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4 List of abbreviations 

AFM Atomic force microscopy 
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 coated electrodes with tungsten carbide 

 rod 
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 coated electrodes with titan rod and 

 silicon interlayer 
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CV Cyclic voltammetry 
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d Days 
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e.g. For example 
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GFP Green fluorescent protein 
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h Hours 



List of abbreviations  4 

18 

 

HFCVD Hot filament chemical vapor deposition 

HPLC  High performance liquid chromatography 
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L-Cyn  L-cysteine 

L-Gln L-Glutamine 
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ν Stretching vibration 

n.a. Not applicable 

NAC  N-acetylcysteine 
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  vapor deposition 
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𝑥 Arithmetic mean 

Xf Xylella fastidiosa  

XFM Xylella fastidiosa Medium 
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 Mittelstand 
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5 Motivation and scope of the thesis 

Xylella fastidiosa (Xf) is a gram-negative phytopathogen bacterium that affects the xylem 

vessels of citrus, olives, grapevines, coffee, almonds among many other plants by 

vascular occlusion [1–3]. Diseases such as citrus variegated chlorosis (CVC) and Pierce’s 

disease (PD) are related to this bacterium [1]. Vast economic losses that may be attributed 

to Xf are estimated to exceed annually $ 100 million just for the citrus industry [4,5]. A 

substantial concern caused the appearance of Xf infected olive trees in Italy in 2013 due 

to the first appearance of this species within Europe [2,6]. This plant pathogen seems to 

spread all over the world as it was identified to occur from Asia to the Americas [2,7]. 

Besides its economic importance, from a scientific perspective it was the first plant 

pathogen that’s genome was fully sequenced [8,9].  

Formation of biofilm structures is an evolutionary characteristic of bacteria to enable 

adhesion to surfaces and protection against the environment [10]. An extraordinary interest 

in the role of biomolecules involved in biofilm formation is not only restricted to 

agricultural aspects. The relevance of bacterial biofilms for human diseases renders the 

importance for the investigation of the adsorption behavior of bacteria together with the 

associated biomolecules evident [11–13]. Xf is a perfect candidate for such investigations 

because it shows a very slow growth and therefore facilitates prolonged investigation of 

the individual biofilm formation states [3,14]. Especially, better understanding of the first 

adsorption states is of great importance with the aim to prevent the initial adsorption of 

pathogens at the respective surfaces. This basic knowledge could lead to the development 

of further effective countermeasures. The adaptive properties to various environments 

depicts a feature of survivability. Xf is even able to interact between different life forms 

such as the host plant and the sap-feeding vector insect [15]. So far, the molecular 

mechanisms involved in colonization of the plant xylem and the cybarium of insects by 

Xf, the pathogen transfer related adsorption processes and in particular bacterial 

adsorption and biofilm formation itself are not well understood [15]. Hence, this plant 

pathogen depicts an optimal model microbe for the examination of the key molecules 

responsible for the transformation from reversible to irreversible adsorption of planktonic 

bacteria or even biofilm colonies [16]. Potential structures of interest are the protein 

containing pili, nanowires or outer membrane vesicles (OMV), to name just a few [17–21]. 
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Fimbrial and afimbrial proteins are involved in bacterial adsorption processes and are 

rendering a possible target for countermeasures [3,10]. From a chemical perspective, 

diverse molecules and functional groups were investigated in the past. Among these are 

carboxylate groups, thiols and proteins as key molecules and functional groups that are 

involved in adsorption and biofilm formation of Xf [3,4]. Particularly interesting is the role 

of disulfide bonds, which appear to be essential during bacterial adsorption and biofilm 

formation [4,22]. Recently, the mucolytic agent N-acetylcysteine (NAC) was shown to 

decrease Xf adhesion on glass surfaces and reduces disease symptoms in plants [23]. This 

antibacterial drug cleaves disulfide bonds and is commonly used in the treatment of 

human diseases against infections associated with catheters, bronchitis, flu, or 

paracetamol poisoning amongst others [24–29]. Disulfide bonds play an outstanding role in 

protein folding and are formed between thiol groups of L-cysteine (L-Cyn) residues [30]. 

Disruption of disulfide bonds consequently may affect all protein related bacterial 

processes. On the one hand extensive knowledge of disease related processes is 

fundamental to establish countermeasures for bacterial biofilm related issues. But on the 

other hand, the mechanism of action of NAC with the related key molecules needs to be 

fully understood for the sustainable use of this drug. Hence, getting more information 

about bacterial adsorption and biofilm formation is of particular interest for multiple 

fields like marine research, agriculture, food industry, human disease control and 

especially for multi resistant germs [23,27,31–33].  

In the present thesis, infrared attenuated total reflection (IR-ATR) spectroscopy was used 

together with the imaging techniques atomic force microscopy (AFM) and scanning 

electron microscopy (SEM) to investigate the chemical and structural properties of the 

biomolecules involved in Xf biofilm formation. For the applied IR-ATR active surfaces 

in this thesis, the colonization with Xf bacteria could be shown via optical microscopy 

and fluorescence microscopy. In a first step IR-ATR spectroscopy was used to 

characterize the growth medium of Xf and its molecular components in detail. On the 

basis of the characterization of the protein lacking Xylella fastidiosa Medium (XFM), the 

bacterial adsorption and formation of biofilms by Xf and related molecular components 

were investigated. For this purpose, properties for the analysis via cumulative impulse fit 

were established for a spectral range from 1800 – 950 cm-1. Besides revealing further 

insights into molecules involved in Xf adsorption, this analysis tool was applied to 

investigate the biochemical changes of Xf in interaction with the anti-bacterial drug NAC. 
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Complementary results of AFM, SEM and optical microscopy were associated those of 

IR-ATR measurements. The relation of the respective incubation times of XFM itself and 

together with Xf bacteria enabled further insight into the underlying mechanism. AFM 

and SEM images of incubated silicon (Si), oxygen terminated boron doped diamond and 

indium phosphide (InP) substrates were investigated in relation to their ability for Xf 

adsorption and biofilm formation. In addition, structural changes by XFM conditioning 

films and Xf bacteria were examined. IR-ATR evaluations indicated a predominance of 

α-helices and turns for the first growth stages. These were followed by a main formation 

of β-sheets, amyloid fibrils and intermolecular structures in later growth stages. These 

findings were related to changes of short pili, OMV and initial extracellular polymeric 

substances (EPS). The cell count based on optical microscopy images was associated with 

the IR-ATR signal of carboxylate groups. This functional group was hypothesized to 

contribute to changes from reversible to irreversible adsorption states of Xf. Distinct 

structural changes of Xf planktonic bacteria and cell count at InP substrates in contrast to 

Si and boron doped diamond (BDD) substrates were observed. In view of this finding the 

contribution of nanowires to the anaerobic respiration cycle was discussed. As a possible 

tool for ongoing investigations, the IR-ATR-AFM combination, equipped with an oxygen 

terminated BDD single crystal, was shown to enable examinations with this fastidious 

bacterium [34]. Further basic knowledge for possible simultaneous electrochemical 

observations was generated by investigation of the oxidation behavior of L-Cyn and NAC 

at BDD electrodes [24]. The extraordinary characteristics of BDD electrodes like chemical 

inertness, a large potential window and low background current are not only promising 

for the investigation of bacteria related molecular processes [35]. They are also 

advantageous for the quantitative analysis in routine quality control of sulphur containing 

drugs like NAC [24,35]. For that purpose, different oxygen- and amino-terminated BDD 

electrodes were applied to study the characteristic oxidation of NAC. Furthermore, the 

application in flow injection analysis (FIA) with electrochemical detection of NAC and 

L-Cyn was shown. The conditions for electrochemical NAC detection were evaluated, 

while the superior electrochemical response of amino-terminated BDD in contrast to 

oxygen terminated could be demonstrated [24]. Comparison of the passivation behavior of 

amino-terminated BDD electrodes with gold electrodes emphasized the advantageous 

features of BDD electrodes for the electrochemical detection of biomolecules [24]. 

Altogether, Xf adhesion and biofilm formation as well as its related molecules were 
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investigated from different analytical perspectives to provide first insight on the 

associated molecular processes.
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6 Theoretical background 

6.1 Microbiological basis 

6.1.1 Information about the plant pathogen Xylella fastidiosa 

Xf is a gram-negative phytopathogen forming biofilms in the xylem vessels of the host 

plants, e.g. to protect itself against plant defense responses [1,3]. Economically relevant 

diseases such as PD and CVC are probably caused due to water stress by occlusion of the 

xylem vessels [5,9,36–38]. The bacterial cells are rod shaped and reveal a radius from 0.25 

to 0.35 µm and a length of 0.9 to 3.5 µm [39]. This gamma-proteobacterium is spread by 

xylem-feeding insects promoting Xf growth in their cybarium [1,3,39]. Over 100 plant 

species may be affected by Xf like citrus, olives, grapevines, plum, elm, oak and mulberry 

demonstrating reduced fruit size, leaf necrosis or even withering of the plants [2,36,38–41]. 

It was proposed that 26 strains of Xf may be classified in three subspecies, Xylella 

fastidiosa multiplex, Xylella fastidiosa pauca and Xylella fastidiosa piercei [38,41]. Despite 

its fastidious behavior for in vitro conditions the bacterium spread all over the world from 

the Americas to Asia, Europe and Australia [2,6,7,39,42]. However, the mechanism of 

pathogenism and disease distribution is not yet completely elucidated [15]. In contrast to 

other bacteria reaching mature stages within hours, for Xf initial adhesion is expected after 

3 – 5 days, formation of micro colonies after 10 days, a mature biofilm after 15 – 20 days 

and dispersion between 25 and 30 days (see 6.1.2) [22,43]. The very slow growing 

characteristic enabling prolonged investigation of the individual growth stages, besides 

genetic features of human bacterial pathogens and a completely sequenced genome render 

Xf to an excellent model bacterium to explore the biofilm formation in general 

[3,8,14,37,40,44,45]. Combined with the need to develop appropriate countermeasures Xf 

became number 8 of the list of the top ten most studied phytopathogenic bacteria [9,16]. 

6.1.2 Role of bacterial biofilms 

A biofilm is defined by three-dimensional microbial communities attached to a solid-

liquid interface embedded in a matrix of EPS [17,46]. The bacteria embedded into the self-

produced matrix usually comprise less than 10 % of the dry mass of a biofilm [17]. 

Formation of biofilms of bacteria is an evolutionary feature enabling surface adhesion, 
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protection from the environment and is considered as a primary mechanism of 

pathogenicity [10,14]. Biofilm development is characterized by 5 development stages 

according to the currently accepted model [47,48]. The first stage comprises reversible cell 

adhesion, the second stage irreversible adhesion with EPS production, the third stage 

biofilm architecture development followed by biofilm maturation in the fourth stage and 

finally dispersion of single cells in the fifth stage (see figure 1) [3,16,47–49].  

 

Figure 1: “Diagram showing the development of a biofilm as a five-stage process. Stage 1: initial 

attachment of cells to the surface. Stage 2: production of EPS resulting in more firmly adhered 

“irreversible” attachment. Stage 3: early development of biofilm architecture. Stage 4: maturation of 

biofilm architecture. Stage 5: dispersion of single cells from the biofilm. The bottom panels (a-e) show each 

of the five stages of development represented by a photomicrograph of P. aeruginosa when grown under 

continuous-flow conditions on a glass substratum.” Reprinted with permission from Ref. [48] Copyright 

2002 Annual Reviews. 

Formation of a biofilm has several advantages for microbes like resistance against anti-

microbial compounds, nutrient starvation regulation and is a characteristic feature for 

plant as well as human pathogens [3,14,50–52]. Biofilms in general are known to maintain 

nutrient, osmotic gradients and differences in electrostatic potentials [48,53]. In most 

environments biofilms consist of multiple bacterial species, although predominantly 

biofilms of single species are examined to gain basic knowledge [54]. 
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6.1.3 Extracellular polymeric substance (EPS) and outer membrane 

vesicles (OMV) 

EPS is the extracellular matrix generated by bacteria to establish biofilm structures and 

usually comprises polysaccharides, lipids, proteins and peptides as well as nucleic acids 

[17,47,55,56]. This matrix is a key aspect for the transformation of the reversible to the 

irreversible adhesion stage of planktonic cells and is promoting additional adhesion of 

motile bacteria as well as cohesion in the biofilm [16,17,57–60]. The EPS may differ between 

microorganisms, temperature and nutrient supply, to name just a few properties [17]. 

Production of EPS was attributed to biofilm formation as well as virulence of plant 

pathogenic bacteria and was shown also for Xf [15,43,61,62]. Structural stabilization may be 

derived by flagella, fimbriae and pili [17,18]. OMV, which are originated from the bacterial 

outer membrane are constituted of nucleic acids, lipopolysaccharides, phospholipids and 

enzymes and may serve as mobile elements for e.g. cell signaling within EPS [17]. The 

chemically heterogeneous OMV may vary regarding quantity and quality between 

planktonic cells and bacterial biofilms and thus are able to change matrix properties [17,19]. 

Function and formation of OMV is not yet fully understood, but OMV are known to 

contribute to virulence, adhesion, facilitation of bacterial movement, immune and stress 

response on their particular environment [44,63–66]. 

6.1.4 Adhesins, pili, amyloid fibrils and nanowires 

Adhesins are adhesion supporting microbial factors playing a crucial part for the 

attachment of cells at surfaces [3,10,16]. Pili, also mentioned as fimbriae, are hair-like 

polymerized fibers produced by gram-negative bacteria [56,67,68]. Six types of pili are 

known to function varying purposes like adhesion (type I), twitching motility (type IV), 

DNA exchange (F-pili / sex-pili) or pathogenicity [10,67]. Especially type I and type IV 

pili, afimbrial proteins and mineral elements are involved in Xf biofilm processes [3,16,69–

72]. Pili appear as cylindrical thin structures at the cell surface comprising long chains of 

protein subunits [10]. In most cases pili are rich on L-Cyn and responsible for the initial 

contact to the surface and an afimbrial protein reinforces the adhesion subsequently [3,10]. 

The pathogen Xf is living in different environments, the plant and insect host, and 

therefore needs to interact with different surfaces [15]. This complex lifestyle may lead to 

the production of different adhesins to enable attachment at diverse substrates [15]. Such 
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fimbrial or afimbrial adhesins containing polysaccharides and proteins are involved in 

bacterial adhesion processes and cell aggregation [3,44]. Amyloid fibrils depict filamentous 

aggregates predominantly organized in stable β-sheet secondary structures, which may 

appear as liquid crystals, hydrogels and nanotubes [17,73–76]. Cell aggregation, biofilm 

formation and adhesion may be derived from filamentous structures generated from 

amyloid fibrils [76]. Most bacteria show amyloid fibrils probably also contributing to pili 

formation and virulence [76]. Extracellular appendages and filamentous fibers were also 

attributed as bacterial conductive nanowires, mainly consisting of pilA protein subunits 

responsible for electron transfers [20,21]. 

6.1.5 Protein structure, disulfide bonds and their influence to 

bacterial adsorption 

Proteins are crucial for all living beings and were designated as molecular machines of 

life [77,78]. They are commonly described by the primary, secondary, tertiary and 

quaternary structure. The primary structure depicts the amino acid sequence of the peptide 

chain, while the secondary structure represents the local spatial structure and thus the 

backbone of the polypeptide chain [78]. Examples of the secondary structure are α-helices, 

β-sheets and turns. Besides the peptide bond fundamental for the primary structure, 

disulfide bonds between L-Cyn residues and hydrogen bonds constitute the secondary 

and tertiary structure of proteins [30]. The tertiary structure mainly formed by disulfide 

bonds, hydrogen or ionic bonds describes the three dimensional arrangement of secondary 

structures to each other [30,79]. Several peptide chains connected via noncovalent bonding 

or even disulfide bonds to oligomeric complexes form the quaternary structure of proteins 

[30,78]. But also van der Waals bonds and electrostatic interactions are known to contribute 

to the protein conformation [30,79]. Of all these various types of bindings especially 

disulfide bonds are of particular interest for bacterial adhesion processes. Abundant 

proteins consist of a large number of L-Cyn residues responsible for the proper folding 

via disulfide bonds [22]. The activity of proteins is essentially influenced by this functional 

group [77].Protein folding is regulated in Xf bacteria by disulfide isomerases assuring the 

correct oxidative protein folding via disulfide bond reduction of misfolded L-Cyn 

residues or the isomerization pathway [22]. Next to stability affected by adhesins and pili, 

also pathogenicity e.g. due to type IV fimbriae has been reviewed to be influenced by 

disulfide bonds [77]. Thus, disruption of disulfide bonds depicts a key process for the 
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prevention of bacterial adsorption and even disease control of pathogen biofilms [23–

25,80,81]. For Xf in particular NAC has been shown as a potential drug and is presented in 

detail in chapter 7.4 [23]. 

6.1.6 Substrate properties and conditioning film formation 

Adhesion to surfaces is driven by various interactions like electrostatic, Van der Waals 

or steric forces [82]. The microbe and substrate surface itself influence the cell attachment 

by properties like hydrophobicity, cleanability, elasticity, charge or roughness [11,43,82–84]. 

But the adhesion influencing processes of physical or chemical nature are still in the 

discovery phase [43]. However, these factors always need to be related to the bacteria and 

the environmental conditions as nutrient supply and temperature [82]. 

Exposure of surface materials to aqueous environments immediately leads to the 

adsorption of proteins, polymers and organic substances [13,85–88]. Such organic coatings 

are referred to as conditioning films altering the physicochemical properties of the 

involved surface materials [13,89]. Proteins followed by carbohydrates have been shown to 

be the first components to be adsorbed at stainless steel samples immersed in seawater 

[90–92]. Conditioning film induced changes of the surface characteristics like surface 

charge, wettability, surface energy and surface roughness have a strong impact on the 

colonization by microorganisms and therefore to the initial adhesion and biofilm 

formation [31,84,89,93]. Such surface modifications even may turn the respective chemistry 

of antimicrobial surfaces ineffective, leading to decreased periods with antimicrobial 

properties of the materials [94]. But initial bacterial adhesion may either be improved or 

reduced by conditioning film formation depending on the environmental conditions [95]. 

The chemical feature of the conditioning film itself is strongly related to the environment 

and the related adhesives, and therefore influences microbial colonization and biofilm 

formation [31,89,96]. Especially since conditioning films are not uniformly formed on the 

respective substratum [92,97]. Thus, the particular environment needs to be considered for 

the observation of the mechanism of biofilm formation, as conditioning films are 

unavoidably formed in all biofilm inducing environments [83,88,98,99]. 
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6.2 Applied techniques 

6.2.1 Infrared attenuated total reflection (IR-ATR) spectroscopy 

Infrared spectroscopy uses the absorption of electromagnetic radiation in the infrared 

range to induce vibrations and rotations in a molecule, and thus changes of its dipole 

moment [100]. The absorption at the respective resonant frequencies is specific for the 

investigated structure. Infrared radiation is commonly divided in three regions. Near 

infrared from 12500 cm-1 to 4000 cm-1 stimulates overtone and higher harmonic 

vibrations, while the far infrared from 200 cm-1 to 10 cm-1 leads to rotational excitation 

[101,102]. In this thesis, the mid infrared region from 4000 cm-1 to 200 cm-1 that excitates 

fundamental vibrations is applied [102]. Figure 2 exemplarily demonstrates the possible 

vibrations for a molecule consisting of three atoms. 

 

Figure 2: Demonstration of molecular vibrations on the example of a molecule consisting of three atoms. 

The symbol “+” indicates a movement out of the image and the symbol “–“ a movement towards a direction 

behind the image. 

IR-ATR spectroscopy maintains several advantages in comparison to conventional 

infrared spectroscopy techniques and is especially suitable for samples with restricted 

solubility as films, adhesives or powders [100,101]. IR-ATR techniques use the total 

reflection at an infrared permeable material generating an evanescent wave with a 

penetration depth of a few micrometers at the IR-ATR crystal [100,101]. In most cases 
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multiple internal reflections occur at the crystal surface before the radiation is guided to 

the detector. Within the created evanescent fields the investigated sample absorbs 

radiation of characteristic wavenumbers and leads to a spectrum resembling to 

conventional infrared spectra [100,101]. Quantitative information to the respective spectra is 

obtained via Lambert-Beer’s law: 

𝑙𝑔
𝐼0

𝐼
= 𝐴 = 𝜀(𝜆) ∙ 𝑐 ∙ 𝑑 

(1) 

I0 = Initial light intensity 

I = Light intensity after passing the sample 

A = Absorbance 

ε(λ) = Wavelength dependent molar extinction coefficient 

c = Analyte concentration 

d = Path length of the sample 

 

Evaluation of specific molecules or functional groups within biological systems requires 

the determination of the cell quantity of inserted bacteria. The optical density (OD), and 

thus light scattering in the visible range of the inoculated liquid is usually measured before 

use [10]. However, this procedure comprises some uncertainty, as measuring of the OD 

with a wavelength of 600 nm constitute approximate results of dead and alive cells in 

common [10].  

For the detection within IR-ATR measurements the most common detectors are the 

pyroelectric deuterated triglycine sulfate (DTGS) detector and the mercury cadmium 

telluride (MCT) photo-detector. The latter MCT detector is among them the more 

sensitive detector with a faster response, but requires cooling with liquid nitrogen and 

comprises a restricted wavelength range [103,104]. DTGS detectors comprise an operating 

range at room temperature and a broader wavelength range as the former detector [103,104]. 

