of 3 ml/h followed by biofilm sampling and centrifugation
as described above. The pH of the resulting supernatant was meas-
ured using pH-indicator stripes ranging from pH 4.0–7.0 (Merck).

Galleria mellonella Pathogenicity Model—G. mellonella experi-
ments were carried out according to Hill et al., 2014 with slight

modifications (58). Larvae weighing #300–400 mg were disinfected
in 70% ethanol for 3 s and allowed to dry. Subsequently, 5 !l of
cell-free culture supernatant (corresponding to 40 ng protein) were
injected in the last left proleg of 15 larvae per sample using a 10 !l
Hamilton syringe. Five microliters growth medium supplemented with
8 !g/ml BSA and noninfected larvae served as controls. The larvae
were incubated at 37 °C for 68 h with intermediate counting of sur-
viving animals.

Hemolysis Assay—Hemolysis assays were performed as described
by Lauderdale et al., 2009 using samples collected as described
above for omics analysis (59). Briefly, 0.5 ml rabbit blood (Fiebig
Nährstofftechnik, Idstein-Niederauroff, Germany) was pelleted
(6000 ! g, RT, 5 min) and resuspended in 12.5 ml growth medium.
This suspension was mixed 1:1 with biofilm samples followed by an
incubation at 37 °C for 10 min. Growth medium and 0.2% SDS
prepared in growth medium served as negative and positive controls,
respectively. Samples were centrifuged (6000 ! g, RT, 5 min), the
supernatant was transferred in a 96-well microtiter plate and absorb-
ance was measured at 540 nm in a microtiter plate reader (Synergy
MX, BioTek Instruments, Winooski).

Experimental Design and Statistical Rationale—We decided to use
an integrated multi-omics approach combining state-of-the-art pro-
teomics and metabolomics techniques and phenotypic verification
experiments to shed light on vital physiological processes in the
cytoplasm and the ECM of biofilm forming cells (Fig. 1). Therefore,
intra- and extracellular proteome analysis of planktonic cultures and
intracellular, ECM and FT proteome analysis of biofilm cultures were
performed of three biological replicates resulting in a total of 15
individual samples. All samples were prepared in parallel before LC-
MS/MS analysis, which was performed in a randomized order. For
metabolic footprint analysis, samples of four biological replicates
were measured. Phenotypic experiments, including testing of osmotic
stress resistance and hemolytic activity, as well as measurement of
OD values and pH values were carried out in three biological repli-
cates. In the G. mellonella pathogenicity model, culture supernatants
of one biological replicate were used to inject 15 larvae per sample. All
microscopy analyses were performed in biological duplicates. Images
of 15 randomly selected areas were acquired. Thereof, a represent-
ative image of each condition and time point is shown.

Statistical significance was assessed by Student’s t test and
ANOVA using Excel (version 15.32, Microsoft Corporation, Redmond)
for normally distributed proteome data by applying p values of 0.05.
GraphPad PRISM (version 8, GraphPad Software, La Jolla) was used
for data analysis of metabolome and phenotypic analyses. p values
are provided in each figure legend.

RESULTS AND DISCUSSION

Low metabolic activity of biofilm-embedded cells, as well
as the ECM acting as a protective barrier against antimicrobial
compounds and the host immune system, make biofilm-as-
sociated infections extremely difficult to treat. Although S.
aureus has been recognized as one of the most frequent
causes of biofilm-associated infections, its biofilm physiology
and particularly the ECM composition are poorly understood.

Experimental Design—To comprehensively characterize
important physiological processes during biofilm formation of
S. aureus, we used an integrated multi-omics approach,
which combines state-of-the-art proteomics and metabolo-
mics techniques. We compared intracellular and extracellular/
ECM/FT protein profiles, as well as ECM and FT metabolite
profiles of S. aureus biofilms with intracellular and extracellu-
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lar protein profiles and extracellular metabolites of their plank-
tonic counterparts. Moreover, we complemented these omics
data by phenotypic analyses of biofilm and planktonic cells. A
workflow summarizing our approach is shown in Fig. 1. All
identified intracellular, extracellular/ECM/FT proteins together
with detailed information on peptide and protein identification
have been deposited to the ProteomeXchange consortium
(http://proteomecentral.proteomexchange.org/cgi/GetDataset)
via the PRIDE partner repository with the data set identifier
PXD011157 (see data availability section).

To this end, we established a cultivation system enabling us
to investigate S. aureus biofilms grown under flow conditions,
which reflects the natural environment more accurately com-
pared with static biofilm cultivation models and which allows
us to cultivate high amounts of biomass needed for proteome
analysis (especially of the ECM).

It is generally believed that the physiology of mature bio-
films resembles that of stationary, planktonic batch cultures
(60–63), which are therefore an adequate reference for com-
parative omics-analyses of biofilm and planktonic cells.
Hence, as a starting point, we were testing after which time
period our biofilm and planktonic cultures represented mature
biofilms and stationary cells, respectively. In contrast to other
studies that analyzed biofilms over a time period of several
days (21, 22, 64), we found that our biofilms matured relatively
early, i.e. after 12 h of growth. This might be because we
used, in contrast to the above-mentioned studies, a nutrient-
rich medium leading to a quick maturation of S. aureus bio-
films in our experimental flow setting. Planktonic cultures
were harvested 12 h post-inoculation as well, after which they

reached the stationary phase. Interestingly, 36 h old flow
cultures revealed a dying biofilm characterized by increased
cell lysis as indicated by a high abundance of the major
autolysin Atl (20, 90), decreased biofilm mass and a substan-
tially higher amount of intracellular proteins within the ECM
(data not shown).

Biofilm Cells Show a Similar but Less Pronounced Nutrient
Limitation Response Compared with Planktonic Stationary
Cells—To establish our biofilm flow system, we optimized
cultivation settings (e.g. tube length and flow rate) in prelimi-
nary experiments to avoid nutrient depletion and concomitant
physiological heterogeneities of the cells along the biofilm
tube. According to our metabolome data, this was success-
fully achieved, because neither glucose nor the amino acids of
the growth medium were completely depleted in the biofilm
FT (supplemental Fig. S2).

A clear starvation response was observed in planktonic
cells, because our metabolome data revealed depletion of
glucose and amino acids (supplemental Fig. S2). In agreement
with previously published studies (68, 91), this starvation re-
sponse was indicated by our proteome data showing an
increased abundance of proteins belonging to regulons con-
trolled by the carbon catabolite protein A (CcpA), the pleio-
tropic repressor CodY and CymR, a regulator of sulfur me-
tabolism (65–67) (supplemental Table S1, supplemental Fig.
S3). For example, gluconeogenesis (e.g. GpmA, PckA, PycA)
and TCA cycle enzymes (e.g. PdhABC, SucABD, SdhA,
FumC), as well as amino acid biosynthesis proteins (e.g.
LysAC, MetCEFI, LeuABCD, SerA, TrpBCDE), and oligopep-
tide uptake proteins (e.g. Opp-3ABCDF) were strongly up-

FIG. 1. Schematic overview of the
experimental design. Intracellular, ECM
and FT protein profiles of 12 h biofilm
cultures grown under flow conditions
were compared with intracellular and ex-
tracellular protein profiles of 12 h plank-
tonic batch cultures. These data were
complemented by metabolic footprint
analysis followed by verification of the
omics data by different phenotypic analy-
ses e.g. including a G. mellonella patho-
genicity model and microscopy. ECM !
Extracellular matrix, FT ! Flow-through.
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regulated in stationary planktonic cells compared with biofilm
cells. Furthermore, as expected under glucose-limited condi-
tions, glycolysis enzymes were less abundant in planktonic
cultures (e.g. Pgi, PfkA, TpiA, GapA, Eno), (supplemental Ta-
ble S1, Fig. 2). However, differences in abundance of glycol-
ysis/gluconeogenesis and TCA cycle enzymes were rather
small. This observation agrees with the hypothesis that
deeper layers of the biofilm might also face glucose starvation
because of nutrient competition within the biofilm.

Interestingly, iron acquisition proteins of the Fur regulon
were found more abundant in planktonic cultures (supple-
mental Table S1, supplemental Fig. S3), including e.g. iron
transporters (SirA, HtsA) and proteins for biosynthesis of the
siderophore staphylobactin (SbnEF). Consequently, it can be
concluded that iron limitation is more pronounced in plank-
tonic cultures compared with biofilms.

Collectively, these results suggest that the biofilm cells in
our setting also experience nutrient limitation albeit to a lesser
degree than the stationary planktonic cells. This can intuitively
be explained by the nutrient supplying properties of a flow
system, which supports the outer cells of the biofilm with
enough nutrients during the entire experiment. The deeper
layers of the biofilm, however, are likely to suffer from nutrient
limitation. Because it was not possible in our experimental
setup to analyze outer and inner biofilm cells separately, our
proteome data reflect the mean abundance of the detected
proteins for a rather heterogeneous population of cells. Nev-
ertheless, dominant physiological effects that are character-
istic for the biofilm cells can still be identified. This was par-
ticularly obvious for fermentation pathways, which will be
explained in the following section.

Oxygen Limitation in Biofilms Leads to ECM Acidification—
Biofilms are organized as densely packed communities mak-
ing it intuitive that nutrient and oxygen availability throughout
the biofilm is gradually decreasing and limited in deeper layers
because of consumption and diffusion impairment. Especially
oxygen limitation has been described for biofilms of various
species (18, 21, 24, 68–70). Because of the higher cell den-
sities reached during biofilm growth compared with plank-
tonic growth, we expected to observe oxygen limitation also
in our flow biofilms (supplemental Fig. S4).

Indeed, the proteome and metabolome data clearly re-
vealed oxygen limitation in S. aureus biofilms indicated by the
strong and significant accumulation of enzymes involved in
mixed acid and 2,3-butanediol fermentation (e.g. lactate de-
hydrogenase Ldh1, alcohol dehydrogenase Adh1, pyruvate
formate lyase PflB, acetolactate synthase BudB), and fermen-
tation products like formate, lactate, ethanol, and 2,3-butane-
diol (supplemental Table S1, Fig. 2, supplemental Fig. S5A). In
addition to fermentation, S. aureus can use nitrate respiration
for energy production during oxygen-limited conditions. Our
proteome data clearly showed an accumulation of enzymes
required for nitrate respiration in biofilms (NarJGH, NasDEK)
(supplemental Table S1, Fig. 2). Furthermore, nitrate con-

sumption was observable only in the biofilm but not in plank-
tonic cultures (supplemental Fig. S5B). The fermentation and
nitrate respiration proteins are part of the Rex and the NreC
regulon, respectively. Both regulators were also found up-
regulated in biofilms underlining the importance of these regu-
lons during biofilm growth (supplemental Fig. S3).

We further observed that the reduced oxygen availability in
biofilms impacts proteins of the oxidative stress response,
which were found less abundant compared with planktonic
cells. This includes superoxide dismutase SodA, catalase
KatA, alkyl hydroperoxide reductase AhpC, DNA protection
protein Dps, and the glutathione peroxidase BsaA (supple-
mental Table S1, Fig. 2). Furthermore, proteins of the nitrosa-
tive stress response accumulated in biofilm cells (e.g. Hmp,
ScdA, SrrAB) probably because of increased reactive nitrogen
species production during nitrate respiration (71). As an ad-
ditional consequence of oxygen limitation and nitrosative
stress within biofilms, proteins of the SrrAB regulon involved
in electron transport chain maintenance (cytochrome c and
quinol oxidase assembly, as well as heme biosynthesis:
CydAB, QoxABC, and HemBCDEHLQ) were found more
abundant in biofilms (supplemental Table S1, Fig. 2). The
importance of SrrAB in static S. aureus biofilms was also
shown by Kinkel et al., 2013 (71).

Most importantly, the accumulation of strong acids upon
fermentative metabolism in S. aureus biofilms leads to local
acidification, which was confirmed by pH measurements re-
vealing a local pH of !5.5 in the ECM compared with a pH of
7.6 in the FT, 7.5 in planktonic cultures and 8 in fresh growth
medium (Fig. 3A). No acidification of the biofilm FT and plank-
tonic cultures can be explained by dilution effects and the
buffering properties of the growth medium. Notably, the ob-
served acidification effect within the ECM is perfectly in line
with results of other studies investigating S. aureus biofilms,
where decreased pH values were observed (24, 26, 72–74).
Interestingly, we did not observe an upregulation of proteins
involved in the arginine deiminase and urease pathway, which
were reported to counteract local acidification in S. aureus
biofilms (supplemental Table S1, Fig. 2) (21, 26, 75, 76). This
supports our proposed model of an acidified ECM environ-
ment playing a major role in mediating biofilm stability as
explained in the following two sections.

S. aureus Biofilms Express High Amounts of Virulence Fac-
tors—Next, we were interested in the exact composition of
the ECM at the proteome level because it has been frequently
reported that proteins are an important component of the
ECM of clinical biofilm forming strains (26, 37, 38, 121–125).
Moreover, the ECM represents a permeability barrier for many
antimicrobial molecules and thus understanding its composi-
tion can help to develop novel antimicrobial strategies.

Approximately 30% of the total protein amount we found in
the S. aureus ECM represented secreted extracellular pro-
teins. However, the most abundant protein class in the ECM
were intracellular proteins (!60%), which are primarily repre-
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sented by ribosomal proteins (!42% thereof, which corre-
sponds to 25% of total ECM protein) (Fig. 4, Fig. 5A and
supplemental Fig. S6). This can probably be explained by cell
lysis within the biofilm or alternatively, as recently suggested,
via nonclassical protein export by a yet unknown pathway
(77). Interestingly, it has been proposed that intracellular pro-
teins might contribute to pathogenicity by mediating binding
to host matrix proteins and host cells (78). Cell lysis in biofilms
is a well-reported phenomenon, which is mediated by the
major autolysin Atl and the holin/antiholin system CidABC and
LrgAB in S. aureus (35, 79–81). Interestingly, these proteins
were not upregulated in our 12 h biofilms (supplemental Table
S1). However, Atl was significantly upregulated in the 36-h

biofilm, which was accompanied by strong lysis and accumu-
lation of intracellular proteins in the ECM (data not shown).

However, proteins with the highest abundance level in the
ECM were extracellular proteins, which are primarily repre-
sented by virulence factors including e.g. hemolysins (Hla,
HlgBC, Hld), a phenol-soluble modulin (Psm!1), leukotoxins
(LukGH), lipases (Geh, Plc), and the extracellular adherence
protein (Eap/Map) (supplemental Table S2, Fig. 4, supplemen-
tal Fig. S6). Compared with extracellular planktonic samples,
most of these virulence factors accumulate at a significantly
higher amount in biofilm ECM samples (supplemental Table
S2, Fig. 4). All these virulence factors were attributed to fulfill
specific functions in S. aureus pathogenesis (82–85). Our

FIG. 2. Voronoi treemaps visualizing expression profiles of intracellular proteins in biofilms compared with planktonic cultures.
Proteins found in MS analyses are displayed as single cells, which are functionally clustered in three hierarchical levels according to the Seed
database: first level " upper left panel, second level " upper right panel, third level " bottom panel. Differences in protein abundance are
indicated in the bottom panel by a color code based on LFQ intensities: orange " proteins more abundant in biofilms, blue " proteins more
abundant in planktonic cultures, light gray: no difference in protein abundance.

FIG. 3. Phenotypic analyses of S. aureus cells and culture supernatants derived from flow biofilms and planktonic cultures grown for
12 h. A, pH values of a medium control, planktonic, biofilm ECM, and biofilm FT samples are indicated as the mean # S.D. of quadruplicate
experiments. B, Hemolysis assay of a growth medium control, 0.2% SDS as a positive control, cell-free biofilm ECM and FT samples,
respectively. Data are displayed as mean values # S.D. of triplicate experiments. C, G. mellonella larvae were injected with 5 "l of cell-free
biofilm ECM or FT samples, respectively. Noninjected larvae and growth medium supplemented with BSA served as controls. The survival of
15 larvae per experiment was monitored for 68 h. D, Freshly cultivated biofilm and planktonic cells were used to inoculate fresh growth medium
supplemented with 3 M and 4 M NaCl, respectively. CFU were determined after 0, 24, 48, and 72 h. Data are displayed as mean values # S.D.
of triplicate experiments relative to the CFU (100%) of time point 0 h. * " p $ 0.05, ** " p $ 0.01, *** " p $ 0.001, **** " p $ 0.0001. ECM "
Extracellular matrix, FT " Flow-through.
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findings are consistent with other studies, which observed an
accumulation of LukAB and Hla in in vivo S. aureus biofilm
models (86–88). In contrast, studies using static biofilm cul-
tivation models often did not identify elevated expression of
virulence factors (18, 25, 26, 72), which seems to be an
important difference between biofilms cultivated under static
and flow conditions, respectively.

Many virulence factors that we found more abundant in
biofilms are controlled by the quorum sensing responsive agr
locus and the transcription factor SarA (18, 64, 89). However,
proteins of the agr system or SarA were not significantly more
abundant in biofilms compared with planktonic cells (supple-
mental Table S1, supplemental Fig. S3). We speculate that
protein expression of the agr system reached its maximum in
both, biofilm and planktonic cells, so the increased amount of
virulence factors in the ECM might be explained by a passive
accumulation effect. Alternatively, a local accumulation of the
quorum sensing peptide within the ECM compartment could
lead to a higher activation of the Agr two component system
in biofilm cells as compared with planktonic cells. In addition,
other global regulators (SigB, SaeRS, SrrAB, ArlRS, and Rot)
known to control virulence gene expression, as well as their
corresponding regulons were also more abundant in biofilms
identifying these regulators as important players, which might
balance virulence gene expression in S. aureus biofilms
(supplemental Table S1 and S2, supplemental Fig. S3).

To prove that the identified, secreted virulence factors are
functional, we tested cell-free supernatant derived from the
ECM and the biofilm FT in hemolysis assays and in a G.
mellonella pathogenicity model. Both samples indeed showed
hemolytic activity and killed G. mellonella larvae in contrast to
medium and BSA controls, respectively, which confirms the
pathogenic potential of S. aureus biofilms (Fig. 3B and 3C).

Besides the high abundance of secreted virulence factors in
the ECM, our intracellular proteome data also revealed that
biofilm cells express higher amounts of capsule biosynthesis
proteins CapABCDEFGHMNO compared with planktonic
cells (supplemental Table S1, Fig. 2). Interestingly, the same
phenomenon was reported by Beenken et al., 2004, who also
investigated biofilms grown under constant medium flow (21),
but not in other studies comparing planktonic cells and bio-
films, which were cultivated as static colony biofilms (18, 25,
26).

Taken together, our findings strongly support the study of
Lei et al., 2017 (88), who proposed that S. aureus biofilms
exhibit a high virulence potential and apply multiple strategies
simultaneously to evade the host immune system. These
strategies include protection by the ECM, capsule biosynthe-
sis, and secretion of virulence factors like hemolysins, leuko-
toxins, lipases, and proteases.

S. aureus Virulence Factors and Ribosomal Proteins Exhibit
a Moonlighting Function Contributing to Biofilm Integrity—

FIG. 4. Differences in protein profiles of the biofilm ECM and extracellular planktonic samples visualized by Voronoi treemaps.
Proteins found in MS analyses are displayed as single cells, which sizes correlate with protein abundance based on riBAQ values of ECM
proteins. Proteins are clustered according to their subcellular localization predicted by PSORTb (upper left panel), and isoelectric point (pI)
according to AureoWiki (upper right panel). Bottom panel: Differences in protein abundance between biofilm ECM and extracellular planktonic
samples are indicated by a color code, which is based on LFQ intensities: orange ! proteins more abundant in ECM, blue ! proteins more
abundant in planktonic cultures, light gray ! no difference in protein abundance. ECM ! Extracellular matrix.

FIG. 5. Amount of proteins with different subcellular localizations and differences in the average pI. A, Relative abundance of proteins
with different subcellular localizations (predicted by PSORTb and manually cured: Cytoplasmic, Extracellular and Miscellaneous ! Cytoplasmic
membrane, Cell wall, no significant prediction) and different pI values, which were identified in extracellular planktonic samples, biofilm ECM
and biofilm FT samples. The relative protein abundance was calculated based on riBAQ values. B, The average isoelectric point (pI) was
calculated and normalized by protein abundance based on riBAQ values. Data are displayed as mean values " S.D. of triplicate experiments.
pI values were extracted from the AureoWiki database. ns ! not significant, * ! p # 0.05, ** ! p # 0.01, *** ! p # 0.001, **** ! p # 0.0001.
ECM ! Extracellular matrix, FT ! Flow-through.
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Interestingly, most of the virulence factors we identified in the
ECM are characterized by a high isoelectric point (pI) between
8 and 12 (supplemental Table S2, Fig. 4 and 5A). The same
accounts for cytoplasmic proteins found within the ECM. In
fact, nearly half of these cytoplasmic proteins have an iso-
electric point between 8 and 12 and are primarily represented
by ribosomal proteins (Fig. 4 and 5A). Moreover, the average
pI of ECM samples is significantly higher compared with
planktonic cultures and to the FT (Fig. 4 and 5B, supplemental
Fig. S7).

We suspected that these alkaline virulence factors and
ribosomal proteins will carry a strong positive charge in an
acidic ECM environment created by formate, lactate, acetate,
and pyruvate produced during glucose fermentation under
oxygen-limited conditions (Fig. 3A, supplemental Fig. S5A).

As a consequence, these cationic proteins in the ECM
might interact with anionic cell surfaces (90) and eDNA and
thereby act as electrostatic bridges between cells providing
physical strength to the biofilm, similarly as was proposed by
Foulston et al., 2014 and Dengler et al., 2015 for intracellular
proteins (72, 73). To further test this hypothesis, we used
freshly cultivated biofilm cells, which were harvested, washed,
pelleted and resuspended in either planktonic or biofilm ECM
supernatant of pH 8 and pH 5.5, respectively, and investi-
gated cell aggregation using fluorescence microscopy after
staining with the eDNA stain Toto-1 and Syto62 as a coun-
terstain. Strikingly, biofilm supernatant indeed induced the
formation of cell aggregates under low pH conditions, which
could not be observed for planktonic supernatant or a me-
dium control at pH 5.5. At pH 8, no cell aggregates could be
observed at all (Fig. 6A).

To verify that cationic proteins induce cell aggregation, we
repeated the experiment using fresh medium supplemented
with either cytochrome C (CytC, pI ! 10.0) or BSA (pI ! 4.7)
as a negative control. We observed that only CytC and not
BSA induced cell aggregation at pH 5.5 (Fig. 6A). These
findings indicate, that cell aggregation in S. aureus biofilms is
mediated by cationic proteins and is eDNA independent, be-
cause no eDNA was present in this experiment. However,
because our CLSM analysis revealed high amounts of eDNA
within the ECM (Fig. 6C), we tested if eDNA supplementation
enhances the cell aggregation effect and repeated the exper-
iment with planktonic and ECM supernatant in the presence
of cDNA isolated from S. aureus to mimic eDNA. Although we
observed binding of cDNA to cell aggregates, we did not
observe an enhanced cell aggregation effect after addition of
cDNA (Fig 6A). A possible explanation for this observation
could be that the protein concentration used in our assay was
in a range masking an enhancing aggregation eDNA effect
besides the fact that ECM protein concentration used in this
experiment corresponded to the concentration as determined
for our biofilm ECM fraction.

Interestingly, we observed that other anionic metabolites,
namely glutamate, aspartate and pyruvate, tend to accumu-

late within the ECM because they were found in higher con-
centrations in the ECM compared with the biofilm FT (supple-
mental Fig. S5A). This accumulation effect was not observed
for acetate and lactate, because we measured high concen-
trations in the ECM, but even higher concentrations in the
biofilm FT. This might be because of a saturation effect,
because acetate and lactate represent the most abundant
negatively charged metabolites within the ECM (supplemental
Fig. S5A). We hypothesize that these anionic metabolites
located in the ECM act as electrostatic counterparts to cati-
onic proteins and thereby functionally act like eDNA.

To further characterize the role of cationic proteins in bio-
film integrity, we treated established flow biofilms with Pro-
teinase K according to Seidl et al., 2008 (57), or alkaline
medium adjusted to pH 12 to eliminate positive protein
charges, followed by challenging the biofilms with elevated
shear forces. The effects on biofilm integrity were visualized
using CLSM. Strikingly, Proteinase K-treated and alkalized
biofilms clearly showed impaired integrity because it was
possible to almost completely eradicate the biofilm within 5
min of elevated shear stress (Fig. 6B). Importantly, alkaline
growth medium with pH 12 does not kill S. aureus within 5
min, which was verified by CFU counting (data not shown).
Supporting our findings, inhibiting effects of alkaline pH
against Staphylococcal biofilm maturation were already re-
ported, without significant inhibition of planktonic growth (91).
Of note, DNase treatment of S. aureus biofilms did not impair
integrity, which might be because of proteins protecting
eDNA within the ECM from digestion (data not shown). In
summary, these results strongly support the idea that cationic
proteins play a major role in biofilm integrity under the tested
conditions.