6.2.2 IR-ATR-AFM combination 

A combination of IR-ATR, spectro-electrochemistry and AFM was previously introduced 

by our institute [34]. This analytical platform enables simultaneous observation of 

chemical and structural responses (see 10.3.3 for details) [34]. Within this thesis the 

components for IR-ATR and AFM of this analytical platform were applied, hereafter 
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referred to as an IR-ATR-AFM combination, and could be presented as an excellent tool 

for the investigation of bacterial biofilms. Simultaneous electrochemical investigations 

were not in the focus of this work, but are promising for the investigation of Xf adhesion 

and biofilm formation (see chapter 8.3). Xf bacteria and biofilms may be observed at the 

octahedral surface of the hemisphere of about 400 µm² in the center of the BDD crystal 

[34]. Within this area a single reflection of the infrared beam induces the evanescent wave 

with a penetration depth about 1 – 5.5 µm to detect biochemical changes of adsorbed Xf 

bacteria [34]. The simultaneous observation by AFM of bacterial biofilms with this unique 

platform is schematically demonstrated in figure 3.  

 

Figure 3: Schematically illustration of the central components of the IR-ATR-AFM combination. The red 

lines demonstrate the infrared light beam penetrating through the BDD-single crystal and inducing an 

evanescent wave at the crystal surface which is shown as a red ellipse. The investigated bacteria are 

presented as green ellipses in surrounding green EPS. Parallel examination with AFM is solely illustrated 

by a cantilever. The illustration does not claim to provide a true-to-scale drawing. 

The resulting IR-ATR spectrum comprises intrinsic diamond phonon bands between 

2200 – 1900 cm-1, which need to be respected for all investigations in this spectral range 

[34]. The spectral range of interest within this thesis was between 1800 – 950 cm-1 and is 

thus accessible with respect to the related reference spectra. For the investigation in long 

time experiments with growth periods of Xf bacteria up to 11 days, a sterile atmosphere 

needs to be guaranteed. Prevention of contamination by faster growing bacteria, as 

ensured by a sterile laminar flow in common clean benches, and the assurance of the 

sensing with the force sensitive AFM cantilever in parallel render continuous long time 
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experiments challenging. But the investigation of Xf bacterial adsorption and biofilm 

formation after specific growth periods by the IR-ATR-AFM combination are promising 

to gain further insight into the related biochemical mechanisms. 

6.2.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was invented in 1986 by Binnig, Quate and Gerber and 

enables atomic resolution on conducting and insulating surfaces [105]. In this microscopy 

technique a cantilever with a sharp tip of a few nanometers at its end is scanning over the 

sample surface sensing the forces arising in the close proximity to the surface [100,105]. 

Among others electrostatic repulsion and interatomic interactions as well as attractive 

forces like surface tension and van der Waals forces, affect the tip and are described by 

the Lennard-Jones potential [106,107]. The deflections of the cantilever are detected by a 

photodiode that gets the respective information by a laser beam reflected at the back of 

the cantilever [100]. Typically, the sample plate is moved by a piezoelectric tube scanner 

in a feedback loop keeping the revealed forces at a constant level [105].  

The topographic information is obtained by changes of the tip in the z-direction, which 

results in 3-dimensional images [107]. There are different imaging modes, how the AFM 

can be operated, the contact mode, non-contact mode and the intermittent or tapping 

mode. For the intermittent mode, the tip is oscillating with the resonance frequency of the 

cantilever over the surface, while the amplitude is continuously detected [107]. Amplitude 

and phase changes of the cantilever are induced by inelastic and elastic interactions of the 

tip with the sample surface [108]. A constant physical force due to the soft sample contact 

or constant height between tip and sample is applied for the contact mode / non-contact 

mode [107]. The intermittent mode is particularly suitable for soft test objects like 

biological samples, as lower stress is applied to the sample. This avoids damage of soft 

biological specimen or removal of slightly immobilized test objects from the surface [109].  

6.2.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) enables almost nondestructive analysis of the 

topography of solid sample surfaces [110]. A finely focused electron beam is scanned 

across the sample surface inducing secondary, backscattered and Auger electrons as well 

as X-ray fluorescence photons from deeper material layers [100,110]. An electron multiplier 
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amplifies the electron intensity and subsequently a scintillator-photomultiplier system, 

e.g. the Everhart-Thornley detector, is used for the detection of secondary electrons 

typically applied for imaging [100]. The electron intensities are used to construct the SEM 

image and are reflected in brightness contrasts [100,110]. Topographical and chemical 

characteristics as well as charges of surfaces may be examined by SEM [110]. SEM has 

already been presented as excellent tool for the investigation of microbes and 

improvement of sample preparation methods enable new applications of this measuring 

technique [111]. 

6.2.5 Background for electrochemical investigations 

Voltammetry represents a group of electrochemical methods providing analytical 

information by application of a dynamic potential on a working electrode within an 

electrochemical cell [100]. The resulting current is related with the oxidation or reduction 

of species at the surface of the working electrode [100]. Within amperometric experiments 

the potential is maintained constant to oxidize or reduce the species of interest [100]. Such 

experiments enable the quantification of analyte concentrations via the proportionality to 

the resulting current which is described in Faraday’s law: 

𝑄 = 𝑛 ∙ 𝑧 ∙ 𝐹 =
𝑚

𝑀
∙ 𝑧 ∙ 𝐹 = 𝐼 ∙ 𝑡 (2) 

 

Q: Exchanged charge 

n: Transported amount of substance 

z : Number of electrons 

F : Faraday constant 

m: Transported mass 

M: Molar mass 

I: Current 

Voltammetry includes polarography, square-wave voltammetry, differential pulse 

voltammetry (DPV) and cyclic voltammetry (CV) [112]. The latter two methods were 

applied within this work and thus are considered below. Commonly a three electrode set-

up with working counter and reference electrode is used within an electrochemical cell in 

a supporting electrolyte. With this arrangement the current flow between counter and 
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working electrode is measured and the current flow through the reference electrode is 

avoided [113]. Commonly a potentiostat varies the potential at the working electrode with 

time to investigate the redox processes of the present species. Figure 4 demonstrates the 

respective excitation signal of CV and DPV. 

 

Figure 4: Potential versus time excitation signal waveforms for cyclic voltammetry (left) and differential 

pulse voltammetry (right). 

For CV measurements the potential is increased linearly to a maximum followed by a 

linear decrease to the initial value (see figure 4, left). Such a cycling with the same slope 

may be repeated several times and is recorded as a function of time [100,113]. DPV is 

demonstrated in figure 4 (right), where the respective currents are measured before the 

potential change [112]. The current difference to the previous step is recorded as a function 

of the potential. Both voltammetric methods are applied for various investigation 

purposes as well as for quantitative analysis [113–115].  

Passivation of the working electrode is a time consuming issue within quality control of 

multiple pharmaceuticals and biomolecules like NAC and gentamicin sulfate [24]. The 

adsorption of molecules, e.g. oxidation products, at the electrode surface impede the 

surface of the working electrode and thus minimize or even inhibit current flow. BDD 

electrodes with their unique characteristics turned out to be particularly suitable for this 

purpose (see chapter 9.5) [24,114]. Boron concentrations greater than 1020-1021 cm-3 lead to 

semi-metallic properties of the diamond electrode and greatly influence the 

electrochemical behavior, e.g. background current or the peak splitting of redox couples 

[116]. Another important factor for the properties of the diamond is the termination of the 

surface [116]. Several surface terminations as hydrogen, oxygen and fluorine atoms or 

amino molecules comprise changed properties in electron affinity, hydrophilicity and 
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electron transfer rates among others [116–118]. This variability of the electrode 

characteristics renders this unique electrode material accessible to multiple applications. 

A broad range from electroanalytical applications over solar photovoltaic cell research to 

waste water treatment apply BDD materials [116,117,119].  

For quality control purposes, the coupling of electrochemical detection with high 

performance liquid chromatography (HPLC) or FIA is frequently used [24,120–124]. Sample 

transport to a detector by flow injection methods depicts a routine determination for 

clinical purposes, e.g. for blood and urine sample analysis [100]. Commonly, a peristaltic 

pump is used for the transport of the liquid sample over a mixing coil to the desired 

detector [101]. However, within this thesis a HPLC pumping system was applied instead 

of a peristaltic pump to obtain the respective pressure for the electrochemical detector 

(ECD) for HPLC purposes. After injection of the small µL-sized sample aliquote into the 

carrier stream via a valve, additional reagents may be added if required. In contrast to 

HPLC measurements there is no chromatographic separation taking place and the sample 

undergoes dispersion during FIA experiments. Dispersion is defined as: 

 

𝐷 =
𝑐0

𝑐
 (3) 

 

 

D: Dispersion 

c0: Injected sample concentration  

c: Peak concentration at the detector 

 

The sample flow rate, sample volume and the length of the applied tube strongly influence 

the dispersion of the analyte solution [100]. Accordingly, the mixing of sample and the 

carrier stream is easily controlled. The applied detector system is as variable as the 

possible applications for FIA. Most commonly UV/Vis and fluorescence detectors are 

applied, but every detector system allowing continuous flow measurements is appropriate 

for FIA [101]. Electrochemical detectors, as applied within this thesis, depict the most 

economical option and thus are applied in a lot of applications [101]. 
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7 Investigation of Xylella fastidiosa biofilm formation by 

infrared spectroscopy 

7.1 Introduction 

IR-ATR spectroscopy is a powerful tool for the investigation of the chemistry of bacterial 

adhesion and biofilm formation. IR-ATR spectroscopy is an especially suitable technique 

for the evaluation of early growth stages (for detailed theoretical background see chapter 

6.2.1), serving as a non-destructive method for investigations in situ and in real time under 

hydrated conditions with negligible perturbation [32,43,125–127]. With the thin penetration 

depth of 1 – 2 µm of the evanescent wave appearing during IR-ATR measurements, 

adsorption and formation of biomolecules of bacteria are detectable in real time, in 

particular at the IR-ATR active surface. The evolution of the intensity of the IR-ATR 

bands enables the time-dependent inspection of the biochemistry of bacteria and their 

accumulation [125]. For this purpose a detailed analysis and comprehensive 

characterization of the biochemical features with respect to overlapping IR-ATR bands 

and default complexity of the bacterial matrix is necessary. The solvent environment of 

the experimental approach needs to be known as spectral features may be changed in case 

it is altered [128]. Furthermore, the base sessile bacterial monolayer may be investigated 

with modified environmental conditions, such as treatment with antibiotic substances 

[129,130]. The effects of various antibiotic substances on bacteria have been examined 

before by IR-ATR spectroscopy [32,128–131]. Thus, this spectroscopic method is capable to 

provide detailed biochemical information that may be correlated with the results obtained 

by imaging techniques within the respective time periods. This section focuses on the 

analysis of biomolecules involved in Xf biofilm formation via vibrational spectroscopy. 

IR-ATR spectroscopy was applied to characterize the growth media and biofilms 

associated with Xf. Experimental and analytical procedures are discussed providing first 

insight on the involved molecular processes during bacterial adsorption and biofilm 

formation. Organosulfur compounds are known to exhibit antimicrobial effects, and 

especially for the thiol containing drug NAC a promising application for the treatment of 

diseases caused by Xf has been shown [23,25,32]. Therefore, the influence of the antibacterial 

effect of NAC most likely due to disulfide bonds to the secondary structure of proteins of 

Xf was evaluated by IR-ATR spectroscopy [22]. Finally, the suitability of the IR-ATR-
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AFM combination incorporating spectroscopic and microscopic methods for 

simultaneous real time investigations of Xf is shown.
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7.2 Characterization of the Xylella fastidiosa medium with IR-ATR-

spectroscopy 

The characterization of the respective growth medium is crucial to chemically analyze Xf 

adsorption and biofilm formation in molecular detail. Thus, the cumulative impulse fit of 

the spectra of Xylella fastidiosa medium (XFM) is fundamental for the analysis of Xf 

biofilms in this culture medium. Earlier investigations of another growth medium for Xf, 

Periwinkle wilt (PW), showed the formation of a conditioning film after a few hours, 

probably caused by proteins like bovine serum albumin (BSA) and peptone [43,132]. XFM 

is a mixture of nine individual components including three amino acids and four inorganic 

salts [133]. The absence of proteins in XFM enables improved IR-ATR spectral analysis, 

contrary to PW maintaining large protein bands in the spectral region known for bacterial 

biofilm and EPS responses [132]. All components of XFM (L-cysteine (L-Cyn), 

L-asparagine (L-Asn), L-glutamine (L-Gln), sodium succinate, sodium citrate, K2HPO4 · 

2H2O, MgSO4 · 7H2O, pectine from citrus and heminchloride) were measured separately 

as single component solutions with the same concentration as present in the medium. The 

maintained signals of heminchloride and pectine from citrus at these concentrations in 

XFM were not distinct enough for sufficient discrimination from noise. Thus, 

heminchloride and pectine from citrus are not further considered in the following 

discussions. The related spectra were integrated and resulting properties such as peak 

height, width and center were used to calculate the mean out of at least seven (for Vector 

70 spectrometer with Bio-ATR-Cell-II) or three experiments (for IR-ATR-AFM 

combination). Based on this data the cumulative peak fit for XFM was performed (see 

figure 6 and figure 7). Characterization of XFM was performed using two measuring 

devices, the Vector 70 spectrometer with Bio-ATR-Cell-II and a unique instrumental 

combination including IR-ATR spectroscopy and AFM, to account for the diverse IR-

ATR feedbacks of both systems. The spectral feedback of XFM in both measuring 

devices will be considered in the following two chapters. 

7.2.1 XFM characterization with the Vector 70 spectrometer and the 

Bio-ATR-Cell-II 

IR-ATR spectroscopy with the Vector 70 spectrometer and the Bio-ATR-Cell-II of the 

individual constituents of XFM showed the characteristic spectra (see figure 5), as 

expected from literature (for attributions and references see table 1).  
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Figure 5: IR-ATR spectra of the individual constituents of XFM in the spectral region from 1800 – 950 cm-1 

(see color code). 

The spectrum of XFM is revealed in the spectral region from 1800 – 950 cm-1 (see figure 

6). The peaks of the individual constituents were integrated and averaged thereafter. The 

integration results are shown in table 1, and served as basis for the cumulative impulse fit 

demonstrated in figure 6. For further details on the integration and restrictions of the 

cumulative impulse fit see chapter 10.3.4 and table 11.  
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Figure 6: IR-ATR spectrum of XFM and spectra of the individual constituents in the spectral region from 

1800 – 950 cm-1 (see color code, bottom left). IR-ATR spectrum of XFM and cumulative impulse fit 

revealing the IR signatures of the individual constituents (see color code, top left). The integration values 

of peak center and peak width of the single components (see table 1) served as restrictions for the 

cumulative impulse fit (n≥7; Gaussian fit). Corresponding residuum of the cumulative impulse fit of XFM 

(top right). 

The cumulative impulse fit (figure 6, top left) clearly shows the prevailing contributions, 

which may be assigned to the amino acid side chain group C=O in stretching mode at 

1666.2 cm-1 (L-Gln, L-Asn, L-Cyn) [134], bending of NH2 side chain groups of the amino 

acids L-Gln, L-Asn and L-Cyn at 1598.9 cm-1 [134], the asymmetric stretching of COO- at 

1559.3 cm-1 (sodium citrate [135], sodium succinate [136]), symmetric stretching of -CO2 at 

1400.9 cm-1 (sodium citrate [135], sodium succinate [136]), bending of CH at 1400.9 cm-1 / 

1354.8 cm-1 (L-Gln, L-Asn, L-Cyn) [134], as well as symmetric and asymmetric P=O 

stretching vibration at 1081.6 cm-1 and 989.5 cm-1 (K2HPO4 · 2H2O) [137]. Comparison of 

the single constituent spectra in figure 6, bottom left, with the single Gaussian curves of 

figure 6, top left, reveal good match (see also calculated values in table 12). The good 

converge of the fit is demonstrated by the corresponding residuum shown in figure 6, top 

right, revealing intensities in the range of -0.00075 – 0.002 a.u. and in the statistical values 

provided in table 12.  
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Table 1: Peak attributions of the mean values of XFM constituents obtained with the Vector 70 spectrometer 

and the Bio-ATR-Cell-II. 

 L-Gln 
[134,138] 
(n=10) 

L-Asn 
[134] 

(n=7) 

L-Cyn 
[134] (n=8) 

K2HPO4 
2H2O  
[137] 

(n=10) 

MgSO4 

 7H2O  
[139] 
(n=10) 

Sodium  

citrate [135] 

(n=9) 

Sodium  

succinate 
[136] 
(n=10) 

 ᵹ (CH) ᵹ (CH) ω (CH2) ν (PO) νas 
(SO4) 

  

x0 [cm-1] 1328.8 1356.0 1303.0 991.5 1104.3 1281.5 1295.1 

w [cm-1] 29.6 32.5 26.7 24.8 63.1 64.7 25.8 

H [a.u.] 0.0013 0.0009 0.0003 0.002 0.0017 0.0009 0.0005 

 ᵹ (CH) ᵹ (CH) ᵹ (CH) νas (PO)  ν (-CO2) ν (-CO2) 

x0 [cm-1] 1349.8 1401.7 1349.9 1081.6  1388.5 1395.6 

w [cm-1] 38.8 24.8 23.4 44.9  55.7 45.5 

H [a.u.] 0.0019 0.0013 0.0004 0.0037  0.0028 0.0022 

 ᵹ (CH)  ν (COO-),  

ᵹ (OH) 
  νas  

(-C=OO-) 

νas  

(-C=OO-) 

x0 [cm-1] 1409.6 1418.6 1399.5   1567.6 1551.5 

w [cm-1] 41.9 43.3 26.0   55.6 45.8 

H [a.u.] 0.0027 0.0012 0.0005   0.0035 0.0038 

 ᵹ (CH2) ᵹ (CH2) ᵹ (CH2)     

x0 [cm-1] 1452.6 1492.7 1428.7    1649.7 

w [cm-1] 33.9 81.5 20.7    21.9 

H [a.u.] 0.0017 0.0010 0.0004    0.0005 

 ᵹ (NH2) ᵹ (NH2) ᵹas (NH3
+)     

x0 [cm-1] 1519.5 1615.3 1518.4     

w [cm-1] 76.5 81.7 61.4     

H [a.u.] 0.0024 0.0018 0.0005     

 ᵹ (NH2) ν (C=O)      

x0 [cm-1] 1605.5 1677.5 1612.2     

w [cm-1] 68.0 36.0 72.3     

H [a.u.] 0.0046 0.0014 0.0006     

 ν (C=O)       

x0 [cm-1] 1667.4       

w [cm-1] 37.6       

H [a.u.] 0.0031       

STD  

x0 [%] 

≤ 0.2 ≤ 0.6 ≤ 0.3 ≤ 0.2 ≤ 0.4 ≤ 0.2 ≤ 0.5 

STD  

w [%] 

≤ 11.1 ≤ 16.6 ≤ 19.5 ≤ 12.0 ≤ 6.1 ≤ 11.2 ≤ 24.9 

STD  

H [%] 

≤ 11.2 ≤ 11.6 ≤ 9.2 ≤ 10.7 ≤ 7.9 ≤ 19.0 ≤ 35.0 
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This demonstrates how the spectrum of XFM may be evaluated by the cumulative 

impulse fit. To enable the XFM characterization also for the spectra monitored with the 

IR-ATR-AFM combination, the next chapter will focus on the evaluation of the XFM 

solution at the ATR-IR active BDD surface of this device. 

7.2.2  XFM characterization with the IR-ATR-AFM combination 

With the knowledge of the characteristic spectrum of XFM from the investigations with 

the Vector 70 spectrometer using the Bio-ATR-Cell-II, the experimental conditions were 

transferred to the IR-ATR-AFM combination. Due to the decreased signal intensities and 

increased noise with the IR-ATR-AFM combination compared to the signal intensities of 

those maintained in chapter 7.2.1, previous characterization using the Vector 70 

spectrometer equipped with the Bio-ATR-Cell-II was evident to respect all relevant 

peaks. To enable further examinations of Xf bacterial adhesion and biofilm formation at 

the IR-ATR-AFM combination (see chapter 7.5), it is essential to know the exact response 

of XFM at the ATR-IR active BDD surface. Figure  shows the IR-ATR spectrum of XFM 

and its individual constituents at the IR-ATR-AFM combination as well as the 

corresponding cumulative impulse fit and residuum. Further details with respect to the 

integration and restrictions for the cumulative impulse fit are available in chapter 10.3.4 

and table 13. 



XFM characterization with the IR-ATR-AFM combination 7.2.2 

42 

 

 

Figure 7: Spectrum of XFM and spectra of the individual constituents in the spectral region from 1800 – 

950 cm-1 (see color code, bottom left) monitored with the IR-ATR-AFM combination. Spectrum of XFM 

monitored with the IR-ATR-AFM combination and cumulative impulse fit revealing the IR signatures of the 

individual constituents (see color code, top left). The integration values of peak center and peak width of 

the single components (see table 2) served as restrictions for the cumulative impulse fit (n≥3; Gaussian fit). 