At present, S. aureus ECM stability is mainly attributed
to PIA, an N-acetylglucosamine-based exopolysaccharide
found in biofilms of numerous S. aureus strains. PIA is partly
de-acetylated, which introduces positive charges at neutral
and acidic pH suggesting that PIA mediates cell aggregation
via electrostatic interactions with anionic cell surfaces and
possibly eDNA (4). A similar concept was also shown in P.
aeruginosa biofilms, where Pel, an abundant positively
charged exopolysaccharide, interacts with eDNA (92). How-
ever, we were not able to identify any of the PIA biosynthesis
proteins IcaABCD in our proteome data and the regulator IcaR
was slightly less abundant in biofilms compared with plank-
tonic cells, which points to a PIA-independent biofilm (sup-
plemental Table S1). Interestingly, more recent studies re-
ported an increasing number of S. aureus isolates including
community- and hospital-acquired MRSA strains, which form
PIA-independent, Proteinase K-sensitive biofilms (59, 64, 93–
98). Biofilms of these strains were stated to be protein-de-
pendent, which was attributed to adhesive surface proteins
(59, 97, 99) and intracellular proteins (72, 73). More precisely,
Foulston et al., 2014 showed that cationic, intracellular pro-
teins derived from S. aureus biofilms reversibly bind to cell
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FIG. 6. Microscopic analyses of the impact of cationic proteins and eDNA on S. aureus cell aggregation and biofilm stability. A,
Freshly cultivated biofilm cells were harvested, washed, pelleted, and resuspended in the following solutions, which were adjusted to either
pH 5.5 or pH 8, and investigated by fluorescence microscopy after staining with the eDNA stain Toto-1 and Syto62 as a counterstain:
planktonic or biofilm ECM supernatant, fresh growth medium supplemented with BSA or CytC as control proteins, planktonic or biofilm ECM
supernatant supplemented with cDNA isolated from S. aureus, medium control, medium control plus cDNA. Representative images of 15
randomly selected areas of duplicate experiments are shown. The scale bar indicates 10 !m. B, Biofilms were cultivated in flow cells for
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surfaces upon drop in pH, which contributes to multicellular
behavior (72). Moreover, Dengler et al., 2015 speculated that
the function of cationic PIA within biofilms could be replaced
by cationic proteins, which interact with anionic cell surfaces
and eDNA. Thereby, they emphasized the crucial role of eDNA
as an electrostatic bridge (73). Both studies suggested local
acidification within biofilms following the release of fermenta-
tion products, which is perfectly in line with our proteome,
metabolome and pH data. In agreement, we also identified a
large proportion of cytosolic proteins within the ECM. Impor-
tantly, we were able to provide a more detailed view on the
proteinaceous composition of the S. aureus ECM, thereby
identifying specific proteins dominating the ECM (Fig. 4). Fur-
thermore, we demonstrated that eDNA is a highly abundant
component of the ECM (Fig. 6C), which is in line with numer-
ous studies showing an important role of eDNA during both
early and later stages of biofilm development (14, 35, 79, 100).
However, compared with Dengler et al., 2015 we were not
able to observe enhanced cell aggregation after the addition
of cDNA to cells mixed with ECM proteins, suggesting that the
stability of our biofilm grown under flow-through conditions is
predominantly depending on the proteins within the ECM (Fig.
6A). Interestingly, the negative cell surface charge, which
seems to be key for cell aggregation, was previously sug-
gested to be caused by teichoic acids in the S. aureus cell wall
(4, 101). Supporting this idea, we found a slight but consistent
upregulation of many proteins for teichoic acid biosynthesis in
biofilms compared with planktonic cells (supplemental Table
S1, Fig. 2).

It remains debatable if S. aureus actively increases secre-
tion of alkaline virulence factors as an evolutionary favorable
mechanism to stabilize biofilm structures, or if the high abun-
dance of virulence factors within the ECM is caused by a
passive accumulation because of the described electrostatic
interactions (supplemental Table S1, Fig. 2).

Accumulation of Cationic Proteins and Anionic Metabolites
Within the ECM Causes Osmotic Stress in Biofilm-embedded
Cells—According to our model of ECM architecture, cells are
electrostatically linked in the ECM environment by highly
abundant proteins, eDNA and metabolites (Fig. 7). Because
each of these molecules is osmotically active and theoretically
elevates osmotic pressure, we hypothesized that biofilm-em-
bedded S. aureus cells experience osmotic stress. Support-
ively, we found several proteins associated with osmotic
stress resistance more abundant in biofilm cells. This includes
proteins for the uptake and biosynthesis of osmoprotectants
like OpuBCD and BetAB (supplemental Table S1, Fig. 2). In

addition, we found elevated levels of both cardiolipin syn-
thases Cls1 and Cls2 in biofilms. Cardiolipin was shown to be
important for S. aureus during long-term survival under osmotic
stress conditions (102). Furthermore, we found the two-compo-
nent system KdpDE and one protein of a potassium uptake
system, KtrA, more abundant in biofilm cells, which mediate
osmotic stress resistance (supplemental Table S1) (103, 104).
This is in line with results of Price-Whelan et al., 2013, who
identified elevated transcript levels of kdpDE and a protective
role of the Ktr potassium uptake system under osmotic stress
conditions (104). Consequently, biofilm cells might be more
osmotolerant than their planktonic counterparts.

To test this hypothesis, fresh medium supplemented with
elevated NaCl concentrations (3 M and 4 M, respectively) was
inoculated with cell suspensions derived from either plank-
tonic or biofilm cultivations and subsequently analyzed for
survival using CFU counting. We used cell suspensions in-
stead of intact biofilms in this assay to separate effects of
increased cell resistance from potential interference of a pro-
tective ECM. Strikingly, biofilm-grown cells show an in-
creased survival rate compared with planktonic cells under
both tested NaCl concentrations. Biofilm derived cells even
survived in 4 M NaCl medium for 72 h, whereas planktonic
cells already died after 48 h (Fig. 3D). Importantly, cells did not
aggregate during the experiment (usually caused by the chao-
tropic properties of high salt concentrations) as we assessed
by phase contrast microscopy, which ensured reliable CFU
counting results (data not shown) (105).

To our knowledge, high osmotic pressure in S. aureus
biofilms has not been reported yet, although it has been
described that high osmolarity has a positive effect on biofilm
formation, which is mediated by the alternative sigma factor B
(106). Furthermore, others have also described an induction of
osmotic stress protection systems in S. aureus biofilms. For
example, Resch et al., 2015 and Moche et al., 2015 found
genes and proteins induced in colony biofilms, which are
associated with osmoprotectant uptake, but did not find ele-
vated expression of the kdp system or cls (18, 25). Beenken
and colleagues reported elevated transcript levels of kdpDE
and kdpABC, as well as cls in flow biofilms, but not of genes
associated with osmoprotectant uptake (21). In addition, a
transposon mutant library screening by Boles et al., 2010
revealed that a defect in genes involved in osmoregulation
results in impaired biofilm formation (98). Contrary to these
studies, metabolic profiling of Junka et al., 2013 revealed an
accumulation of osmoprotectants in planktonic cells but not
in static biofilms (24).

12 h followed by a treatment with a growth medium control, Proteinase K, and alkalized growth medium of pH 12, respectively. Biofilms were
subsequently challenged by elevated shear forces to test biofilm stability and analyzed by confocal laser scanning microscopy (CLSM). For
each biofilm, 3 CLSM images of randomly selected areas (spanning 100 !m ! 100 !m) were acquired after 0, 2, and 5 min of elevated shear
stress in duplicate experiments. A representative image of each treatment and time point is shown. C, Biofilms were cultivated in flow cells for
12 h, stained with the eDNA stain Toto-1 (green) and Syto62 (red) as a counterstain, washed and analyzed by CLSM. A representative image
of 5 randomly selected areas of duplicate experiments is shown. The scale bar indicates 10 !m.
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Interestingly, studies on Bacillus subtilis and Vibrio cholera
biofilms proposed that ECM components generate osmotic
pressure thereby helping biofilm-embedded cells to spread
over the growth substratum (107, 108). If a comparable mech-
anism also exists in S. aureus biofilms and which specific
ECM components might contribute to elevated osmotic pres-
sure remains elusive. However, there are reports suggesting a
connection of K!/osmolarity sensing by the KdpDE two-com-

ponent system and regulation of virulence factor expression,
which includes positive regulation of capsule biosynthesis
genes cap, and negative regulation of invasion factors like
lipase Geh, the proteinase Aur and the hemolysins Hla and
HlgB (109–111). Notably, in our experiment all of these pro-
teins were found to be more abundant in S. aureus biofilms
compared with their planktonic counterparts (supplemental
Table S1, S2, Fig. 2 and 4). Because expression of these

FIG. 7. Proposed model of cell aggregation and ECM stabilization mediated by moonlighting virulence factors and ribosomal
proteins in S. aureus biofilms. Biofilms cultivated in a continuous flow system on a silicon tube surface grow to high cell densities, which
leads to oxygen limitation. Consequently, biofilm-embedded cells are driven toward anaerobic metabolism and secrete high amounts of
fermentation products lowering the local pH within the ECM. Furthermore, S. aureus biofilm cells release high amounts of eDNA, virulence
factors and ribosomal proteins (besides other cytoplasmic proteins). These proteins get protonated in the acidic ECM environment
because of their alkaline character. The accumulation of these cationic proteins, eDNA and anionic fermentation products along with other
anionic metabolites (I) creates an electrostatic network involving eDNA and anionic cell surfaces (harboring anionic teichoic acids), which
leads to cell aggregation and ECM stabilization and (II) leads to an osmotic stress response in biofilm-embedded cells. ECM " Extracellular
matrix.
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virulence factors is primarily controlled by other major regu-
lators including e.g. Agr/RNAIII, Rot, CodY, SarA, SaeRS,
SrrAB, and ArlRS (64, 89, 112–119), it could be speculated
that the KdpDE system has a fine-tuning function for virulence
gene expression in S. aureus biofilms.

CONCLUSIONS

Establishing a flow system for highly reproducible cultiva-
tion of S. aureus biofilms enabled us to grow biofilms under
conditions, which are relevant for different clinical scenarios,
i.e. endocarditis or catheter-associated infections, thereby
complementing studies employing static biofilm cultivation
models. This flow system allowed the cultivation of high
amounts of biofilm biomass, which was a prerequisite to
apply a multi-omics approach investigating intracellular and
ECM proteome profiles in combination with extracellular
metabolome profiles.

Using this multi-omics approach, we showed that S. aureus
biofilms secrete high amounts of functional virulence factors
like hemolysins, leukotoxins, and lipases, which are part of the
ECM but can also be found in the biofilm FT. Applying a G.
mellonella pathogenicity model and a hemolysis assay, we
demonstrated that these virulence factors are active. Further-
more, we show that the S. aureus biofilm ECM consists to a
large extent of ribosomal proteins. We demonstrate that se-
creted virulence factors and ribosomal proteins play a so far
unacknowledged role as moonlighting proteins, which con-
tribute to biofilm integrity. This stabilizing effect is mediated
by an acidic ECM environment caused by the release of
fermentation products like formate, lactate, and acetate.
Positive charges on alkaline proteins introduced by the
acidic environment promote the interaction of proteins with
negatively charged cell surfaces, eDNA and anionic metab-
olites.

Moreover, we suggest that the proteins and metabolites,
which are accumulating within the ECM cause osmotic stress
in biofilm-embedded cells. Our proposed model is summa-
rized in Fig. 7. Taken together, our study provides a compre-
hensive map of the intracellular and ECM proteome of S.
aureus flow biofilms.
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18. Moche, M., Schlüter, R., Bernhardt, J., Plate, K., Riedel, K., Hecker, M.,
and Becher, D. (2015) Time-resolved analysis of cytosolic and surface-
associated proteins of Staphylococcus aureusHG001 under planktonic
and biofilm conditions. J. Proteome Res. 14, 3804–3822

19. Ammons, M. C. B., Tripet, B. P., Carlson, R. P., Kirker, K. R., Gross, M. A.,
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(2010) Staphylococcal major autolysin (Atl) is involved in excretion of
cytoplasmic proteins. J. Biol. Chem. 285, 36794–36803

82. Dinges, M. M., Orwin, P. M., and Schlievert, P. M. (2000) Exotoxins of
Staphylococcus aureus. Clin. Microbiol. Rev. 13, 16–34

83. Peschel, A., and Otto, M. (2013) Phenol-soluble modulins and staphylo-
coccal infection. Nat. Rev. Microbiol. 11, 667–673

84. Alonzo, F., and Torres, V. J. (2014) The bicomponent pore-forming leu-
cocidins of Staphylococcus aureus. Microbiol. Mol. Biol. Rev. 78,
199–230

85. Nguyen, M. T., Luqman, A., Bitschar, K., Hertlein, T., Dick, J., Ohlsen, K.,
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(1999) Inactivation of the dlt operon in Staphylococcus aureus confers
sensitivity to defensins, protegrins, and other antimicrobial peptides.
J. Biol. Chem. 274, 8405–8410

102. Tsai, M., Ohniwa, R. L., Kato, Y., Takeshita, S. L., Ohta, T., Saito, S.,
Hayashi, H., and Morikawa, K. (2011) Staphylococcus aureus requires
cardiolipin for survival under conditions of high salinity. BMC Microbiol.
11, 13

103. Gries, C. M., Bose, J. L., Nuxoll, A. S., Fey, P. D., and Bayles, K. W. (2013)
The Ktr potassium transport system in Staphylococcus aureus and its
role in cell physiology, antimicrobial resistance and pathogenesis. Mol.
Microbiol. 89, 760–773

104. Price-Whelan, A., Poon, C. K., Benson, M. A., Eidem, T. T., Roux, C. M.,
Boyd, J. M., Dunman, P. M., Torres, V. J., and Krulwich, T. A. (2013)
Transcriptional profiling of Staphylococcus aureus during growth in 2 M
NaCl leads to clarification of physiological roles for Kdp and Ktr K!
uptake systems. MBio 4, e00407

105. Jonsson, P., and Wadström, T. (1984) Cell-surface hydrophobicity of
Staphylococcus-aureus measured by the salt aggregation test (Sat).
Curr. Microbiol. 10, 203–209

106. Rachid, S., Ohlsen, K., Wallner, U., Hacker, J., Hecker, M., and Ziebuhr,
W. (2000) Alternative transcription factor sigma(B) is involved in regula-
tion of biofilm expression in a Staphylococcus aureus mucosal isolate.
J. Bacteriol. 182, 6824–6826

107. Seminara, A., Angelini, T. E., Wilking, J. N., Vlamakis, H., Ebrahim, S.,
Kolter, R., Weitz, D. A., and Brenner, M. P. 2012. Osmotic spreading of
Bacillus subtilis biofilms driven by an extracellular matrix. Proc. Natl.
Acad. Sci. U.S.A. 109, 1116–1121

108. Yan, J., Nadell, C. D., Stone, H. A., Wingreen, N. S., and Bassler, B. L.
(2017) Extracellular-matrix-mediated osmotic pressure drives Vibrio
cholerae biofilm expansion and cheater exclusion. Nat. Commun. 8,
1–11

109. Freeman, Z. N., Dorus, S., and Waterfield, N. R. (2013) The KdpD/KdpE
two-component system: integrating K! homeostasis and virulence.
PLoS Pathog. 9, e1003201

110. Xue, T., You, Y., Hong, D., Sun, H., and Sun, B. (2011) The Staphylococ-
cus aureus KdpDE two-component system couples extracellular K!

sensing and Agr signaling to infection programming. Infection Immunity
79, 2154–2167

111. Zhao, L., Xue, T., Shang, F., Sun, H., and Sun, B. (2010) Staphylococcus
aureus AI-2 quorum sensing associates with the KdpDE two-compo-
nent system to regulate capsular polysaccharide synthesis and viru-
lence. Infection Immunity 78, 3506–3515

112. Coelho, L. R., Souza, R. R., Ferreira, F. A., Guimaraes, M. A., Ferreira-
Carvalho, B. T., and Figueiredo, A. M. S. (2008) agr RNAIII divergently
regulates glucose-induced biofilm formation in clinical isolates of
Staphylococcus aureus. Microbiology 154, 3480–3490

113. Queck, S. Y., Jameson-Lee, M., Villaruz, A. E., Bach, T. H. L., Khan, B. A.,
Sturdevant, D. E., Ricklefs, S. M., Li, M., and Otto, M. (2008) RNAIII-
independent target gene control by the agr quorum-sensing system:
insight into the evolution of virulence regulation in Staphylococcus
aureus. Mol. Cell 32, 150–158

114. Said-Salim, B., Dunman, P. M., McAleese, F. M., Macapagal, D., Murphy,
E., McNamara, P. J., Arvidson, S., Foster, T. J., Projan, S. J., and
Kreiswirth, B. N. (2003) Global regulation of Staphylococcus aureus
genes by Rot. J. Bacteriol. 185, 610–619

115. Majerczyk, C. D., Sadykov, M. R., Luong, T. T., Lee, C., Somerville, G. A.,
and Sonenshein, A. L. (2008) Staphylococcus aureus CodY negatively
regulates virulence gene expression. J. Bacteriol. 190, 2257–2265

116. Mrak, L. N., Zielinska, A. K., Beenken, K. E., Mrak, I. N., Atwood, D. N.,
Griffin, L. M., Lee, C. Y., and Smeltzer, M. S. (2012) saeRS and sarA act
synergistically to repress protease production and promote biofilm for-
mation in Staphylococcus aureus. PLOS ONE 7, e38453

117. Rogasch, K., Ruhmling, V., Pané-Farré, J., Hoper, D., Weinberg, C.,
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Hallmarks of cystic fibrosis (CF) are increased viscosity of mucus and impaired mucociliary
clearance within the airways due to mutations of the cystic fibrosis conductance regulator
gene. This facilitates the colonization of the lung by microbial pathogens and the
concomitant establishment of chronic infections leading to tissue damage, reduced
lung function, and decreased life expectancy. Although the interplay between key CF
pathogens plays a major role during disease progression, the pathophysiology of the
microbial community in CF lungs remains poorly understood. Particular challenges in the
analysis of the microbial population present in CF sputum is (I) the inhomogeneous,
viscous, and slimy consistence of CF sputum, and (II) the high number of human proteins
masking comparably low abundant microbial proteins. To address these challenges, we
used 21 CF sputum samples to develop a reliable, reproducible and widely applicable
protocol for sputum processing, microbial enrichment, cell disruption, protein extraction
and subsequent metaproteomic analyses. As a proof of concept, we selected three
sputum samples for detailed metaproteome analyses and complemented and validated
metaproteome data by 16S sequencing, metabolomic as well as microscopic analyses.
Applying our protocol, the number of bacterial proteins/protein groups increased from
199-425 to 392-868 in enriched samples compared to nonenriched controls. These early
microbial metaproteome data suggest that the arginine deiminase pathway and multiple
proteases and peptidases identified from various bacterial genera could so far be
underappreciated in their contribution to the CF pathophysiology. By providing a
standardized and effective protocol for sputum processing and microbial enrichment,
our study represents an important basis for future studies investigating the physiology of
microbial pathogens in CF in vivo – an important prerequisite for the development of novel
antimicrobial therapies to combat chronic recurrent airway infection in CF.

Keywords: cystic fibrosis, sputum, microbial community, microbiome, 16S sequencing, metaproteomics,
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INTRODUCTION

Cystic fibrosis is the most common inherited monogenic
disorder in Caucasian populations with an incidence of
approx. one in 3,000 births (O’Sullivan and Freedman, 2009).
The disease is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, encoding
an anion channel localized in epithelial cells e.g. of the
respiratory and gastrointestinal tract (Chmiel and Davis, 2003).
More than 1,500 mutations of the CFTR gene are described,
which all lead to the CF phenotype. Most importantly, the CF
phenotype is characterized by an impaired ion homeostasis,
which, in consequence, leads to a sticky, dehydrated mucus
within the respiratory tract and an impaired mucociliary
clearance (Ratjen, 2009). Ultimately, these hallmarks of CF
pave the way for the colonization by opportunistic microbial
pathogens establishing chronic infections, which starts already
early after birth, and is considered to be the main reason for
mortality (Rogers et al., 2014). Typically, Staphylococcus aureus
and Haemophilus influenzae represent early colonizers, which
are followed by other bacterial pathogens including e.g.
Pseudomonas aeruginosa, Burkholderia cepacia complex and
Stenotrophomonas maltophilia but also fungal pathogens like
Aspergillus fumigatus and Candida albicans, and viruses (e.g.
influenza and respiratory syncytial virus) (Filkins and O'Toole,
2015). The polymicrobial communities within the CF lung are
highly dynamic and differ greatly from patient to patient. In the
past few years, culture independent diagnostic methods revealed
even larger diversity of core genera, which are abundant in the
majority of adult patients including Streptococcus and Neisseria,
as well as obligate anaerobes like Prevotella, Veillonella, and
Catonella (Rogers et al., 2014; Filkins et al., 2015).

Of note, CF airways are characterized by an inflammatory
milieu, which can be attributed to the microbial colonization/
infection eliciting a host immune response characterized by the
dysregulation of epithelial innate immunity and airway
leukocytes. Proteolytic and oxidative products derived from an
exuberant immune response in combination with microbial
virulence factors are the main reasons for lung tissue damage,
which ultimately lead to respiratory failure and death (Cohen
and Prince, 2012; Eiserich et al., 2012; Kamath et al., 2015). Thus,
deeper insights into these complex polymicrobial infections,
focusing on the (patho-)physiology of the microbial CF lung
community as well as host-microbe interactions are of essential
importance for a better understanding of the disease progression
and the development of novel treatment strategies.

In the past, (meta-)proteomics approaches were used as a
powerful tool to investigate the physiological alterations of lung
tissues and body fluids (e.g. bronchoalveolar lavage, blood, feces, and
sputum) in CF patients as well as CFTR post-translational
modifications and CF biomarkers (Eiserich et al., 2012; Kamath
et al., 2015; Debyser et al., 2016; Liessi et al., 2020). However, most of
these studies were limited by focusing on the host perspective while
overlooking the microbial side of infection. Studies characterizing
the bacterial and fungal pathogens of CF lungs were typically
performed in vitro, using lung isolates grown under lung-
mimicking conditions (Kamath et al., 2015). Consequently, novel

approaches for the in vivo analyses of the microbial pathophysiology
directly at the site of infection are urgently needed. Here, we present
the first in vivomicrobial metaproteome analysis, complemented by
16S sequencing, metabolomics, and microscopic analyses to study
microbial communities and facultative microbial pathogens within
CF sputum. To this end, we established an innovative sputum
processing protocol, which overcomes major technical and
analytical challenges of CF sputum including (I) limited sample
volume, (II) challenging processability of CF sputum due to its
viscous and slimy character, (III) extraction of nucleic acids,
proteins and metabolites out of a single sputum sample, (IV)
enormous dominance of human proteins (e.g. mucins, albumins,
immunoglobulins) over microbial proteins of interest, and (V) high
abundance of (neutrophil-derived) proteases unspecifically digesting
microbial proteins of interest (Kamath et al., 2015). In this protocol,
a combination of differential centrifugation and filtration is used as
key elements for the enrichment of bacterial cells significantly
increasing bacterial protein identification coverage.

Our study represents a fundamental basis for follow-up
studies investigating the microbial metaproteome and bacterial
pathophysiology in CF sputum, which is an essential prerequisite for
the development of innovative antimicrobial treatment approaches.

EXPERIMENTAL PROCEDURES

Study Cohort, Ethics Statement, and
Sputum Sampling
In total, 24 sputum samples derived from 20 different patients
were collected. The study was approved by the institutional
ethics review board Münster, Germany (2010-155-f-S). Of the
24 sputum samples, 21 were used as test samples to establish a
reliable, reproducible and widely applicable protocol suitable for
sputum processing, nucleic acid extraction, microbial
enrichment and subsequent protein and metabolite extraction.
As a proof of concept, three samples, which were derived from
three individual patients (designated Patient A, Patient B, and
Patient C, respectively) were selected for detailed 16S sequencing,
metaproteome and metabolome analyses. Clinical data of these
three patients are summarized in Table 1. Patient B carried the
homozygous Phe508del CFTR genotype, while Patients A and C
carried other CFTR-mutations. Importantly, antibiotic therapy
of all three patients finished before the time point of sputum
sample collection, reducing the risk of false functional analysis
due to lysed and/or dead microbial cells. The three Patients A, B,
and C were selected based on their differences in age, lung
function, antibiotic therapy, disease progression, and microbial
lung community structure in order to show the applicability of
our sputum processing protocol over preferably diverse samples.