Corresponding residuum of the cumulative impulse fit of XFM (top right). 

Figure 7 clearly demonstrates a decreased peak separation in comparison with figure 6 is 

obvious, which may be explained by having only one internal reflection at the ATR 

crystal within the combination in contrast to eight internal reflections within the Bio-

ATR-II cell. As discussed, the integration of the bands of the individual components and 

adjacent averaging served as basis for the cumulative impulse fit (see table 2).  
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Table 2: Peak attributions of the mean values of XFM constituents observed with the IR-ATR-AFM 

combination. 

 L-Gln 
[134,138] 

(n=3) 

L-Asn  
[134] 
(n=3) 

L-Cyn 
[134] (n=1) 

K2HPO4 

 2H2O  
[137] 

(n=3) 

MgSO4 

 7H2O  
[139] (n=3) 

Sodium  

citrate  
[135] (n=3) 

Sodium  

succinate 
[136] (n=3) 

 ᵹ (CH) ᵹ (CH) ω (CH2) ν (PO) νas (SO4)   

x0 [cm-1] 1326.3 1358.4 1303.8 988.8. 1109.0 1285.1 1294.8 

w [cm-1] 32.3 19.7 25.4 23.6 77.6 57.5 27.9 

H [a.u.] 0.00031 0.00018 0.00004 0.0003 0.00056 0.00014 0.00014 

 ᵹ (CH) ᵹ (CH) ᵹ (CH) νas (PO)  ν (-CO2) ν (-CO2) 

x0 [cm-1] 1349.4 1402.8 1350.1 1079.4  1393.1 1396.4 

w [cm-1] 29.5 20.0 22.9 46.5  52.4 45.8 

H [a.u.] 0.00043 0.00026 0.00006 0.00077  0.00052 0.00054 

 ᵹ (CH)  ν (COO-), 

ᵹ (OH) 
  νas  

(-C=OO-) 

νas  

(-C=OO-) 

x0 [cm-1] 1409.9 1420.1 1394.4   1570.6 1554.5 

w [cm-1] 27.3 26.9 15.8   55.5 39.2 

H [a.u.] 0.00057 0.00029 0.00013   0.00094 0.00114 

 ᵹ (CH2) ᵹ (CH2)      

x0 [cm-1] 1446.5 1496.0     1648.0 

w [cm-1] 18.7 31.1     19.2 

H [a.u.] 0.00027 0.00027     0.00027 

 ᵹ (NH2) ᵹ (NH2) ᵹas (NH3
+)     

x0 [cm-1] 1530.4 1615.6 1537.1     

w [cm-1] 48.8 53.3 47.0     

H [a.u.] 0.00042 0.00041 0.00032     

 ᵹ (NH2) ν (C=O)      

x0 [cm-1] 1604.7 1681.2 1620.1     

w [cm-1] 49.0 31.7 28.9     

H [a.u.] 0.00123 0.00032 0.00028     

 ν (C=O)       

x0 [cm-1] 1663.8       

w [cm-1] 22.7       

H [a.u.] 0.00057       

STD  

x0 [%] 

≤ 0.13 ≤ 0.71 ≤  ≤ 0.23 ≤ 0.8 ≤ 0.48 ≤ 0.25 

STD  

w [%] 

≤ 60.8 ≤ 62.7 ≤  ≤ 16.7 ≤ 23.7 ≤ 27.8 ≤ 45.0 

STD  

H [%] 

≤ 30.8 ≤ 70.5 ≤  ≤ 23.0 ≤ 56.6 ≤ 28.9 ≤ 64.2 
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Compared to the results of the integrated bands obtained with the Vector 70 spectrometer 

equipped with the Bio-ATR-II cell, the peak centers of single bands were not significantly 

different (see figure 6 and table 2). In contrast to the individual values of bands, the 

percentage of the standard deviation (STD) dramatically increased due to a decreased 

signal intensity and noise of the IR-ATR-AFM combination (see table 2). However, the 

corresponding cumulative impulse fit of XFM only showed partially increased values in 

the corresponding residuum (see figure ), but a comparison with the obtained results and 

statistics in table 14 indicates only a poor fit compared to the one observed in the previous 

chapter. Nevertheless, the cumulative impulse fit of the XFM spectrum may serve as a 

basis for further investigations of Xf bacterial adsorption and biofilm formation at the IR-

ATR-AFM combination. The observed bands of the XFM spectrum at the IR-ATR-AFM 

combination are attributed to: the amino acid side chain group C=O stretching mode at 

1665.4 cm-1 (L-Gln, L-Asn, L-Cyn) [134], bending of the NH2 side chain groups of the 

amino acids L-Gln, L-Asn and L-Cyn at 1604.1 cm-1 [134], the asymmetric stretching of 

COO- at 1558.0 cm-1 (sodium citrate [135], sodium succinate [136]), symmetric stretching of 

COO- at 1404.1 cm-1 (sodium citrate [135], sodium succinate [136]), bending of CH at 1354.8 

cm-1 (L-Gln, L-Asn, L-Cyn) [134], as well as symmetric and asymmetric P=O stretching 

vibration at 1083.4 cm-1 and 991.2 cm-1 (K2HPO4 2H2O) [137]. 

The investigation of the IR-ATR response of XFM allows further chemical inspection of 

the molecules involved in bacterial adsorption and biofilm formation in general. 

Furthermore, the comparison with structural changes of the growth medium at the 

different surfaces like Si and BDD is evident to fully understand the influence of the 

growth media to the spectral response, respectively. These structural changes of XFM 

with time at different surfaces are examined in chapter 8.2. Applying this knowledge to 

the interpretation of the spectral features of XFM enables the investigation of Xf biofilm 

development with IR-ATR spectroscopy. Consequently, the following chapters will 

comprise the Xf biofilm development with IR-ATR spectroscopy. 
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7.3 Xylella fastidiosa biofilm development with IR-ATR spectroscopy 

Characterizing the spectral response of XFM (see 7.2.1 and 7.2.2) allows the evaluation 

of the spectral response of the Xf biofilm formation. For this purpose the spectrum of the 

10% aqueous glycerol solution, which is used for the solvation of the bacteria, needs to 

be examined. Hence, figure 8 shows the mean of three spectra of 10% aqueous glycerol 

solutions with the same concentration as used for the bacteria solvation. Table 3 presents 

the corresponding peak attributions, as well as the peak parameters observed by 

integration. 

 

Figure 8: Mean of three IR-ATR spectra of 10% aqueous glycerol solutions monitored with Vector 70 

spectrometer with Bio-ATR-Cell-II and an MCT detector (black). 

A broad negative peak around 1638 / 1650 cm-1 is observed in the spectrum of 10% 

aqueous glycerol containing solution due to the decreased band for H-O-H bending of 

water in the glycerol solution compared to the pure water spectrum [43,140–142]. Thus, the 

influence of the H-O-H bending needs to be additionally considered for all further spectra.  
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Table 3: Peak attributions of the mean values of 10% aqueous glycerol solution (n = 3) obtained with the 

Vector 70 spectrometer with Bio-ATR-Cell-II and an MCT detector. 

Attribution x0 [cm-1] STD x0 [%] w [cm-1] STD w [%] H [a.u.] STD H [%] 

ᵹ (CH2) [13] 1460.1 ≤ 0.0 24.6 ≤ 0.5 0.0023 ≤ 0.6 

ᵹ (CH2) 
[14,12] 

1416.4 ≤ 0.1 75.2 ≤ 0.0 0.0030 ≤ 1.9 

  1332.8 ≤ 0.3 104.2 ≤ 1.7 0.0024 ≤ 2.5 

ν (C-C-C, 

C-O-C) [12] 
1218.3 ≤ 0.1 73.1 ≤ 0.8 0.0021 ≤ 3.7 

ν (C-O) 
[14,12] 

1112.9 ≤ 0.0 34.9 ≤ 0.6 0.0063 ≤ 0.8 

ν (C-O) 
[14,12] 

1045.4 ≤ 0.0 36.2 ≤ 0.1 0.0135 ≤ 0.3 

ν (C-OH) 
[14,12] 

995.2 ≤ 0.0 29.6 ≤ 4.4 0.0046 ≤ 2.3 

ν (C-OH) 
[14,12] 

927.7 ≤ 0.0 25.0 ≤ 8.0 0.0023 ≤ 4.1  

 

These findings of the 10% aqueous glycerol solution and the XFM investigation are 

applied to the cumulative impulse fit shown in figure 9, serving as basis for all further 

examinations of Xf biofilm growth (for the corresponding residuum and further details 

see appendices in chapter 14.3).  



XFM characterization with the IR-ATR-AFM combination 7.2.2 

47 

 

 

Figure 9: IR-ATR spectrum of XFM with 10% aqueous glycerol solution (black), related cumulative 

impulse fit (grey) and corresponding Gaussian curves revealing the IR-ATR signatures of the individual 

constituents (see color code). Integration of seven single components and 10% aqueous glycerol solution 

(n ≥ 3; Gaussian fit) served as basis for the used peak heights, widths and centers. For the corresponding 

residuum see figure 78. 

With this detailed knowledge of peak parameters of the growth media, the peak 

attributions and evaluation of molecules related to Xf 11399 + GFP biofilm formation is 

available. As already stated before, the XFM does not comprise protein-containing 

components, and thus, the growth media could be investigated without the influence of a 

conditioning film. To my best knowledge, this is the first examination of Xf bacterial 

biofilm formation with such a growth media by cumulative impulse fit.  

Xf biofilm development was prepared and monitored as described in chapter 10.1 and 

10.3.2. Overall, two datasets of IR-ATR spectra were created with a measuring time of 

276 hours (h) (11.5 days (d), dataset A) and 260 h (11 d, dataset B). Over the period of 

Xf bacterial biofilm formation especially the initial adsorption stages are of special 

interest, as the molecular signals of the initial adsorption states of Xf may give a deeper 

understanding of the initial bacterial biofilm formation. Thus, a measuring time up to 12 d 

has been chosen for further evaluation, since after a growth time of 10 to 15 d first 

colonies of Xf were reported in literature [14,37]. All IR-ATR spectra were baseline 
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corrected, averaged and deconvoluted as described in chapter 10.3.4. Both IR-ATR 

spectra datasets of Xf biofilm development showed an increase of characteristic IR signals 

for bacterial growth with time (see figure 10, figure 11, figure 12 and appendix table 16) 

for the spectral region of 1900 – 900 cm-1, and were also in agreement with previous 

studies of our work group [43,132,143,144].  

 

Figure 10: Temporal evolution of IR-ATR spectra during Xf biofilm formation in XFM and 10% aqueous 

glycerol solution for 276 h in the spectral range from 1900 – 900 cm-1(baseline corrected and deconvoluted, 

dataset A). 

 

Figure 11: Temporal evolution of IR-ATR spectra during Xf biofilm formation in XFM with 10% aqueous 

glycerol solution for 260 h in the spectral range from 1900 – 900 cm-1(baseline corrected and deconvoluted, 

dataset B). 
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Figure 12: Peak maxima of relevant absorption bands of dataset A (dots) and B (crosses) as a function of 

time. The colors represent the attribution of the amide I band (olive, top left), amide II band (blue and 

marine blue, top left and right), polysaccharide groups (green and black, top left), phosphodiester (dark 

cyan, top right), phosphoryl groups (black, bottom) and deprotonated carboxyl groups (grey, bottom), 

respectively. 

The absorption intensities of dataset A are noticeably increased compared to those of 

dataset B (compare also peak maxima in figure 12, appendix table 6, and chapters below 

for more details and discussion of the peak attributions). Although the experimental and 

bacterial growth conditions (see 10.1, 10.3.2) were maintained, the exact amount of 

inoculated living bacteria is difficult to control. Even by adjusting the inoculant to an OD 

of OD600 = 0.2, only the response of dead and alive bacteria together may be regulated 

(see chapter 6.2.1). Thus, it is possible that dataset B maintained a decreased amount of 

living bacteria compared to dataset A, resulting in reduced absorption intensities and is 

reflected in large error bars (see chapter 7.3.1. – 7.3.3). 

In addition, the influence of the IR spectrum of water needs to be considered, which is 

characterized by a broad band (~300 cm-1) at 1638 cm-1 [43,140–142]. For the complete 

duration of the experiments with bacteria the spectrum of water is used as the reference 

spectrum to ensure the monitoring of the variance of the aqueous growth medium. Thus, 
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the reference spectrum was measured once, at the beginning of the experiment, to avoid 

contamination and destruction of the Xf biofilm by reopening of the growth chamber. 

Displacement of the aqueous media by bacterial biofilm and EPS formation on the 

IR-ATR crystal caused a decrease of the resulting water band with time. Hence, 

unbalanced formation of the bacterial biofilm or EPS might have also caused a differential 

increase of the resulting absorption bands in both datasets A and B. For a detailed 

discussion of these parameters causing varying growth of the same type of bacteria see 

chapter 6.1.6. Therefore a substantial baseline correction, especially for the spectral 

region from 1800 – 900 cm-1, was inevitable in order to minimize the baseline shift caused 

due to the decrease of the resulting water bands (see 10.3.4). Figure 13 shows the 

decreasing water band for the spectral region from 2500 – 4000 cm-1, and therefore the 

propagation of the bacterial biofilm formation on the IR-ATR crystal.  

 

Figure 13: IR-ATR spectra of Xf biofilm formation in XFM with 10% aqueous glycerol solution for 260 h 

(dataset B) in the spectral range from 2500 – 4000 cm-1 (baseline corrected and deconvoluted). 

Additionally, the formation of ice on the MCT element due to nitrogen cooling lead to 

spectral artifacts in the resulting spectra. Neither faithful evacuation of the detector nor 

consideration of an adapting time after cooling could eliminate these spectral artifacts for 

long experiments (260 h / 276 h). Thus, the datasets were monitored by both MCT and 

DTGS detector (see 10.3.2) to eliminate this influence and to benefit from the advantages 

of both detectors. Both detectors have already been proven to be suitable for the purpose 

of bacterial biofilm monitoring in literature [43,129,132,145]. The advantages and 

disadvantages of the MCT- and DTGS-detector are discussed in theoretical detail in 
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chapter 6.2.1. Spectra of dataset A were primarily monitored with the MCT detector, 

while spectra of dataset B with the DTGS detector. Consequently, the differential 

sensitivity of the detectors lead to slightly varying spectra. Nevertheless, comparison of 

the resulting spectra monitored by DTGS and MCT detector after analogous time periods 

of dataset A (134 h and 136 h) and dataset B (122 h and 127 h) did not show a severe 

change of the absorption intensities (see figure 14). Thus, the lower resulting absorption 

intensity of dataset B compared to dataset A may have primarily been caused by the 

variation in the EPS and biofilm formation of Xf. 

 

Figure 14: IR-ATR spectra (baseline corrected and deconvoluted) of Xf biofilm formation in XFM with 

10 % aqueous glycerol solution after 6 d of incubation in the spectral range from 1900 – 950 cm-1 monitored 

with a MCT or DTGS detector for dataset A and B (see color code). 

Consequently, both detectors are considered to provide comparable results regarding the 

evaluation by the cumulative impulse fit.  

Growth periods of 2 h, 3 h, 6 h, 1 d, 3 d and 6 d have been chosen for the analysis by 

cumulative impulse fit in order to relate to equivalent time periods of AFM measurements 

considered in chapter 8. Figure 15 shows the cumulative impulse fit of the averaged 

spectra after 6 d of Xf bacteria growth based on the parameters for the Gaussian curves 

used for the evaluation of the XFM growth medium and 10 % aqueous glycerol solution 
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visualized in figure 9. The corresponding residuum, restrictions and calculated values 

may be found in the appendix (see figure 79, table 18, table 19). 

 

Figure 15: Cumulative impulse fit of the spectrum from 1800 – 950 cm-1 monitored after 136 h (6 d) of Xf 

11399+GFP incubation in XFM and 10 % aqueous glycerol solution. For the attribution of the single 

Gaussian curves see color code (based on cumulative impulse fit see figure 9, for calculated values and 

statistics see appendix table 19). 

This spectrum comprises typical IR-ATR bands in the spectral range between 1800 – 950 

cm-1 as previously assigned to bacterial growth [146–148]. Proteins, lipids, polysaccharides, 

phosphate groups as well as carbohydrate functional groups are supposed to correspond 

to these spectral features [132,144,147]. The band around 1670.0 cm-1 may be assigned to the 

C=O stretching of amides (amide I band), and those at 1579.9 cm-1 and 1551.5 cm-1 to 

COO- groups and N-H bending / C-N stretching in amides (amide II), respectively 

[43,144,149]. The spectral features at 1455.1 cm-1 and 1350.0 cm-1 may be attributed to 

CH2/CH3 bending, while the one at 1403.0 cm-1 belongs to the symmetric stretch of COO- 

groups [132,144,150]. Furthermore, the peak at 1300.9 cm-1 corresponds to C-N vibrations 

from amides (amide III), the one at 1256.0 cm-1 amongst others to phosphoryl groups and 

phosphodiesters of nucleic acids, and for the region from 1200 – 950 cm-1 polysaccharide 

groups are expected [43,144,147,151,152]. Hence, it may be concluded that peak attribution of 

the functional groups of gram-negative bacteria is quite complex as certain molecules 
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appearing in the IR-ATR penetration depth of 1 µm are supposed to reveal in the identical 

spectral range. Thus, the whole spectral region is subsequently analyzed in smaller 

wavenumber ranges for better clarity. The secondary structure of proteins is discussed in 

more detail in the following sections, while in figure 15 this region is represented by one 

peak for the amide I and II band, respectively.  

7.3.1 Xylella fastidiosa biofilm development in the spectral range of 

1700 – 1500 cm-1 

For proteins IR-ATR spectroscopy is widely used to decode their secondary structure 

with the help of the amide I and amide II band [153,154]. The amide I band is mainly used 

for this purpose, although the influence of the water band (~ 1650 cm-1) is present 

[140,153,155]. Additionally, the amide II band has been shown to be sensitive to the protein 

conformation, despite its complexity and its unattainability for qualitative analysis [155,156]. 

The infrared absorption for the amide I band is mainly caused by C=O stretching of 

amides (1700 – 1600 cm-1), while the amide II band (1500 – 1600 cm-1) can be related to 

N-H bending and C-N stretching [144,153,157]. Furthermore, asymmetric stretching of 

deprotonated carboxyl groups is addressed to the same spectral regions as the amide II 

band [144,150,158]. The initial stages of Xf biofilm development are known to evolve several 

cysteine-rich proteins like pili and adhesion proteins [3,22]. Thus, closer inspection of this 

spectral range in the IR-ATR feedback of Xf biofilm growth is promising to give a more 

complete understanding of the molecular structures involved in bacterial adsorption and 

biofilm formation. In the light of the above, figure 16 illustrates the averaged spectral 

feedback and the corresponding second derivative of this spectral region for Xf growth 

for early and later stages of biofilm growth.  
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Figure 16: Averaged IR-ATR spectra in the spectral range of the amide I, amide II and carboxylate groups 

(1700 – 1500 cm-1) (top) and the appropriate second derivate (bottom) of dataset B after 127 h (5 d, black, 

attribution with dots and dashes) and 2 h (blue, attribution with dashes) as well as XFM + 10 % aqueous 

glycerol solution (olive). 

The second derivate of an IR spectrum is a commonly used tool for the localization of the 

band position. A maximum of the spectrum results in a minimum of the second derivative 

and vice versa. The benefit of this mathematical operation is a clearer identification of 

these maxima and minima. Thus, typical features of the secondary structure of proteins 

involved in Xf biofilm formation and adsorption first become obvious with the second 

derivative of the spectrum.  

Typical frequencies of the amide I band of the peptide backbone were identified with a 

peak at 1627.7 cm-1 and a weaker shoulder at 1685.5 cm-1 in the second derivative of the 

averaged spectrum after 127 h. Both frequencies were attributed to β-sheets (amide I 

band) [153,155,159]. The typical peaks for the β-sheet protein structure seem to be 

exponentially rising with time (see figure 16, figure 19), as the spectrum after 2 h of Xf 

incubation only shows one larger peak for turns at 1671.4 cm-1 and a smaller one at 1633.7 

cm-1 for ß-sheets in contrast. For the peak shift about 6 cm-1 to 1627 cm-1 with increasing 

incubation time, the formation of fibrils and protein aggregates also needs to be 
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considered [160]. However, the formation of amyloid fibrils and consequently of 

intermolecular crossed β-sheet structures is typically correlated to protein aggregation 

and the additional formation of an absorption band around 1620 – 1630 cm-1 [56,68,160–163]. 

Furthermore, peaks at 1557.4 cm-1 and 1523.7 cm-1 (127 h) / 1519.2 cm-1 (2 h) may be 

attributed to parallel (1530 – 1550 cm-1) and anti-parallel (1510 – 1530 cm-1) ß-sheet 

structures of the amide II band [75,155,156,160]. The increase of these peaks together with 

those of the amide I supports the assumption of the formation of ß-sheet structures with 

time (see figure 16). Nevertheless, distinguishing between turn and sheet confirmation 

remains complex [155]. The amide III spectral region from (1500 – 1150 cm-1) may help 

to give further evidence to the secondary structure of the involved proteins (see chapter 

7.3.2) [151,164]. Additionally, the peaks at 1662.7 cm-1 (127 h) and 1671.4 cm-1 (2 h) may 

be attributed to turns [153,165]. These absorptions may also include significant contributions 

of the α-helical structure, as short helices are predicted not to depict the main band near 

1650 cm-1 (see also discussion below and chapter 7.3.2) [159,166,167]. Against this 

background, the cumulative impulse fit was used again for the spectral region between 

1700 – 1500 cm-1 to give more insight into the molecular processes during Xf bacteria 

growth after 2 h and 127 h (figure 17). IR-ATR spectra after 2 h and 127 h have been 

used to exemplify the changes in this spectral region.  
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Figure 17: Cumulative impulse fit of the spectrum monitored after 2 h (top) and 127 h (5 d, bottom) of Xf 

11399+GFP incubation in XFM and 10 % aqueous glycerol solution. For attribution of the single Gaussian 

curves see color code (based on cumulative impulse fit see figure 9, and for restrictions see table 4 and 

table 20; for calculated values see table 21 and table 22). 
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Figure 17 includes Gaussian curves already observed during XFM characterization, as 

well as Gaussian curves expected to contribute to Xf growth response. For that purpose, 

peak properties of chapter 7.2.1 were used and additionally restricted to values between 

half and full peak height, observed for the single components in XFM. It is expected that 

the single components of XFM are reduced, but not totally consumed at that stage of 

bacterial growth. The characteristic bands of ß-sheet structures was evaluated in the 

region from 1620 – 1640 cm-1 by restriction of the peak centers to 1620 ± 3 cm-1, 1630 ± 

3 cm-1 and 1640 ± 3 cm-1 [162]. These and further parameters for the evaluation by the 

cumulative impulse fit are shown in table 4: 

Table 4: Restrictions of peak parameters and attributions for expected peaks in the spectral region form 

1700 – 1500 cm-1 of Xf 11399+GFP used for the evaluation of the cumulative impulse fit (for further 

parameters see table 20). 

Peak attribution x0 range [cm-1] w range [cm-1]  

ß-sheet / extended confirmation, amide I [160] 1692 – 1698 5 – 25 

Anti-parallel ß-sheet, amide I [155] 1678 – 1685 5 – 30 

Turns, amide I [155,160]  1662 – 1672 5 – 50 

α-helix, amide I [155,160] 1650 – 1657 5 – 35 

ß-sheet, amide I [162] 1637 – 1643 5 – 30 

amyloid fibrils ß-sheet, amide I [160,162] 1627 – 1633 5 – 30 

Intermolecular ß-sheet, amide I [160,162] 1617 – 1623 5 – 30 

νas -COO- [168] 1550 – 1610 5 – 40 

Parallel ß-sheet, amide II [155] 1530 – 1560 5 – 40 

Anti-parallel ß-sheet, amide II [155] 1525 – 1530 5 – 55 

 

The corresponding residuum visualizes the good fit with a maximal difference of the 

absorption intensities in the residuum of about 0.0024 a.u. for 2 h and 0.0026 a.u. for 

127 h (see appendix chapter 14.3.1). This is emphasized by the good correlation 

coefficient of 0.995 (2 h) / 0.997 (127 h). Both examination tools, the second derivative 

and cumulative impulse fit, complement each other and help to explain molecular 

processes in this spectral region as well as changes of the secondary protein structure over 

time. Figure 17 shows significant changes in the amide I band from 2 h to 127 h.  

An increase of the peak height for α-helical structures (1654.8 cm-1/ 1652.5 cm-1) from 

0.0027 to 0.0054 a.u. may be observed, while the one for turns (1670.3 cm-1/ 1667.2 cm-1) 
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only showed a minor increase from 0.0062 to 0.0069 a.u. with time. In figure 18 an 

increase of turns and α-helical structures with time is visible. 

 

Figure 18: Calculated values (see appendix table 23) for turns of the amide I band (𝑥 = 1668.1 cm-1, left) 

and α-helices of the amide I band (𝑥 = 1656.5 cm-1, right) from the cumulative impulse fit of the spectra 

monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of Xf 11399+GFP incubation in XFM and 10 % 

aqueous glycerol solution of dataset A and B and the corresponding mean (see color code). For the 

regression equation see appendix table 23, respectively. Error bars correspond to the variance of the mean 

with n = 2 (see 10.3.4). 

For both datasets A and B the calculated values for the protein structures of turns and α-

helices show observable differences (see appendix table 23). Nevertheless, for dataset A 

turns exponentially increase within the first d and seem to reach a constant value, whereas 

for dataset B a drastic decrease for the first d is followed by unsteady values. All in all 

the amount of α-helical structures appears to increase with time. In particular, for 

dataset B a linear relationship may be observed. Although the calculated values of dataset 

A appear to align to the linear regression of dataset B and of the mean (n = 2) for the most 

part, future experimental repetitions will be needed to verify the linear relationship of α-

helical structures in this complex biological system. Especially, short α-helices may alter 

from the characteristic IR-ATR features of this group of secondary structures with longer 

helices, as constructive and destructive interference of polarizations in the molecule are 

not sufficiently performed [167]. Thus, it may be reasoned that for some bacterial biofilm 

development stages the corresponding IR-ATR features are spread over a broad 

wavenumber range, which may complicate quantitative analysis [167]. 

Let us now turn to the observation of the ß-sheet structures. Summarizing all responses 

for ß-sheet structures a substantial increase with time is clearly visible (figure 16, figure 

17, figure 19). Looking at the peak heights of the single Gaussian curves used for the 

cumulative impulse fit in figure 17, it may be seen that the absorption band at 1692 – 
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1698 cm-1 is negligible, while the one for anti-parallel ß-sheet structures (1682.0 cm-1/ 

1681.8 cm-1) continuously increases from 2 h (1.8·10-4 a.u.) to 127 h (0.0021 a.u.). An 

exponential increase for anti-parallel ß-sheets (𝑥 = 1678.4 cm-1) and ß-sheets (𝑥 = 1637.3 

cm-1) is shown in figure 19 for an incubation time until 240 h. Datasets A and B show 

differences for the calculated values of the protein structures, as discussed previously. 

However, the exponential trend seems to be more obvious for anti-parallel ß-sheet 

structures of both datasets than for turns and α-helices. In contrast, the Gaussian curve for 

ß-sheet structures of dataset B decreases from 0.0020 (1640.6 cm-1) to 6.3·10-4 a.u. 

(1637.0 cm-1), see also figure 17. Further measurements for the ß-sheets (𝑥 = 1637.3 cm-1) 

are required to demonstrate a trend. Moreover, as the determination of the protein 

structures is influenced by the broad water band near 1650 cm-1, the decreasing trend of 

dataset B for the amide I ß-sheets should not be overstated [140,153,155]. 

 

Figure 19: Calculated values (see appendix table 24) for the anti-parallel β-sheet of the amide I band (𝑥 = 

1678.4 cm-1, top left), β-sheet of the amide I band (𝑥 = 1637.3 cm-1, top right), anti-parallel β-sheet of the 

amide II band (𝑥 = 1525.0 cm-1, bottom left) and parallel β-sheet of the amide II band (𝑥 = 1559.5 cm-1, 

bottom right) from the cumulative impulse fit of the spectra monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h 

and 240 h of Xf 11399+GFP incubation in XFM and 10 % aqueous glycerol solution of dataset A and B 

and the corresponding mean (see color code). For the regression equation see appendix table 24, 

respectively. Error bars correspond to the variance of the mean with n = 2 (see 10.3.4). 
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In particular, the feedback of the anti-parallel β-sheet amide II band at 1525.0 cm-1 (figure 

17), increasing from 0.0028 a.u. (2 h) to 0.0075 a.u. (127 h), is in correspondence to that 

of the amide I band (figure 19 and figure 16). A similar exponential trend is observed for 

parallel β-sheets (𝑥 = 1559.5 cm-1) of the amide II band increasing from 0.0058 (2 h) to 

0.0143 a.u. (127 h). Several publications relate the amide II band directly with the 

formation of bacterial biofilms and EPS for diverse bacterial species [43,147,149,169]. 

Previous work of our institute has shown an increase of the amide II band for Xf biofilms 

in PW medium [43,132]. As noticed in this thesis (see chapter 7.2), PW medium contains 

several proteins, which might contribute to the response of the amide II bands. Hence, the 

assessment of the increase of the amide II band caused due to bacterial biofilm formation 

has been difficult. However, a growth medium without the addition of proteins was used 

for these examinations. Consequently, the increase of the amide II band may be directly 

attributed to the increase of the bacterial biofilm or molecular signals of the bacteria. As 

introduced previously, bacterial biofilm formation is related to formation of amyloid 

fibrils, and thus to intermolecular crossed β-sheets.  

 

Figure 20: Calculated values (see appendix table 25) for the intermolecular crossed β-sheets of the amide 

I band (𝑥 = 1617.4 cm-1, left) and the amyloid fibrils of the amide I band (𝑥 = 1629.4 cm-1, right), from the 

cumulative impulse fit of the spectra monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of Xf 

11399+GFP incubation in XFM and 10 % aqueous glycerol solution of dataset A and B and the 

corresponding mean (see color code). For the regression equation see appendix table 25, respectively. 

Error bars correspond to the variance of the mean with n = 2 (see 10.3.4). 

Formation of amyloid fibrils (1630.5 cm-1/ 1627.3 cm-1) is indicated by a rise of the peak 

height from 0.0010 to 0.0029 a.u. (figure 17). Again, the consideration of the development 

of the calculated values with time (figure 20) shows a rise of the amyloid fibrils (𝑥 = 

1629.4 cm-1) for early stages of bacterial biofilm growth. Nevertheless, the calculated 

values for intermolecular crossed ß-sheet structures appear to be an adequate approach to 
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an exponential curve in contrast to those of amyloid fibrils (figure 20, appendix table 25). 

Taking into account that the signals are strongly correlated, an exponential increase for 

amyloid fibrils (dataset A) in general is apparent. Furthermore, it may be reasoned that 

intermolecular crossed ß-sheet structures (𝑥 = 1617.4 cm-1), increasing from 0.0023 a.u. 

(2 h) to 0.0030 a.u. (3 h), play a distinct role in earlier growth stages, as pili and fimbriae 

are known to be crucial for Xf biofilm growth (see 6.1.4). For later stages the calculated 

values of figure 20 show partly a moderate decrease. Thus, the interpretation of the 

influence of amyloid fibrils and crossed ß-sheet structures to the distinct stages of 

bacterial biofilm formation need to be provided with further experimental data. 

The single calculated values of the amide I and II band for the secondary structures, taken 

together (ratio 1), show that all structures attributed to ß-sheets increase comparably more 

with time than the those of turns and helices for both datasets (see figure 21). This is 

reflected by the ratios, calculated as follows: 

Ratio 1 = 
(Hturns+Hhelices)

(Hanti-par. β sheets amide I+H β sheets amide I+H anti-par. β sheets amide II+Hpar. β sheets amide II)
 

(1) 

 

Ratio 2 = 
(Hanti-par. β sheets amide I+H β sheets amide I)

(H turns+Hhelices)
 

(2) 

 

Ratio 3 = 
(Hamyloid fibrils+H intermolecular β sheets )

(H turns+Hhelices)
 

(3) 

 

with H =  peak height  

 

Figure 21: Comparison of the time development of the individual ratios (see color code) of dataset A (left) 

and dataset B (right). 
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While ratio 1 decreases with time for both datasets, reflecting an increase of all ß-sheet 

structures and thus EPS and bacterial biofilm formation, ratio 2 and 3 display differences 

between dataset A and B. For dataset A (figure 21, left) ratio 2 decreased for the early 

stages, followed by an increase to a more or less constant level. In contrast, for dataset B 

(figure 21, right) ratio 2 increased in the early stages, followed by relatively constant 

decrease. For ratio 3 an overall increase with time for both datasets may be observed, 

although local minima are present. Therefore, it might be concluded that the two datasets 

may have been observed in different stages of bacterial growth, despite identical 

experimental conditions. Further data will be needed to prove the robustness of the 

properties used for the calculation method. Nevertheless, these ratios support the 

hypothesis of an enlarged production of aggregate forming proteins and ß-sheet structures 

with time, while the production of turns and helices might be prevalent at earlier growth 

stages. 

Another feature observed in this spectral region is the asymmetric stretching of 

deprotonated carboxyl groups (1610 – 1550 cm-1) [144,150,168,170]. Comparison of the 

relevant IR absorption bands, after 2 h (1591.1 cm-1) and 127 h (1593.0 cm-1) of Xf growth 

time, present an exponential increase of carboxylate groups at the IR-ATR active surface 

(see figure 16, figure 22). This is consistent with the ascending of the Gaussian curve of 

figure 17 for the asymmetric carboxylate groups (1589.1 cm-1/ 1591.3 cm-1) from 0.0066 

a.u (2 h) to 0.0168 a.u. (127 h) and their further evaluation with time shown in figure 22. 

 

Figure 22: Calculated values (see appendix table 27) for the symmetric COO- band (𝑥 = 1406.8 cm-1, left) 

and the asymmetric COO- band contributing to the amide I band (𝑥 = 1590.8 cm-1, right), from the 

cumulative impulse fit of the spectra monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of Xf 

11399+GFP incubation in XFM and glycerol of dataset A and B and the corresponding mean (see color 

code). For the regression equation see appendix table 27, respectively. Error bars correspond to the 

variance of the mean with n = 2 (see 10.3.4). 
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The authors of previous studies considered a key role of the deprotonated carboxyl groups 

for bacterial adhesion processes and molecular interactions in EPS [17,79,144]. Additionally, 

the peak of symmetric stretching of deprotonated carboxyl groups at 1403.0 cm-1 is 

increasing with propagating bacterial biofilm formation as can be seen in figure 22. These 

carboxylate groups have been assigned to amino acids, proteins and acidic 

polysaccharides before [169]. Thus, the findings of this study suggests a crucial role of 

carboxylate groups in the evanescent field of the IR-ATR crystal and therefore in the Xf 

molecular adsorption process. In the following discussion of the spectral range of 1500 – 

1150 cm-1, the feedback of deprotonated carboxyl groups at 1403.0 cm-1 will be explored 

in more detail. 

7.3.2 Xylella fastidiosa biofilm development in the spectral range of 

1500 – 1150 cm-1 

For the peak attribution in the spectral region from 1500 – 1150 cm-1, several classes of 

macromolecules produced by bacteria must be considered [155,169]. This includes the 

deprotonated carboxyl group and amide III band, vibrations of P=O stretching near 1210 

cm-1 of phosphodiesters, C–O (carboxylate group amongst others), C–C stretching and 

C–O–H, C–O–C deformation (related to polysaccharides) [125,146,152,169]. Despite the weak 

signal of the amide III band, parallel inspection of the amide I band is promising to lead 

to a more reliable interpretation of the secondary structure of proteins, as no interfering 

absorption of water is expected, in contrast to the amide I region [151]. Consequently, 

figure 23 shows this spectral region for Xf growth and the corresponding second 

derivative. 
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Figure 23: IR-ATR spectra in the spectral range of 1500 – 1150 cm-1 (top) and the appropriate second 

derivate (bottom) of dataset B after 127 h (5 d, black, attribution with dashes) and 2 h (blue, attribution 

with dots and dashes) as well as XFM + glycerol (olive). 

The peak at 1273.8 cm-1 may be associated with β-turn bands and the peak at 1240.3 to 

β-sheets and asymmetric stretching of PO2
- groups together [125,151]. The bands at 1207.9 

cm-1 and 1175.5 cm-1 have been correlated to polysaccharides and stretching of C–OH 

and C–O groups of proteins, carbohydrates and carboesters, respectively [125]. Let us now 

observe the symmetric C–O stretching of the deprotonated carboxyl group around 

1400 cm-1 [144,150]. In contrast to the overlap of asymmetric stretching with the amide II 

band, the rise of the symmetric stretching is expected solely at this wavenumber during 

bacterial growth [144]. For the attached bacteria Pseudomonas putida, a peak shift of the 

symmetric stretching to higher frequencies in comparison to the unattached bacteria has 

been observed [144]. Consequently, the attachment of Xf bacteria to the IR-ATR surface 

may explain the rise of a second shoulder (1416.6 cm-1 and 1397.4 cm-1) in the feature of 

the symmetric carboxylate group after 127 h of incubation time (figure 23). Thus, a 

contribution of deprotonated carboxyl groups may also be indicated for Xf cell adhesion 

[170]. For the cumulative impulse fit, shown in figure 24, this stretching is represented by 

a single Gaussian curve to enable a thorough investigation of the carboxylate group. An 
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example of the cumulative impulse fit for this spectral region is shown in figure 24 for 3 

h and 127 h, and the corresponding restriction of the peak parameters are found in table 

5, and in the appendix table 28. 
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Figure 24: Cumulative impulse fit of the spectrum monitored after 3 h (top) and 127 h (5 d, bottom) of Xf 

11399+GFP incubation in XFM and 10 % aqueous glycerol solution in the spectral range from 1500 – 

1150 cm-1. For attribution of the single Gaussian curves see color code (based on cumulative impulse fit 

see figure 9, and properties see table 4 / appendix table 28).  
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Table 5: Restriction of peak parameters and attribution for expected peaks in the spectral region from 

1500 – 1150 cm-1 of Xf 11399+GFP used for the evaluation of the cumulative impulse fit. 

Peak attribution x0 range [cm-1] w range [cm-1]  

δ CH2/CH3 [43,168] 1430 – 1470 5 – 35 

ν -COO-[144] 1390 – 1410 5 – 50 

δ CH2/CH3  1345 – 1360 5 – 50 

Amide III α-helices [151,164] 1295 – 1310 5 – 40 

Amide III ß [151,164] 1230 – 1237 5 – 60 

ν C-O-C [129,146] 1220 – 1265 5 – 45 

Phosphate diesters (P=O) [146] 1205 – 1210 5 -45 

Amide III ß-turn [151,164] 1260 – 1280 5 – 40 

Amide III random coil [151,164] 1240 – 1260 5 – 60 

 

The corresponding residuum is shown in the appendix chapter 14.3.2, and visualizes the 

good fit with a maximal difference of the absorption intensities in the residuum of about 

0.0013 a.u. for 3 h and 0.004 a.u. for 127 h. The correlation coefficients for the spectral 

region of 1500 – 1150 cm-1 decreased compared to those of the spectral region between 

1700 – 1500 cm-1, as larger regions at the set spectral limits had to be considered for the 

calculation. Nevertheless, in comparison with the corresponding residuum these values 

of the correlation coefficients may be seen as minimum values (see 14.3.2). 

The linear regression of the mean for the symmetric carboxylate group appears to fit 

comparably well for both datasets (see figure 22, table 27). Thus, taken together, the 

response of the symmetric and asymmetric feature demonstrate an increase of 

deprotonated carboxyl groups at the IR-ATR active surface during Xf growth. 

Furthermore, a trend towards a constant level for the symmetric stretching of the 

deprotonated carboxyl groups is particularly visible for dataset B, and for the asymmetric 

stretching of the carboxylate group of dataset A. This suggests a distinct role of 

carboxylate groups to the first bacterial growth stages and thus to bacterial adsorption. 

This raises the central question: how do deprotonated carboxyl groups affect the initial 

adsorption mechanisms of bacteria, and thus contribute to initial bacterial biofilm 

formation? In literature, the amount of deprotonated carboxyl groups has already been 

related with the cation deficiency symptoms in plants caused by Xf [143,171]. Moreover, 

Körstgens et al. describe the stability of bacterial biofilms with the crosslinking of higher 

concentrations of Ca2+-ions and the binding sites of the gel (EPS) formed by the biofilm 
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producing bacteria [53]. As these binding sites are subjected to the dissociation equilibrium 

of the nutrients in the bacterial biofilm, this crosslinking is of a reversible nature [53]. 

Hence, local changes of the electrostatic potential may be observed due to the non-

uniform distribution of ions [53]. It is concluded by Körstgens et al. that an appropriate 

nutrient concentration may be connected with the formation of further deprotonated 

carboxyl groups, and thus to a more viscous polymer surrounding the bacteria. This 

hypothesis is supported by a stronger increase of the deprotonated carboxyl groups in 

figure 22 (especially for dataset A). Consequently, deprotonated carboxyl groups might 

be strongly related to the reversible adsorption processes of bacteria, and the change of 

the local electrostatic potential by this crosslinking may initiate a change of the secondary 

structure of the bacterial proteins responsible for aggregation and the irreversible binding 

of the bacteria to the surface. This prevailing role of carboxylate groups to the reversible 

adsorption processes might also be demonstrated through achievement of a constant level 

of deprotonated carboxyl groups. This is due to the fact that the irreversible binding 

possibly triggers further increase of this functional group, presumably due to 

intermolecular β-sheets and amyloid fibrils. To my best knowledge it is shown here for 

the first time in a protein lacking growth medium, that carboxylate groups are exclusively 

produced by the bacteria Xf in the examined surface area, and thus a contribution to the 

initial adsorption processes is suggested. 