The freshly expectorated sputum samples were immediately
chilled on ice and transported to the laboratory for further
processing. Next, samples were transferred into 5 mL reaction
tubes, three ceramic beads (diameter approx. 2 mm) were added
and the samples were homogenized using a Retsch mill at 15 Hz
for 120 s (Stokell et al., 2014). Aliquots of the homogenized
sputum samples were stained according to the Gram procedure
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and numbers of neutrophils, epithelial cells and bacteria were
semi-quantitatively evaluated according to standard diagnostic
procedures for CF specimens (Gilligan, 2014). Samples were
aliquoted and diluted using 250 µL of homogenized samples
and 250 µL ice-cold 0.9% NaCl. Glycerol was added to a final
concentration of 10% and samples were subsequently stored at
-80 °C for further analyses.

Community Composition Analysis by 16S
Sequencing
Samples were gently mixed with an equivalent volume of
Sputolysin (10%) and incubated for 30 min at 37°C on a
ThermoMixer. RNA was extracted using the RNeasy kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions, but including a mechanical lysis step (Schulz
et al., 2018). After DNA digestion, first-strand complementary
DNA was synthesized using the Superscript IV First-Strand
Synthesis System (Invitrogen, Carlsbad, CA) and random
primers, following the manufacturer’s instructions. DNA was
extracted from the samples using the FastDNA Spin Kit for Soil
(MP Biomedicals, Solon, OH, USA) following the manufacturer’s
instructions (Camarinha-Silva et al., 2014). Amplicon libraries
covering the V1-V2 region of the 16S rRNA gene were amplified
in a two-step PCR as previously described (Rath et al., 2017) and
sequenced on a MiSeq (2X250 bp, Illumina, Hayward, California,
USA). Bioinformatic processing was performed as previously
described. Raw reads were merged with the Ribosomal Database
Project (RDP) assembler (Cole et al., 2013). Sequences were
aligned within MOTHUR (gotoh algorithm using the SILVA
reference database) and subjected to preclustering (diffs=2)
(Schloss et al., 2009) yielding so-called phylotypes that were
filtered for an average abundance of ≥0.001% and a sequence
length ≥250 bp before analysis. Phylotypes were assigned to a
taxonomic affiliation based on the naïve Bayesian classification
(Wang et al., 2007) with a pseudo-bootstrap threshold of 80%.
Phylotypes were then manually analyzed against the RDP
database using the Seqmatch function. A species name was
assigned to a phylotype when only 16S rRNA gene fragments
of previously described isolates of that species showed a
seqmatch score >0.95.

Sputum Sample Processing and Microbial
Enrichment
All sputum processing steps were carried out at 4 °C in order to
minimize changes of the in vivo sputum metaproteome and the
metabolome, respectively. The entire workflow is summarized in
Figure 1. Homogenization of 500 µL sputum samples (250 µL
Retsch mill treated sputum plus 250 µL 0.9% NaCl) was
performed by adding 3 mL ice-cold PBSEDTA/PIC (137 mM
NaCl, 0.2 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4, plus 10 mM EDTA, and 1 tablet protease inhibitor cocktail
(PIC, cOmplete, Mini, Sigma-Aldrich) per 10 mL), which was
additionally supplemented with DNase I (10 U/mL,
ThermoFisher) to break down eDNA-based aggregates (Shak
et al., 1990). The samples were subsequently incubated on a
rotation shaker (Stuart, Cole-Parmer) at 20 rpm for 15 min.
Success of the further homogenization and breakdown of eDNA-
based aggregates was microscopically verified (see below). The
homogenized sputum suspensions (3.5 mL) were split into a first
sub-sample (3 mL) for further enrichment of microbial cells and
a second sub-sample (500 µL) to obtain a non-enriched control.

For enrichment of microbial cells, the first sub-sample was
subjected to differential centrifugation as the first enrichment step
of microbial cells. Here, the samples were centrifuged at 500 g for 5
min (keeping cell lysis as low as possible) and the pellet containing
human cells and bigger aggregates was discarded. The supernatant,
which contained microbial cells, was subsequently centrifuged at
8.000 g for 5 min. The resulting supernatant was filter-sterilized
(0.45 µm cut-off, Sarstedt) and used for metabolome analyses (see
below). The pellet was resuspended in 500 µL PBSEDTA/PIC, which
was additionally supplemented with DTT (10 mM, Sigma-Aldrich)
and incubated at 4 °C for 10 min on a rotation shaker (Stuart, Cole-
Parmer) to further homogenize and liquify the sample. As the
second enrichment step for microbial cells, the cell suspension was
subsequently filtered (10 µm cut-off, Merck) to remove remaining
human cells/aggregates, the filter was washed with 1 mL ice-cold
PBSEDTA/PIC and the filtrate was collected. The filtrate containing
enriched microbial cells was then centrifuged (8,000 g, 5 min), and
the pellet was washed twice using ice-cold TEPIC-buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8, containing 1 tablet protease
inhibitor cocktail (PIC, cOmplete, Mini, Sigma-Aldrich) per
10 mL) to further reduce contamination by human proteins. The
washed pellet was resuspended in 200 µL TEPIC and subjected to
protein extraction for MS-analyses as described below.

In order to keep preparation protocols of the enriched sample and
the non-enriched control as similar as possible, the non-enriched
control sample was also subjected to differential centrifugation as
described above (500 g, 5 min followed by 8,000 g, 5 min), pooled
again and also subjected to liquefaction using 500 µL PBSEDTA/PIC
with DTT (10 mM, Sigma-Aldrich). The suspension was incubated
and again centrifuged as described above. The pellets were
resuspended using 200 µL TEPIC, pooled again, and subjected to
protein extraction for MS-analyses as described below.

Protein Extraction
Suspensions of enriched microbial cells and the non-enriched
control were subjected to mechanical cell disruption as

TABLE 1 | Clinical Data of the three CF patients A, B, and C included in
metaproteome and metabolome analyses.

Patient A Patient B Patient C

Age 19 24 38
Sex male male male
Exacerbation acc. to Fuchsa 0 0 1
FEV1% predictedb 81% 52% 28%
Antibiotic therapy Cefaclor Cefuroxim Amoxicillin/Clavulanic

acid, Meropenem
CFU/mL S. aureus 1.4 x 107 3.6 x 106 3.2 x 107

CFU/mL P. aeruginosa – – 1.5 x 108

Quantification Neutrophilesc 3 2 2
Quantification Epithelial Cellsc 1 2 2

a0 = no exacerbation; 1 = a minimum of 4 criteria acc. to Fuchs pertain (Fuchs et al., 1994).
bFEV = forced expiratory volume at 1 s.
c1 = 1 cell/field of view, 2 = up to 10 cells/field of view, 3 = up to 100 cells/field of view.
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previously described (Becher et al., 2009; Zühlke et al., 2016)
since this method was shown to effectively disrupt one of the
most robust cell types we expected in our samples – the gram-
positive, spherical cocci of S. aureus. Due to limited sputum-
sample volume and the concomitant small number of microbial
cells in the enriched sample, the cell disruption described by
(Becher et al., 2009; Zühlke et al., 2016) was downscaled using
200 µL of the respective suspensions and 150 mg glass beads (0.1
to 0.11 mm, Sartorius Stedim Biotech) in 0.5 mL cryotubes
(Sarstedt) followed by 3 homogenization cycles at 6.5 m/s for 30 s
with intermitted cooling on ice for 1 min in a FastPrep-24™

classic bead beating grinder and lysis system (MP Biomedicals).
Subsequently, the samples were centrifuged (15,000 g, 4°C,

5 min) and the tube content (including glass beads and cell
debris) was transferred into a fresh 1.5 mL reaction tube. 200 µL
2x extraction buffer (100 mM Tris-HCl, 0.3 M NaCl, 2 mM
EDTA, 4% SDS, pH 8.5, adapted from (Chourey et al., 2010)
were added and the suspension was boiled at 95°C and 1.200 rpm
for 10 min in a thermo-shaker (Eppendorf). Glass beads and cell
debris were pelleted by centrifugation at 15,000 g at 4°C for 5
min and the supernatant, representing the protein extract,
was collected. Proteins were concentrated (approx. 4-fold) in
a vacuum centrifuge (Eppendorf AG) for 1 h followed by
determination of the protein concentration using the BCA-
assay microplate procedure (ThermoFisher) according to the
manufacturer’s instructions.

FIGURE 1 | Workflow of sputum sample processing. Methodological details for microbial enrichment, 16S sequencing, metaproteome, metabolome, and
microscopic analyses are schematically depicted.
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MS Sample Preparation
40 µg protein per sample were mixed 3:1 with an SDS-sample
buffer (15% glycerol, 5% 2-mercaptoethanol, 2.4% SDS, 0.8%
Tris, 0.005% bromophenol blue), boiled for 10 min at 95°C and
subsequently separated on a 4-12 % SDS-polyacrylamide
gradient gel (Criterion, BioRad). The gel was fixed, washed and
stained using Colloidal Coomassie Brilliant Blue G-250 as
previously described (Laemmli, 1970; Neuhoff et al., 1988).
After the staining procedure, excessive Coomassie stain was
removed from the gel using water. Subsequently, gel lanes were
fractionated into 20 gel pieces, cut into gel blocks of approx. 1
mm3 and prepared for MS/MS analysis as described by (Lassek
et al., 2015). Obtained peptides were resolved in 0.1% acetic acid
and desalted using ZipTips (C18, Merck Millipore). The desalted
peptide mixtures were again vacuum-dried and stored at -80°C
until MS/MS analysis.

MS/MS Analysis
Purified peptides were reconstituted with 0.1% acetic acid and
analyzed by reversed phase liquid chromatography (LC)
electrospray ionization (ESI) MS/MS using an Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific, Waltham, USA).
Nano-reversed-phase-LC columns (20 cm length x 100 µm
diameter) packed with 3.0 µm C18 particles (Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany) and heated to 45°C
were used to separate the purified peptides with an EASY-nLC
1200 system (Thermo Fisher Scientific, Waltham, USA). The
peptides were loaded with solvent A [0.1% acetic acid (v/v)] and
subsequently eluted by a non-linear gradient from 2% to 99%
solvent B (0.1% acetic acid (v/v), 95% acetonitrile) at a flow rate
of 300 nl*min-1 over 91 min. A full scan was recorded in the
Orbitrap with a resolution of 60,000 at m/z 400. The twenty most
abundant precursor ions were consecutively isolated and
fragmented via collision-induced dissociation (CID) with a
normalized collision energy of 35. Singly charged ions and ions
with unassigned charge state were rejected and lock mass
correction as well as dynamic exclusion (fragmented precursors
were excluded from fragmentation for 30 s) were enabled. Each
sample was measured twice, creating two technical replicates
per sample.

Metaproteomics Data Base Assembly
and Search
Three patient-specific databases were constructed based on the
phylogenetic information derived from community composition
analysis by 16S sequencing. In order to keep the databases and
concomitant computational costs as small as possible, genera
with a relative abundance of less than 0.1% according to sequencing
results were not considered (Table S1). The following protein
sequences were added: Homo sapiens, the most common
(pathogenic) fungal genera in CF (Aspergillus, Blumeria,
Candida, Cladosporium, Cryptococcus, Exophiala, Rasamsonia,
Rhodotorula, Saccharomyces, Scedosporium, and Sporobolomyces
according to (Chotirmall and McElvaney, 2014; Williams et al.,
2016), common laboratory contaminants, and DNase I. For this
purpose, FASTA protein sequences were downloaded from

UniProt on September 18, 2018 and redundant entries were
removed using the Linux-implemented FASTA tool kit resulting
in three patient-specific protein databases, which contained
5.546.037 (Patient A), 4.024.158 (Patient B), and 3.331.936
(Patient C) entries, respectively. Database search was performed
using the Mascot software (version 2.6.2, Matrix Science, Boston,
MA, USA) with the following settings: peptide tolerance of 10 ppm,
MS/MS tolerance of 0.8 Da, up to two missed cleavages allowed,
methionine oxidation set as a variable modification, and
carbamidomethylation set as a fixed modification. A second
database search was performed using Scaffold (version 4.8.7,
Proteome Software, Portland, OR, USA) and the built-in X!
Tandem search engine with the same settings as described above,
as well as the following settings: protein probability = 95%, peptide
probability = 99%, single peptide identifications allowed. Here,
Mascot and Scaffold used the given databases (containing bacterial,
fungal, and human protein sequences) for an in silico digestion
calculating theoretical peptide sequences and creating theoretical
spectra thereof. These theoretical spectra were then matched with
experimentally achieved MS/MS spectra for protein identification
(Schiebenhoefer et al., 2020). Protein quantification was based on
normalized spectral abundance factors (NSAF) as previously
described (Zybailov et al., 2006; Zhu et al., 2010). Taxonomic
and functional assignment of identified protein groups was
performed using Prophane (Schiebenhoefer et al., 2020) (version
3.1.4) with the settings stated in Table S2. Here, Prophane provides
an automated bioinformatic platform enabling the taxonomic and
functional annotation of metaproteome data by integrating various
databases (e.g. NCBI, Eggnog, Pfams) and algorithms (e.g.
diamond blastp, Hmmr) (Schiebenhoefer et al., 2020).

Metaproteomics Data Analyses and
Visualization
Prophane output files were used to calculate the mean NSAF of
both technical replicates and to create Voronoi treemaps
(Bernhardt et al., 2009; Liebermeister et al., 2014) using the
Paver software (version 2.1, DECODON GmbH, Greifswald,
Germany). Here, Voronoi treemaps visualize taxonomic and
functional diversity of sputum samples, respectively, according
to relative NSAF-based abundances of different taxonomic
genera. To this end, mean NSAF values of all protein/protein
group were used, which were identified in at least one out of two
technical replicates. Moreover, mean values of both technical
replicates were used to visualize protein abundances in bar
graphs according to NSAF-based relative abundance as well as
absolute number of protein groups for each patient. The protein
abundances of each patient were used to calculate mean values
and to assess statistically significant differences of protein
abundances between enriched and control samples by multiple
unpaired t-tests. Enrichment factors of bacterial proteins/protein
groups were calculated using three complementary approaches:
(i) sum of all NSAFs in the enriched sample divided by the sum
of all NSAFs in the control, (ii) absolute number of proteins/
protein groups identified in the enriched sample divided by
absolute number of proteins/protein groups identified in the
control, (iii) percentage of proteins/protein groups identified in

Graf et al. Microbial Metaproteomics of CF Sputum

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org August 2021 | Volume 11 | Article 7245695



Article II 

 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the enriched sample divided by absolute number of proteins/
protein groups identified in the control.

Metabolome Analyses
Samples were lyophilized overnight (Christ, Germany). Dried
samples were derivatized for 90 min at 37°C in 40 µl
Methoxyamine hydrochloride (MeOX) (20 mg/ml in pyridine)
and afterwards for 30min with 80 µl of N-methyl-N-(trimetylsilyl)
trifluoroacetamide (MSTFA) at 37°C. Analytical GC-MS system
consisted of an Agilent Technologies 7890B gas chromatograph
and a mass selective detector (5977B Inert Plus Turbo MSD,
Agilent Technologies). Injection was done with SSL (split/splitless)
injector (G4513A, Agilent Technologies) (split 1:25 at 250°C, 1.0
ml; carrier gas: Helium with a flow of 1.0 ml/min). The MS
operated in the electron impact mode with an ionization energy
of 70 eV. The oven program started with 1 min at 70°C, was
increased up to 76°C with 1.5°C/min followed by heating up to
220°C with 5°C/min and heating up to 325°C with 20°C/min. The
final temperature of 325°C was hold for 8 min. Mass spectra were
acquired in scan mode from 50-500 m/z at a rate of 2.74 scans/s
and with a solvent delay of 6.0 minutes. Chromatography was
performed using a 30mHP-5 column (Agilent Technologies) with
0.25mm i.d. and 0.25 mm film thickness. The detected compounds
were identified by processing of the raw GC-MS data with
MassHunter software Qual B.08.00 and comparing with NIST
2017 and Fiehn mass spectral databases and with retention times
and mass spectra of standard compounds (inhouse database). The
supplemented list contains compounds with scores to libraries of
70 or more (Table S6). Metabolites were relatively quantified
among the three patient samples and depicted as circles, which
areas correlate with metabolite abundance.

Microscopic Analyses
25 µL of the samples derived from different sputum processing steps
as indicated in Figure 1 (after homogenization, after the first
differential centrifugation step, after filtration) were transferred into
a 96-well microtiter plate and diluted to an OD of 5 using PBS. OD
was measured at 500 nm in a microtiter plate reader (Synergy MX,
BioTek Instruments, Winooski, USA). Samples were stained in the
dark at room temperature for 15 min using DAPI (2 µg/mL final
concentration, Merck Millipore). 4 µL of these samples were applied
on a thin layer of 1.5 % agarose in 0.9 % NaCl, which was mounted
on a microscope slide. Phase contrast and fluorescence microscopy
images were acquired and processed using a Zeiss Imager M2 (Carl
Zeiss, Jena, Germany) equipped with a 100x/NA 1.3 oil immersion
objective, a filter formonitoring DAPI fluorescence (excitation at 358
nm, emission at 461 nm), and the ZEN 2011 software package (Carl
Zeiss, Jena, Germany). The number of human cells, particles/
aggregates of different sizes, and microbial cells were counted in 50
randomly selected fields-of-view per sample. The results were
averaged among Patient A, B, and C, and statistically significant
differences were assessed by multiple unpaired t-tests.

RESULTS AND DISCUSSION

It is well described that microbial pathogens frequently establish
infections in the airways of CF patients during infancy, which

may become chronic, cause severe tissue damage and ultimately
lead to death due to respiratory failure (Lyczak et al., 2002) - the
leading cause of CF mortality (Rogers et al., 2014). However, the
molecular mechanisms underlying co-infection, microbial
interplay, and disease progression are still poorly understood.

In order to address these critical open questions, we
developed an in vivo approach with a specific focus on the
metaproteomic analyses of the CF microbiome, driven by 16S
sequencing community composition analyses. We complemented
these results by metametabolomic data acquired by metabolic
footprint analyses, and microscopic data. Since major technical
challenges, related to sputum consistency and processability, have
so far precluded such analyses, we first established a reliable,
reproducible and widely applicable protocol for sputum sample
processing and subsequent metaproteomic and metabolomic
analyses with a focus on microbial pathogens.

A Metaproteomic and Metabolomic
Analyses Protocol Overcoming Major
Technical Challenges Related to CF
Sputum Processing
We established a straight-forward workflow allowing nucleic
acid extraction, metabolome footprint analyses and microbial
protein enrichment and analyses from a single CF sputum
sample. The major technical challenges and the different steps
of our protocol addressing these technical challenges (Figure 1)
are presented and discussed in the following paragraphs:

Limited Sample Volume
The amount of CF sputum sampled varies from patient to patient
and rarely exceeds volumes of a few milliliters, which limits the
biomass available for simultaneous nucleic acid, protein, and
metabolite extraction. For this study, we collected 24 sputum
samples derived from 20 different patients with a sample volume
ranging from 0.3 ml to 2 ml (average = 0.7 ml, median = 0.6 ml).
In order to establish a protocol, which is applicable to a great
variety of different CF patients, we used a sputum volume of 0.5 ml
as starting material. This amount was sufficient for simultaneous
analyses of nucleic acids, proteins, and metabolites from a
single sample.

Homogenization and Digestion of eDNA-Based
Aggregates
CF sputum represents a very viscous and slimy matrix due to
macromolecules like eDNA and heavily glycosylated mucins
(Stokell et al., 2014; Kamath et al., 2015), which complicates and
prolongs downstream processing. Indeed, our microscopic analyses
clearly showedmassive cell clusters embedded in “clouds” of eDNA,
which partially exceeded sizes of 500 µm. A common source of this
eDNA are NETs (neutrophil extracellular traps): networks of
primarily neutrophil-derived eDNA loaded with proteins, which
show antimicrobial activity and simultaneously protect the eDNA
from degradation (Herzog et al., 2019). To make cells trapped in
these eDNA “clouds” accessible, they needed to be broken down
prior to further processing (Figure 2A). Available techniques for
sputum homogenization and liquefication include mechanical,
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chemical or enzymatic treatment at room temperature, or 37 °C
(Palmer et al., 2007; Son et al., 2007; Fu et al., 2012; Yang et al., 2012;
Wu et al., 2019). However, for metaproteome and metabolome
analyses sputum processing needs to be carried out quickly and at
4 °C in order to avoid changes in the composition of the
metaproteome and metabolome. Consequently, all sample
processing steps were performed at 4 °C. We started our
microbial enrichment protocol by homogenizing the sputum
samples using a Retsch mill followed by the addition of ice-cold
PBS including DNase I and subsequent incubation on a rotary
shaker at 4°C. This combination of mechanical and enzymatic
treatment resulted in a very efficient homogenization of the sputum

samples. Following this treatment, samples can be pipetted easily
and appear homogeneous with the naked eye. Fluorescence
microscopy demonstrated that the aforementioned “clouds” of
eDNA were successfully digested (Figure 2A). Importantly,
DNase-treatment not only reduces viscosity of sputum samples
(Shak et al., 1990), but also releases microbes trapped within eDNA
“clouds” as we confirmed microscopically (Figure 2A).
Furthermore, DNA digest also releases microbes from biofilms,
which are frequently formed by microbial pathogens within the CF
lung and contain eDNA as one of the major stabilizing components
(Otto, 2008; Goerke and Wolz, 2010; Schwartbeck et al., 2016;
Kovach et al., 2017). Thus, DNase-treatment at 4°C critically

A

B

FIGURE 2 | Microscopic analyses during microbial enrichment procedure. (A) Representative images of all three samples selected for metaproteome and
metabolome analyses acquired after gross homogenization, DNase I treatment, differential centrifugation step I (pellet), and filtration as phase contrast, DAPI, and
merged images. One merged image of each enrichment step is magnified for an improved visualization. White arrows indicate cocci, red arrows indicate rod-shaped
bacteria. The scale bar represents 10 µm. (B) Quantification of human cells, particles/aggregates of varying size, and microorganisms in 50 images acquired in
randomly selected fields of view after each enrichment step. Results are depicted as relative abundance (mean fold changes of all three sputum samples) ± standard
deviation compared to quantitative values of the gross homogenization sample, which were set to 1. Statistical significance was assessed by multiple unpaired
t-tests. Na, not applicable; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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improves microbial enrichment and protein identification coverage
of CF sputum samples.

Since sputum processing time needs to be kept as short as
possible in order to preserve the metaproteome and the
metabolome, we used sputum test samples to gradually reduce
DNase I incubation time from 30 min to 10 min, without
observing a decrease in DNA digestion efficiency (Figure S1),
resulting in a total sputum processing time of approx. 60 min.

Avoiding Liquefaction and Homogenization
Strategies Interfering With Metaproteome and
Metabolome Analyses
Other methods for mechanical homogenization and eDNA
breakdown like vortexing, intense shaking, and sonification,
respectively, were intentionally avoided in order to keep
human and microbial cells as much intact as possible, which is
a prerequisite for unbiased metaproteome and metabolome
quantification. Moreover, another commonly used method for
sputum homogenization and liquefaction - the digestion of the
sputum samples using proteases (Son et al., 2007; Wu et al.,
2019) - was also avoided, because it would interfere with
metaproteome analysis and would significantly decrease protein
coverage. To further reduce unwanted protein degradation due to
the high abundance of serine- and metalloproteases in CF sputum
samples, a protease inhibitor cocktail was added to all processing
steps for metaproteome preservation (Sloane et al., 2005; Kamath
et al., 2015).

A further frequently applied strategy for sputum homogenization
and liquefaction is the use of chemicals, primarily DTT
(commercially available as Sputasol, Sputolysin, or Cleland’s
reagent) (Stokell et al., 2014). Stokell et al. even considered DTT
treatment mandatory, since it is not possible to pipette sputum
samples due to their high viscosity without DTT treatment (Stokell
et al., 2014). However, we avoided DTT treatment in early steps of
our protocol, since high amounts of DTT inhibit DNase I activity and
also interfere with metabolome analyses by masking other analytes.
Therefore, DTT was only added at a late step of our protocol (after
DNase-treatment and sampling aliquots formetabolome analysis) for
liquefying the remaining pellet allowing filtration (Figure 1).
However, depending on the viscosity of the remaining pellet, it
should be carefully assessed, if DTT should be used or not since DTT
can assist bacterial cell lysis and therefore might have a negative
impact on microbial cell recovery (Liu et al., 2018).

Enrichment of Microbial Proteins Overcoming the
Outnumbering Human Protein Abundance
The enormous abundance of human proteins (e.g. mucins, serine
and metalloproteases, immunoglobulins, serum albumin)
(Kamath et al., 2015) masks comparably low abundant
microbial proteins during MS/MS analyses. Confirming this,
we found high amounts of human proteins in the non-
enriched controls (Tables S3–S5). In order not to increase this
problem, we kept the first steps of sputum processing as mild as
possible, to minimize lysis of human cells and a concomitant
contamination of the microbial metaproteome (and metabolic
footprint, see above). Thus, to further increase the amount of

microbial proteins compared to human proteins, microbial cells
were enriched, while human cells were depleted, prior to MS/MS
analyses. Several approaches were tested using the sputum test
samples to reduce sample complexity and enrich microbial cells:
differential centrifugation (Tanca et al., 2014; Tanca et al., 2017),
filtration (Xiong et al., 2015; Schultz et al., 2020), as well as
density gradient centrifugation (Hevia et al., 2016). Each procedure
was investigated for the enrichment success microscopically (Figure
S2). Since S. aureus is one of the most prevalent and important CF
pathogens, we additionally tested an enrichment protocol
combining S. aureus specific antibodies and magnetic beads
adapted from (Bicart-See et al., 2016; Wei et al., 2016) (Figure
S2). However, neither density gradient centrifugation, nor antibody/
magnetic bead enrichment resulted in a reproducible and sufficient
enrichment. However, differential centrifugation as well as filtration
did result in reproducible but only small enrichment of microbial
cells as observed microscopically (data not shown). Therefore,
differential centrifugation and filtration were combined resulting
in a successful enrichment of microbial cells and an efficient
depletion of human cells, respectively (Figure 2).

Although our enrichment strategy markedly increased the
concentration of recovered microbial cells, a significant amount
of biomass was lost during this two-step enrichment procedure.
This reasons the necessity to use a higher starting volume of the
homogenized sputum for microbial enrichment (3 mL) than for
the non-enriched control (0.5 mL) ensuring that the protein yield
after enrichment is still sufficiently high. Equal protein amounts
(40 µg) of both the enriched samples and the non-enriched
controls were used for metaproteome analyses to account for the
different input volumes.

Increasing Protein Yield by Optimizing Cell
Disruption and Protein Extraction
Moreover, it has been reported that the cell disruption method
critically impacts the extraction efficiency and true species
representation in various environmental samples (Starke et al.,
2019). Therefore, the subsequent cell disruption and protein
extraction process was optimized to increase protein yield. To
this end, we used the sputum samples for protocol development
and evaluated multiple cell disruption and protein extraction
procedures. These included sonification, freeze and thaw cycles,
boiling, bead beating, enzymatic treatment, harsh extraction
buffers and different combinations of these procedures. Cell
disruption and protein extraction efficiency was evaluated by
measuring extracted protein concentrations and total protein
amounts, respectively (data not shown). Based on these results,
we decided to use a combination of downscaled beat-beating
adapted from (Becher et al., 2009; Zühlke et al., 2016), which was
shown to most effectively disrupt the enormously robust cells of
the spheric, Gram-positive CF key pathogen S. aureus followed
by subsequent boiling of the samples in an harsh SDS-based
extraction buffer with a final SDS concentration of 1% adapted
from (Chourey et al., 2010). Using this method, we were able to
extract the highest protein amounts out of the enriched microbial
fraction ranging from approximately 40 to 110 µg, which is
sufficient for subsequent metaproteome analysis.
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Taken together, we established and optimized a sputum-
processing protocol for microbial enrichment characterized by the
following major steps (i) mechanical and enzymatic homogenization,
(ii) differential centrifugation as the first microbial enrichment step,
(iii) liquefaction with DTT, (iv) filtration as the second microbial
enrichment step, (v) optimized cell disruption and protein extraction
by a combination of beat beating and boiling in SDS extraction buffer.

Microbial Proteins Were Enriched by a Maximum
Factor of 2.7
After we established a protocol for microbial enrichment, we selected
three different patients, designated Patient A, Patient B, and Patient
C, for detailed metaproteome analyses as a proof of concept. In order
to assess the enrichment efficiency of these three sputum samples, we
compared a non-enriched control and the enriched sample using a
state-of-the-art metaproteomics workflow (Figure 1) and monitored

microbial cell count microscopically (Figure 2). For metaproteome
analyses, we measured two technical replicates of each sample in LC-
MS/MS experiments showing decent reproducibility (Figure S3).
However, the overall percentage of assigned spectra is rather low
compared to other metaproteomics datasets (Hinzke et al., 2019),
whichmost likelymight be attributed to the typically high proteolysis
rates within CF sputum caused by neutrophil-derived proteases
(Sloane et al., 2005; Folkesson et al., 2012).

Two different complementary read-outs were used to evaluate
microbial protein enrichment efficiency: relative protein abundance
based on NSAFs, and the number of identified proteins/protein
groups (= group of proteins sharing the same identified peptide(s))
(Figure 3). Briefly, NSAF-based quantification of proteomic data
refers to a label-free quantification method relying on a spectral
counting approach. More precisely, quantification of proteins is
carried out by comparing the number of identified MS/MS spectra

A

B

FIGURE 3 | Microbial enrichment success based on metaproteome data. Abundance of fungi, bacteria, Homo sapiens, and Miscellaneous (containing viruses as
well as non-assigned proteins) is expressed based on mean values of two technical replicates for each patient as (A) NSAF-based relative abundance and
(B) absolute number of protein groups. Numbers above bars represent enrichment factors of proteins/protein groups after enrichment compared to the control. Data
on the right side of the figure represent the mean values of Patient A–C ± standard deviation and indicate statistical significance after multiple unpaired t-tests; * =
statistically significant (p < 0.05), ns, not significant.
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of a specific protein over several LC-MS/MS experiments, since
protein abundance correlates with the number of proteolytic
peptides and thus with the number of total MS/MS spectra
(spectral counts). Considering that large proteins naturally
contribute a higher number of peptides/spectra compared to
small proteins, spectral counts undergo normalization to create
the NSAF. Therefore, the number of spectral counts (SC) of a
specific protein is divided by the protein’s length (L), divided by the
sum of all SC/L values from the given experiment (Zhu et al., 2010)
allowing relative quantification of proteins throughout samples.

Both, the NSAF as well as the protein group-based evaluation
showed a clear trend of successful enrichment of bacterial
proteins and depletion of human proteins in all three samples
(Figure 3). In fact, the 250 most prominent human proteins (e.g.
including mucins, albumins, immunoglobulins), which contribute
to the total proteome mass by approx. 40%, were depleted by a
mean factor of 1.6 fold (Tables S3–S5). Regarding the enrichment
of bacterial proteins, NSAF-based enrichment factors range from
1.8-fold (Patient C) to 2.7-fold (Patient A and Patient B)
(Figure 3A). Notably, these enrichment factors are also well
reflected by our microscopic analyses. 50 randomly selected fields
of view were acquired for the different steps of the protocol. Both
qualitatively (Figure 2A) as well as quantitatively (Figure 2B) we
observed a clear reduction of human (epithelial) cells and particles
bigger than 50 µm in our samples after the first step of differential
centrifugation (Figure 1). Particles smaller than 10 µm as well as
microbial cells were obviously enriched after filtration (Figure 2).
Notably, the mean enrichment factor of bacterial cells calculated
from microscopic analyses of 2.7-fold is very close to the bacterial
enrichment factors calculated from NSAFs.

Protein group-based enrichment factors for bacterial proteins
range from 1.8-fold (Patient A: 425 total protein groups in
control, 763 after enrichment), to 2.0 fold (Patient C: 199 total

protein groups in control, 392 after enrichment), and 2.2-fold
(Patient B: 393 total protein groups in control, 868 after enrichment)
(Figures 3B, 4). However, considering that the total number of
identified proteins/protein groups is overall higher after enrichment
compared to the control, the enrichment factors need to be
normalized accordingly. Doing so, normalized protein group-based
enrichment factors range from 1.4-fold (Patient A and C) to 1.5-fold
(Patient B).

Total numbers of protein groups depicted in Figure 4 indicate a
rather small overlap between proteins/protein groups found in the
control and the enriched fraction, respectively. This overlap ranges
from 6.8% (Patient A), to 14.5% (Patient B) and 28.5% (Patient C).
One explanation for this might be that a high proportion of
bacterial proteins was lost during the enrichment process.
Surprisingly, these potentially lost proteins are only partially
annotated as extracellular proteins (e.g. nucleases and toxins,
Tables S3–S5), which indicates that a great number of proteins
in the extracellular sputum milieu are derived from cell lysis (e.g.
proteins belonging to energy metabolism or DNA replication,
ribosomal proteins, stress response proteins, Tables S3–S5).

Evaluation of the Bias Introduced by Microbial
Enrichment
In general, every enrichment process introduces a bias. E.g. the
composition of microbial proteins in stool changes in the ratio of
Firmicutes- and Bacteriodetes-derived proteins after differential
centrifugation and in the proportion of extracellular and host
proteins (Tanca et al., 2015). This emphasizes the relevance of
the chosen processing protocol influencing metaproteome data
acquisition. Here, we cannot exclude that we lost big multicellular
aggregates/biofilms during the enrichment. To address this
problem, it might be useful to analyze different fractions during
sputum processing in order to increase bacterial protein

FIGURE 4 | Venn diagrams visualizing absolute numbers and percentages of identified proteins/protein groups. Numbers of proteins/protein groups identified in
control samples are depicted in white circles, proteins/protein groups identified in enriched samples are depicted in dark grey, and shared proteins/protein groups
are depicted in light grey. According to taxonomic assignments by Prophane, proteins/protein groups of each sample are assigned to Fungi, Bacteria, Homo
sapiens, and Miscellaneous (containing viruses as well as non-assigned proteins), respectively, and are summed up to total numbers.
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FIGURE 5 | Voronoi treemap visualizing the taxonomic and functional affiliation of bacterial (grey) and fungal (red) protein/protein groups identified after enrichment in
Patient A. Each cell represents a single protein/protein group, which size correlates with NSAF-based protein abundance. Proteins/protein groups are clustered
according to Prophane results based on their taxonomic assignment on class level (upper left), genus level (upper right), and based on their functional assignment
(lower panel). Proteins of unknown function are excluded from this visualization.
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identification coverage. For instance, extracellular proteins can
easily be enriched and extracted using Strata-Clean beads as
described by (Bonn et al., 2014; Graf et al., 2019) (data not
shown) and subsequently analyzed by metaproteomics. However,
to exclude that a systematic error is inherent with our enrichment
protocol and the abundancies of bacterial proteins are not
excessively over- or underrepresenting any bacterial species, we
compared the NSAF-based protein abundances of different species
with CFU counts revealing a reasonable relation (Table 1, Figure 5
and Figures S4, S5).

Interestingly, according to our metaproteome data, fungal cells/
proteins were not enriched (Figure 3). This might be explained by
the varying cells size of different fungal species in yeast or hyphae
form e.g. ranging from 4 to 12 µm in diameter for yeast cells, 1 to 3
µm in diameter and several 100 µm in length for hyphae, and 1 to
5 µm for spores and conidia (Hickey and Read, 2009; Chotirmall
and McElvaney, 2014; Thomson et al., 2016; Williams et al., 2016).
This means, that small fungal cells would be enriched during our
first enrichment step by differential centrifugation, but bigger
fungal cells will be depleted during our second enrichment step
by filtration (cut off 10 µm). However, those fungal genera, which are
most frequently identified in CF in the literature, match the genera we
identified as the most abundant by metaproteomics: namely,
Aspergillus (prevalence up to 57%), Candida, Blumeria, Exophilia,
Clavispora, and Cryptococcus (Figure 5 and Figures S4, S5)
(Chotirmall and McElvaney, 2014; Williams et al., 2016; Tracy and
Moss, 2018). The genus Scedosporium (prevalence ranging from 3.1%
to 10.6% (Williams et al., 2016), however, plays a minor role
according to our data (Figure 5 and Figures S4 1, S5).

Important Bacterial (Patho-)Physiological
Pathways Revealed by Metaproteome and
Metabolome Analyses
The total number of identified proteins/protein groups after
enrichment differs from patient to patient. In more detail, we
identified 2607 proteins/protein groups for Patient A, 2755 for
Patient B and the lowest number of 1939 for Patient C (Figure 4)
– the patient whose microbial lung community is dominated by
P. aeruginosa and who shows the lowest lung function (Table 1
and Table S1, Figure S4). Interestingly, these results are in line
with the literature stating a exacerbation/reduced lung function
due to P. aeruginosa infection, which is caused by the extensive
recruitment of neutrophils and concomitant proteolytic digestion
of lung tissue and proteins of bacterial pathogens (Sloane et al.,
2005; Folkesson et al., 2012). This neutrophil-derived proteolytic
digestion in consequence likely leads to a reduced protein
identification coverage (and reduced percentage of assigned
spectra) as observed in Patient C (Figure 4 and Figure S3).

The number of protein/protein groups assigned to the most
prominent bacterial genera in CF like Pseudomonas (166 in Patient
C), Staphylococcus (185 in Patient A), Burkholderia (408 in Patient
B), Haemophilus (127 in Patient B), and Streptococcus (128 in
Patient A) give a first insight into the physiology of these pathogens
during CF infection. This means that there is still room for
improvement of our enrichment protocol to ultimately increase
bacterial protein identification coverage. Notably, the majority of

protein groups assigned to the aforementioned dominant bacterial
pathogens are poorly or even uncharacterized, indicating that
important host-adaptation strategies of the identified pathogens
have so far not been addressed and uncovered experimentally.
Protein groups of known function identify various physiological
pathways and virulence factors, which are key for bacterial
pathogens to establish chronic infections: host immune evasion,
anaerobic metabolism, and virulence/antibiotic resistance
(Folkesson et al., 2012). We would like to emphasize that out of
the 69 proteins/protein groups related to the above mentioned
traits (Figure 6) 46 proteins/protein groups were exclusively
identified in the enriched samples. Only 4 proteins/protein
groups were exclusively identified in the control samples, while
19 proteins/protein groups were shared by control and enriched
samples. Out of those 19 proteins/protein groups two were slightly
less abundant in the enriched samples. Together this underlines the
value of our enrichment protocol.

Oxidative Stress
During host immune response, large numbers of neutrophils
are recruited, which fight pathogens by the production of
reactive oxygen species (Folkesson et al., 2012; Kamath
et al., 2015). Consistently, in Patient A we detected an alkyl
hydroperoxide reductase (Staphylococcus sp.), a Glutathione
S-transferase (Haemophilus sp.), an iron-sulfur-cluster repair
protein (Staphylococcus sp.), glutathione-disulfide reductase
(Streptococcus sp.), and the molecular chaperones DnaK
(Staphylococcus sp.) and GroL (various species) as well as the
protease ClpP (Streptococcus sp.), which all are involved in
protein protection, repair, or degradation of proteins and
inducible after various stress conditions like oxidative stress
(Michta et al., 2014; Ezraty et al., 2017). Moreover, in Patient B
Burkholderia sp. express the chaperone GroL, the protease ClpB
and ClpX as well as catalase/peroxidase. In this sample, we
additionally identified thioredoxin, glutathione disulfide
reductase, peroxiredoxin, and iron/manganese superoxide
dismutase expressed by Burkholderia sp., Haemophilus sp.,
Streptococcus sp., and Staphylococcus sp., respectively. In
Patient C, we identified the following (oxidative) stress
proteins: thioredoxin, peroxiredoxin, thioredoxin-disulfide
reductase, DnaK, and ClpB expressed by Pseudomonas sp. and
Staphylococcus sp. (Tables S3–S5). Collectively, these data
suggest that the most important CF pathogens within our
samples might cope with oxidative stress during CF infection,
which is in line with the literature (Treffon et al., 2018).

Oxygen Limitation and pH Homeostasis
The lung environment and especially the CF lung is not
considered to be entirely aerobic, due to the viscous character
of mucus, oxygen consumption by colonizing microbes, and
phagocytes. Rather, oxygen gradients ranging from hypoxic to
even anoxic/anaerobic microenvironments characterize the
CF-lung (Worlitzsch et al., 2002). Thus, even strict anaerobic
bacteria are able to thrive in lungs of CF patients (Filkins and
O'Toole, 2015). Consistent with hypoxic and anaerobic
conditions, we identified marker-proteins of fermentative
metabolism from Staphylococcus sp. including lactate
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FIGURE 6 | Selected Proteins/Protein Groups of important physiological pathways showing high abundances. Each row represents one protein/protein group
assigned to (from left to right): a physiological pathway, a patient sample, a genus, a functional description, an identifier, a NSAF-based quantitative value (mean of
two technical replicates) of the control and the enriched sample. Yellow bar graphs reflect NSAF values for an improved results visualization and eased results
extraction for the reader.
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dehydrogenase, formate acetyltransferase and acetate kinase in all
three samples. In the samples of Patient A and Patient B we further
identified formate acetyltransferase, L-lactate dehydrogenase and
acetate kinase, assigned to the genera Streptococcus, Staphylococcus,
and Burkholderia, respectively (Figure 6 and Tables S3–S5). A
further metabolic strategy to overcome oxygen limitation
conserved in many pathogens is the fermentation of arginine via
the arginine deiminase pathway (Lindgren et al., 2014). According
to our metaproteome data, arginine deiminase, ornithine
carbamoyltransferase, and carbamate kinase, are highly abundant
and identified in multiple genera: Staphylococcus in Patient A and
Patient C, Haemophilus in Patient B, and Pseudomonas in Patient
C (Figure 6 and Tables S3–S5). In support of our metaproteome
data, we identified ornithine (Patient A-C) and citrulline (Patient
B), key metabolites of the arginine deiminase pathway, by
metabolic footprint analysis (Figure S6) (Lindgren et al., 2014).
Clear induction of the arginine deiminase pathway suggests
that not only ATP production, but also raise in pH due to
production of ammonia is important for the pathogen to
counteract acidification upon fermentation and likely upon
phagocytosis by immune cells (Li et al., 2000; Beenken et al.,
2004; Resch et al., 2005; Filkins and O'Toole, 2015). As evidence for
anaerobic metabolism and acidification, we identified lactic acid as
a fermentation product in all three samples (Figure S6). Moreover,
we identified the urease accessory protein UreG fromHaemophilus
sp. in Patient B, which is a protein of the urease pathway and
similarly to the arginine pathway is involved in pH homeostasis
(Figure 6 and Table S4) (Li et al., 2000). Notably, urea as the
substrate of the urease pathway was also detected in Patient A and
Patient B (Figure S6). Finally, we identified the alpha subunit of
the nitrate reductase from Burkholderia sp. in Patient B as part of
the nitrate respiration pathway (Figure 6 and Table S4) (Filkins
and O'Toole, 2015) utilizing nitrate as an alternative terminal
electron acceptor.

Nutrient Limitation
The competition for nutrients within the CF airways is an
important selective pressure influencing the composition of the
CF community. For example Pseudomonads and Streptococci
are able to efficiently utilize amino acids, organic acids and
alcohols (partly produced by other community members)
leading to high growth rates within the lung (Yang et al., 2008;
Henson et al., 2019; La Rosa and Molin, 2019). Notably, our
metabolome data revealed various amino acids (and organic
acids) within all three sputum samples (Figure S6),which
supports that amino acids are the major carbon- and nitrogen
source in CF sputum (Palmer et al., 2005; La Rosa and Molin,
2019). Moreover, we found evidence that these amino acids
could result from the hydrolytic activity of a variety of different
proteases and peptidases (Kamath et al., 2015; Quinn et al.,
2019). Currently, proteases of human origin are believed to be
the key players responsible for proteolytic digestion in the CF
airways. Specifically, human neutrophil-derived elastase and
cathepsins are considered to be the most abundant and potent
proteases (Voynow et al., 2008). Although we identified these
human proteases among the most abundant in our proteome

data, we additionally found a great number of proteases
and peptidases of bacterial origin. For example, we identified a
staphylococcal oligopeptidase in Patient A, the metallopeptidase
HflB, peptidase Do, and protease HslVU from Burkholderia sp. and
Streptococcus sp. as well as endopeptidase La, and aminopeptidase
N from Haemophilus sp. in Patient B, and multiple Clp
protease proteins in Patient C (Figure 6 and Table S3–S5).
In fact, by using NSAFs to calculate the contribution of
all human and all bacterial proteases and peptidases to the total
proteome mass, we found that the human proteases/peptidases
in the non-enriched control accounts for 2.15% of the total
proteome mass and bacterial proteases/peptidases in the
enriched sample for 0.84% (Figure 6 and Tables S3–S5). This
suggests that the role of bacterial proteases and peptidases in the
CF pathophysiology is larger than previously acknowledged
(Kamath et al., 2015).

Another vital nutrient during CF infection is iron, which is
needed by bacteria as a cofactor in essential metabolic enzymes
(Reid et al., 2009). Although the iron concentration within the
CF airway is relatively high compared to other human body sites,
pathogens within the CF lung fight for iron by sequestering iron
chelating siderophores and proteases degrading transferrin,
lactoferrin, and heme-containing proteins like hemoglobin and
myoglobin (Reid et al., 2009; Runyen-Janecky, 2013; Treffon
et al., 2018). This fight for iron is well reflected by our
metaproteome data, e.g. revealing multiple TonB-dependent
siderophore receptors and TonB-dependent heme/hemoglobin
receptor family proteins of Burkholderia sp. and Pseudomonas
sp. in Patient B and Patient C, respectively (Figure 6 and Tables
S3–S5).

Virulence Factors
Among the identified microbial proteins many important
virulence factors were detected. For instance, staphylococcal
leukocidin, an immune evasion protein that mediates lysis of
leukocytes (Scherr et al., 2015) was very abundant in all three
samples, underlining the ongoing battle between the host
immune system and the pathogen within the CF-lung
(Figure 6 and Tables S3–S5). However, our proteomic data
did not provide support for presence of microbial biofilms in the
samples, which is considered a major microbial phenotype
during infection (Folkesson et al., 2012; Filkins and O'Toole,
2015; Kovach et al., 2017). Only a streptococcal adhesin (Patient
A), one adhesin of Pseudomonas sp. (Patient C), and the
aforementioned staphylococcal leukocidins (Patient A-C),
which have the potential to moonlight as a stabilizing
extracellular matrix component under acidic conditions, were
detected (Figure 6 and Tables S3–S5) (Graf et al., 2019). We
cannot entirely exclude that the lack of biofilm-related proteins
in our sample is related to the enrichment procedure, as large
cellular clusters were cleared from the sample during the first
centrifugation and/or the filtration step.

Another well described concept of bacterial virulence are
secretion systems, which transport effectors or DNA across
membranes to manipulate the physiology of host cells or
competing bacteria (Voth et al., 2012). Indeed, we identified
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multiple proteins of a Type VI secretion system of Burkholderia
sp. in Patient B. Furthermore, we found an Extended Signal
Peptide of Type V secretion system protein in Haemophilus sp.
(Patient B) (Figure 6 and Tables S3–S5). This emphasizes the
importance of secretion systems, especially for Burkholderia
sp., during successful CF infection. Finally, we found multiple
efflux transporter mediating antibiotic resistance (Li and
Nikaido, 2009) in Burkholderia sp., Haemophilus sp.,
Pseudomonas sp. (Patient B and Patient C), which likely reflect
a response towards the antimicrobial therapy that the three
investigated patients underwent (Figure 6, Table 1 and Tables
S4, S5).

Limitations of Our Study
The detailed analysis of three sputum samples provided novel
insights into the microbial pathophysiology within the CF lung and
revealed high expression of the arginine deiminase pathway and
multiple proteases, demonstrating the applicability of our protocol.
We are aware that larger sample numbers will be required to
validate the significance of these findings. Future studies should not
only include larger sample numbers but should also consider
specific mutations of the CFTR gene and the individual patient
treatment regimens to account for the high in-between variability
of CF patients (Tanca et al., 2014). Additionally, larger numbers of
biological and technical replicates will also increase protein
coverage. Including a proteomic analysis of the supernatant of
the differential centrifugation step II could provide further insight
into the microbial secretome (Bonn et al., 2014; Graf et al., 2019)
(Figure 1). An additional question that deserves further
investigation is the small overlap of protein groups between
enriched and non-enriched samples (Figure 4) (Starr et al.,
2017). Moreover, to increase the coverage of our metabolome
analysis (La Rosa andMolin, 2019), in addition to PBS-buffer based
metabolite extraction combined with GC-MS analyses resulting in
the identification of 52 metabolites, further metabolite extraction
and analysis methods e.g. according to (Yang et al., 2012; Quinn
et al., 2015) could be beneficial. Finally, measuring absolute
metabolite concentrations will improve the comparison of
metabolite levels between different studies.