We will now consider the IR-ATR signal of the amide III group. Cai and Singh assumed 

four types of protein structures for the amide III band and assigned the α-helical structure 

to around 1300 cm-1, β-sheets to around 1235 cm-1, β-turn bands to around 1260 – 1280 

cm-1, and random coil structures to 1240 – 1260 cm-1 [151,164]. On that basis the peaks at 

1300.6 cm-1 (after 3 h) and 1308.5 cm-1 (127 h) may be attributed to α-helical structures 

(figure 23). In contrast to the observations of the secondary structure due to the amide I 

band attribution, an increase of α-helical structures with increasing Xf incubation time 

seems to be distinct and distinguishable from that of turns. As shown above, the wave 

number range of α-helical structures is influenced by the protein length, particularly in 

the 1670 – 1650 cm-1 region [167]. The shorter the related α-helical structures, the less 

constructive and destructive interference and polarization are generated in the amide 

groups, and thus these α-helical structures absorb at higher wavenumbers [159,161,167]. 

These findings for both protein bands, amide I and III, lead to the assumption of a 

substantial α-helical content of the absorption at 1662.7 cm-1 (see figure 16). Furthermore, 
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a peak shift of about 8 cm-1 of the amide III vibration band after 3 h to 127 h is observable 

(see figure 23). Accordingly, this may indicate a change of the protein composition in the 

evanescent field of the IR-ATR crystal from early to later growth stages. Besides, a 

decrease of the spectral feedback around 1300.6 cm-1 from XFM with glycerol in 

comparison to the one after 3 h of Xf incubation, reveals consumption of nutrients of the 

growth media (amino acids, sodium succinate, and sodium citrate see chapter 7.2.1). 

Figure 25 depicts the temporal evolution for the calculated values of the cumulative 

impulse fit of the amide III contributions. 

 

Figure 25: Calculated values (see appendix table 31) for the α-helices of the amide III band (𝑥 = 

1302.7 cm-1, top left), β-turn of the amide III band (𝑥 = 1270.9 cm-1, top right), random coil of the amide 

III band (𝑥 = 1246.4 cm-1, bottom left) and β-sheet of the amide III band (𝑥 = 1231.9 cm-1, bottom right) 

from the cumulative impulse fit of the spectra monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of 

Xf 11399+GFP incubation in XFM and 10 % aqueous glycerol solution of dataset A and B and the 

corresponding mean (see color code). For the regression equation see appendix table 31, respectively. 

Error bars correspond to the variance of the mean with n = 2 (see 10.3.4). 

It may be easily seen here that an increase of α-helical structures and turns in the amide I 

band (see figure 18) can be confirmed by those of α-helices of the amide III band. 

Nevertheless, different types of regression curves appear to fit best for the respective 

structure in the amide I and III band. Thus, complementary data will be needed to prove 

an exponential or linear increase for both protein structures. Nevertheless, a certain 
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content of turns and helices during the first hours of Xf growth seems to be apparent, in 

contrast to β-sheets occurring the first time after 72 h for the amide III band. In 

comparison to the calculated values of the amide I band (see figure 18, figure 19, figure 

20) the interpretation of the protein structures, against the background of the influence of 

the water band, remains complex. Although in the second derivative of the amide I and II 

band (see figure 16) and for the calculated values from the cumulative impulse fit of the 

amide III band (see figure 25) an increase of the β-sheet structure with time is visible, a 

quantitative evaluation via the values of the cumulative impulse fit is difficult. However, 

as previously discussed, formation of β-sheet structures is directly related to formation of 

protein aggregates [56,68,160–163]. Therefore, on the basis of the results and discussion in this 

thesis, it is suggested that β-sheet structures play a more significant role in bacterial 

growth processes up to the duration of three d of incubation. Consequently, β-sheet 

structures may only play a minor role during initial Xf adsorption stages, while α-helical 

structures are already present. 

Now that the amide III band feature has been extensively discussed, I will now consider 

the CH2 / CH3 band, polysaccharide and phosphate diester features. Figure 26 and figure 

27 contain the calculated values (see also appendix table 32, table 33) of the cumulative 

impulse fit of these bands based on the parameters in table 5 and appendix table 28. 

 

Figure 26: Calculated values (see appendix table 32) for the CH2 / CH3 band (𝑥 = 1461.8 cm-1, left) and 

the CH2 / CH3 band (𝑥 = 1349.6 cm-1, right), from the cumulative impulse fit of the spectra monitored after 

2 h, 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of Xf 11399+GFP incubation in XFM and 10 % aqueous glycerol 

solution of dataset A and B and the corresponding mean (see color code). For the regression equation see 

appendix table 32, respectively. Error bars correspond to the variance of the mean with n = 2 (see 10.3.4). 



Xylella fastidiosa biofilm development in the spectral range of 1500 – 1150 cm-1 7.3.2 

71 

 

 

Figure 27: Calculated values (see appendix table 33) for the band of phosphate diesters (𝑥 = 1205.0 cm-1, 

top left), the polysaccharide band (𝑥 = 1164.9 cm-1, top right), and C-O-C stretching (𝑥 = 1220.0 cm-1, 

bottom left) from the cumulative impulse fit of the spectra monitored after 2 h, 3 h, 6 h, 72 h, 127 h, 149 h 

and 240 h of Xf 11399+GFP incubation in XFM and glycerol of dataset A and B and the corresponding 

mean (see color code). For the regression equation see appendix table 33, respectively. Error bars 

correspond to the variance of the mean with n = 2 (see 10.3.4). 

Methyl- and methylene groups are expected as the spectral feature of proteins, 

polysaccharides, fatty acids and lipids [125,143,172]. Thus, a specific attribution of the bands 

at 1461.8 cm-1 and 1349.6 cm-1 (average of the calculated peak centers) remains difficult. 

Nevertheless, the rise of this signal reflects the propagation of adsorption and biofilm 

formation by Xf bacteria at the IR-ATR surface, as phospholipids, lipoproteins, 

lipopolysaccharides and proteins may be found in the outer membrane of Gram-negative 

bacteria [146]. Furthermore, C–O, C–C and P–O vibrations appear between 1300 – 900 cm-

1 [169,170]. Although numerous overlapping bands are expected in this region, the spectral 

features at 1205.0 cm-1, 1164.9 cm-1 and 1220.0 cm-1 could have been attributed to the 

stretching P=O bond in phosphate diesters, polysaccharides and C-O-C stretching in the 

past [125,129,146,152,169]. Altogether, these signals show an exponential increase of 

macromolecules in the outer membrane of bacteria with time, and thus, are reflecting the 

exponential growth phase of Xf bacteria. Further bands of polysaccharides and 
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phosphodiesters may be found in the spectral region from 1150 – 950 cm-1 and will be 

discussed in the subsequent chapter. 

7.3.3 Xylella fastidiosa biofilm development in the spectral range of 

1150 – 950 cm-1 

The strongest signals for Xf bacterial growth and biofilm formation may be found in the 

spectral region from 1150 – 950 cm-1. In this energy region the feedback of C–OH 

(alcohol), C–C, and C–H vibrations are expected in a broad band [146]. The spectral 

modification of these bands at approximately 1070 cm-1, 1040 cm-1 and 990 cm-1 are 

typical for IR-ATR spectra of bacteria [43,125,132,143,170]. Nevertheless, peak attribution in 

this spectral region remains difficult as several features from functional groups are 

significantly overlapping [146]. The increase of polysaccharides, which is related to the 

EPS production during the bacterial biofilm maturation process, has been assigned to 

these spectral changes [125,149]. Additionally, phosphodiester and polyphosphate products 

have been attributed to the peak at around 1070 cm-1, and symmetric stretching vibration 

of phosphoryl groups at the peak around 990 cm-1 [43,132]. As phosphodiesters are key 

components in microbial biofilms, also these signals indicate bacterial biofilm maturation 

[170]. For the signal around 1108.1 cm-1 (polysaccharides) the stretching of Si-O vibrations 

(1100 cm-1) needs to be taken into account for the monitoring with the Bio-ATR-Cell II 

[146]. Slight changes of the ATR effective Si surface of the growth chamber may be 

influencing this signal. Nevertheless, this signal is likely to be mainly caused by Xf 

biofilm maturation, as an increase of this characteristic band is also reported in literature 

for several bacteria [43,125,146]. Thus, EPS production and Xf biofilm formation is visualized 

in figure 28 by an increase of all these signals with time. 
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Figure 28: IR-ATR spectra in the spectral range of 1150 – 950 cm-1 (top) and the appropriate second 

derivate (bottom) of dataset B after 127 h (5 d, black, attribution with dashes) and 2 h (blue) as well as 

XFM + 10 % aqueous glycerol solution (olive). 

Again, a cumulative impulse fit has been used for the investigation of the relevant peaks. 

For the growth time of 3 h and 127 h, figure 29 exemplarily shows the contribution of the 

individual Gaussian curves to the resulting spectrum. Table 6 summarizes the Xf peak 

attribution and restrictions of the peak parameters used for this evaluation (see also 

appendix table 34). 

Table 6: Restriction of peak parameters and attribution for expected peaks in the spectral region from 

1150 – 950 cm-1 of Xf 11399+GFP used for the evaluation of the cumulative impulse fit. 

Peak attribution x0 range [cm-1] w range [cm-1]  

P–OH / C–C (𝑥 = 1108.1 cm-1) [125,146] n.a. 5 – 45 

ν P=O (𝑥 = 1071.1 cm-1) [43,146,149,170] n.a. 5 – 30 

ν O–H / δ C–O (𝑥 = 1040.6 cm-1) [125] n.a. 5 – 40 

ν phosphoryl group (𝑥 = 991.9 cm-1) [43] n.a. 5 – 55 
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Figure 29: Cumulative impulse fit of the spectrum monitored after 3 h (top) and 127 h (5 d, bottom) of Xf 

11399+GFP incubation in XFM and 10 % aqueous glycerol solution in the spectral range from 1150 – 

950 cm-1. For attribution of the single Gaussian curves see color code (based on cumulative impulse fit see 

figure 9, and properties see table 4 and appendix table 34). 
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The corresponding residuum visualizes the good fit with a maximal difference of the 

absorption intensities in the residuum of about 0.007 a.u. for 3 h and 0.008 a.u. for 127 h 

(appendix chapter 14.3.3). The influence of the larger adjacent regions at the set spectral 

limits to the correlation coefficients is increased compared with the fit of the previous 

chapter (see 14.3.2 and 14.3.3). Nevertheless, in comparison to the corresponding 

residuum these values of the correlation coefficients may be seen as minimum values (see 

14.3.3). 

A substantial increase of the absorption intensity for the four selected peaks could be 

observed with time. This supports the assumption of EPS production already during the 

first stages of Xf biofilm formation, and thus supports the previous studies of Lorite et al. 

[43]. Despite the use of the growth medium PW in contrast to the studies of this thesis, a 

comparable IR-ATR feature was observable, and thus, a similar EPS composition may be 

concluded (see figure 30) [43]. 
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Figure 30: Calculated values (see appendix table 37) for the polysaccharide band (𝑥 = 1108.1 cm-1, top 

left), the polysaccharide band (𝑥 = 1040.6 cm-1, top right), phosphodiester (𝑥 = 1071.1 cm-1, bottom left), 

and phosphoryl groups (𝑥 = 991.9 cm-1, bottom right) from the cumulative impulse fit of the spectra 

monitored after 3 h, 6 h, 72 h, 127 h, 149 h and 240 h of Xf 11399+GFP incubation in XFM and 10 % 

aqueous glycerol solution of dataset A and B and the corresponding mean (see color code). For the 

regression equation see appendix table 37, respectively. Error bars correspond to the variance of the mean 

with n = 2 (see 10.3.4). 

It has already been mentioned that XFM does not maintain protein components in contrast 

to the growth media PW. One of the protein sources of PW are peptones, in addition to 

containing phosphoproteins, minerals and amino acids, and thus presenting vibrational 

peaks in the spectral region from 1150 – 950 cm-1 [173]. XFM has already been shown to 

lead to approximately 10 fold fewer colony-forming units as other standard rich media 

[133]. On the one hand, it may be concluded here that the lack of these proteins in the 

growth medium results in a slower bacterial growth and biofilm formation, due to nutrient 

deficits. Nevertheless, within this study using XFM, a comparable increase of the 

respective bands for EPS could be observed in comparison to those revealed with PW 

growth medium by Lorite et al. [43]. On the other hand, the formation of a conditioning 

film by means of ingredients of the growth medium may be reduced, and thus, a 

competitive situation of proteins from the growth medium and bacteria at the IR-ATR 

active surface was inhibited (compare chapter 8.2 for RMS roughness values of XFM). 
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The results of this thesis demonstrate that the observation in XFM especially reveals the 

IR-ATR feature of Xf at least for the first d of the growth period. Hence, this thesis has 

presented an improved method of measurement that enables the investigation just at the 

beginning of Xf adsorption and biofilm formation by a growth medium with little to no 

influence on the IR-ATR active growth surface. Furthermore, a synchronized transfer of 

medium and bacteria into the growth chamber prevents contamination by reopening of 

the measuring device, as performed for the formation of a conditioning film of the growth 

media PW previous to Xf incubation. This leads to more reliable results of the fastidious 

bacteria, by preventing contamination with other bacteria and fungi.  

The observation of the spectral region from 1150 – 950 cm-1 concludes the examination 

of the relevant changes in the IR-ATR spectrum with Xf adsorption and biofilm formation. 

In the following chapter, changes of the IR-ATR feedback by addition of the bacterial 

biofilm degrading agent NAC will be monitored. 

  



Xylella fastidiosa biofilm development in the spectral range of 1150 – 950 cm-1 7.3.3 

78 

 

7.4 Influence of N-acetylcysteine to Xylella fastidiosa biofilm 

propagation 

An aqueous NAC solution (see 10.2) was added to the bacterial biofilm under sterile 

conditions after a growth time of 260 h (11 d) to investigate the influence of this bacterial 

biofilm destructive drug to bacterial development. The final NAC concentration of 

0.24 mg/mL in the growth medium of Xf was chosen based on the results of previous 

publications investigating the highest absorbable concentration of NAC in plants 

(2.4 mg/mL), NAC effects to mammalian cells at 0.1 mg/mL and bacterial EPS reduction 

with 0.25 mg/mL [23,25,81]. The purpose of this investigation was to show the NAC 

influence on the molecular processes of Xf adsorption and biofilm formation, and thus 

total growth inhibition of the bacteria was avoided. Since the IR-ATR-signal of the used 

concentration of the aqueous NAC solution is negligible in comparison with the resulting 

IR-ATR signals observed during Xf 11399 + GPF incubation (see figure 31), the 

individual NAC response has not been considered for the evaluation via cumulative 

impulse fit. 
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Figure 31: Mean of three IR-ATR spectra of 0.24 mg/mL concentrated aqueous NAC solution (green), 

single IR-ATR spectra during Xf biofilm formation in XFM with 10% aqueous glycerol solution after 260 h 

(black), after 2 h (red) and after 4.5 h (blue) of NAC incubation (baseline corrected and deconvoluted, 

dataset B monitored with Vector 70 spectrometer with Bio-ATR-Cell-II and an MCT detector).  

Figure 31 clearly demonstrates a decrease of the resulting IR-ATR response after 2 h of 

incubation with NAC solution within nearly the entire spectral range of 1800 – 950 cm-1. 

However, after 4.5 h the spectral response decreased again in the region about 1600 – 

1150 cm-1, while the bands between 1150 – 950 cm-1 appeared to stay constant. Further 

expansion of the NAC incubation resulted in a propagating increase of the related spectral 

bands between 1600 – 1150 cm-1, again (not shown for better clearness of figure 31). This 

result is in accordance with previous studies, which described a reduced growth but no 

total inhibition of bacterial growth and a significantly decrease of the EPS production for 

comparable concentrations of NAC [25,174]. The cumulative impulse fit of the individual 

spectra evaluates the respective contributions to the entire spectrum (for the calculated 

values see appendix 14.4).  
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Figure 32: Calculated values between 1700 – 1500 cm-1 (see appendix table 38) for the band of anti-parallel 

β-sheets (black, left), the band for turns (red, left), and helices (blue, left), asymmetric carboxylate groups 

(black, right), parallel β-sheet (red, right) and anti-parallel β-sheet of the amide II band from the 

cumulative impulse fit of the spectra monitored after 260 h of Xf 11399+GFP incubation in XFM and 10% 

glycerol solution and after 2 h and 4.5 h of NAC incubation. 

Regarding the calculated values between 1700 – 1500 cm-1, no major changes were 

discovered for β-sheets of the amide I band, amyloid fibrils and intermolecular β-sheets 

with the used NAC concentration (see appendix 14.4). In contrast, a slight decrease for 

the parallel and anti-parallel β-sheets of the amide II band could be observed and is 

visualized in figure 32 (right). A decrease of anti-parallel β-sheets is also demonstrated 

for the amide I band. Thus, it may be concluded, also in regard to the decreasing signal 

of the α-helical structures and the increase of turns, that NAC may have a strong effect 

on the secondary structures of the Xf biofilm and EPS. Altogether, decreasing of bands 

corresponding to β-sheet structures and helices and also the asymmetric carboxylate 

group may indicate bacterial biofilm degradation and cell detachment within the first 

hours of incubation with 0.24 mg/mL concentrated NAC solution. In relation to previous 

observations presenting a decrease of bacterial adhesion with addition of NAC, these 

band reductions may be attributed to adhesion proteins of Xf [25].  
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Figure 33: Calculated values between 1500 – 1150 cm-1 (see appendix table 38) for the symmetric 

carboxylate group (black, left), the band for C-O-C stretching (red, left), phosphate diesters (blue, left),and 

polysaccharides (olive, left), and α-helices of the amide III band (black, right), β-sheets of the amide III 

band (red, right), β-turn of the amide III band, and random coil of the amide III band from the cumulative 

impulse fit of the spectra monitored after 260 h of Xf 11399+GFP incubation in XFM and 10% glycerol 

solution and after 2 h and 4.5 h of NAC incubation. 

For the spectral region between 1500 – 1150 cm-1 the calculated values for the methyl- 

and methylene groups did not show a significant change of the peak height during NAC 

incubation (see appendix 14.4). For the symmetric carboxylate group a decrease with 

NAC incubation time is obvious, although this signal rises again after 4.5 h of NAC 

incubation. Accordingly, a decrease of carboxylate groups near the IR-ATR active 

surface is shown for both amide II and III band regions. The calculated values of this 

spectral region, demonstrated in figure 33, predominantly support the results of the amide 

I and amide II band region. With the exception of the random coil structure of the amide 

III band and for the band of phosphate diesters, all calculated values showed a decrease 

within propagating incubation with NAC. Thus, repetitive investigations will be needed 

to prove the individual contribution of the bands within Xf incubation in NAC containing 

growth media, and to confirm the robustness of the parameters used for the executed 

cumulative impulse fit. A comparable decrease of the peak height is also shown for the 

spectral region from 1150 – 950 cm-1 after 2 h, and after 4.5 h of NAC incubation (see 

figure 34, appendix 14.4), and visualizes the effect of NAC to the EPS of Xf.  
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Figure 34: Calculated values between 1150 – 950 cm-1 (see appendix table 38) for the band of 

polysaccharides (1108.1 cm-1,black, left), polysaccharides (1040.6 cm-1, red, left), phosphodiesters 

(1071.1 cm-1, blue, left), and phosphoryl group (991.9 cm-1, olive, left), from the cumulative impulse fit of 

the spectra monitored after 260 h of Xf 11399+GFP incubation in XFM and glycerol and after 2 h and 

4.5 h of NAC incubation. 

All four signals of this spectral region appear to reach a constant level. This probably 

implies that the EPS inhibiting effect of the low concentrated NAC solution may be 

reached. Nevertheless, the increasing signal for turns (amide I), random coil (amide III) 

and phosphate diesters in the amide III band region could indicate a parallel propagation 

process of Xf. Taking into account that the NAC concentration used has been shown to 

decrease bacterial biofilm formation and EPS production for other bacteria, but not to 

inhibit bacterial growth at all, it is probable that there are parallel defense and 

reorganization processes in the bacterial biofilm, such as production of antibiotic-

degrading enzymes [22,23,25,131,174,175]. Thus, the rising signals of turns, random coil and 

polysaccharides may suggest such a parallel reorganization and Xf biofilm formation as a 

bacterial defense process, which has already been demonstrated for other bacteria with an 

increasing cell number during NAC treatment with low concentrations [176,177]. Such a 

stress response via protein formation has been previously presented for Xf [22]. Together 

with the results of the previous chapters, a role of turns and random coils structures during 

initial and reversible adsorption processes may be hypothesized. It is clear that the role of 

turns and random coil structures for reversible adsorption processes needs to be proven 
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by further distinct data. It has been concluded in literature that thiol groups contribute to 

Xf cell-cell aggregation and adhesion via proteins by formation of disulfide bonds [4]. As 

adhesion proteins of Xf comprise cysteine in residues, it has been observed that disulfide 

bonds within the proteins, responsible for aggregation and thus bacterial attachment, can 

be hindered by formation of disulfide bonds with NAC [22,23,25,174,178]. In relation to the 

indication of the anti-bacterial effect of NAC to the correct folding of secondary protein 

structures (α-helices, parallel and anti-parallel β-sheet structures) and carboxylate groups 

in this work, it might be concluded that these molecular structures are responsible for the 

relevant adhesion processes [22]. The signals for amyloid fibrils and intermolecular β-

sheets did not show significant changes, and thus are presumably related to irreversible 

adhesion and may be associated to pili or not to be affected by the NAC concentration 

used. This is consistent with the conclusion of the work of Muranaka et al. showing a 

reduction of the disease symptoms for plants treated with NAC, and reappearing after 

decline of NAC treatment [23]. Additionally, it has recently been shown that bacterial 

biofilm destruction is dependent on NAC concentration for other species [178]. But distinct 

interpretation of the molecular processes initiated by the antimicrobial agent in the 

biofilm remains challenging due to the complexity of the system [128]. To elucidate the 

hypothesis of the influence of the respective secondary structures to reversible or 

irreversible adhesion processes, future observations with varying NAC concentrations are 

promising to give a deeper insight to the involved molecular processes of Xf adsorption 

and propagation processes. However, a first implication for the observable influence of 

NAC with a concentration of 0.24 mg/mL to the secondary protein structures of Xf may 

be provided here. To the best of my knowledge, the influence of the anti-bacterial effects 

of NAC to Xf molecular processes and biofilm formation monitored by IR-ATR 

spectroscopy has not been shown before. 
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7.5 Xylella fastidiosa biofilm development within the IR-ATR-AFM 

combination 

In the previous chapters the IR-ATR feedback of Xf adsorption and biofilm formation at 

the Vector 70 spectrometer equipped with a Bio-ATR-Cell-II was discussed in depth. The 

following chapter will focus on the biochemical information of Xf adsorption and biofilm 

formation revealed by the IR-ATR-AFM combination including a BDD-ATR crystal. 

Simultaneous investigation of measuring techniques providing a chemical response and 

those revealing a corresponding structural feedback promises to provide a more 

comprehensive insight to the involved molecular processes during Xf adsorption and 

biofilm formation. Considering the adsorption processes within the first hours in 

particular, an incubation time of 6 h for Xf in XFM with 10% aqueous glycerol solution 

on the BDD-ATR crystal of the measuring device was chosen (see 10.4.1 for sample 

preparation and incubation). Although the sample plate including the BDD-ATR crystal 

was carefully covered with an appropriate lid and sealed with parafoil, evaporation could 

not be prevented during the incubation period of the Xf containing solution in a sterile 

atmosphere. Thus, the BDD-ATR crystal was only partially immersed after the 

correspondent incubation time. Further modification of the sample plate with regard to 

the needs for long time incubation of bacteria on the BDD-crystal will be needed for 

future investigation of Xf adsorption and biofilm development in liquid by the IR-ATR-

AFM combination. Consequently, monitoring of IR-ATR spectra measured with the 

spectral background of water was not applicable. Therefore, the sample was dried as 

described in chapter 10.4.1, and monitored with the previously maintained spectral 

background of air to reveal a biochemical IR-ATR feedback of Xf for the simultaneous 

investigation by IR-ATR spectroscopy and AFM with this unique measuring device. The 

appropriate spectrum is shown in figure 35. 
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Figure 35: IR-ATR spectrum of the dried Xf bacteria after incubation in XFM with 10% aqueous glycerol 

solution for 6 h (black, baseline corrected, monitored with the IR-ATR-AFM combination with a BDD-ATR 

crystal and a MCT detector with the spectral background of air). 

The displayed spectrum in the spectral region from 1800 – 950 cm-1 depicts three main 

bands. The first band at 1664.9 cm-1 may be attributed to the amide I, the second around 

1260 cm-1 with one shoulder at 1259.6 cm-1 and another at 1219.3 cm-1 to the amide III 

band, and the third band at 1029 cm-1 to C–OH (alcohol), C–C, and C–H vibrations of 

polysaccharides (compare also chapter 7.3) [143,144,146,179]. Deconvolution of the respective 

spectrum did not provide further information, and is therefore not shown. As the 

characterization of XFM was performed in liquid with the spectral background of water, 

an evaluation of Xf adsorption and biofilm formation after 6 h of incubation on the BDD-

IR-ATR crystal by cumulative impulse fit was waived. Nevertheless, the spectrum in 

figure 35 shows typical signals for bacterial growth (see chapter 7.3). For the 

interpretation of these signals it should to be considered, that biochemical features of 

bacteria may be changed due to dehydration of the sample, whereby structural changes 

of the Xf biofilm and the cell membranes occur. Furthermore a certain peak shift of the 

corresponding signals monitored in air compared to those monitored in liquid has to be 

respected. Thus, a distinct conclusion to the molecular mechanism of Xf adsorption and 

biofilm formation from the spectrum of figure 35 remains unsolved. But appearing of 
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signals that have been attributed to the formation of proteins (1664.9 cm-1), nucleic acids 

(1259.6 cm-1 / 1219.3 cm-1) and polysaccharides of EPS (1029 cm-1) in the particular band 

regions before (see also chapter 7.3) demonstrates the ability of the IR-ATR-AFM 

combination for the evaluation of the biochemical feature of Xf adsorption and biofilm 

propagation by the BDD-IR-ATR crystal [17,143,144,179,180]. Thus, the capability of this 

unique measuring device for the investigation during early adsorption processes is 

indicated. Although BDD surfaces show a weaker suitability for Xf adsorption and 

biofilm growth as Si surfaces being incorporated into the Bio-ATR-Cell-II of the Vector 

70 spectrometer (see chapter 8.3.2), and despite a lower intensity of the signal due to only 

1 internal reflection at the BDD-IR-ATR crystal in contrast to 8 internal reflections in the 

Bio-ATR-Cell-II. Additionally, bearing in mind that only a few bacteria were attached to 

the BDD-IR-ATR crystal (see chapter 8.3.2 for AFM images and further discussion) the 

applied conditions for the used spectroscopic method are promising to detect already 

slight changes of the biochemical feature of Xf. Thus, further development and adaption 

of the IR-ATR-AFM combination and especially the sample plate to the special needs of 

the slowly growing bacterium Xf is promising to reveal deeper insight into the molecular 

mechanisms of bacterial adsorption and biofilm formation. Moreover, applying of 

different potentials to the BDD-IR-ATR crystal via connection to an appropriate 

potentiostat during Xf incubation, might enable the evaluation of the influence of an 

artificially applied charge to the growth surface on bacterial adsorption or the influence 

to the surface charge of the bacteria itself, and thus may give rise to environmental 

conditions involved in irreversible bacterial adsorption by collecting chemical and 

structural data in real time [132,181,182]. While comparable investigations with other bacteria 

have already been shown, to the best of my knowledge a simultaneous investigation by 

AFM and IR-ATR spectroscopy of Xf adsorption and biofilm formation in XFM with 

10% aqueous glycerol solution on a BDD crystal is demonstrated here for the first time 

[129,180]. 
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7.6 Concluding remarks of chapter 7 

In summary, this section demonstrated the applicability of the protein-lacking XFM 

growth medium for the investigation of Xf biofilm formation by infrared spectroscopy 

rendering the need for previous conditioning film formation of the growth medium at the 

IR-ATR active surface obsolete. Consequently, I have presented an improved 

measurement method, which reduces contamination potential while introducing of a 

controlled amount of Xf bacteria [43,132]. Furthermore, the properties for the evaluation by 

the cumulative impulse fit were proposed. This evaluation provides a first insight into the 

involved molecular processes during Xf adsorption and biofilm formation. Following 

biomolecules, functional groups and processes are hypothesized to contribute to this 

development, and have been supported by the evaluated experimental data: 

a) In initial growth stages of Xf the secondary structure of proteins may be dominated 

by α-helical structures and turns, while during later growth stages β-sheets are 

predominant, especially in intermolecular structures and amyloid fibrils (see 

7.3.1, 7.3.2). 

b) Deprotonated carboxyl groups also might play a key role in the reversible 

adsorption process of Xf, due to crosslinking of the binding sites in the EPS with 

nutrients. Thus, changes of the secondary structure of the involved proteins may 

be introduced and lead to irreversible adhesion of the bacteria and the formation 

of aggregates (7.3.2). 

c) EPS and Xf biofilm propagation could have already been demonstrated for early 

growth stages by the exponential increase of macromolecules like lipoproteins, 

lipopolysaccharides and phospholipids, and lead to the assumption of a similar 

EPS composition as for Xf growth in the media PW (7.3.3). 

d) The inhibitory effect of NAC with concentrations of 0.24 mg/mL to EPS 

production for the first hours of treatment has been demonstrated. Additionally, 

first indications for the anti-bacterial effect of NAC to respective secondary 

protein structures for reversible adhesion processes and the contribution of 

amyloid fibrils and intermolecular β-sheet structures to irreversible adhesion 

processes were suggested. 

In summary, this chapter has proposed a powerful tool for the investigation of Xf 

adsorption and biofilm formation and offered first hypotheses for possible molecular 
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processes. These findings may also serve as basis for further analysis regarding the 

adsorption and bacterial biofilm formation, with and without NAC treatment, of this 

unique and fastidious bacterium. In addition, the ability of the IR-ATR-AFM combination 

for monitoring of Xf adhesion processes and biofilm propagation for the simultaneous 

investigation by spectroscopic and microscopic methods was shown. Overall, a broad 

observation of the spectroscopic feature of Xf in XFM with 10% aqueous glycerol 

solution during the first growth stages has been presented.
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8 Investigation of Xylella fastidiosa biofilm formation by 

imaging techniques 

8.1 Introduction 

Bacterial biofilm development is recently influenced by the type and surface structure of 

the growth substrate (see 6.1.6). The impact of conditioning film formation to bacterial 

adhesion and biofilm development is a subject of multiple investigations [11,90–92]. Thus, 

the distinct behavior of Xf 11399+GFP biofilm formation with the growth media XFM 

was monitored at the substrate materials Si, InP and BDD by the two imaging techniques, 

AFM and SEM. These substrates have been chosen to visualize the growth of Xf at the 

IR-ATR active materials, applied as well for IR-ATR spectroscopy (see chapter 7) and to 

investigate the influence of the substrate material to bacterial growth. In addition to the 

evaluation of the chemical changes of bacterial adsorption and the biofilm matrix by IR-

ATR spectroscopy, the investigation by imaging techniques may help to relate these 

chemical features to the adhesion behavior of Xf and its structural changes [126]. 

Comparison of the results obtained by AFM and SEM with those of the IR-ATR 

spectroscopy may lead to a better understanding of the growth substrate dependent Xf 

biofilm development. Furthermore these findings may serve as a basis for the 

investigation of the submolecular mechanism beyond bacterial biofilm formation. The 

following chapter summarizes the determination of Xf biofilm development by AFM and 

SEM in relation to different substrate materials. 
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8.2 XFM conditioning film formation 

The physical growth environment and conditioning film formation intensively affects the 

bacterial adsorption and biofilm development (see chapter 6.1.6) [31,89,96]. Previous 

publications of our institute already showed the decrease of the surface roughness with 

time and conditioning film formation for the Xf growth medium PW on Si and glass 

surfaces [11,12]. In contrast to PW the XFM growth medium does not comprise protein 

components, which are known to be the first adhesives on surfaces in aqueous systems 

[7-9]. Therefore, XFM growth medium is promising to show a decreased impact on the 

surface characteristics as PW. Subsequently, the variation of surface properties with 

propagating XFM incubation at different substrates, and thus corresponding conditioning 

film formation is considered. Si and oxygen terminated BDD (within chapter 8 referred 

to as BDD if not stated differently) were selected for XFM incubation with time periods 

of 3 h, 6 h, 3 d and 6 d to observe the influence of the conditioning film on the deployed 

IR-ATR crystals during IR-ATR measurements (see chapter 7). The samples were 

prepared as described in chapter 10.4.1. Topography images of Si and BDD surfaces 

before and after incubation with XFM were used to determine the root-mean-squared 

roughness (RMS) (see figure 36, figure 39, figure 40 and appendix table 41). 
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Figure 36: Exemplary AFM topography images of bare Si (A) and Si after incubation in XFM for 3 h (B), 

6 h (C) and 3 d (D) in contact mode (A) or tapping mode (B-D) in central areas of the sample under ambient 

conditions (see chapter 10.4.3 for AFM imaging conditions).  

As expected and previously reported, the bare Si substrate showed a very flat surface with 

RMS values of about 0.5 ± 0.1 nm [12,183]. After incubation in XFM the Si surfaces 

presented a more inhomogeneous and dotted profile, what may be related to the 

conditioning film formation of XFM at the surface. Accordingly, the obtained RMS value 

in central areas of Si samples increased within 3 d about 1.114 nm (see figure 40 and 

appendix table 41). The previously mentioned results of Lorite et al. on Si surfaces before 

and after incubation with PW for 24 h showed a change in the RMS value of 

approximately 1.5 nm on the same scale, although slightly increased, as observed for 

XFM incubation within present study (see table 41) [12]. A high homogeneity of the 

conditioning film of PW is described within these previous studies [12]. Although the RMS 

values are comparable for XFM and PW conditioning film formation, direct comparison 

of the homogeneity of the conditioning film remains challenging. Particular surface areas 

showed differing ratios of conditioning film formation for incubation in XFM (see figure 

37), which makes the comparison difficult. 
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Figure 37: Exemplary optical microscopy images with 10 fold magnification of a Si sample after incubation 

in XFM for 3 h with high amount of depositions (A) and low amount of depositions (B) at two different 

areas of the same sample (sample preparation see chapter 10.4.1). 

The deposition on the Si sample surface illustrated in figure 37 may be attributed either 

to crystallization of the constituents of the growth medium, to inhomogeneous 

conditioning film formation or to mixtures of both. Although faithful substrate 

preparation was performed to avoid crystallization of the growth medium (see chapter 

10.4.1), this source for deposition should not be fully disregarded. However, for the 

formation of different regions with varying bacterial growth under fully liquid conditions 

(see figure 43), changes of the surface properties due to crystallization during sample 

drying may be excluded. Therefore, it is probable that the formation of different regions 

may be initiated among other effects by an inhomogeneous conditioning film. 

Accordingly, the lack of proteins in XFM may result in decreased amounts of adsorbed 

molecules of the growth medium at the Si surface, and thus may lead to a less 

homogenous conditioning film formation than for PW. Regions with increased deposition 

or high bacterial growth (compare figure 37 and chapter 8.3) were predominately found 

in the periphery of the individual substrates, indicating a conditioning film propagation 

from the edges to the center. This inhomogeneous conditioning film formation on the 

substrate material may also be related to the slightly less number of colony forming units 

during XFM incubation than for other growth media [42]. Thus, it may be concluded here, 

that the depositions demonstrated in figure 37 may be related to a certain extent to 

inhomogeneous conditioning film formation.  

IR-ATR investigations of the incubation of XFM with 10% aqueous glycerol solution at 

the Si surface of the IR-ATR crystal were used to identify the molecular changes during 

conditioning film formation, possibly influencing the response of bacterial adsorption and 

biofilm formation. A time period of 6 h has been chosen to monitor the conditioning film 
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formation of the XFM growth medium by IR-ATR spectroscopy, as after a time period 

of 6 h the signals related to Xf adhesion and biofilm formation are expected to overlay the 

features of the conditioning film (compare chapter 8.3 for Xf surface colonization and 

chapter 7.3 for IR-ATR signal changes of Xf). Figure 38 demonstrates the respective 

IR-ATR signal within the first 6 h of incubation. There were no significant changes of the 

resulting signal observed in comparison to signal changes during bacterial growth in 

chapter 7.3. 

 

Figure 38: Mean of 15 IR-ATR spectra of XFM with 10% aqueous glycerol solution after incubation of 1 h 

(black), 4 h (green) and 6 h (blue), respectively (baseline corrected, monitored with Vector 70 spectrometer 

with Bio-ATR-Cell-II and an MCT detector). 

When comparing the complementary results of IR-ATR spectroscopy, optical microscopy 

and AFM (see figure 36, figure 37 and figure 38) the conditioning film induced changes 

turned out to be very low. The observed conditioning film formation on Si surfaces by 

incubation in XFM growth medium was shown not to be significant enough to maintain 

distinct changes of the IR-ATR spectrum. For the conditioning film formation in drinking 

water distribution systems, it already has been indicated that FTIR techniques are not 

sensitive enough to observe the low amounts of organic matter involved in conditioning 

film formation [89]. Consequently, the bacterial adsorption and biofilm formation may be 

influenced by conditioning film formation of the XFM growth medium, although the 
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IR-ATR features may be detected solely for the bacterial responses during the first 

adhesion processes. For future investigations of XFM conditioning film formation with 

other structure resolving techniques the inhomogeneity, and thus the formation of 

different regions on the same sample has to be respected. In this context the surface 

characteristic changes of the substrate should be further considered. For the aim of this 

work to investigate molecular changes during initial Xf adhesion and biofilm formation 

via IR-ATR techniques, Si and BDD surfaces were considered.  

In contrast to the bare Si surface, the nanocrystalline BDD surface is rough (see figure 

39, figure 40 and appendix table 41). 
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Figure 39: Exemplary AFM topography images of bare oxygen terminated BDD (A) and after incubation 

in XFM for 3 h (B), 6 h (C), 3 d (D) and 6 d (E) in tapping mode under ambient conditions (see chapter 

10.4.3 for AFM imaging conditions). 

Due to the higher surface roughness of the nanocrystalline BDD, no distinctive visible 

difference between bare and incubated substrates was observed. Consequently, the 

surface roughness values of BDD samples are higher than those of Si samples (see figure 

40). However, the resulting RMS values increased within 3 d about 1.900 nm, and thus 

comprised a surface roughness change in the same scale as for the Si surface. Although 

these values are slightly increased a comparable surface roughness is observed as for other 

growth media (see figure 40 and appendix table 41) [11,12,99]. As the RMS values preserved 
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for BDD are fluctuating with time, slight local changes of the nanocrystalline structure 

could also contribute to the changes of the RMS values. Another cause for the fluctuating 

RMS values may be a more inhomogeneous or altered formation of the conditioning film 

on BDD, which is also reflected in the increased values of the STD of BDD (see appendix 

table 41). 

 

Figure 40: Illustration of RMS values of Si and BDD substrates after different incubation times in XFM. 

AFM imaging was performed under ambient conditions (see chapter 10.4.3 for detailed conditions and 

appendix table 41 for numerical values). 

Further investigations without crystalline BDD surface structures would be necessary to 

verify the change of the RMS values on BDD and to point out the influence of the surface 

roughness to bacterial adsorption and biofilm formation of Xf. The surface roughness 

might be only a side influence besides the chemical surface composition affecting the Xf 

bacterial adhesion. This has been already discussed by G.S. Lorite et al. and is described 

in detail in chapter 6.1.6 [11]. Supplementary observations of Xf incubation with XFM at 

BDD and Si substrates imply enhanced bacterial adsorption and biofilm formation at Si 

surfaces compared with BDD surfaces (see figure 48, figure 49, figure 48 and figure 49 

of the subsequent chapter). Thus, the surface roughness, the thickness, altered 

homogeneity and propagation speed over the substrate of the conditioning film may 

contribute to the improved behavior at Si samples. Other physico-chemical properties of 

Si play a role as well and their relevance for bacterial adsorption at the respective 
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substrates has been shown in literature (see chapter 6.1.6) [83,87,98]. Future investigations 

with the focus on the influence of the substrate material properties and also of the natural 

environment for Xf growth to conditioning film formation are promising to bring attention 

on molecules contributing to bacterial adsorption. Finally it may be concluded here, that 

conditioning film formation on both substrate materials, Si and nanocrystalline BDD, is 

obvious and its influence on bacterial adsorption and biofilm formation is indicated. 

Anyway, the molecular response of IR-ATR spectroscopy remains unaffected. Since the 

Xf adsorption and biofilm formation may be regarded as source for the changes of the 

IR-ATR signal in chapter 7.3, the following chapter presents complementary results of Xf 

growth on varying substrate materials. 
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8.3 Xf growth on various substrates 

8.3.1 Identification of Xf 11399 + GFP 

Xf is a slow growing bacterium which is easily overgrown by other bacteria. 

Consequently, the identity of Xf bacteria at the individual samples needs to be established. 

For that purpose the Xf strain 11399 + GFP was applied within all experiments to enable 

the identification by fluorescence microscopy. All samples incubated without bacteria did 

not show any bacterial growth. This supports the exclusion of microbial contamination 

(see chapter 8.2). Figure 41 exemplarily shows corresponding optical and fluorescence 

images of a Si sample after 3 d of incubation time with Xf. 

 

Figure 41: Exemplary optical microscopy image (left) and corresponding fluorescence image (right) of a 

Si sample after incubation in XFM with 10 % glycerol solution and Xf for 3 d. Sample preparation see 

chapter 10.4.1. 

The presented images were monitored with an Eclipse TE2000-U from Nikon with a light 

excitation of about 0.2 s and a wavelength around 488 nm for the specific green 

fluorescent protein (GFP) response. All investigated Xf inoculated substrate samples 

showed growth of GFP containing bacteria exclusively. Thus, contamination by other 

bacteria, in which the fluorescence protein is not present, may be excluded. Additionally, 

the cell quantity itself after the respective incubation times precluded contamination by 

faster growing bacteria.  

For IR-ATR measurements (see chapter 7.3) the remaining sample solution was 

transferred to a µ-Slide 8 well plate (Ibidi) for analysis with an Imic Digital Microscope 

(FEI) and the respective 488 nm filter to prove the exclusion of microbial contamination. 