CONCLUSIONS

We established an innovative, reliable, and easy-to-handle sputum
processing protocol for in vivo metaproteome analyses. With this
protocol in hand, we provide the first in vivo study of microbial CF
sputum communities combining metaproteomic and metabolomic
analyses supported by 16S sequencing and microscopic data as a
proof of concept. Our metaproteome data show that we were able
to enrich bacterial proteins by a maximum factor of 2.7, thereby
increasing protein identification coverage to a level, which provides
novel valuable insights into bacterial CF-lung pathophysiology.
Our early data, which are derived from just 3 sputum samples
proof the applicability of our protocol but do lack statistical
power. However, they still indicate that the infecting bacteria
might be coping with oxygen and nutrient limitation as well as

oxidative stress and the human immune system, respectively. Our
early data also provide evidence that the arginine deiminase
pathway as well as bacterial proteases play an underappreciated
role in CF pathophysiology.
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Nonthermal Plasma Jet Treatment Negatively Affects the
Viability and Structure of Candida albicans SC5314 Biofilms

O. Handorf,a T. Weihe,a S. Bekeschus,a A. C. Graf,b U. Schnabel,a K. Riedel,b J. Ehlbecka

aLeibniz Institute for Plasma Science and Technology (INP), Greifswald, Germany
bErnst Moritz Arndt University, Microbial Physiology and Molecular Biology, Greifswald, Germany

ABSTRACT Microorganisms are predominantly organized in biofilms, where cells live in
dense communities and are more resistant to external stresses than are their planktonic
counterparts. With in vitro experiments, the susceptibility of Candida albicans biofilms to
a nonthermal plasma treatment (plasma source, kINPen09) in terms of growth, survival,
and cell viability was investigated. C. albicans strain SC5314 (ATCC MYA-2876) was
plasma treated for different time periods (30 s, 60 s, 120 s, 180 s, 300 s). The results of
the experiments, encompassing CFU, fluorescence Live/Dead, and 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) assays, revealed a negative
influence of the plasma treatment on the proliferation ability, vitality, and metabolism of
C. albicans biofilms, respectively. Morphological analysis of plasma-treated biofilms using
atomic force microscopy supported the indications for lethal plasma effects concomitant
with membrane disruptions and the loss of intracellular fluid. Yielding controversial re-
sults compared to those of other publications, fluorescence and confocal laser scanning
microscopic inspection of plasma-treated biofilms indicated that an inactivation of cells
appeared mainly on the bottom of the biofilms. If this inactivation leads to a detach-
ment of the biofilms from the overgrown surface, it might offer completely new ap-
proaches in the plasma treatment of biofilms. Because of plasma’s biochemical-
mechanical mode of action, resistance of microbial cells against plasma is unknown at
this state of research.

IMPORTANCE Microbial communities are an increasing problem in medicine but
also in industry. Thus, an efficient and rapid removal of biofilms is becoming increas-
ingly important. With the aid of the kINPen09, a radiofrequency plasma jet (RFPJ) in-
strument, decisive new findings on the effects of plasma on C. albicans biofilms
were obtained. This work showed that the inactivation of biofilms takes place mainly
on the bottom, which in turn offers new possibilities for the removal of biofilms by
other strategies, e.g., mechanical treatment. This result demonstrated that nonther-
mal atmospheric pressure plasma is well suited for biofilm decontamination.

KEYWORDS antimicrobial, atomic force microscopy, biological decontamination,
confocal laser scanning microscopy, fluorescence microscopy, inactivation, viability,
cell viability

Candida albicans is one of the most common pathogens causing mycosis worldwide.
It is the eponym of the Candida group, which is a yeast genus that can cause fungal

infections in humans and animals. C. albicans is an imperfect fungus that multiplies by
budding (1). Typically, C. albicans cells bind to biogenic or abiogenic surfaces and grow
as three-dimensional (3D) structures, also designated biofilms (2). Especially foodborne
pathogens and spoilage microorganisms like C. albicans prefer biofilm formation on
stainless steel, aluminum, glass, polytetrafluoroethylene (PTFE) seals and polyamide
(PA) materials, which are typically found in food-processing environments (3–5). The
fungus can form mono- or multispecies biofilms, which can be considered densely
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packed cellular communities embedded in an extracellular matrix (6). These biofilm
communities are known to be more resistant to physical and chemical stresses than
planktonic cells and can cause major economic loss within industrial sectors (7).
Moreover, more than 4 million people in Germany suffer from chronic wounds, which
are often caused by resistant biofilm-forming pathogens (8). The treatment costs for
these patients amount to up to 4 billion euros per year in Germany alone (9).
Catheter-related bloodstream infections (CRBSI), caused by biofilms and their direct
access to the bloodstream, are a big problem in the United States. Several studies
counted 80,000 CRBSI each year in the United States, leading to costs between $4,888
and $11,591 for each CRBSI event. These facts demonstrate the need for successful
treatment of biofilms in medicine.

Candida sp. is responsible for two types of infections: superficial infections like oral
and vaginal candidiasis and systemic infections (10, 11). In about 75% of the world’s
population, C. albicans appears in the oral cavity and is the fourth most common cause
of hospital-acquired systemic infections in the United States, with up to 50% mortality
(12–15). Due to the increased life span of today’s population, there is also an increase
in the number of patients who wear dental prostheses, which leads to a concomitant
increase in Candida stomatitis (16–18). Dental diseases like periodontitis, gingivitis,
caries, oral candidiasis, or periimplantitis are relevant diseases for people of all ages.
Depending on the oral food intake, the oral cavity is constantly exposed to a high level
of microbial contamination induced by the assimilated food (19). Thus, the germ load
of the oral cavity is much higher than for other parts of the human body. Lesions in the
oral cavity often lead to diseases such as oral submucous fibrosis or stomatitis (20) and
therefore play an important role as a symptom for immunodeficiency. During the
infection process, colonization factors such as adhesins, invasins, and hyphae and their
thigmotropic properties are of major importance (21). Together with Staphylococcus
aureus, C. albicans has a much higher incidence of 11 to 65% for a stomatitis than in a
monospecies biofilm (22). At present, the conventional treatment method for biofilms
consists of antibiotics. Biofilms have a higher resistance to antimicrobial agents and a
higher physicomechanical tolerance than do planktonic cells (23, 24). These resistances
are mainly due to complex interactions of the cells in the biofilm and the surrounding
extracellular matrix (6, 25–27).

In 243 episodes of candidemia, 45 (19%) had reduced susceptibility and 27 of them
were fully resistant to fluconazole, the main antifungal agent for candidemia treatment.
Despite 8% of C. albicans, 4% of C. tropicalis, and 4% of C. parapsilosis isolates having
reduced susceptibility to fluconazole, these species embrace 36% of the reduced-
susceptibility group and 48% of the fully resistant group (28). Thus, there is a much
higher probability for fully resistant C. albicans strains than for strains with reduced
susceptibility. Antimicrobial resistance will be of increasing interest to society, as it is
associated with rising mortality rates and higher medical costs (29). Therefore, alterna-
tives to conventional antibiotic therapies are urgently needed.

An innovative technology addressing these problems is nonthermal atmospheric
pressure plasma (NTP). With moderate temperatures, NTPs avoid thermal host tissue
damage but have in fact much higher antimicrobial effects than, e.g., UV or hydrogen
peroxide treatments (30, 31). In addition, NTPs are very effective against antibiotic-
resistant pathogens and there are no antimicrobial resistance mechanisms against
plasma known to date (32–34). Therefore, NTPs could be used for the decontamination
of dental cavities and a wide range of other applications and devices in industry and
medicine (35).

A basic understanding of the mechanistic effects of plasma on prokaryotic and
eukaryotic biofilms is a prerequisite for its application. Consequently, this work inves-
tigated the inactivation effects of plasma on C. albicans biofilms. For this purpose,
biofilm viability, vitality, and metabolism were examined after plasma treatment. The
impact of plasma treatment on the three-dimensional biofilm structures was examined
by employing epifluorescence and confocal laser scanning microscopy (CLSM); more-
over, cell morphological changes were detected with atomic force microscopy (AFM).
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RESULTS
The antimicrobial effect of plasma components on biofilm cells might be caused by

different mechanisms. To unravel the exact mode of action of the plasma treatment, its
effect on C. albicans biofilms was monitored using CFU counting to investigate the
proliferation of the surviving cells (36), vitality assays with fluorescence Live/Dead
staining, and a metabolism assay using the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide salt (XTT) assay. In order to exclude negative effects on
the biofilms due to increased temperature, thermal imaging measurements were
carried out.

Effects of temperature generated by plasma treatment on biofilm cells. Five
different treatment times were measured directly after plasma treatment with regard to
the temperatures reached in the biofilm. Temperatures in the range of 25 to 55°C were
measured for the selected plasma treatment times (Fig. 1). Because the temperatures
were above 37°C, we further analyzed the effect of temperature on the biofilm cells. For
this, a 96-well plate with C. albicans biofilms was heated on a plate heater for 60 s at
130°C. A temperature of 74.2°C was reached after this treatment (Fig. 2). We used these
biofilms for further analysis with the aid of CFU, fluorescence, and XTT assays to exclude
temperature effects in a broader spectrum than we were able to measure at the
radiofrequency plasma jet (RFPJ) treatment. The results of the CFU, fluorescence, and
XTT measurements of the untreated biofilms were compared with those of the heated
biofilms (Fig. 3). We detected a decrease in the RF of 0.5 in the median (Fig. 3A) and a
reduction of the absorption of 0.7, which represented a reduction of 24% compared to
the untreated biofilms (Fig. 3C). In the Live/Dead assay, no influence of the temperature
was detected (Fig. 3B). In addition, fluorescence microscopic images of the heated
biofilms were taken to exclude effects of temperature on the biofilms (Fig. 4).

Effects of plasma treatment on the proliferation ability of biofilm cells. Five
different treatment times between 30 and 300 s were selected, which should demon-
strate the dynamic range of the plasma effect. Six biofilms were treated with plasma for
the respective times in 4-fold repetitions (Fig. 5). The effect of plasma treatment on the
biofilm CFU is displayed as reduction factor (RF). After 60 s of plasma treatment time,

FIG 1 Thermal image measurements of biofilms taken directly after plasma treatment. Images were taken at a distance of 20 cm with an FLIR thermal imaging
camera at plasma treatment times of 30 s (A), 60 s (B), 120 s (C), 180 s (D), and 300 s (E).
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a significant increase in the RF was detected. The RF reached a maximum of 2.0 after
300 s of plasma treatment. The orange line in Fig. 5 represents the detection limit in the
range of which we could detect the CFU.

Effects of plasma treatment on the biofilm vitality. The Live/Dead BacLight assay
kit (Thermo Scientific, Waltham, MA, USA) contains the DNA intercalating dyes SYTO9,
staining living cells of the biofilm, and propidium iodide, which is membrane imper-
meable and reduces SYTO9 in cells with damaged cell membranes. After 30 s of plasma
treatment, a decrease in the green fluorescence intensity to red fluorescence intensity
ratio (G/R) of 0.97 was detected, which corresponded to a 39% reduction compared to
the untreated reference biofilms (Fig. 6). After 60 s of plasma treatment, a maximum
decrease of 1.78 in G/R was observed, which corresponded to a 71.08% reduction.
There was no significant change in the G/R ratio after longer treatment times (Fig. 6).
Thus, significant changes in the vitality of the biofilm took place only in the first 60 s
of plasma treatment.

Effect of plasma treatment on the metabolism of the cells. Due to the fact that
the CFU and the Live/Dead fluorescence showed antimicrobial effects after plasma
treatment, the metabolism of cells was investigated as a third indicator of inactivation.
For this, the XTT assay was used. The metabolic activity based on XTT quantification
assay was reduced by 41% at 30 s and by 89% at 60 s (Fig. 7). Longer treatment time
did not further reduce cell metabolic activity.

Confirmation of plasma treatment effects by fluorescence microscopy. The
Live/Dead BacLight staining was also used for an epifluorescent inspection of plasma-
treated C. albicans biofilms cultivated in 96-well plates. Bottom view images of the
biofilms revealed that 30 s of treatment affected mainly the area of the biofilm that was
in the direct range of the plasma effluent (Fig. 8B). This area showed orange/yellow
staining, representing dead cells, which was not observed in the untreated control
biofilms. With increasing treatment time, the effect could be observed throughout the
well (Fig. 8C to F). After 120 s of treatment time, living cells were visible in the center
of the biofilm (Fig. 8D). More living cells became visible with longer treatment times.
However, this effect did not occur after every plasma treatment, but it was included for
a complete display of the results.

FIG 2 Thermal image measurements of biofilms taken directly after heating. Images were taken at a
distance of 20 cm with an FLIR thermal imaging camera. Biofilms were heated 1 min at 130°C on a plate
heater.
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FIG 3 Box and whisker plots of CFU, fluorescence, and XTT measurements of biofilms heated on a plate
heater. Candida albicans biofilms were heated 1 min at 130°C on a plate heater and used for CFU (A),
fluorescence (B), and XTT (C) assays. Biofilms were compared to untreated control biofilms. n ! 15.
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CLSM confirmed cell inactivation being most dominant on the bottom of the
biofilms. Using CLSM, 5.5-!m sections of the treated biofilms were acquired and
displayed in orthogonal and 3D views (Fig. 9). All plasma treatments caused an
enhanced propidium iodide staining indicating cell death compared to the reference
(Fig. 9, orthogonal view). After 30 s, plasma treatment affected mostly the cells located
at the bottom of the biofilm, indicated by a strong propidium iodide staining, whereas
the top of the biofilm appeared to be less affected (Fig. 9, 3D view).

AFM confirmed alterations in the cell morphology of the biofilm after plasma
treatment. AFM is often used to investigate cell morphological alterations in the
micrometer range. The AFM images of an untreated biofilm and plasma-treated bio-

FIG 4 Fluorescence microscopy of Candida albicans biofilms after heating on a plate heater. Biofilms were heated 1 min at 130°C on a plate heater. Shown are
four different biofilms from different locations of the 96-well plate after heating on a plate heater. Green, living cells; red (orange), dead cells.
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films for different time periods are shown in Fig. 10. Each image was taken as a
topographic image on the left and as an error signal image on the right. In order to
detect the alterations caused by the plasma treatment clearly, the average treatment
time and the maximum treatment time were examined and recorded. They indicate
major changes in the cell morphology even after 120 s of treatment time (Fig. 10).
Membrane disruptions and the loss of intracellular fluid could be detected. In contrast,
the cells of the untreated biofilm appeared to be vital and without visible damage.

FIG 5 CFU assay of the Candida albicans biofilms after plasma treatment. The orange line represents the detection limit up to which
representative values could be counted. The blue line shows the reduction factor (RF) of the different plasma treatment times. The
error bars were calculated using the propagation of error and weighted error for the controls and the weighted mean value for the
samples. The data points are the weighted mean values for the total population of the quadruple repetition. n ! 6 for each repetition.
P " 0.05.

FIG 6 Fluorescence assay of Candida albicans biofilms. The G/R ratio is the quotient of green fluorescence intensity and red
fluorescence intensity. The data points are the mean values for the total population of the quadruple repetition. n ! 6 for each
repetition. P " 0.05.

Effects of kINPen09 Plasma Jet on C. albicans Biofilms Applied and Environmental Microbiology

November 2018 Volume 84 Issue 21 e01163-18 aem.asm.org 7

 on January 31, 2021 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 



Article III 

 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION
Since the invention of nonthermal plasma sources operating at atmospheric pres-

sure, a large number of studies dealing with the effects of plasma itself (direct mode)
and its effluents (indirect mode) on pathogens or living tissue have been published
(37–41). However, much less is known about the treatment of living biofilms with
nonthermal plasma sources. Koban et al. treated 48-h-old C. albicans biofilms on
titanium discs with different plasma sources and were able to detect an RF of 0.5 after
300 s of treatment with the RFPJ at a distance of 0.7 mm with an argon gas flow of 5

FIG 7 XTT assay of Candida albicans biofilms. The data points are the mean values for the total population of the quadruple repetition.
n ! 6 for each repetition. P " 0.05.

FIG 8 Fluorescence microscopy of plasma-treated biofilms. (A) Control; (B to F) plasma treatment for 30 s (B),
60 s (C), 120 s (D), 180 s (E), and 300 s (F). The biofilms were stained with SYTO9, showing green fluorescence (living
cells), and propidium iodide, showing red fluorescence (dead cells).

Handorf et al. Applied and Environmental Microbiology

November 2018 Volume 84 Issue 21 e01163-18 aem.asm.org 8

 on January 31, 2021 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 



Article III 

 

76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

standard liters per minute (slm) (42). Gorynia et al. used the same experimental setup
at a distance of 10 mm for 72-h-grown Streptococcus sanguinis biofilms on titanium
discs and could also demonstrate an RF of 0.58 after 180 s of plasma treatment (43). In
contrast to these results, we obtained an RF of 1.1 after just 60 s of plasma treatment.
Although the same plasma source was used, the experimental setups were different. It
is therefore difficult to compare our values with those from the studies previously
mentioned. In our study, e.g., no titanium discs were used for cultivation, but C. albicans
was grown directly on coated 96-well plates. Furthermore, a distance of 18 mm from
the nozzle to the biofilm was selected. Despite the greater distance, we were able to
detect a temperature of 54°C directly in the biofilm after 180 s of plasma treatment with
the RFPJ in the same experimental setup. However, our results indicated that the

FIG 9 Confocal laser scanning microscopy of Live/Dead-stained Candida albicans biofilms after plasma treatment.
Left panels show an orthogonal view of the top biofilm layer (horizontal optical sections in the center and vertical
optical sections in the flanking pictures). Central and right panels show 3D images with top and bottom views of
the biofilms. For each biofilm, an area of 1,272.2 !m by 1,272.2 !m was visualized.
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FIG 10 Atomic-force microscopy images of the plasma-treated biofilms. The left panels show topographical images from the top of the biofilm layer, and
the right panels show error signal images of the same section. (A) Control; (B and C) plasma treatment times of 120 s (B) and 300 s (C). The images were taken
in contact mode with a cantilever spring constant (k) of 0.1 to 0.6 N/m2 and a frequency of 0.4 Hz, the set point at 8 N/m2, and an area of 20 !m2.
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increased temperature has no significant influence on the biofilms (Fig. 3 and 4).
Moravsky et al. treated C. albicans with a radiofrequency plasma jet and were able to
achieve a reduction of 65.2% after 30 s of plasma treatment and up to 99.6% after 60
s of plasma treatment using the XTT assay (44). These results show that the efficiency
of our plasma treatment of eukaryotic pathogens is comparable to those reported in
other publications. The inactivation of the cells after plasma treatment was proven by
different experimental approaches. Counting of CFUs was used to test the proliferation
ability of treated cells, fluorescence Live/Dead assay was employed to monitor the
vitality of the cells, and an XTT assay was used to investigate the plasma effect on
cellular metabolism. Using these three complementary methods ensured that the
inactivation of the biofilms by the plasma treatment was indeed reliable (45).

Recent studies dealing with the treatment of C. albicans biofilms with RFPJ dem-
onstrated an inactivation of cells exclusively in the area of plasma effluents. However,
most of these studies did not investigate the three-dimensional inactivation effects
within the biofilm. Pei et al. reported the inactivation of a 25.5-!m-thick biofilm of
Enterococcus faecalis after treatment with a handheld air plasma jet (46). Here, the
authors demonstrated a complete inactivation of the whole biofilm after 300 s of
treatment. Delben et al. also showed an influence of plasma treatment with an
atmospheric pressure plasma jet (APPJ) on three-dimensional biofilms of C. albicans
(47). However, both of these studies used a different plasma source and a generally
different experimental setup. It is well known that the biofilm thickness, the microor-
ganism, the treatment conditions, and the gas used play a predominant role in
microbial inactivation.

Even though a whole series of publications reported the ability to microscopically
detect the inactivation of biofilms using plasma treatments, we are not aware of any
work that has shown that primarily the bottom of the biofilm was affected by the
plasma treatment. This new insight naturally raises the question of how this kind of
inactivation was done.

Wilking et al. were able to detect water channels in Bacillus subtilis biofilms for the
transport of fluids in biofilms (48). For this, they used an aqueous solution containing
a mixture of fluorescent beads to visualize the connectivity of the channels. Interest-
ingly, they were able to detect a dense network of channels in the center of the biofilm,
which reached to the surface of the biofilm, extended downwards, and spread over the
entire biofilm. Another important aspect of their work was the microscopic proof of the
water channel structure. These channels use the surface to which the cells of the biofilm
have adhered to form their bottom structure. There is a range of other studies that also
detected such water channels in bacterial biofilms (49–51). If such water channels exist
in C. albicans biofilms, this could explain the results obtained in our work. Due to these
structures and the expulsion rates of the gases through the plasma effluent, it can be
assumed that the reactive oxygen species (ROS) will accumulate in the lower part of the
biofilm. In addition, deposits of the liquids contained in the lower part of the biofilm are
more likely to occur, in which the reactive species dissolve and then have a permanent
effect on the cells of the lower part of the biofilm. Because the reactive species react
very quickly, the short reaction times with the upper cell layers of the biofilm are
probably sufficient to trigger visible inactivation effects.

Pure argon gas (Linde, Pullach, Germany) has a purity of 99.9%. Nevertheless,
secondary components of "5 mol fractions N2 and "2 mol fractions O2 are present in
the gas. However, the most important components were the species of ambient air that
reacts with the components of the effluent. The energy generated by the RFPJ breaks
up the oxygen bonds mainly, in contrast to the triple bonds of the nitrogen compo-
nents. Shield gas experiments have shown that ambient air can account for up to 15%
of the active species of plasma treatment (52). Stewart determined diffusion times of
different gases in biofilms (53). Based on those results, a diffusion time of 4.47 s for nitrogen,
representing all light gases, could be calculated for the C. albicans biofilms investigated
here. These results offered plausible explanations for the effects that were observed in
fluorescence microscopy. Another effect that became apparent in fluorescence micros-
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copy was a central spot of living cells, which were visible in the 120-s plasma-treated
biofilms. Desiccation effects, caused by the plasma, might cause this phenomenon.
Reduced layer thicknesses of the biofilm in the direct treatment area of the plasma
effluent were excluded by the 3D models of the CLSM for this phenomenon. Dead cells
on the bottom of the biofilm have disrupted membranes (Fig. 10). As the intracellular
fluid escapes, cells might have lost their integrity and detached from the biofilm
structure. Due to the dehydration, disruptions and dissolutions in the actin filament
may occur (54). As a result, the biofilm structure partially dispersed and the next layer
of living cells became visible. This occurred primarily in the center of the biofilm, since
the plasma nozzle was placed directly over the center of the biofilm during treatment.
However, this observation was not made for every plasma treatment, but it was added
for the completeness of the results.

Conclusion. Microbial biofilms are an important and costly problem, not only in
medicine, but also in industrial applications. Thus, an efficient and rapid removal of
biofilms is becoming increasingly important. This work provides new insights into the
successful inactivation of C. albicans biofilms by plasma using kINPen09 (see Materials
and Methods). Notably, this study provides evidences that the employed plasma
treatment caused a primary inactivation of cells located at the basement of the biofilm,
which at the same time facilitates the removal of biofilms by other strategies, e.g.,
mechanical treatment. This novel insight into plasma inactivation of biofilms indicates
that plasma is well suited to fight biofilms growing on various surfaces, since surface
detachment of biofilms is an important prerequisite for an effective removal of biofilms,
especially in industrial settings.

MATERIALS AND METHODS
Fungal strain and growth conditions. A fungus strain with primarily vertical biofilm growth named

Candida albicans SC5314 (ATCC MYA-2876) was used. The fungus was grown on Sabouraud agar and
incubated 24 h at 37°C. A suspension of the fungus in phosphate-buffered saline (PBS; pH 7.2, according
to Sörensen) was adjusted to an optical density (OD) at 520 nm of 0.375. One milliliter of this suspension
was added to 9 ml RPMI medium (without bicarbonate; Merck, Darmstadt, Germany), which served as an
inoculum for biofilm cultivation in microtiter plates. For plasma treatment, a coated Polysterol 96-well
plate (Sarstedt, Nümbrecht, Germany) was used. As an exception, a 12-well plate was used for the AFM.
Two hundred microliters of the suspension was pipetted per well and incubated 90 min at 37°C and 80
rpm on a rotary shaker to allow cell attachment. After incubation, the medium was removed, the well was
washed with 200 !l PBS (pH 7.2 according to Sörensen), and 200 !l RPMI medium was added. The plate
was incubated 24 h at 37°C and 80 rpm on a rotary shaker, resulting in well-established C. albicans
biofilms for further analysis. This protocol was kindly provided by the research group of Christiane Yumi
Koga-Ito, Institute of Science and Technology—UNESP, Department of Oral Sciences and Diagnosis.