Figure 42 exemplarily demonstrates optical microscopy and fluorescence microscopy 

images of the sample solution applied during IR-ATR measurements of this work. 
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Figure 42: Exemplary optical microscopy image (left) and corresponding fluorescence microscopy image 

(right) of a Xf containing XFM with 10 % glycerol solution as applied for IR-ATR investigations (see 

chapter 7.3). Sample preparation see chapter10.1). 

Besides Xf bacteria and aggregates the optical microscopy image of figure 42 shows small 

circles which may be attributed to air bubbles within the applied oil between objective 

and sample plate. Thus, bacterial contamination could be excluded within all investigated 

samples of this thesis as the identity of Xf was demonstrated exclusively. 
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8.3.2 Quantification of Xf planktonic cells and biofilms 

Adsorption of single bacterial cells and biofilm development of Xf was observed on Si, 

BDD and InP substrates (sample preparation see chapter 10.4.1). Besides Si and BDD, 

which were chosen to maintain comparative optical measurements for the substrate 

materials as deployed within IR-ATR measurements, InP was applied for the experiments 

as well. The application of InP for comparison with another semi-conductor material has 

been shown to give promising results for bacteria related investigations [49,184]. In 

accordance with the conclusion of the previous chapter to the inhomogeneous 

conditioning film formation of the XFM medium, regions with low or high bacterial 

growth were observed in varying ratios within individual samples and different growth 

periods. Figure 43 exemplarily shows the transition area of the corresponding growth 

regions after a growth period of 3 d.  

 

Figure 43: Exemplary optical microscopy images with 10 fold magnification (A, B) at two different 

positions and 5 fold (C) magnification of a Si sample after incubation in XFM with 10 % glycerol solution 

and Xf for 3 d (see figure 45 for images with higher magnification of comparable growth regions). Sample 

preparation see chapter 10.4.1. 

In the center of the samples, predominantly regions with low growth were detected, while 

the regions at the edges showed primarily high bacterial growth. This effect was also 

observed at the BDD-ATR single crystal of the IR-ATR-AFM combination, where Xf 

bacteria favored to adhere near the edges of the substrate (see figure 44 B, C). 
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Figure 44: Exemplary optical microscopy images with 10 fold magnification of the BDD single crystal of 

the IR-ATR-AFM combination after incubation in XFM with 10% glycerol solution and Xf for 6 d with view 

to the top area (A) and to the sides of the crystal (B), and with 50 fold magnification to the side of the 

crystal comprising individual cells and small biofilms(C). Sample preparation see chapter 10.4.1. 

In figure 44, the adsorption of single cells and biofilms with small size is shown to be in 

an increased amount on the edges and the side surfaces compared with the horizontal 

surface, applied as the IR-ATR active surface of the BDD single crystal. Consequently, 

the preference of Xf to adhere to certain surfaces and areas during XFM incubation, for 

instance to individual components of the sample holder, needs to be respected for further 

investigations with the IR-ATR-AFM combination. In addition, the representative 

amount of adsorbed cells on the IR-ATR active surface needs to be ensured. Finally, the 

adsorption and biofilm formation of Xf at the BDD single crystal as well as for all applied 

substrate materials could be demonstrated and is further evaluated hereafter. 

Quantification of bacterial adhesion and biofilm formation of Xf was performed on InP, 

Si and BDD substrates respecting the individual growth regions at the respective samples. 

For that purpose, the average amount of single cells and biofilms per cm² with respect to 

their individual dimensions of weak and strong growth regions for each growth period 

was evaluated according to the following equation (see also chapter 10.4.2): 

 

biofilm number

cm2
= (

strong growth region

absolute sample area
 [%] ∙ 

biofilm number of strong  growth region

129.5 ∙ 96.5 µm2
)   +    

 + (
weak growth region

absolute sample area
 [%] ∙ 

biofilm number of weak  growth region

129.5 ∙ 96.5 µm2
) ∙(

10
8
µm2

129.5 ∙ 96.5 µm2
) 

(4) 
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Figure 45 exemplarily illustrates Xf development on different substrates by Si and BDD 

samples with varying incubation times. 

 

Figure 45: Exemplary optical microscopy images with 50 fold magnification of BDD samples after 

incubation in XFM with 10 % glycerol solution and Xf for 3 h (A, B), 5.5 h (E, F), 3 d (I, J), 6 d (M, N) and 

10 d (Q, R) and Si samples after incubation in XFM and Xf for 3 h (C, D), 5.5 h (G, H), 3 d (K, L), 6 d 

(O, P) and 10 d (S, T), with low growth regions on the left and high growth regions on the right of the 

respective sample pairs. Scale bar corresponds to 10 µm, respectively (sample preparation see chapter 

10.4.1). 

InP substrates comprised a significantly decreased amount of single cell adsorption 

compared with Si and BDD substrates (see figure 46). The biofilm count at InP substrates 

was lower as those for Si and BDD substrates except a growth period of 6 d. But all 

substrates showed a comparable biofilm architecture of the respective biofilm diameters. 

Thus, figure 45 is exemplarily illustrating Si and BDD samples for a better overview, 

while single cell count and biofilm count of all three substrates is reflected in figure 46 – 
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figure 49. A general increase of single cells for Si and BDD with increasing incubation 

time was observed. Figure 46 demonstrates the amount of single cells adsorbed to all 

substrate materials with propagating incubation time. 

 

Figure 46: Comparison of adsorbed single cells on Si (blue), BDD (green) and InP (grey) substrate 

materials with propagating incubation time in XFM with 10% glycerol solution and Xf (corresponding 

values see appendix table 42, involving in part the outcome of the bachelor thesis of N. Bone after re-

evaluation [185]). 

After a 1 d incubation period the highest quantity of single cells at InP substrates was 

observed, while Si and BDD substrates showed the highest amount of single cells after 

6 d (see appendix table 42). Single cells at InP samples appeared mainly on the same 

scale, except the sample after 1 d incubation period, demonstrating a consistent ability of 

Xf to adsorb at InP with time. Siboni et al. suggested that bacteria in the reversible stage 

of adhesion consume the conditioning film on the basis of total organic content losses [88]. 

Unlike Si and BDD, regions with lower or higher growth can hardly be differentiated for 

InP. In addition a comparably small size of the largest coherent structure at InP substrates 

of about 50 µm were observed. Possibly an altered homogeneity or a less nutritious 

conditioning film formation at InP substrates may contribute to the decreased Xf 

adsorption abilities, which are discussed in further detail later in this chapter.  

The quantification of Xf propagation was evaluated by determining the diameter of the 

individual biofilms (see figure 47, figure 48 and figure 49). Depending on the amount of 
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single cells and the size distribution of the observed biofilms, the ability of Xf to adsorb 

at the individual substrates may be estimated. While for Si and BDD, the amount of single 

cells exceeded the amount of counted biofilms for all time periods, for InP the amount of 

single cells is decreased compared to the one of counted biofilms after 1 d (see appendix 

table 42, table 43, table 44 and table 45). This indicates continued adsorption and 

desorption processes of reversibly adsorbed bacteria to find more favorable 

environmental conditions (discussion see 8.3.3). Comparison of the biofilm size 

distribution at InP substrates in relation to the incubation period showed a predominance 

of smaller biofilms up to a diameter of 10 µm (see figure 47). After an incubation period 

of 6 d, a significant increase of all biofilm diameters is observed. This is in consistency 

with known causes for biofilm formation of bacteria in order to resist nutrient deficits or 

unfavorable environmental conditions. Consequently, a time period between 2 d to 3 d 

was needed for Xf to overcome the unfavorable environmental factors. Even an enhanced 

amount of biofilms with less than 10 µm size within this time-range was demonstrated, 

and also for all biofilm sizes between 3d to 6 d in comparison to BDD and Si. Thus, Xf 

transformed the local substrate environment and favored to establish biofilm architectures 

rendering enhanced biofilm growth at the InP substrate than at BDD and Si substrates for 

later growth periods. Cell signaling between individual bacteria may represent a key role 

for this behavior of Xf to promote biofilm growth instead of single cell adsorption. These 

findings indicate favored Xf adsorption at all growth periods and a faster biofilm 

propagation during early growth periods at Si and BDD than at the InP substrate.  
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Figure 47: Biofilm growth at InP surfaces after incubation periods of 6.5 h, 1 d, 2 d, 3 d and 6 d in XFM 

with 10% glycerol solution and Xf (corresponding values see appendix table 43). 

In this thesis the focus is put on the substrate materials used as IR-ATR active materials. 

A value of single cells in the same order of magnitude was noted for both Si and BDD. 

But anyway, it has been shown that Si substrates maintained a favored behavior for Xf 

single cell adsorption during early growth stages than BDD substrates. For Si and BDD, 

a general increase of the single cell count with incubation time was observed. It is 

assumed, that changed surface properties by EPS production of the initially adsorbed 

bacteria facilitated additional bacterial adsorption during later incubation periods (see 

figure 56 (A, B) for EPS production of Xf) [16]. At the same time, the amount of small 

biofilms is significantly increased for Si in comparison with BDD substrates during all 

growth periods. However, the amount of single cells and individual biofilms, especially 

for diameters less than 20 µm, increased with time in most cases for both substrate 

materials (figure 46, figure 48 and figure 49).  
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Figure 48: Biofilm growth at Si surfaces after incubation periods of 3 h, 5.5 h, 1 d, 2 d, 3 d, 6 d and 10 d 

in XFM with 10% glycerol solution and Xf (corresponding values see appendix table 44, involving in part 

the outcome of the bachelor thesis of N. Bone after re-evaluation [185]). 

 

Figure 49: Biofilm growth at BDD surfaces after incubation periods of 3 h, 5.5 h, 3 d, 6 d and 10 d in XFM 

with 10% glycerol solution and Xf (corresponding values see appendix table 45, involving the outcome of 

the bachelor thesis of N. Bone after re-evaluation [185]). 
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Within the first hours of Xf incubation marginally amounts of biofilms larger than 30 µm 

were observed for Si and BDD in contrast to InP. The appearance of larger biofilm 

diameters within the first hours of incubation may be attributed to the adsorption of 

aggregated bacteria from the solution. But for Si samples the amount of larger biofilms 

was elevated as for BDD samples of the respective incubation periods. Incubation periods 

of 6 d on Si and BDD showed the highest amount of observed biofilms in accordance to 

the obtained results of single cells. The decreased amount of single cells and biofilms 

after 10 d may be explained by desorption of attached bacteria and biofilms (see 

discussion below) or a reduced amount of bacteria during inoculation. Desorption may 

be induced due to nutrient depletion in the growth medium or due to detachment of cells 

within the fifth stage of biofilm development (see chapter 6.1.2). Small dots possibly 

resulting from remaining EPS in figure 45 (Q, R, S, T) may indicate previously adsorbed 

single cells or anchoring bacteria of biofilm structures (see 8.3.3) [16]. As first colonies of 

Xf were reported to appear between 10 d and 15 d and a complete mature biofilm after 

about 30 d of incubation, the achievement of the final biofilm development stage is 

unlikely [3,14,37]. However, augmentation of large biofilms with the loss of smaller biofilms 

was indicated by the observation of the largest biofilm structures after 10 d of incubation 

(see figure 50). The consequence of the nutrient competition process and spatial overlap, 

especially of EPS, also has been reported in previous studies for Xf on Si substrates [12,16]. 

This finding is supported by the continued increase of the complementary IR-ATR signal 

in chapter 7.3 figure 12. Thus, reversible adsorption of Xf bacteria and spatial overlap 

may be reasoned for the drop of the amount of single cells and biofilms after 10 d of 

incubation at Si and BDD. Figure 50 shows SEM images of a Si substrate after 10 d of 

incubation demonstrating propagating spatial overlap (A, B) and vast EPS production (C). 
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Figure 50: Exemplary SEM images of the largest biofilm observed on Si after 10 d of incubation in XFM 

with 10 % glycerol and Xf. The squared selections mark approximately the zoomed area for the subsequent 

image. Scale bars correspond to 200 µm (A), 50 µm (B) and 30 µm (C), respectively (sample preparation 

see chapter 10.4.1). 

The largest biofilms on the Si substrate after 10 d of incubation showed a length of 

approximately 400 µm, while the largest biofilm on BDD after 10 d of incubation was 

the half of it. [185]. All these observations illustrate the enhanced adsorption of Xf at Si 

substrates than on BDD substrates, especially for the first hours, as Xf generation times 

were reported up to 2 d [36]. As discussed in chapter 8.2, fluctuating RMS values indicated 

a more inhomogeneous conditioning film formation and may be attributed besides the 

physico-chemical properties of the BDD substrates as a source of the less attractive 

behavior on Xf compared to Si substrates. A decreasing adsorption ability from Si over 

BDD to InP substrates may be concluded. A characteristic behavior of Xf at the individual 

substrates may be visualized by comparison of the substrate surface next to adsorbed 

bacteria and biofilms. Thus, Xf induced changes to the surface at the individual substrates 
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are discussed with respect to known Xf adsorption and biofilm formation processes in 

chapter 8.3.3. 
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8.3.3 Substrate dependent behavior of Xf during individual growth 

stages 

Within the first stage of biofilm formation, reversible cell adhesion and fimbrial proteins 

(pili) at the cell polar region (CPR) are involved in initial adhesion processes [3,10,16,44]. 

Recently vertical adhesion through the CPR, comprising a larger surface potential value 

compared with the cell body, and subsequent movement around the vertical axis was 

proven by our collaborators [16]. Pili mainly emerging from the CPR were suggested to 

contribute to initial reversible adhesion and were found in a particular strong form at InP 

substrates (see figure 51) [16,69–71].  

 

Figure 51: Exemplary AFM images of fimbrial pili and nanowires between single planktonic cells of Xf 

after an incubation period of 6 d at an InP substrate in XFM and 10 % glycerol solution illustrated in 

topography (A) and amplitude images (B). A larger sized section of the same position is shown in figure 

56. All images were observed as described in chapter 10.4.3. Exemplary SEM images (C, D) of fimbrial 

pili of Xf after an incubation period of 6 d at a Si substrate in XFM and 10 % glycerol solution. 
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At InP surfaces pili were found to appear at the cell body in addition to pili at the CPR 

after 6 d of incubation. At Si surfaces pili were exclusively detected at the CPR after the 

same incubation times (figure 51). At BDD substrates the appearance of pili was not 

observed due to the nanocrystalline surface of the samples. It is assumed that a larger 

amount of pili may contribute to a better adsorption at the substrate surface within the 

first biofilm formation stages, probably taking place in parallel to larger biofilm stages at 

the same substrate (see figure 58). Thus, formation of additional pili at the cell body may 

be interpreted as an adaptive reaction of the bacteria to less favorable environment 

conditions at InP substrates. EPS is distributed in two different chemical compositions by 

Xf within the several biofilm formation stages [16]. Circular shaped EPS (C-EPS) at the 

substrate surface was attributed to initial cell adhesion processes, while secondary EPS is 

secreted to build the biofilm matrix (see figure 52 and figure 53) [16].  

 

Figure 52: Exemplary AFM images of Xf adsorption after an incubation period of 6 d at an InP substrate 

(A, B, C) in XFM and 10 % glycerol solution with Xf. Topography image (A), corresponding amplitude 

image (B) and phase image (C) illustrate parallel C-EPS and secondary EPS formation and were observed 

as described in chapter 10.4.3. 

Larger C-EPS quantities of previously reversibly adsorbed bacteria (see figure 53 A, B) 

together with the absence of different growth regions may indicate a nutrient competition 

process at the InP substrate surface. C-EPS of reversibly adsorbed bacteria was not found 
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at Si and BDD substrate within this work, maybe because of a faster biofilm propagation 

and spatial overlap of C-EPS or biofilms (figure 57). Additionally, concerning the 

observed cell quantities at InP substrates, an enlarged time period for the transition 

between reversibly and irreversibly adsorbed bacteria at InP substrates is demonstrated 

and reinforces the assumption of reduced conditioning film formation. However, it 

remains still unclear if the root cause for the favored Xf adhesion to Si and BDD is due to 

the individual properties of the substrate materials or due to a less homogenous or poorer 

conditioning film formation at InP. It is also possible that both factors play a role for the 

favored Xf adhesion. But InP samples may represent a good substrate material for the 

investigation of the key effects triggering the change from reversible to irreversible 

bacterial adsorption, as this growth environment appears to comprise disadvantageous 

next to growth enabling properties within expanded time periods. Accordingly, figure 53 

(A, B, C) demonstrates adsorbed bacteria (compare figure 47) and resulting C-EPS at an 

InP substrate after a 6 d growth period next to comparable C-EPS structures after 

desorption processes. 
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Figure 53: Exemplary AFM images of Xf adsorption after an incubation period of 6 d at an InP substrate 

(A, B, C) and after 3 h at a Si substrate (D, E) in XFM and 10 % glycerol solution with Xf. Topography 

images (A, D), corresponding amplitude images (B, E) and phase image (C) were observed as described in 

chapter 10.4.3. 

Adjacent lines of EPS to the C-EPS structures may indicate twitching motility at the 

substrate surface by Xf bacteria. Especially the AFM phase image in figure 53 was 

suitable to detect EPS structures due to the change of the viscoelasticity [16]. Cell signaling 

between bacteria was attributed amongst others to OMV in literature (see chapter 6.1.3) 

and may be indicated by smaller doted particles, which are more visible in the right side 

of the AFM images in figure 53 (A, B, C) [19,63–66]. OMV production of Xf recently has 

been shown, but their formation and manifold functions are still under investigation 

[44,63,64,186]. The expression of OMV and EPS appeared to be produced by the bacteria 

itself (compare figure 56 A and B) and their particular amount may indicate the 

propagation ability of Xf in altering growth environments. In the AFM images of InP and 
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Si substrates, a distinct change of the substrate surface next to adsorbed bacteria in 

contrast to BDD substrates was shown (see figure 53 and figure 56).  

 

 

Figure 54: Exemplary AFM images of Xf propagation after an incubation period of 6 d at an InP substrate 

in XFM and 10 % glycerol solution illustrating EPS/OMV production by Xf in topography (A, C) and 

amplitude images (B, D). C and D illustrate a zoom of the upper bacteria in A and B. All images were 

observed as described in chapter 10.4.3. 

Such small depositions with altering RMS values between 700 pm and 2.9 nm (mean out 

of 6 measurements at 3 images 1.65 ± 0.79 nm) for InP were not detected for 

nanocrystalline BDD surfaces (see figure 57). However, AFM images of bacteria attached 

to the BDD single crystal of the IR-ATR-AFM combination showed enhanced OMV or 

EPS production already after an incubation period of 3 h (see figure 55).  
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Figure 55: Exemplary AFM images of Xf propagation after an incubation period of 3 h (A, B) and 6 d 

(C, D) at the BDD single crystal of the IR-ATR-AFM combination in XFM and 10 % glycerol solution. 

Topography images (A, C) and the corresponding amplitude images (B, D) were observed as described in 

chapter 10.4.3. 

Evaluation of the surface roughness after 6 d of incubation at the BDD single crystal next 

to adhered bacteria comprised RMS values between 1,9 nm and 2,5 nm (mean out of 2 

measurements at 1 image 2.25 ± 0.44 nm), and for comparable Si substrates between 

1.7 nm and 3.3 nm (mean out of 4 measurements at 2 images 2.4 ± 0.67 nm) (see figure 

58 C – F). Although the BDD single crystal itself comprised a slightly structured surface 

(see figure 55), RMS values of the same order of magnitude and even slightly decreased 

values were observed next to bacteria at the BDD single crystal. Thus it is obvious that 

the nanocrystalline surface of the BDD substrates hindered the detection of these small 

scaled depositions. Considering only the mean of the evaluated RMS values might lead 

to the assumption that Xf expressed higher quantities of EPS and OMV at Si substrates as 

at InP substrates. The results of single cell and biofilm counting and thus decreasing 

adsorption abilities from Si over BDD to InP substrates correlated noticeably good to the 

mean RMS values next to bacteria (Si: 2.4 ± 0.67 nm; BDD (single crystal): 2.25 ± 0.44 

nm; InP: 1.65 ± 0.79 nm). Further repetitions and consideration of the XFM conditioning 

film formation at InP substrates and the BDD single crystal will be needed to prove the 

hypothesis of a substrate related quantity of expressed EPS or OMV by Xf. Additionally, 

the biochemical composition of the OMV may be altered at the particular substrates and 

pursued studies may give further insight on the Xf environmental response, whose 

environmental dependency already was indicated [15,63,64]. Furthermore figure 51 (A, B), 
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figure 52 and figure 56 demonstrate interconnections between single planktonic cells 

predominantly observed at InP substrates.  

 

Figure 56: Exemplary AFM images of Xf propagation after an incubation period of 6 d at an InP substrate 

in XFM and 10 % glycerol solution demonstrate interconnections of pili/nanowires between individual cells 

with topography (A), amplitude (B) and the phase images (C) on the same sample. All images were observed 

as described in chapter 10.4.3. 