Plasma source. kINPen09 (neoplas GmbH; Greifswald, Germany), a commercial APPJ, was used for
plasma treatment. Using a direct current (DC) power supply (system energy, 8 W at 220 V, 50/60 Hz) and
99.99% argon gas connection (Linde, Pullach, Germany) with 5 slm, plasma was generated under
atmospheric pressure. The inside of the APPJ handpiece consists of a 1.6-mm-diameter quartz capillary
with an embedded electrode of 1-mm diameter (Fig. 11). When the APPJ was in operation, a high-

FIG 11 Radiofrequency plasma jet (RFPJ) instrument kINPen09 (Neoplas GmbH; Greifswald, Germany). (A)
Photograph of RFPJ; (B) schematic structure of the RFPJ and composition of the physical plasma.
(Reprinted from reference 58 with permission.)
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frequency voltage of 1.1 MHz, 2 to 6 kVpp, was applied to the electrode. This generated the plasma at
the tip of the electrode and expelled it into the surrounding medium, forming an effluent (55).

Plasma treatment of C. albicans SC5314 biofilms. Established biofilms were washed with PBS (pH
7.2 according to Sörensen), followed by complete removal of the liquid. Five different time intervals were
used at a distance of 18 mm from the plasma effluent tip to the biofilm surface using a computer-
controlled XYZ table (CNC Maschinenbau; Geldern, Germany), to which the plasma source was attached.
Only one sample group was treated per time point to avoid dehydration effects of the biofilms. For CFU
counting, fluorescence Live/Dead assays, and XTT assays, 200 !l PBS (pH 7.2 according to Sörensen) was
added per well, the biofilms were mechanically disrupted, and the resulting cell suspension was
collected. This step was repeated three times, until the complete biofilm was transferred.

Analytical determinations. First, the effect of temperature on the biofilms was investigated.
Therefore, biofilms were plasma treated and thermal images were taken directly after the treatment with
an FLIR thermal imaging camera (FLIR Systems; Frankfurt am Main, Germany) at a distance of 20 cm. To
determine the influence of the temperatures reached in the biofilms, they were grown in 96-well plates
and incubated for 60 s at 130°C on a heating plate until the desired temperature could be detected at
a distance of 20 cm using the FLIR thermal imaging camera. The biofilms were then examined by
fluorescence microscopy using the Operetta CLS and further analyzed using CFU, fluorescence, and XTT
assays. The CFU assay was used to determine the proliferation rate of the C. albicans biofilms after plasma
treatment. Serial dilution of the samples was done by diluting the sample solution after plasma treatment
1:10 with maximum recovery diluent (MRD; 0.85% NaCl, 1% Trypton). The references were finally diluted
1:10,000 and the samples 1:1,000. Each dilution step was plated on Sabouraud agar by pipetting 10 !l
per dilution onto the plate, and by means of the tilting technique, the sample was spread out. The plates
were then incubated for 24 h at 37°C. The colonies for the respective dilution levels were counted, and
the CFU per milliliter values were calculated as follows:

CFU ⁄ ml "
10x

v
#
! cy $! cy$1

ny $ 0.1ny$1

where 10x is the dilution factor for the lowest dilution, v is the volume of diluted cell suspension per plate
in milliliters, "cy is the total number of colonies on all (ny) plates of the lowest evaluated dilution level,
10!x, and "cy " 1 is the total number of colonies on all (ny " 1) plates of the next-highest dilution level
evaluated, 10!(x " 1) (56). After calculating the CFU per milliliter, the reduction factor (RF) was determined
using the equation RF # MVrlog10 ! MVslog10, where MVrlog10 represents the mean value of the CFU per
milliliter of the reference group and MVslog10 is the mean value of the CFU per milliliter of the treated
samples. For the final illustration, the weighted mean value of the total population was used. The
propagation of error of the different experimental days was calculated, and the weighted error was
calculated from the sum of the propagation of errors and is displayed as error bars in the illustrations (57).

Fluorescence Live/Dead assay. The Live/Dead BacLight bacterial viability kit was prepared by
mixing reagents A and B at a ratio of 1:1. After the mixing step, 0.9 !l of this solution was pipetted to
300 !l of the sample solution after plasma treatment for each well, followed by incubation for 20 min
at room temperature with 80 rpm on a rotary shaker in the dark. In the next step, the 96-well plate was
scanned with an excitation wavelength of 470 nm and emission wavelength of 530 nm for green
fluorescence and 630 nm for red fluorescence with the Varioskan-Flash device (Thermo Scientific,
Waltham, MA, USA). Finally, the G/R ratio was calculated by dividing the fluorescence intensity of the red
fluorescence from the fluorescence intensity of the green fluorescence. The experiments were repeated
4 times (n # 6).

XTT assay. For the XTT assays, the XTT cell proliferation assay kit (Applichem, St. Louis, MO, USA) was
used. The activation solution and the XTT solution were mixed 1:50, and 50 !l of the mixture was
transferred in a 96-well plate containing 100 !l sample solution after plasma treatment per well. The
96-well plate was incubated for 2 h at 37°C and 80 rpm in the dark. After the incubation time, 96-well
plates were scanned at a wavelength of 470 nm using a Varioskan-Flash device. The obtained values were
blank corrected. The experiments were repeated 4 times (n # 6).

Fluorescence microscopy. Biofilms were cultivated as previously described, using a black 96-well
plate with a glass bottom (PerkinElmer, Hamburg, Germany). Plasma-treated biofilms were resuspended
in 300 !l of 0.85% NaCl after treatment to avoid dehydration of the biofilms. The Live/Dead BacLight
bacterial viability kit was prepared by mixing reagents A and B in a ratio of 1:1. Next, 0.9 !l of the
fluorescence solution was added to each well and the 96-well plate was incubated at room temperature
for 20 min and 80 rpm in the dark. After incubation, the supernatants were removed, and the samples
were washed again three times with 0.85% NaCl. Epifluorescence images were acquired using the
Operetta CLS high-content imager (PerkinElmer, Hamburg, Germany) with the following objectives
(Zeiss, Oberkochen, Germany): 1.25$ (air, numerical aperture [NA] # 0.03), 5$ (air, NA # 0.16), 20$ (air,
NA # 0.4), 40$ (washing, NA # 1.1). Depending on the experiment, several fields of view were recorded
and combined in the software. SYTO9 was excited by 475-nm (110-mW) light-emitting diode (LED), and
the fluorescence was collected with a 525- % 25-nm band pass filter. Propidium iodide was excited by
a 550-nm (170-mW) LED, and fluorescence was collected with a 610- % 40-nm band pass filter. A laser
autofocus (785 nm) was available for all measurements. The images were displayed using Harmony 4.6
software.

CLSM. Biofilms were cultivated, plasma treated, and Live/Dead stained as described above. After the
staining and washing procedure, the supernatants were removed and the biofilms were analyzed using
a Zeiss LSM 510 microscope (Carl Zeiss, Jena, Germany) equipped with a 10$ objective (air, NA # 0.1).
Filter and detector settings for monitoring SYTO9 and propidium iodide fluorescence (excitation at 488
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nm using an argon laser, emission light of SYTO9 selected with a 505- to 530-nm bandpass filter, emission
light of propidium iodide selected with a 650-nm longpass filter). Three-dimensional images were
acquired using the ZEN 2009 software (Carl Zeiss, Jena, Germany) with an area of 1,272.2 !m by 1,272.2
!m and z-stack sections of 5.5 !m.

Atomic force microscopy. For better adhesion of the coverslips (13 mm; Sarstedt, Nümbrecht,
Germany) to the surface of the well plates and to avoid growth of the fungus at the bottom of the
coverslips, 50 ml Gelrite (Duchefa, Haarlem, Netherlands) was autoclaved and directly used after the
autoclaving process due to a rapid thermal curing process. A volume of 200 !l liquid Gelrite was pipetted
to each well of a 12-well plate. The coverslips were placed at the surface of the liquid Gelrite and were
thermally cured. The biofilms were cultivated as described above, and 1 ml of the RPMI medium was
pipetted to each well until the coverslips were topped with the medium. Twelve-well plates were
incubated at 37°C and 80 rpm for 1 h. After the incubation time, additional washing steps with 1 ml of
0.85% NaCl in each well were performed. Twenty-four hours later, the cultivation medium was removed
and the biofilm-overgrown coverslips were washed with 1 ml 0.85% NaCl again. After washing, samples
were treated for 120 s and 300 s by the RFPJ plasma effluent. Dehydration of the coverslips before AFM
analysis was avoided by using a humidity chamber. The AFM measurements were carried out on a DI CP
II SPM (Veeco, Plainview, NY, USA), which was mounted on a vibration-free object table (TS-150; Table
Stable, Zwillikon, Switzerland). The setup was standing on an optical bench encased by an additional
acoustic protection. The AFM was equipped with a linearized piezo scanner, on which the coverslips were
mounted on a metal sample holder with leading tabs. The samples were measured using cantilevers with
nominal spring constants (k ! 0.1 to 0.6 N m"2) in contact mode. The pictures were taken by a scanning
speed of 0.4 Hz by a picture size of 20 !m2 and a set point of 8 N m"2. Pictures were edited with
Gwyddion (Czech Metrology Institute, Brno, Czech Republic).
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Summary

The susceptibility of Candida albicans biofilms to a
non-thermal plasma treatment has been investigated
in terms of growth, survival and cell viability by a
series of in vitro experiments. For different time peri-
ods, the C. albicans strain SC5314 was treated with
a microwave-induced plasma torch (MiniMIP). The
MiniMIP treatment had a strong effect (reduction fac-
tor (RF) = 2.97 after 50 s treatment) at a distance of
3 cm between the nozzle and the superior regions of
the biofilms. In addition, a viability reduction of 77%
after a 20 s plasma treatment and a metabolism
reduction of 90% after a 40 s plasma treatment time
were observed for C. albicans. After such a treat-
ment, the biofilms revealed an altered morphology of
their cells by atomic force microscopy (AFM). Addi-
tionally, fluorescence microscopy and confocal laser
scanning microscopy (CLSM) analyses of plasma-
treated biofilms showed that an inactivation of cells
mainly appeared on the bottom side of the biofilms.
Thus, the plasma inactivation of the overgrown sur-
face reveals a new possibility to combat biofilms.

Introduction

Non-thermal plasmas (NTPs) are also known as non-
equilibrium plasmas, honouring the fact that the cooling
of ions and uncharged particles is more effective than an
energy transfer of energetically excited electrons to the
latter particles. Thus, the gaseous environment is not
heated up, which is contrary to thermal plasmas (Frid-
man, Friedman et al., 2008). Today, NTPs play an
increasingly important role in both medicine and industry.
They combine the advantage of non-thermal operation
and high antimicrobial activity (Surowsky, Schl€uter et al.,
2015). Hence, NTPs are used in today’s medicine for
many different applications such as wound healing
(Shekhter, Serezhenkov et al., 2005; Ghaffari, Jalili
et al., 2007), cell detachment as well as reattachment
(Kieft, Darios et al., 2005; Kieft, Kurdi et al., 2006) and
biological decontamination (Laroussi, Alexeff et al.,
2000; Laroussi, Mendis et al., 2003). Due to their capa-
bility of biological decontamination, NTPs have gained
interest in many industries. In the dairy and food indus-
try, biofouling caused by microbial biofilms is a serious
problem, which leads to a considerable loss of
resources. This is caused not only by the microbial con-
tamination of end-products such as meat, fruits and veg-
etables (Kumar and Anand, 1998), but also by increased
corrosion rates at processing surfaces and increased
fluid frictional resistance and heat flow across the sur-
face (Criado, Suarez et al., 1994).
The predominant microbial life cycle implies attach-

ment to solid surfaces and the formation of three-dimen-
sional, multicellular aggregates called biofilms, which are
embedded in a self-produced, extracellular matrix (ECM;
Steenackers, Parijs et al., 2016, Serra, Hidalgo-Bastida
et al., 2017). Especially, food-borne pathogens and spoi-
lage microorganisms like Candida albicans prefer biofilm
formation on stainless steel, aluminium, glass, polyte-
trafluoroethylene (PTFE) seals and polyamide (PA)
material, which are typically found in food-processing
environments (Herald and Zottola, 1988; Mafu, Roy
et al., 1990; Notermanns, Dormans et al., 1991). Can-
dida spp., for example, can often be isolated from con-
veyor tracks of the food and beverage industry (Loureiro
and Malfeito-Ferreira, 2003; Brugnoni, Lozano et al.,
2007).
Economic losses in the food and healthcare sector as

well as a more sensitive public awareness put food safety
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into the spotlight. Consequently, European countries
implemented the Good Manufacturing Practice (GMP)
and Hazard Analysis Critical Control Point (HACCP) for
food industries. As a consequence, in 2016 the European
Food Safety Authority was able to identify 49,950 food-
borne outbreaks resulting in illness, 3869 hospitalizations
and 20 deaths (European Centre for Disease Prevention
and Control & European Food Safety Authority, 2017).
Notably, 99,392 outbreaks resulting in illness were
reported in the United States, leading to 2625 hospitaliza-
tions and 115 deaths (Centers for Disease Control and
Prevention, 2016). Conventional methods like the
mechanical removal of biofilms by high-pressure cleaners
or brushing and wiping indeed lead to a loss of biomass,
but not to an efficient extent. Due to intense and brief-act-
ing shear forces, the majority of the biomass is removed
but a thin biofilm most likely remains which further grows
much denser with an increased resistance (Liu and Tay,
2002). Additionally, in older mature biofilms, significant
components of the biofilm often remain, causing the bio-
film to grow again (Jang, Rusconi et al., 2017). The treat-
ment of biofilms with biocides is just as problematic as
the biofilms show increased resistance to these biocides
compared to their planktonic counterparts. This is mainly
due to the extracellular matrix which prevents deep pene-
tration of the biofilm with the biocides (Bridier, Dubois-
Brissonnet et al., 2011). This leads to low concentrations
in the deeper layers of the biofilm, which in turn leads to
increased horizontal gene transfer of resistance genes
(Jutkina, Marathe et al., 2018). Thus, there is a strong
need for novel strategies combating biofilms in the food
industry. These range from the treatment of biofilms with
special oils (Kerekes, Vid!acs et al., 2015) and enzymes
(Meireles, Borges et al., 2016) to bacteriophages. The
treatment of microorganisms with NTPs is a constantly
growing field in which new insights into the effects are
constantly being gained (Sladek, Filoche et al., 2007;
Koban, Holtfreter et al., 2011; Xu, Tu et al., 2011; Alkawa-
reek, Algwari et al., 2012; Ermolaeva, Sysolyatina et al.,
2015; Flynn, Higginbotham et al., 2015). Results obtained
in the here presented study suggest that the microwave-
induced plasma torch (MiniMIP) is a powerful tool for
microbial decontamination. In order to meet the industrial
requirements, it is of particular importance to find stan-
dardized parameters for the plasma source. Despite
antimicrobial effects of a different plasma source on C.
albicans having been shown (Handorf, Weihe et al.,
2018), no studies exist, which investigated the effects of
the MiniMIP on C. albicans biofilms up to this date.

Results

The path of the development from a new plasma source
concept to its effective use in a specific application also

includes the investigation of a potential antimicrobial
impact on surface-bound biofilms and their basic physi-
cal adaptations to it. Consequently, the presented work
summarizes test series to determine the antimicrobial
effect of the MiniMIP plasma source on eukaryotic bio-
films. Due to its ubiquitous presence in medical and
food sectors, C. albicans has been chosen as a model
microbe, because its biofilm formation has been inten-
sely studied and it is contaminant of medical as well as
industrial importance (Kabir, Hussain et al., 2012; Mor-
ata and Loira, 2017). In particular, C. albicans strain
SC5314 is known for its rapid vertical growth and could
be compared with Saccharomyces cerevisiae, a yeast
of great importance in the food and beverage industry
because of its high sugar consumption and the fermen-
tation of juices into alcoholic end-products (Battey,
Duffy et al., 2002; Walker and Stewart, 2016; Lorenzini,
Simonato et al., 2019). This study investigated the via-
bility of the cells [revealed via the fluorescence assay
(2.5)] and cellular metabolism [XTT assay (2.6)] and
was complemented by the determination of the post-
treatment viability (CFU 2.4). Additionally, we used fluo-
rescence microscopy (2.7), CLSM (2.8) and AFM (2.9)
to obtain optical evidence of the plasma influence on
the cells. Finally, OES (2.10) was used to give a gen-
eral overview of the chemical composition of the
plasma gas.

Effects of plasma treatment on the proliferation of the
cells

A reduction factor (RF) was calculated as the difference
between the log10 (CFU) of an untreated control and the
log10 found for the samples after the treatment. The con-
trols hosted in average 106 cells. The RFs quantify the
inhibitory effect of the plasma treatment. The treatment
with the MiniMIP revealed a RF of 2.97 after a 50 s
treatment (Fig. 1A). The RF for the 10 s treatment with
the MiniMIP shown to intersect the x-axis was not statis-
tically significant. A continuous increase in RF could be
detected up to a 40 s plasma treatment. Longer plasma
treatment times did not lead to a significant increase in
RF.

Effects of plasma treatment on the viability of the cells

The fluorescence LIVE/DEAD assay, which was used to
detect the viability of the cells after the plasma treat-
ment, showed a declined G/R ratio from 2.6 to 0.58 after
a 20 s MiniMIP plasma treatment (Fig. 1B), which corre-
sponds to a 77% reduction of the G/R ratio. The maxi-
mum reduction observed for a MiniMIP treatment was
reached after 20 s. Longer treatment times revealed no
further changes in the viability.
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Effect of plasma treatment on the metabolism of the
cells

The XTT assay, which was used to determine the meta-
bolic activity of the cells after plasma treatment, showed
a reduction in the absorption from 2.09 to 0.20 after a
40 s MiniMIP plasma treatment (Fig. 1C). It represented
a reduction of 90%. No further decrease in the cell meta-
bolism could be measured for longer treatment times.

Fluorescence microscopic confirmation of plasma
treatment effects

Fluorescence microscopy indicated a massive impact of
the plasma treatment on cells which were located on the
bottom of the biofilms already after a 20–30 s treatment
(Fig. 2C,D). The biofilm degenerated from its exterior,
and the inactivation of cells amplified into the centre of
the biofilm with increasing treatment times (Fig. 2E–G).
After 60 s treatment time, almost the entire biofilm was
affected by the treatment (Fig. 2G).

CLSM confirmed cell inactivation processes
predominantly on the bottom of the biofilms

The influence of a plasma treatment on the three-dimen-
sional structure of a C. albicans biofilm was studied by
CLSM (Fig. 3). The right side of the figure shows an
inferior view of the 3D biofilm structure, which reveals
highly influenced regions already after a 10 s treatment.
Although the propagation of inactivated cells in the bio-
film was more pronounced in the inferior regions, an
inactivation was already noticeable in more peripheral
layers of the biofilm, which became obvious in a 3D-
model (Fig. 3) as well as in orthogonal views of the top
layers. With increasing plasma treatment time, almost
the entire bottom of the biofilm was inactivated and clear
effects were visible on the top layers of the biofilms. Fur-
thermore, increasing separations and holes in the biofilm
could be detected with longer treatment times.

AFM confirmed alterations in the cell morphology of the
biofilm after plasma treatment

With the aid of AFM, more profound insights in the cell
morphological alteration of the biofilm after plasma treat-
ment have been obtained. Due to the method of can-
tilever visualization, AFM can only visualize the
morphological changes of the cells on the surface of the
biofilm. The control cells appeared vital and commonly
shaped (Fig. 4A). In contrast, cells treated with plasma
for 60 s appeared more spherical and partially ruptured
with distinct sites fractures. In addition, they were smaller
than the control cells (Fig. 4C).

Fig. 1. CFU, fluorescence and XTT assay of C. albicans biofilms
after treatment with the MiniMIP. (A) CFU measurements of the
MiniMIP-treated C. albicans biofilms. The line with ● represents the
detection limit. The line with ▪ shows the reduction factor (RF) of the
different plasma treatment times. The error bars were calculated
using the propagation of error and the weighted error. The RF for
the 10 s treatment with the MiniMIP shown to intersect the x-axis
was not statistically significant. (B) Fluorescence LIVE/DEAD assay
of the MiniMIP-treated C. albicans biofilms. The ratio G/R is defined
as the division of the emission of green fluorescence by the emis-
sion of red fluorescence. (C) XTT measurements of the MiniMIP-
treated C. albicans biofilms. The data points of all measurements
represent the weighted mean value of the total population of the
treatment time from the quadruple repetition n = 6.
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OES demonstrated the chemical composition of the
plasma gas

OES detects molecular and atomic emission bands of
electromagnetic radiation, which provide information
about the plasma composition. Unfortunately, differences
in the peak height do not simultaneously indicate differ-
ences in the quantity of the molecules. Nevertheless,
qualitative statements could be made based on the
molecule spectra. Molecular absorption bands for nitro-
gen and hydroxyl groups were obtained, as well as
spectral lines of atomic oxygen and argon in the mea-
surements of the plasma gas. However, additional bands
in the range of 520–620 nm were visible in the effluent
of the MiniMIP compared to the kINPen09, a well-studied
plasma device with regard to its plasma gas composition
(Fig. 5).

Discussion

Currently, the road in NTP research and development
points to an increasing importance for application-ori-
ented plasma sources because of their differences in
design, performance and application, depending on the
respective task. The number of different NTP sources
including plasma needles (Stoffels, Flikweert et al.,
2002; Bora, Aguilera et al., 2018; Mohammed and Abas,
2018), plasma jets (Fricke, Koban et al., 2012; Xu, Shen
et al., 2015; Xu, Shen et al., 2017), dielectric barrier

discharge (DBD; Pietsch, 2001, de Souza, Neto et al.,
2016, Offerhaus, Lackmann et al., 2017) or microwave-
induced plasmas (Jovicevic, Ivkovic et al., 2000; Baeva,
B€osel et al., 2012) is constantly growing.
Each of these plasma sources have specific applica-

tion areas for which they are suited best. Plasma nee-
dles, for example, have already been used in dentistry
for root canal treatments (Sladek, Stoffels et al., 2004;
Goree, Liu et al., 2006). Radiofrequency plasma jet
(RFPJ) like the kINPen09 or the new version kINPen
MED has already been used for chronic wound healing
in medicine (Lademann, Ulrich et al., 2013; Bekeschus,
Schmidt et al., 2016). DBD is a promising tool for the
microbial decontamination of water (Baroch and Saito,
2011) and has already been applied for the treatment of
surfaces (Oehmigen, H€ahnel et al., 2010; Baroch and
Saito, 2011; Banaschik, Luke"s et al., 2015), for example
textiles (M€uller, Zahn et al., 2010; Simor, Creyghton
et al., 2010). In comparison, the decontamination of bio-
films with cold atmospheric pressure plasmas is an
emerging field of research with a series of promising
results (Machala, Chladekova et al., 2010; Ehlbeck,
Schnabel et al., 2011; Misra, Tiwari et al., 2011; Scholtz,
Pazlarova et al., 2015; Liguori, Cochis et al., 2017).
So far, microwave-induced plasmas (MIPs) are mainly

used in spectroscopy for the analysis of gas components
(Broekaert and Engel, 2006), surface modifications (Jia,
Kuraseko et al., 2008) or the processing of biogas (Tip-
payawong, Chaiya et al., 2015). Not much is known

(A)

(E) (F) (G)

(B) (C) (D)

Fig. 2. Overview with the Operetta CLS fluorescence microscope of MiniMIP-treated biofilms. (A) Control; (B) 10 s plasma treatment time; (C)
20 s plasma treatment time; (D) 30 s plasma treatment time; (E) 40 s plasma treatment time; (F) 50 s plasma treatment time; (G) 60 s plasma
treatment time. The biofilms were stained with SYTO 9 (green fluorescence for all cells) and propidium iodide (red fluorescence of dead cells).
The pictures show inverse images. The scale bar indicates 1 mm.
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about microwave plasmas which are already used in
medical technology apart from SteriPlas (Adtec, Houn-
slow, UK). The latter technology is based on the micro-
wave plasma technology of the Max Planck Institute for
extraterrestrial Physics in Germany. During an 8 year
period, chronic wounds of 379 patients were treated with
this plasma source and significant reductions in the bac-
terial count were detected (Isbary, Morfill et al., 2010).
Based on the RFs obtained in our experiments, the Mini-
MIP shown in this study appeared as a versatile tool to
combat microbial biofilms in the food and beverage
industry.
In general, a distinction has to be made between the

type of treatment and the type of plasma generation/

ignition (Niemira, 2012). In this work, we used a micro-
wave-driven plasma source (type of plasma generation)
and an indirect treatment of the biofilms (type of treat-
ment). For a comparison, the most reasonable way is to
work with plasma sources with a comparable power out-
put and the same working gas. If two plasma sources
have to be compared in their antimicrobial effects, they
should be used in a standardized assay (Mann, Schn-
abel et al., 2015; Sarangapani, Patange et al., 2018).
For instance, Ehlbeck et al. (2008) showed the treatment
of contaminated PET bottles with microwave-induced
plasma. In this case, the type of treatment and the type
of plasma generation were the same and they reached
reduction factors of up to 7. Contrary, comparison of the

Fig. 3. Confocal laser scanning microscopy (CLSM) images of LIVE/DEAD-stained C. albicans biofilms after plasma treatment with the Mini-
MIP. Left panels show an orthogonal view of the top biofilm layer (horizontal optical sections in the centre and vertical optical sections in the
flanking pictures). Central and right panels show 3D images with a top and a bottom view of the biofilms. For each biofilm, an area of
1272.2 µm 9 1272.2 µm was visualized.
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Fig. 4. Atomic force microscopy (AFM) images of the MiniMIP-treated biofilms and untreated controls. The left side shows the topographic
image and the right side the error-signal image of the same spot. (A) Untreated control; (B) 30 s plasma treatment time; (C) 60 s plasma treat-
ment time. The images were acquired in contact mode with a cantilever spring constant of k = 0.1–0.6 N/m2 and a frequency of 0.4 Hz, the set
point at 8 N/m2 and an area of 20 µm2.
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Fig. 5. Optical emission spectroscopy (OES) of the radiofrequency plasma jet kINPen09 and the microwave-induced plasma torch MiniMIP. (A)
Emission spectra of the radiofrequency plasma jet kINPen09. (B) Emission spectra of the MiniMIP. The inset boxes represent the respective
wavelength region at higher resolution. The emission spectra represent the respective molecules. The measurement results were obtained with
LabVIEW and evaluated with MATLAB.
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reduction factors is difficult, as the plasma used in that
work had a much higher power and was operated with
compressed air instead of argon gas.
The trend for microwave plasmas in microbial decon-

tamination tends more in the direction of plasma-pro-
cessed air (PPA) or plasma-treated water (PTW) which
subsequently affect the microorganisms (Schnabel,
Andrasch et al., 2014; Thirumdas, Kothakota et al.,
2018; Schnabel, Handorf et al., 2019). Especially in
terms of industrial manufacturing, PPA and PTW offer
advantages over a conventional plasma treatment. For
instance, not all areas which need to be treated are
easily accessible for plasma devices. In this context,
washing and flushing processes with PTW or PPA can
offer a decisive advantage.
Indirect treatment of microorganisms where the efflu-

ent has been brought into a short distance over the bio-
films is published for plasma jets or DBDs (Maisch,
Shimizu et al., 2012; Khan, Lee et al., 2016; Handorf,
Weihe et al., 2018). If only the achieved reduction fac-
tors are considered for the same treatment time regard-
less of the type of plasma generation and type of
application, RFs of 0.6 for the kINPen09, 2.9 for the hol-
low electrode dielectric discharge (HDBD) and 2.3 for
the volume dielectric discharge (VDBD) were obtained
after 1 min treatment time (Koban, Matthes et al., 2010).
In relation to these results, the MiniMIP showed the
strongest inactivation with a reduction factor of 2.92 after
1 min treatment time (Fig. 1A).
In the present study, three different methods (CFU, flu-

orescence and XTT assay) were used to investigate the
viability of C. albicans cells organized in a biofilm, after a
plasma treatment. However, these methods do not
reveal the same effects on the cells. The CFU shows
the ability of the cells to proliferate after treatment. The
fluorescence assay indicates membrane damage of the
cells, and the XTT assay monitors the metabolic activity
of the cells after treatment. The results of the methods
cannot be directly compared. Not only based on the cur-
rent study, the increasing importance of viable but non-
culturable (VBNC) cells becomes more and more obvi-
ous but should be discussed more nuanced, and it is
essential that the results of several different methods are
considered together. Concretely, together they give a
comprehensive overview which makes it possible to
exclude a VBNC status as far as possible (Ramamurthy,
Ghosh et al., 2014; Saprykina, Bolgova et al., 2016; Bol-
gova, Saprykina et al., 2017). The results (Fig. 1)
showed that already 20 s after treatment the cells had
significant membrane damages and their metabolic activ-
ity was strongly reduced. Their ability to proliferate was
also severely restricted.
In terms of three-dimensional effects, RFPJ treatments

showed centralized spots of dead cells while the majority

of biofilm cells were not affected by plasma treatment
(Handorf, Weihe et al., 2018). This occurred mainly due
to the relatively fine and centralized effluent of plasma
jets. In contrast, a very broad effect has been demon-
strated in the treatment of biofilms with the MiniMIP,
which rather spreads from the marginal areas to the cen-
tre and affected the complete biofilm already after 20–
40 s (Fig. 2C–E). Most publications showed that the bio-
film structures with increasing treatment times were
either inactivated on their surfaces or completely inacti-
vated during the course of the treatment (Pei, Lu et al.,
2012; Traba and Liang, 2015; Delben, Zago et al.,
2016). This could have been a result of the higher power
of the plasma sources or the longer treatment times.
It is very likely that the applied plasma treatment times

of 10–60 s mirror the dynamic range. In the indirect
treatments, the formed reactive oxygen species (ROS)
and reactive nitrogen species (RNS) played a major role
in inactivation (Klampfl, Isbary et al., 2012; Xu, Shen
et al., 2015; Ziuzina, Boehm et al., 2015). There may
have been an increase in the concentration of ROS/RNS
in the liquid residues of the biofilm that have accumu-
lated on the bottom of the biofilm. In combination with
water, RNS such as nitrates and nitrites are to be
expected when treating with the MiniMIP. Consequently,
PTW was generated at the bottom layers of the biofilm
and predominantly led to an inactivation in that area.
This was also indicated in treatments with the kINPen09
in the same experimental set-up (Handorf, Weihe et al.,
2018).
The AFM images revealed differences in the cell mor-

phology between a treatment with the MiniMIP or the
kINPen09 (Handorf, Weihe et al., 2018). It is most likely
caused by the device-dependent reaction pathways,
which lead to ROS/RNS (Yusupov, Neyts et al., 2012;
Gilmore, Flynn et al., 2018). However, more in-depth
investigations of the MiniMIP plasma gas constituents
have not yet been completed. The PLexc microwave
plasma comes closest to the gas physics of the MiniMIP
(Pipa, Andrasch et al., 2012). Investigations of the gas
physics of this plasma source have shown that RNS is
mainly produced during the latter process (Schnabel,
Handorf et al., 2019). This knowledge was additionally
supported by the temperature-dependent dissociation
rates of the different gas molecules (Drost, 1980). Inves-
tigations have already shown that the temperature in the
plasma discharge area within the MiniMIP is above
2000°C, where ROS were already dissociated and
mainly RNS still exist (Baeva, B€osel et al., 2012). There-
fore, the OES spectra in this paper serve as an overview
of the gas molecules.
Notably, plasma treatment could overcome various

limitations of conventional antimycotic drugs. For
instance, it is well-known that reactive species of plasma
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gases are able to overcome the barrier of the ECM and
inhibit cells in the biofilm or even completely degrade the
ECM (Delben, Zago et al., 2016; Modic, McLeod et al.,
2017; Gilmore, Flynn et al., 2018). C. albicans exploits a
range of resistance mechanisms to conventional antimi-
crobial treatment strategies. Its resistance is primarily
due to the activity of efflux pumps, the production of an
ECM and the presence of recalcitrant persister cells dur-
ing biofilm growth (Nobile and Johnson, 2015). The
efflux pumps of C. albicans comprise two major classes:
the ATP-binding cassette transporter superfamily and
the major facilitator class (Anderson, 2005; Cowen,
2008). The ECM represents a mechanical barrier to
drugs and thus leads to higher drug resistance of C. albi-
cans cells embedded in biofilms (Baillie and Douglas,
2000; Al-Fattani and Douglas, 2006). Persister cells are
a small subset of metabolically dormant yeast cells in
biofilms that are extremely resistant to antimycotics
(LaFleur, Kumamoto et al., 2006). Comparative studies
between plasma treatment of C. albicans biofilms and
treatment with antimycotics or chemical disinfectants
showed a stronger reduction in the CFU during plasma
treatment and indicated no correlation between plasma
effects and efflux pumps of the pathogen (Koban,
Matthes et al., 2010). Furthermore, it could be shown
that pre-treatment with plasma even significantly
increases the effect of antimycotics on the pathogens
(Sun, Yu et al., 2012).
The results of our work offer new promising fields of

application for MIPs. The results of the MiniMIP com-
pared to already well-investigated plasma sources
showed a stronger reduction of C. albicans biofilms in a
shorter treatment time despite a larger distance of the
plasma source to the surface of the biofilm (Handorf,

Weihe et al., 2018). The MiniMIP is therefore a promis-
ing new tool in the field of plasma-based antimicrobial
decontamination of biofilms. Although the investigation of
the effect of MiniMIP on prokaryotic and eukaryotic bio-
films is still in its infancy, the results shown here are
highly motivating and represent a solid basis for further
investigations and applications of this innovative plasma
source.

Conclusion

Our results show the influence of plasma treatment of C.
albicans biofilms with the microwave-induced plasma
source MiniMIP for the first time. A stronger influence of
the MiniMIP on the biofilms could be shown within a
shorter plasma treatment time and greater distance com-
pared to already commercially available and well-studied
plasma sources, for example the RFPJ kINPen09. The
composition of the plasma gases can be of decisive
importance for the different results shown in the CFU, the
fluorescence and the XTT assay. Furthermore, an influ-
ence mainly on the bottom side of the biofilms could be
shown with the aid of fluorescence microscopy and
CLSM. Diffusion processes, water channels and plasma
flow dynamics might be crucial for this phenomenon.
Based on the highly reproducible and new findings, which
are generated by the selection of the plasma source and
its settings to a certain problem, it would be a decisive
step for the industrial use of MIPs in several value chains.
For instance, the removal of biofilms from an overgrown
surface is of great interest in the food industry. If the inacti-
vation of the bottom side of the biofilms shown in this work
also led to its surface detachment, it could be a crucial
advantage for the application in the industry.

Fig. 6. Structure of the microwave-driven plasma torch MiniMIP. The ceramic tube leads completely into the inside of the housing, where it is
encased by an aluminium tube. The ignition of the plasma takes place at the front edge of the aluminium tube, and plasma propagation is dri-
ven by the surrounding microwave field and the gas flow along the longitudinal axis of the ceramic tube leading to a small plasma plume of
about 10 mm in length and 3 mm in diameter outside the device. Left: microwave-driven plasma torch MiniMIP; right: schematic structure of the
MiniMIP.
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Experimental procedures

Fungal strain and growth conditions

Because of its primarily vertical growth, C. albicans
SC5314, which is a commonly used strain in laboratory
experiments, was grown on Sabouraud agar 4% glucose
(Roth, Karlsruhe, Germany) for 24 h at 37°C. Grown
colonies were suspended in 10 ml phosphate-buffered
saline (PBS; pH 7.2, according to S€orensen) to an
OD600 of 0.375–0.385. Afterwards, 1 ml of the suspen-
sion was pipetted in 9 ml RPMI medium without bicar-
bonate (Merck, Darmstadt, Germany). From this
inoculum, 200 µl was pipetted into each well of a 96-well
plate and subsequently incubated at 37°C and 80 rpm
on a rotary shaker for 90 min to achieve homogeneous
oxygen distribution in the biofilm resulting in improved
biofilm growth compared to a static grown biofilm. Sub-
sequently, the medium was removed and each well was
washed with 200 µl PBS and refilled with 200 µl RPMI
medium to remove non-adhered cells. The plate was
incubated at 37°C and 80 rpm on a rotary shaker for
24 h. 96-well coated polystyrol plates (Sarstedt,
N€umbrecht, Germany) were used for biofilm cultivation.
For scanning probe measurements (SPM), 12-well plates
with 12 mm coverslips (Sarstedt, N€umbrecht, German)
were used. This protocol was kindly provided by the
research group of Christiane Yumi Koga-Ito, Institute of
Science and Technology – UNESP, Department of Oral
Sciences and Diagnosis (Borges, Lima et al., 2018).

Plasma source

The MiniMIP worked at a frequency of 2.45 GHz at
atmospheric pressure with a forward power in the range
of 20–200 W. The microwave discharge was induced in
a ceramic tube, which has an inner radius of 0.75 mm
and an outer radius of 1.5 mm. The length of the cera-
mic tube is approximately 31 mm (Fig. 6). The ceramic
tube leads completely into the inside of the housing,
where it is encased by an aluminium tube. The ignition
of the plasma takes place at the front edge of the alu-
minium tube, and plasma propagation is driven by the
surrounding microwave field and the gas flow along the
longitudinal axis of the ceramic tube leading to a small
plasma plume of about 10 mm in length and 3 mm in
diameter outside the device (Baeva, B€osel et al., 2012).
In this work, the MiniMIP was operated with a forward
power of 40 W and a reverse power of 20 W at a gas
flow of 5 slm pure argon gas.

Plasma treatment of C. albicans SC5314 biofilms

After the incubation, mature biofilms (2.1) were washed
with PBS (pH 7.2 according to S€orensen) followed by a

complete removal of the liquid. Throughout the treat-
ment, the plasma source was attached to a xyz table,
holding a constant distance between the source and the
biofilm surface. For the treatment, the MiniMIP was hori-
zontally guided into the centre of the biofilm during the
treatment and then brought into the desired distance to
the biofilm via the computer control software. During the
horizontal movement between the treatments of individ-
ual well, the plasma source was vertically positioned at
the distance of approximately 30 cm (10 times of the
treatment distance). A distance of 3 cm was chosen
from the beginning of the outer part of the ceramic tube
to the surface of the biofilms during the treatment. Each
biofilm underwent one of six different treatment times. To
avoid dehydration effects, all sample groups were trea-
ted in a row. For the colony-forming units (CFU), the flu-
orescence LIVE/DEAD assays and the XTT assays,
200 µl PBS (pH 7.2 according to S€orensen) per well
was added. Subsequently, the biofilms were mechani-
cally removed from the overgrown surface by repeated
pipetting of 200 µl PBS and the resulting cell suspen-
sions were collected. To ensure the transfer of the entire
biofilm, this step was repeated three times in total which
resulted in a final suspension volume of 600 µl.

Analytical determinations

First, the influence of the temperature on a biofilm was
determined. For temperature measurements, thermal
images of the biofilms were acquired directly after
plasma treatment with a FLIR thermal imaging camera
(FLIR Systems, Frankfurt am Main, Germany) at dis-
tance of 20 cm. The temperature had no significant influ-
ence on the biofilms (data not shown). The viability of a
C. albicans biofilm after a plasma treatment was anal-
ysed by counting the viable number of microorganisms
via the CFU method. Therefore, a 1:10 serial dilution of
the samples with maximum recovery diluent (MRD,
0.85% NaCl, 1% tryptone) was performed. Controls and
the samples were diluted 1:10 000 and 1:1000 respec-
tively. Each dilution step was plated on Sabouraud agar
by pipetting 10 µl per dilution onto the plate and spread
out using the tilting technique. Subsequently, the plates
were incubated at 37°C for 24 h. The colonies of the
dilution levels were counted, and the CFU/ml was calcu-
lated as follows:

CFU/ml ¼ 10x

v
"
P

cy þ
P

cyþ1

ny þ 0; 1nyþ1
(1)

10x = the dilution factor for the lowest dilution; v = the
volume of diluted cell suspension per plate in ml;
∑cy = the total number of colonies on all (ny) plates of
the lowest evaluated dilution level 10–x; ∑cy+1 = the total
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number of colonies on all (ny + 1) plates of the next
highest dilution level evaluated 10–(x+1) (Bast, 2001).
After the calculation (1), the reduction factor (RF) was

determined as follows:

RF ¼ MVk log10 "MVp log10 (2)

MVklog10 = the mean value of the CFU/ml of the refer-
ence group. MVplog10 = the mean value of the CFU/ml
of the treated specimens.
For the final illustration of the data points, the

weighted mean value of the total population was used
with the formula:

~x ¼
Pn

i¼1 pixiP
i pi

¼ p½ x $
p½ $

The weight pi is calculated according to the following
formula:

pi ¼ k % 1
r2i

where k = arbitrary constant. This ensures that the
weight of the mean values is not included in the calcula-
tion as values. The weighted mean value has the advan-
tage compared to the arithmetic mean value that it is
more resistant to aberrations (Gr€anicher, 1994).
The propagation of error was calculated for each treat-

ment group. This finally resulted in four different error
propagations for each treatment time from which the
weighted error was calculated and used as error bars in
the illustration (Gr€anicher, 1994). The experiments were
repeated fourfold with n = 6.

Fluorescence LIVE/DEAD assay

The LIVE/DEAD BacLightTM Bacterial Viability Kit
(Thermo Scientific, Waltham, USA) was prepared
according to product instructions. Subsequently, 0.9 µl of
the mixture was added to 300 µl of the sample solution
(2.3) followed by an incubation on a rotary shaker in the
dark at room temperature for 20 min. A fluorescence
microplate reader (Varioskan Flash!, Thermo Scientific,
Waltham, USA) was used to determine the fluorescence
of each well of a 96-well plate with an excitation wave-
length of 470 nm and an emission wavelength of
530 nm (G, green) or 630 nm (R, red). Conclusively, a
ratio G/R was calculated by dividing the fluorescence
intensity value of green fluorescence by the value of red
fluorescence.

XTT assay

A colorimetric assay was used to determine the cell via-
bility after plasma treatment (XTT Cell Proliferation

Assay Kit; AppliChem, St. Louis, MO, USA). Therefore,
XTT was applied to reveal the cell viability as a function
of redox potential, which arises from a trans-plasma
membrane electron transport (Scudiero, Shoemaker
et al., 1988). The sterile activation solution, which con-
tains N-methyl dibenzopyrazine methyl sulphate (PMS)
as an intermediate electron carrier, and the XTT solution
were mixed 1:50. For each well, these mixtures were
added at a ratio of 1:3 to the sample solution (2.3). The
96-well plate was incubated at 37°C with continuous hor-
izontal shaking (80 rpm) in the dark for 2 h. After the
incubation time, 96-well plates were scanned at a wave-
length of 470 nm using the Varioskan Flash! device.
The obtained values were blank-corrected using XTT
and activation solution mix without sample. The experi-
ments were repeated fourfold with n = 6.

Fluorescence microscopy

Black 96-well plates with a glass bottom (PerkinElmer,
Hamburg, Germany) were used for fluorescence micro-
scopy. To avoid dehydration of the biofilms, plasma-trea-
ted biofilms were resuspended in 300 µl of 0.85% NaCl
after treatment. The LIVE/DEAD BacLightTM Bacterial
Viability Kit was used as previously described (2.5). Epi-
fluorescence images were acquired using Operetta CLS
High-Content Imager (PerkinElmer, Hamburg, Germany)
using a 59 objective (air, NA = 0.16, Zeiss, Oberkochen,
Germany). Depending on the experiment, several fields
of view were recorded and combined in the software.
SYTOTM 9 was excited by a 475 nm (110 mW) LED, and
the fluorescence was collected with a 525 & 25 nm
band-pass filter. Propidium iodide was excited by a
550 nm (170 mW) LED, and the emission light was col-
lected with a 610 & 40 nm band-pass filter. A laser aut-
ofocus (785 nm) was available for all measurements.
The images were displayed using Harmony 4.6 software.

Confocal laser scanning microscopy (CLSM)

Biofilms were cultivated (2.1), plasma-treated (2.3) and
LIVE/DEAD (2.5)-stained as previously described. The
supernatant was removed after the staining and the
washing procedure. Subsequently, the biofilms were
analysed using a Zeiss LSM 510 microscope (Carl
Zeiss, Jena, Germany) equipped with a 109 objective
(air, NA = 0.1). The filter and detector settings were
adapted to the fluorescent dyes SYTOTM 9 and propidium
iodide. The dyes were excited by an argon laser at
488 nm and the emission was collected at 505–530 nm
(band-pass filter) and 650 nm (long-pass filter) respec-
tively. Three-dimensional images were acquired using
the ZEN 2009 software (Carl Zeiss) with an area of

ª 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 12, 1034–1048

1044 O. Handorf et al.



Article IV 

 

95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1272.2 µm 9 1272.2 µm and z-stack sections of
5.5 µm.

Atomic force microscopy

For topographic atomic force microscopy (AFM), cover-
slips were placed on a gel-like mass GelriteTM (Duchefa,
Haarlem, Netherlands), which avoids unwanted adher-
ence on the bottom side of the coverslip. Because of
its rapid curing process, 50 ml Gelrite was autoclaved
and directly used hereafter. For the preparation of the
liquid mass, a 12-well plate was used, which was filled
with 200 µl per well. While it cooled down, coverslips
were placed at the surface of the hardening mass. The
biofilms were cultivated as described above (2.1),
except that 1 ml of the C. albicans–RPMI mix was
pipetted to each well until the coverslips were com-
pletely topped with the mix. Subsequently, the 12-well
plates were incubated at 37°C and 80 rpm on a rotary
shaker for 90 min. Hereafter, the biofilms underwent
additional washing steps with 0.85% NaCl. The biofilms
were stored overnight in 37°C to ensure the growth of
enough biofilm mass. The cultivation medium was
removed, and the biofilm-overgrown coverslips were
repeatedly washed with 1 ml 0.85% NaCl the follow-
ing day.
For the experiments, samples were treated 30 s and

60 s with the MiniMIP. Dehydration of the coverslips
before AFM analysis was avoided by using a humidity
chamber. The AFM measurements were carried out on a
DI CP II SPM (Veeco, Plainview, USA), which was
mounted on a vibration-free object table (TS-150,
Table Stable, Zwillikon, Switzerland). The set-up was
mounted on an optical bench encased by an additional
acoustic protection. The AFM was equipped with a lin-
earized piezo scanner, on which the coverslips were
mounted with a metal sample holder with leading tabs.
The samples were measured using cantilevers with nom-
inal spring constant of k = 0.1–0.6 N 9 m2 in contact
mode, a frequency of 0.4 Hz and set point = 8 N/m2 with
a picture size of 20 µm2. Pictures were edited with
Gwyddion (Czech Metrology Institute, Brno, Czech
Republic).

Optical emission spectroscopy (OES)

For stable OES measurements, the plasma device was
left in operation for 30 min until condensation water
escaped from the gas pipes and the effluent was opti-
mally adjusted. An optical fibre with an internal diameter
of 400 µm was connected to the USB compact spec-
trometer AvaSpec 2048 (Apeldoorn, Netherlands), which
was connected to a laptop. For better focusing, the opti-
cal fibre was clamped within a holding bracket. For

measurement correction, a black cap was placed on the
tip of the fibre optic cable and the dark current was
determined. Afterwards, the cap was removed, the fibre
optic cable was placed in front of the effluent, and the
spectra were measured. The measurement was done for
the MiniMIP and the kINPen09, an already commercially
used radiofrequency plasma source, for comparison of
the OES. The data were read out using MATLAB

!

(MathWorks!, Natick, MA, USA) and evaluated and dis-
played visually as diagrams using Excel.
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8 Conclusions 

Microbial biofilms represent one of the most severe burdens in both industry and health care. 

Their naturally enhanced tolerance against antimicrobial treatment and the host immunity – 

primarily caused by the shielding nature of the ECM acting as (diffusion) barrier – makes 

microbial biofilms nearly impossible to quantitatively eradicate. Thus, there is an urgent need 

to better understand ECM composition/architecture as well as biofilm physiology to ultimately 

be able to develop innovative treatment strategies. Consequently, the projects of this thesis 

addressed these problems from three different perspectives:  

(I) We characterized the proteinaceous composition of the ECM formed by one of the most 

important biofilm-forming pathogen S. aureus in vitro. Here, we unraveled that alkaline proteins 

– primarily ribosomal proteins originating from cell lysis as well as actively secreted virulence 

factors – accumulate within the ECM and contribute to biofilm stability. Our data led to a model 

where these proteins get protonated due to the release of organic acids upon fermentation of 

biofilm-embedded cells, introducing positive charges. These positively charged proteins form 

an electrostatic network with negatively charged ECM components like eDNA, metabolites and 

cell surfaces, thereby stabilizing the ECM. Hence, targeting these proteins, e.g. using specific 

antibodies, proteases, or alkaline substances – eventually in combination with other 

antimicrobials - might open up new treatment options. Ideally, stabilizing ECM proteins can be 

inactivated/digested/masked in a first step, breaking down the shielding ECM, so the host 

immune system and other antimicrobials can eradicate the remaining biofilm cells in a second 

step. However, it remains to be unraveled if this stabilizing concept can also be observed in in 

vivo settings and among other S. aureus strains and biofilm-forming species. It is debatable if 

this stabilizing concept is an “active”, evolutionarily favorable mechanism, or if this is a passive, 

“random” accumulation of alkaline proteins within the ECM, which can easily be substituted. 

To answer these questions, the investigation of the ECM protein repertoire of in vivo biofilms, 

of different S. aureus strains, and of other biofilm-forming species would be insightful. 

(II) Following the idea of investigating in vivo biofilms, we analyzed the microbial metaproteome 

in sputum samples of CF patients to gain insights into important pathophysiological properties 

of multi-species biofilms, which are key elements of disease progression. Since this 

metaproteome analysis is challenging due to various sputum characteristics, we developed an 

innovative and widely-applicable sputum processing protocol allowing microbial enrichment. 

Applying this protocol on three proof-of-concept sputum samples, we significantly increased 

microbial protein coverage and thereby unraveled that microbial proteases and the arginine 

deiminase pathway so far might have played an underappreciated role in CF research. Since 

understanding the (patho-)physiology of the multi-species CF community on protein level is 
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key to understand the disease and to find new treatment options, our results represent a 

fundamental basis for future studies. Here, the enrichment efficiency might be increased even 

more, and other protein extraction, purification, and digestion protocols could further improve 

protein coverage. Doing so could e.g. shed light on antimicrobial resistance mechanisms and 

might provide insights into new targets for antimicrobial therapy. 

(III) Addressing the need for novel biofilm treatment strategies, we further tested the antibiofilm 

effect of two different nonthermal plasma sources on the important fungal biofilm-former 

C. albicans. Showing a strong inactivation effect, which is surprisingly pronounced on the 

bottom side of the biofilms, our studies reveal great potential for nonthermal plasma as an 

antibiofilm weapon in industry and health care. The inactivation of the bottom biofilm side has 

never been reported before and might open doors for the synergistic combination with other 

biofilm removal techniques (e.g. mechanical). This, in turn, might be even more effective 

regarding quantitative biofilm removal and could be of interest for many industrial settings (like 

the food industry) and health care settings like chronic wound treatment. However, further 

research is necessary to assess the antibiofilm potential and the applicability of nonthermal 

plasma to various other surfaces, to in vivo biofilms of other species, and to mixed-species 

biofilms in vivo. 

 

 

 



References 

 

101 

9 References 

1. Flemming H-C, Wingender J. 2010. The biofilm matrix. Nature Reviews 
Microbiology 8:623–633. 

2. Høiby N. 2017. A short history of microbial biofilms and biofilm infections. APMIS 
125:272–275. 

3. O'Toole GA, Kaplan HB, Kolter R. 2000. Biofilm formation as microbial 
development. Annu Rev Microbiology 54:49–79. 

4. Henrici AT. 1936. Studies of Freshwater Bacteria: III. Quantitative Aspects of the 
Direct Microscopic Method. Journal of Bacteriology 32:265–280. 

5. Zobell CE, Allen EC. 1935. The Significance of Marine Bacteria in the Fouling of 
Submerged Surfaces. Journal of Bacteriology 29:239–251. 

6. H Heukelekian AH. 1940. Relation between Food Concentration and Surface for 
Bacterial Growth. Journal of Bacteriology 40:547. 

7. Zobell CE. 1943. The Effect of Solid Surfaces upon Bacterial Activity. Journal of 
Bacteriology 46:39–56. 

8. Donlan RM. 2002. Biofilms: microbial life on surfaces. Emerg Infect Dis 8:881–
890. 

9. López D, Vlamakis H, Kolter R. 2010. Biofilms. Cold Spring Harbor Perspectives 
in Biology 2:a000398–a000398. 

10. Boudarel H, Mathias J-D, Blaysat B, Grédiac M. 2018. Towards standardized 
mechanical characterization of microbial biofilms: analysis and critical review. npj 
Biofilms and Microbiomes 1–15. 

11. Satpathy S, Sen SK, Pattanaik S, Raut S. 2016. Review on bacterial biofilm_ An 
universal cause of contamination. Biocatalysis and Agricultural Biotechnology 
7:56–66. 

12. Jefferson K. 2004. What drives bacteria to produce a biofilm? FEMS Microbiol Lett 
236:163–173. 

13. Rice KC, Bayles KW. Death's toolbox: examining the molecular components of 
bacterial programmed cell death. Wiley Online Library. 

14. Vuotto C, Donelli G. 2019. Novel Treatment Strategies for Biofilm-Based 
Infections. Drugs 1–21. 

15. Rumbaugh KP, Sauer K. 2020. Biofilm dispersion. Nature Reviews Microbiology 
1–16. 

16. Vasudevan R. 2014. Biofilms: Microbial Cities of Scientific Significance. JMEN 
1:1–4. 

17. Berlanga M, Guerrero R. 2016. Living together in biofilms: the microbial cell 
factory and its biotechnological implications. Microbial Cell Factories 1–11. 



References 

 

102 

18. McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S. 2011. Should 
we stay or should we go: mechanisms and ecological consequences for biofilm 
dispersal. Nature Reviews Microbiology 10:39–50. 

19. Kostakioti M, Hadjifrangiskou M, Hultgren SJ. 2013. Bacterial biofilms: 
development, dispersal, and therapeutic strategies in the dawn of the postantibiotic 
era. Cold Spring Harbor Perspectives in Medicine 3:a010306–a010306. 

20. Stoodley P, Hall Stoodley L, Costerton B, DeMeo P, Shirtliff M, Gawalt E, 
Kathju S. 2013. Biofilms, Biomaterials, and Device-Related InfectionsHandbook of 
Polymer Applications in Medicine and Medical Devices. Elsevier Inc. 

21. Otto M. 2008. Staphylococcal biofilms. Curr Top Microbiol Immunol 322:207–228. 

22. Donlan RM, Costerton JW. 2002. Biofilms: survival mechanisms of clinically 
relevant microorganisms. Clin Microbiol Reviews 15:167–193. 

23. Graf AC, Leonard A, Schäuble M, Rieckmann LM, Hoyer J, Maaß S, Lalk M, 
Becher D, Pané-Farré J, Riedel K. 2019. Virulence Factors Produced by 
Staphylococcus aureus Biofilms Have a Moonlighting Function Contributing to 
Biofilm Integrity. Mol Cell Proteomics 18:1036–1053. 

24. Petrova OE, Sauer K. 2016. Escaping the biofilm in more than one way: 
desorption, detachment or dispersion. Current Opinion in Microbiology 30:67–78. 

25. Verderosa AD, Totsika M, Fairfull-Smith KE. 2019. Bacterial Biofilm Eradication 
Agents: A Current Review. Front Chem 7:5076–17. 

26. Brindhadevi K, LewisOscar F, Mylonakis E, Shanmugam S, Verma TN, 
Pugazhendhi A. 2020. Biofilm and Quorum sensing mediated pathogenicity in 
Pseudomonas aeruginosa. Process Biochemistry 96:49–57. 

27. Karygianni L, Ren Z, Koo H, Thurnheer T. 2020. Biofilm Matrixome: Extracellular 
Components in Structured Microbial Communities. Trends Microbiol 28:668–681. 

28. Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO. 2015. Biofilm 
formation mechanisms and targets for developing antibiofilm agents. Future 
Medicinal Chemistry 7:493–512. 

29. Koo H, Allan RN, Howlin RP, Stoodley P, Hall Stoodley L. 2017. Targeting 
microbial biofilms: current and prospective therapeutic strategies. Nature Reviews 
Microbiology 1–16. 

30. Orazi G, O'Toole GA. 2019. “It Takes a Village”: Mechanisms Underlying 
Antimicrobial Recalcitrance of Polymicrobial Biofilms. Journal of Bacteriology 
202:277–18. 

31. Poulsen LV. 1999. Microbial Biofilm in Food Processing. LWT - Food Science and 
Technology 32:321–326. 

32. Bixler GD, Bhushan B. 2012. Biofouling: lessons from nature. Phil Trans R Soc A 
370:2381–2417. 

33. Mattila Sandholm T, Wirtanen G. 1992. Biofilm formation in the industry: A 
review. Food Reviews International 8:573–603. 



References 

 

103 

34. Flemming H-C, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S. 
2016. Biofilms: an emergent form of bacterial life. Nature Reviews Microbiology 
14:563–575. 

35. Handorf O, Weihe T, Bekeschus S, Graf AC, Schnabel U, Riedel K, Ehlbeck J. 
2018. Nonthermal Plasma Jet Treatment Negatively Affects the Viability and 
Structure of Candida albicansSC5314 Biofilms. Applied and Environmental 
Microbiology 84:1054–15. 

36. Handorf O, Schnabel U, Bösel A, Weihe T, Bekeschus S, Graf AC, Riedel K, 
Ehlbeck J. 2019. Antimicrobial effects of microwave-induced plasma torch 
(MiniMIP) treatment on Candida albicansbiofilms. Microb Biotechnol 12:1034–
1048. 

37. Mihai M, Holban A, Giurcaneanu C, Popa L, Oanea R, Lazar V, Chifiriuc M, 
Popa M, Popa M. 2015. Microbial Biofilms: Impact on the Pathogenesis of 
Periodontitis, Cystic Fibrosis, Chronic Wounds and Medical Device-Related 
Infections. CTMC 15:1552–1576. 

38. Kovach K, Davis-Fields M, Irie Y, Jain K, Doorwar S, Vuong K, Dhamani N, 
Mohanty K, Touhami A, Gordon VD. 2017. Evolutionary adaptations of biofilms 
infecting cystic fibrosis lungs promote mechanical toughness by adjusting 
polysaccharide production. npj Biofilms and Microbiomes 3:1–9. 

39. Lebeaux D, Ghigo J-M, Beloin C. 2014. Biofilm-related infections: bridging the 
gap between clinical management and fundamental aspects of recalcitrance 
toward antibiotics. Microbiol Mol Biol Rev 78:510–543. 

40. Floyd KA, Eberly AR, Hadjifrangiskou M. 2016. Adhesion of bacteria to surfaces 
and biofilm formation on medical devicesBiofilms and Implantable Medical Devices. 
Elsevier Ltd. 

41. O’Sullivan BP, Freedman SD. 2009. Cystic fibrosis. The Lancet 373:1891–1904. 

42. Chmiel JF, Davis PB. 2003. State of the art: why do the lungs of patients with 
cystic fibrosis become infected and why can't they clear the infection? Respiratory 
Research 4:8. 

43. Ratjen FA. 2009. Cystic fibrosis: pathogenesis and future treatment strategies. 
Respiratory Care 54:595–605. 

44. Rogers GB, Carroll M, Hoffman L, Walker A, Fine D, Bruce K. 2014. Comparing 
the microbiota of the cystic fibrosis lung and human gut. Gut Microbes, 3rd ed. 
1:85–93. 

45. Filkins LM, O'Toole GA. 2015. Cystic Fibrosis Lung Infections: Polymicrobial, 
Complex, and Hard to Treat. PLoS Pathogens 11:e1005258–8. 

46. Cystic Fibrosis Foundation. 2020. 2019 Patient Registry Annual Data Report 1–
92. 

47. Harrison F. 2007. Microbial ecology of the cystic fibrosis lung. Microbiology 
153:917–923. 



References 

 

104 

48. Verderosa AD, Totsika M, Fairfull-Smith KE. 2019. Bacterial Biofilm Eradication 
Agents: A Current Review. Front Chem 7:5076–17. 

49. Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Molin S. 2012. 
Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an 
evolutionary perspective. Nature Reviews Microbiology 10:841–851. 

50. Goss CH, Muhlebach MS. 2011. Review: Staphylococcus aureus and MRSA in 
cystic fibrosis. Journal of Cystic Fibrosis 10:298–306. 

51. Goerke C, Wolz C. 2010. Adaptation of Staphylococcus aureus to the cystic 
fibrosis lung. International Journal of Medical Microbiology 300:520–525. 

52. Kluytmans JAJW, vanBelkum A, Verbrugh H. 1997. Nasal carriage of 
Staphylococcus aureus: Epidemiology, underlying mechanisms, and associated 
risks. Clin Microbiol Reviews 10:505–. 

53. Lee AS, de Lencastre H, Garau J, Kluytmans JAJW, Malhotra-Kumar S, 
Peschel A, Harbarth S. 2018. Methicillin-resistant Staphylococcus aureus. Nature 
Reviews Microbiology 4:1–23. 

54. Plata K, Rosato AE, Wegrzyn G. 2009. Staphylococcus aureus as an infectious 
agent: overview of biochemistry and molecular genetics of its pathogenicity. Acta 
Biochim Pol 56:597–612. 

55. Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr. 2015. 
Staphylococcus aureus Infections: Epidemiology, Pathophysiology, Clinical 
Manifestations, and Management. Clin Microbiol Reviews 28:603–661. 

56. Lister JL, Horswill AR. 2014. Staphylococcus aureus biofilms: recent 
developments in biofilm dispersal. Front Cell Infect Microbiol 4:178. 

57. Serra R, Grande R, Butrico L, Rossi A, Settimio UF, Caroleo B, Amato B, 
Gallelli L, de Franciscis S. 2015. Chronic wound infections: the role of 
Pseudomonas aeruginosa and Staphylococcus aureus. Expert Review of Anti-
infective Therapy 13:000–000. 

58. Thomer L, Schneewind O, Missiakas D. 2016. Pathogenesis of Staphylococcus 
aureusBloodstream Infections. Annu Rev Pathol Mech Dis 11:343–364. 

59. Klevens RM, Morrison MA, Nadle J, Petit S, Gershman K, Ray S, Harrison LH, 
Lynfield R, Dumyati G, Townes JM, Craig AS, Zell ER, Fosheim GE, McDougal 
LK, Carey RB, Fridkin SK, Investigators AM. 2007. Invasive methicillin-resistant 
Staphylococcus aureus infections in the United States. JAMA 298:1763–1771. 

60. Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah PP, 
Carugati M, Holland TL, Fowler VG. 2019. Methicillin-resistant Staphylococcus 
aureus: an overview of basic and clinical research. Nature Reviews Microbiology 
1–16. 

61. Balasubramanian D, Harper L, Shopsin B, Torres VJ. 2017. Staphylococcus 
aureus pathogenesis in diverse host environments. Pathogens Disease ftx005–13. 

62. Bien J, Sokolova O, Bozko P. 2011. Characterization of Virulence Factors of 
Staphylococcus aureus: Novel Function of Known Virulence Factors That Are 



References 

 

105 

Implicated in Activation of Airway Epithelial Proinflammatory Response. Journal of 
Pathogens 2011:1–13. 

63. Plata K, Rosato AE, Wegrzyn G. 2009. Staphylococcus aureus as an infectious 
agent: overview of biochemistry and molecular genetics of its pathogenicity. Acta 
Biochim Pol 56:597–612. 

64. Corrigan RM, Miajlovic H, Foster TJ. 2009. Surface proteins that promote 
adherence of Staphylococcus aureus to human desquamated nasal epithelial cells. 
BMC Microbiology 9:22–10. 

65. Foster TJ, Geoghegan JA, Ganesh VK, Höök M. 2014. Adhesion, invasion and 
evasion: the many functions of the surface proteins of Staphylococcus aureus. 
Nature Reviews Microbiology 12:49–62. 

66. Peschel A, Otto M. 2013. Phenol-soluble modulins and staphylococcal infection. 
Nature Reviews Microbiology 11:667–673. 

67. Smith EJ, Visai L, Kerrigan SW, Speziale P, Foster TJ. 2011. The Sbi protein is 
a multifunctional immune evasion factor of Staphylococcus aureus. Infection and 
Immunity 79:3801–3809. 

68. Gaupp R, Ledala N, infection GSFICA. Staphylococcal response to oxidative 
stress. frontiersinorg. 

69. Olivier AC, Lemaire S, Van Bambeke F, Tulkens PM, Oldfield E. 2009. Role of 
rsbUand Staphyloxanthin in Phagocytosis and Intracellular Growth of 
Staphylococcus aureusin Human Macrophages and Endothelial Cells. The Journal 
of Infectious Diseases 200:1367–1370. 

70. Proctor RA, Eiff von C, Kahl BC, Becker K, McNamara P, Herrmann M, Peters 
G. 2006. Small colony variants: a pathogenic form of bacteria that facilitates 
persistent and recurrent infections. Nature Reviews Microbiology 4:295–305. 

71. Moormeier DE, Bose JL, Horswill AR, Bayles KW. 2014. Temporal and 
Stochastic Control of Staphylococcus aureus Biofilm Development 5:e01341–14–
e01341–14. 

72. Archer NK, Mazaitis MJ, Costerton JW, Leid JG, Powers ME, Shirtliff ME. 
2014. Staphylococcus aureus biofilms. Virulence 2:445–459. 

73. Zapotoczna M, O’Neill E, O'Gara JP. 2016. Untangling the Diverse and 
Redundant Mechanisms of Staphylococcus aureus Biofilm Formation. PLoS 
Pathogens 12:e1005671–6. 

74. Figueiredo AMS, Ferreira FA, Beltrame CO, Côrtes MF. 2016. The role of 
biofilms in persistent infections and factors involved in ica-independent biofilm 
development and gene regulation in Staphylococcus aureus. Critical Reviews in 
Microbiology 43:602–620. 

75. Foulston L, Elsholz AKW, DeFrancesco AS, Losick R. 2014. The Extracellular 
Matrix of Staphylococcus aureus Biofilms Comprises Cytoplasmic Proteins That 
Associate with the Cell Surface in Response to Decreasing pH 5:e01667–14–
e01667–14. 



References 

 

106 

76. Lindsay AK, Hogan DA. 2014. Candida albicans: Molecular interactions with 
Pseudomonas aeruginosa and Staphylococcus aureus. Fungal Biology Reviews 
28:85–96. 

77. Lohse MB, Gulati M, Johnson AD, Nobile CJ. 2017. Development and regulation 
of single- and multi-species Candida albicans biofilms. Nature Reviews 
Microbiology 16:19–31. 

78. Shak S, Capon DJ, Hellmiss R, Marsters SA, Baker CL. 1990. Recombinant 
human DNase I reduces the viscosity of cystic fibrosis sputum. PNAS 87:9188–
9192. 

79. López M. 2019. A Review on Nonthermal Atmospheric Plasma for Food 
Preservation: Mode of Action, Determinants of Effectiveness, and Applications 1–
21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Eigenständigkeitserklärung 

 

107 

10 Eigenständigkeitserklärung 

Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-

Naturwissenschaftlichen Fakultät der Universität Greifswald noch einer anderen 

wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde. 

 

Ferner erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin 

angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne 

Kennzeichnung übernommen habe. 

 

 

 

 

 

__________________________    __________________________ 

Ort, Datum        Unterschrift des Promovenden 

 



Curriculum Vitae 

 

108 

11 Curriculum Vitae 

 

Due to data privacy, the Curriculum Vitae has been removed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Curriculum Vitae 

 

109 

 

Due to data privacy, the Curriculum Vitae has been removed. 



List of Publications 

 

110 

12 List of Publications 

12.1 Peer-reviewed publications 

08/2021 An innovative protocol for metaproteomic analyses of microbial pathogens in cystic 

fibrosis sputum  

A. C. Graf, J. Striesow, J. Pané-Farré, T. Sura, M. Wurster, D. H. Pieper, M. Lalk, D. 

Becher, B. Kahl, K. Riedel, Frontiers in Cellular & Infection Microbiology 

 

09/2019 Antimicrobial effects of microwave-induced plasma torch (MiniMIP) treatment on 

Candida albicans biofilms 

O. Handorf, U. Schnabel, A. Bösel, T. Weihe, S. Bekeschus, A. C. Graf, , K. Riedel, 

J. Ehlbeck, Microbial Biotechnology 

 

03/2019 Virulence factors produced by Staphylococcus aureus biofilms have a moonlighting 

function contributing to biofilm integrity 

A. C. Graf, A. Leonard, M. Schäuble, L. M. Rieckmann, J. Hoyer, S. Maaß, M. Lalk, 

D. Becher, J. Panè-Farrè, K. Riedel, Molecular and Cellular Proteomics 

 

08/2018 Nonthermal plasma jet treatment negatively affects viability and structure of 

C. albicans SC5314 biofilms  

O. Handorf, T. Weihe, S. Bekeschus, A. C. Graf, U. Schnabel, K. Riedel, J. Ehlbeck, 

Applied and Environmental Microbiology 

12.2 Oral Presentations 

07/2018 Nonthermal plasma jet treatment negatively affects viability and structure of 

C. albicans SC5314 biofilms  

O. Handorf, T. Weihe, S. Bekeschus, A. C. Graf, U. Schnabel, K. Riedel, J. Ehlbeck, 

International conference on antimicrobial research, Torremolinos, Málaga  

 

05/2018 Panoramic view on Staphylococcus aureus biofilm physiology 

A. C. Graf, A. Leonard, M. Schäuble, L. M. Rieckmann, J. Hoyer, S. Maaß, M. Lalk, 

D. Becher, J. Panè-Farrè, K. Riedel 

Eingeladener Redner, eingeladen von Dr. Geddes-McAlister und Dr. Cezar 

Khursigara, Institut für Molekular- und Zellbiologie, Universität Guelph, Kanada 



List of Publications 

 

111 

 

04/2018 Panoramic view on Staphylococcus aureus biofilm physiology 

A. C. Graf, A. Leonard, M. Schäuble, L. M. Rieckmann, J. Hoyer, S. Maaß, M. Lalk, 

D. Becher, J. Panè-Farrè, K. Riedel, VAAM-Jahrestagung, Wolfsburg 

12.3 Poster Presentations 

11/2017 Panoramic view on Staphylococcus aureus biofilm physiology 

A. C. Graf, A. Leonard, S. Maaß, C. Hirschfeld, J. Hoyer, M. Lalk, D. Becher, 

K. Riedel, 1st International Conference on Respiratory Pathogens, Rostock 

 

2014-2017 Panoramic view on Staphylococcus aureus biofilm physiology 

A. C. Graf, A. Leonard, S. Maaß, C. Hirschfeld, J. Hoyer, M. Lalk, D. Becher, 

K. Riedel, VAAM-Jahrestagung, Dresden, Marburg, Jena, Würzburg 

 

09/2016 Panoramic view on Staphylococcus aureus biofilm physiology 

A. C. Graf, A. Leonard, M. Schäuble, L. M. Rieckmann, J. Hoyer, S. Maaß, M. Lalk, 

D. Becher, J. Panè-Farrè, K. Riedel, 3rd International Conference on the 

Pathophysiology of Staphylococci, Tübingen 

 

 

 

 

 



Acknowledgements 

 

112 

13 Acknowledgements 

This thesis would not have been possible without the support of numerous people. Here, I want 

to offer my most sincere gratitude to all of these people who supported me throughout my 

Ph.D. thesis. 

 

First of all, I would like to thank my supervisor Prof. Katharina Riedel, who introduced me to 

the tremendous field of microbial biofilm research and guided me supportively not only 

throughout my Ph.D. thesis, but already since my Bachelor thesis. 

 

Furthermore, I want to thank Dr. Jan Pané-Farré, my co-supervisor, who phenomenally 

supported my projects by fruitful discussions, ideas, and advice. 

 

Moreover, I sincerely want to thank Prof. Michael Hecker. Back in the fourth semester of my 

Bachelor studies, I had the chance to follow his outstanding lectures about microbial 

physiology, which engaged me so much that these lectures literally paved the way for 

developing my passion for microbiological research.  

 

The results of this Ph.D. thesis would never have been achieved without the fruitful support of 

various collaboration partners. Therefore, I am very grateful to Prof. Dörte Becher, Prof. 

Michael Lalk, Prof. Barbara Kahl, Dr. Jörg Ehlbeck, Prof. Dietmar Pieper, and of course to the 

members of their respective teams. Here, I especially want to thank Sandra Maaß, Tobias 

Kroniger, Thomas Sura, Juliane Hoyer, Jürgen Bartel, Anne Leonard, Martina Wurster, Oliver 

Handorf, Uta Schnabel, and Thomas Weihe.  

 

Also, I would like to thank several (former) members of the Institute of Microbiology, I was able 

to learn from, who helped me a lot throughout my Ph.D. thesis, and who significantly 

contributed to the amazing working environment. Especially, I want to thank Susanne Sievers, 

Christian Lassek, Daniela Zühlke, Jörg Bernhard, Ulf Gerth, Heike Schmidt, Rabea Schlüter, 

Susanne Gebauer, and Anke Arelt. Moreover, I want to thank Christian Wolff, Anne and Daniel 

Troitzsch, Madita Brauer, Lars Lilge, Larin Gierse, and Tjorven Hinzke for the wonderful time 

as Ph.D. students, the help and the vital discussions. Also, I want to thank my former Bachelor 

and Master students, who significantly contributed to the progress of my Ph.D thesis – I really 

enjoyed supervising you: Manuel Schäuble, Florentin Holzem, Lisa Rieckmann, Doreen 

Schultz, Julia Berner, and Johanna Striesow. 

 



Acknowledgements 

 

113 

Beyond that, I want to deeply thank my family and friends - my parents for giving me “roots to 

grow and wings to fly”, my little brother for being even more than my best friend, my actual 

best friends and their families, and – most importantly – my own family. The love I feel for my 

beautiful wife Anica and my amazing little daughters Lia and Eva, and the love and support I 

receive from you every day is beyond words. 

 

 