These structures resemble to nanotubes or nanowires of other gammaproteobacteria 

according to their small diameter of a few nanometers, but also may be attributed to pili 

involved in cell-cell aggregation or signal processing by conjugation of bacterial cells 

[17,21,69–71,187]. Attachment of Xf to the substrate and to each other is provided by type I and 

type IV pili [70,71]. The particularly pronounced formation of these interconnections at InP 

substrates in contrast to the investigated Si and BDD substrates may indicate a stress 

response to unfavorable environmental conditions. Previous studies of our collaboration 

partners showed the link of Xf growth to surface potentials and surface charges [12]. It was 

additionally demonstrated that Ca2+ and Mg2+ affect Xf adhesion and net charges of the 

cation complexing afimbrial adhesion proteins like XadA1, XadA2 and XadA3 proteins 

of Xf [16,188]. As electrostatic interactions, besides molecular recognition processes, are 

assumed to have a major influence to bacterial adhesion in different environments, this 
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interaction may also play a significant role in Xf spread and disease distribution. 

[12,15,16,189]. Bearing this in mind, the different behavior of Xf at InP substrates in contrast 

to Si and BDD substrates may also be correlated to changed electrostatic interactions or 

surface charges. Reduced quantities of adhered cells and biofilms as well as pronounced 

formation of pili/nanowires at InP substrates reinforce the previous results and indicate a 

central role of the surface potential to Xf adhesion [12,16]. InP depicts the highest band gap 

between its fermi levels with 1.35 eV of the applied substrate materials within this thesis, 

as BDD exhibits a comparable band gap as Si with 1.09 eV [116,190]. Thus, the more 

conductive properties of Si and BDD substrates may contribute to the favored Xf adhesion 

and biofilm formation in comparison to InP substrates. Consequently, the question is, if 

electron transferring characteristics may be attributed to Xf pili. For other bacteria, type 

IV pili and pilA subunits in particular were attributed to electron transfer reactions, which 

may occur during bacterial respiration [20,191–193]. The extracellular respiration of bacteria 

is not yet fully understood and several mechanism are hypothesized [21,194]. 

Bhatttacharyya et al. demonstrated that aerobic respiration is not the favored type of 

energy metabolism for Xf [195].Transfer of electrons from donors to acceptors is commonly 

derived by dissolved substances [194,196]. But solids as minerals and metals are for some 

microorganisms accessible as electron donor and acceptor, too [194,196,197]. Electron 

transfer may occur either directly through cytochromes of the outer membrane, shuttle 

molecules, conductive nanowires or conductive matrices [191,195,196,198–202]. For Xf the 

absence of cytochrome c oxidase has been demonstrated, while anaerobic respiration may 

be driven by copper containing proteins and a sulfur based metabolism [195]. This sulfate-

sulfide reduction system within anaerobic Xf respiration has been promised as a potential 

drug target [195]. Thus, it may be hypothesized that pili of Xf may serve as nanowires and 

contribute to adapting processes to certain environments e.g. changed sulfate 

concentrations in the xylem vessels [4]. Of course considerably formation of pili and 

interconnections do not prove this hypothesis, but give rise to altered bacterial processes. 

Extracellular electron transport (EET) via nanowires has not been mentioned in literature 

in relation to Xf up to date, and thus may originate pursuing studies. A better 

understanding of the mechanisms related to environmental adaption of Xf gives rise to 

new pathways of disease control and distribution. 

Formation of bacterial clusters was observed as expected for the following biofilm 

formations steps (see figure 45, figure 57 and figure 58) [11,12,16,43].  
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Figure 57: Exemplary AFM images of Xf propagation after an incubation period of 3 d at Si (top) and BDD 

(bottom) substrates in XFM and 10 % glycerol solution. Topography images (A, C) and the corresponding 

amplitude image (B, D) were observed as described in chapter 10.4.3. 

Figure 57 and figure 58 illustrate the formation of secondary EPS on top of these clusters. 

Anchoring bacteria, representing the originally attached bacteria, were already shown to 

constitute the attachment of clusters to the surface [16]. This biofilm architecture was 

discussed to promote nutrient flow but to decrease adhesion strength and mechanical 

stability [16]. As mentioned before, doted residues at the substrate surface (see figure 45 

Q, R, S, T) may be explained by previously adsorbed small biofilms and thus support this 

finding. The small biofilm clusters are interconnected via few elongated cells, also 

referred to as filamentation process, which were found at applied Si and BDD substrates 

within this work [16]. Figure 58 exclusively shows these structures at a Si surface due to a 

better contrast with the flat substrate surface (compare figure 57 and figure 59). 
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Figure 58: Exemplary AFM images of Xf propagation after an incubation period of 6 d at a Si substrate in 

XFM and 10 % glycerol solution. Topography (A, C, E) and corresponding amplitude (B, D, F) images 

show Xf biofilms with interconnecting cells, EPS formation on top and C-EPS, OMV formation at the 

substrate surface. All images were observed as described in chapter 10.4.3. 

The lack of interconnecting cells between biofilm clusters at InP substrates indicate a less 

progressed development stage after comparable incubation times. Additionally, this may 

demonstrate hindered cell-cell communication and mechanical stability at the InP 

substrate [16]. Filamentation processes rendering the basic structures of the biofilm were 

attributed to environmentally induced responses and were hypothesized to create regions 

with increased molecular signaling [16,203]. Considering this effect with the previously 
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discussed differing behavior of Xf from Si and BDD surfaces, InP substrates are obvious 

to depict properties that hinder cell-cell signaling next to adsorption drawbacks. 

After 10 d of incubation some biofilm clusters seemed to show biofilm dispersion as a 

characteristic of the 5th biofilm formation stage (see chapter theory 6.1.2). Figure 59 

illustrates AFM images of raised structures compared with the overall biofilm level.  

 

Figure 59: Exemplary AFM images of Xf propagation after an incubation period of 10 d at a BDD substrate 

in XFM and 10 % glycerol solution. Topography (A) and corresponding amplitude (B) images show Xf 

biofilm dispersion or EPS maturation (small black arrows). All images were observed as described in 

chapter 10.4.3. 

It is not clear if some biofilm clusters already reached the final biofilm formation stage 

after an incubation period of 10 d, as this stage was observed after 30 d before in literature 

[3,14,37]. This biofilm stage just might have been reached, if already aggregated cells 

attached at the substrate surface. The protruding configurations may be attributed to 

further EPS production and biofilm maturation in a three-dimensional structure. It needs 

to be mentioned here in relation to chapter 8.3.2, that the overall biofilm count at InP 

increased those at Si and BDD substrates for this incubation period. This is due to a clearly 

progressed biofilm and EPS formation at Si and BDD substrates, and thus spatial overlap 

of the biofilm clusters was observed.  

A distinct change of Xf bacteria behavior between the individual applied substrates was 

observed, while IR-ATR active materials used within this thesis were shown to depict 

good and comparable growth of Xf bacteria. 
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8.4 Concluding remarks of chapter 8  

In this chapter the adsorption and biofilm formation of Xf for the applied IR-ATR active 

materials in chapter 7 and another semi-conductor material was shown. Conditioning film 

formation of the XFM growth medium at Si and BDD substrates was investigated. The 

focus was to investigate its influence to IR-ATR measurements and its contribution to 

adsorption abilities of Xf. Structural changes during Xf incubation at the different growth 

substrates were demonstrated and discussed. An altering Xf environmental response at 

InP substrates from Si and BDD substrates via OMV, C-EPS and secondary EPS 

formation as well as pili and nanowire formation was considered. In the following the 

major findings are summarized: 

a) A conditioning film of XFM was formed at both Si and BDD surfaces, but did not 

show distinct changes of the resulting IR-ATR signal of the Si containing Bio-

ATR-Cell-II liquid cell (see 8.2). The homogeneity of the conditioning film at Si 

and BDD substrates was discussed to be in relation with Xf adhesion and biofilm 

formation and to contribute to favorable growth at Si surfaces (see 8.2 and 8.3.2). 

b) Quantification of single cells and biofilms with respect to their diameter 

demonstrated a decrease of the Xf growth promoting properties from Si over BDD 

to InP (see 8.3.2). 

c) Surface roughness changes next to adsorbed bacteria indicated altering expression 

of OMV or EPS in different environments and correlated to the observed cell and 

biofilm quantities (see 8.3.3). 

d) Nanowires were particularly prevalent observed at InP substrates and 

hypothesized to be contributing to cell-cell signaling and the anaerobic respiration 

via EET. 

Complementary measurements of the chemical response and structural changes during Xf 

adsorption and biofilm formation are discussed in the chapters 7.3, 8.3.2 and 8.3.3. 

Structural changes of Xf at the IR-ATR active surface caused IR-ATR signal changes 

reflecting the involved molecular processes. In chapter 7.3.1 and 7.3.2, carboxylate 

groups were discussed to be involved in reversible adsorption processes. For later 

incubation times as 3 d, a substantial increase of cell and biofilm quantity is observed for 

Si and BDD substrates and indicates expanded irreversible adhesion. Reaching of a 

constant level of carboxylate groups within the first days of growth (see figure 22) seemed 

to correlate well with the results of cell and biofilm count of chapter 8.3.2. Thus, the 
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complementary chemical and structural results indicated a change from reversible to 

irreversible adhesion after approximately 3 d of incubation. Domination of α-helical 

structures and turns during initial growth stages (see chapter 7.3.1) may be related to 

adsorption processes via short pili, OMV of planktonic cells and initial C-EPS formation 

(see 8.3.3) [16,19,69]. OMV of planktonic cells were reported to differ from OMV of 

biofilms [19]. Thus, rising of β-sheet structures, amyloid fibrils and intermolecular 

structures for later growth stages (see chapter 7.3.1) may be attributed to OMV of 

biofilms. Pili involved in twitching motility, nanowires as well as formation of secondary 

EPS were also discussed in this context (see 8.3.3). As OMV were reported to bind 

antibiotics before, their investigation may serve to new directions to understand the mode 

of functioning of NAC to Xf adsorption and biofilm formation [19,23]. The effect of NAC 

to EPS and secondary protein structures of Xf shown in chapter 7.4 was not supported by 

complementary visualizing results within this work. However, indications to the influence 

of NAC on secondary protein structures (see chapter 7.4) may be related to adhesion 

related structures as OMV, pili and nanowires. These structures were demonstrated to be 

dependent on the individual environment (see 8.3.3). As these structures are involved in 

cell-cell signaling, adhesion, aggregation and bacterial respiration, the anti-bacterial 

effect of NAC may influence several protein containing processes at once. The disulfide 

bond forming NAC may not only affect the secondary structure of proteins involved in 

e.g. OMV or nanowires, but also surface attachment and cell aggregation via interruption 

of nutrient bridging interconnections directly between cells and between cells and the 

surface (see chapter 6.1.5) [4,23,25,80,204,205]. Consequently, the findings of chapter 8 with 

regard to the observations of chapter 7 rise further questions to the molecular processes 

of Xf adsorption and biofilm formation and serve as initiation of future studies. 
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9 Electrochemical determination of biochemically relevant 

organosulphur compounds with boron-doped diamond 

electrodes 

9.1 Introduction 

Sulphur represents a fundamental part in many biochemical cycles influencing the 

biosphere and thus all life on earth [10]. Sulphur containing components are involved in 

many biological systems such as the Sulphur cycle, anaerobic bacterial respiration, 

protein folding and antibiotics to name a few examples [10,206]. Thiols as the amino acid 

L-Cyn and its metabolite NAC are of special relevance for analytical scientists due to 

their pathological and physiological functions [114,206]. The ability of thiols to oxidize to 

disulfide bonds plays an important role in protein modifications, especially as this 

reaction may contribute to cellular signaling and may be physiologically irreversible 

[114,207,208].  

“The detection of N-acetylcysteine (NAC) is of significant importance in quality control, 

as NAC is a broadband therapeutical compound, which is used in a number of medical 

treatments ranging from bronchitis, flu, human bacterial infections related to the use of 

stainless steel catheters or implants [1–3] to applications in treating acetaminophen 

(paracetamol) poisoning. [4,5] Also, detoxification of heavy metals like mercury, 

cadmium and chromium with NAC has been reported. [6,7] Besides the application in 

medical treatments, NAC was recently reported as inhibitor for biofilm formation of 

Gram-negative and Gram-positive bacteria. [8–12] The antioxidant properties of NAC 

and its ability to cleave disulfide bonds resulting in the formation of sulfhydryl groups is 

discussed as a potential inhibition mechanism of biofilm formation, as the attachment of 

bacteria to surfaces is thereby prevented. [1,11,13] For example, agricultural applications 

of NAC are reported, as NAC influences the propagation of the plant pathogen Xylella 

fastidiosa causing the economically relevant disease citrus variegated chlorosis (CVC). 

[12] Thus, fast and reliable detection of NAC and of its metabolic products with high 

sensitivity is of substantial importance.” Reprinted with permission from Ref. [24] 

Copyright 2016, Wiley-Verlag 1. 

                                                 
1 The reprinted references are considered in the chapter 14.5 as follows: 
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The investigation of the oxidation behavior of L-Cyn and NAC at BDD electrodes is 

crucial for a better understanding of the triggering processes between reversible and 

irreversible bacterial adsorption. Especially, the surface potential is discussed to 

contribute to bacterial adsorption [12,16]. In this adsorption process, pili as well as 

nanowires appeared differently on substrate materials with different surface potential (see 

chapter 8.3.3). Electrochemical investigations are promising to provide further insight 

into the redox behavior in biological systems and due to their high sensitivity, 

voltammetric methods were attributed to be particularly suitable for that purpose [114]. 

Consequently, the current chapter is examining the electrochemical behavior of L-Cyn 

and NAC at BDD electrodes with differing terminations in bulk and in FIA measurements 

in detail. 

                                                 
[1–3] : [25–27]; [4,5]: [28,29]; [6,7]: [209,210]; [8–12]: [23,80,211–213]; [1,11,13]: [25,80,81]; [12]: [23]. 
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9.2 Flow injection analysis of N-acetylcysteine and L-cysteine 

In the course of a project of “Zentrales Innovationsprogramm für den Mittelstand“ 

(ZIM) 2, the development of a novel electrochemical detector system with increased 

sensitivity and precision for aminoglycoside antibiotic analytics was intended. BDD 

electrodes were chosen due to their outstanding properties to overcome passivation 

effects of the usually applied gold electrodes during detection of the aminoglycoside 

Gentamicin sulfate, which is regulated in the European Pharmacopeia 7.1 [24,35,123]. As 

described in chapter 10.5.1, BDD electrodes with different composition and properties 

were developed during the ZIM project. Unfortunately the investigated customized 

electrodes turned out to comprise a lower signal to noise ratio for the Gentamicin sulfate 

detection as required by the European Pharmacopeia 7.1 [123,214]. However, subsequent 

bulk measurements showed the potential of Gentamicin sulfate detection at NH2-

terminated BDD electrodes [24]. Alternative analytes that are assessable for the detection 

with the customized electrodes, as L-Cyn and NAC were investigated by FIA coupled to 

the ECD and bulk measurements. Figure 60 exemplarily shows the structural formula of 

NAC, as it is the acetylated derivative of L-Cyn [215]. 

 

 

Figure 60: Structural formula of N-acetylcysteine (NAC), drawn with ChemDraw Professional 16.0. 

“NAC is frequently determined using high performance liquid chromatography (HPLC) 

with UV detection, which requires a derivatization step. [18–20] Liquid chromatography 

(LC) in combination with mass spectrometry (MS) have been reported for the detection 

of impurities in NAC-containing products. [2,21–23] Furthermore, spectrophotometric 

methods [24,25], chemiluminescence [26], and electrophoresis [27,28] are used for NAC 

                                                 
2 Zentrales Innovationsprogramm für den Mittelstand (ZIM), „Entwicklung eines neuartigen 

elektrochemischen Detektorsystems mit Diamantelektroden zur Erhöhung der Empfindlichkeit und 

Messgenauigkeit in der Aminoglykosid-Antibiotika Analytik“. Cooperation partners: Phytos Labor für 

Analytik von Arzneimitteln GmbH & Co. KG; Institute of Electron Devices and Circuits, Ulm University; 

Institute of Analytical and Bioanalytical Chemistry, Ulm University; Metrohm GmbH & Co. KG. 
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analysis in pharmaceutical formulations. Alternatively, NAC may be determined 

electrochemically. [18,29–33] NAC is an analogue of L-cysteine with an acetyl group 

replacing the amino function of the amino acid. Mercury electrodes, platinum (Pt) 

electrodes, Au electrodes, and boron-doped diamond (BDD) electrodes have been 

reported for the electrochemical detection of L-cysteine. [29,30,34,35] Due to passivation 

effects at noble metal electrodes, NAC has been predominantly detected at carbon-based 

electrodes such as nanoparticle (NP) modified glassy carbon electrodes [36], pyrolytic 

carbon film (PCF) electrodes [37], carbon nanofibers (CNFs) decorated with cobalt 

nanoparticles [32], and carbon nanotube-modified electrodes. [33] Passivation of the 

working electrode due to irreversible oxidation steps may require frequent mechanical 

cleaning. Boron-doped diamond electrodes are attractive for the detection of sulphur 

containing species, as BDD is less prone to surface passivation due to its physical and 

chemical inertness. In addition, BDD is characterized by a wide potential window and 

low background current, [38] which allows the detection of L-cysteine and other sulphur-

containing molecules in a wide range of biomedically relevant matrices such as plasma 

samples. [29,39,40]“ Reprinted with permission from Ref. [24] Copyright 2016, Wiley-

Verlag 3.

                                                 
3 The reprinted references are considered in the chapter 14.5 as follows: 

[2,21–23]: [26,216–218]; [24,25]: [219,220]; [26]: [221]; [27,28]: [222,223]; [18,29–33]: [120,215,224–227]; [29,30,34,35]: 
[224,225,228,229]; [36]: [230]; [37]: [231]; [32]: [226]; [33]: [227]; [38]: [35]; [29,39,40]: [114,224,232]. 
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9.3 Electrode characterization and within batch reproducibility 

For the investigation of the individual properties of the customized BDD electrodes (see 

chapter 10.5.1) cyclic voltammetry in 0.1 M H2SO4 vs. Ag/AgCl for 3 h was applied in 

bulk experiments to document long term behavior as well as the width of the potential 

window. Figure 61 exemplarily illustrates cyclic voltammograms of two electrodes A and 

B of one batch of boron doped NCD electrodes with a tungsten carbide rod (BNCDWC) 

and fluorine termination.  

 

Figure 61: Exemplary images of cyclic voltammograms of BNCDWC with fluorine termination in 0.1 M 

H2SO4 vs. Ag/AgCl. For both electrodes A and B the first (black) and last (red) 6 segments of a cycling 

period of 3 h are shown.  

The individual electrodes of one batch showed distinct differences of the electrochemical 

response within the electrode characterization. Additionally the variance of the 

electrochemical behavior of electrodes within one fabricated BNCDWC batch is 

demonstrated by detection of a 1 mM L-Cyn solution in analyte injection steps of 30 s 

each with a constant potential of +1.0 V vs. Ag/AgCl measured with the conditions as 

described in chapter 10.5.1 [233]. 
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Figure 62: Comparison of the cyclo voltammetric responses (mean of at least 6 measurements) peak height 

(blue) and peak area (grey) as well as signal to noise ratio (green) of one batch of BNCDWC (numbered 

from 20 – 29) for 1mM L-Cyn detection in 0.05 M K2HPO4·2 H2O and 2 % acetonitrile (pH = 2.7) with a 

constant potential of +1.0 V vs. Ag/AgCl. Corresponding values see appendix table 46. 

Figure 62 illustrates a large variance of the electrochemical response within one batch 

what might be attributed to differing boron dotting levels or surface properties [116]. The 

formation of pinholes resulting from unfavorable growth of the diamond layer may lead 

to this varying behavior. This variance is depending on the amount of pinholes and defects 

at the individual electrodes (see figure 63). Additionally, a varying surface structure 

caused by cutting of the rods and missing subsequent polishing may lead to differing size 

of the electrochemically active surface of the respective BNCDWC electrodes.  
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Figure 63: Exemplary optical microscopy image of one electrode of the BNCDWC batch with 5 fold 

magnification and a scale bar of 100 µm (top) and 10 fold magnification and a scale bar of 50 µm (bottom) 

illustrating pinholes and break-off edges at the active electrode surface. 

Thus, the electrolyte solution could reach the tungsten carbide surface below and led to 

oxidation reactions indicated by the rising of peaks in the cyclo voltammograms of figure 

61 and the differing electrochemical response within one batch (see figure 62). However, 

the oxidation effect of the underlying electrode layer, exemplarily shown for the 

BNCDWC batch, was small compared to batches with Ti rods with a Si interlayer and 

oxygen termination (BNCDTi). Electrodes of the BNCDTi batch did not comprise 

suitable electrochemical responses except of one electrode which even depicted long time 

stability over several months. The formation of a homogenous BDD layer for the 

customized electrodes maintained a serious issue for within batch reproducibility in the 

cooperation project. Consequently, electrodes with advantageous responses during 

characterization and L-Cyn detection were applied for deeper analysis. Nevertheless, the 

ability of BDD electrodes for biochemically relevant thiols could be demonstrated and is 

discussed in the next chapters.
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9.4 L-cysteine and N-acetylcysteine calibration in FIA 

A customized BNCDTi electrode with oxygen termination was applied for the detection 

of L-Cyn solutions with varying concentrations (conditions as described in 9.3). Figure 

64 exemplarily demonstrates the respective signal of 3 calibration solutions with 0.1 mM, 

1 mM and 10 mM L-Cyn content with analyte injection steps of 30 s and a constant 

potential of +1.0 V vs. Ag/AgCl. 

 

Figure 64: Exemplary images of the electrochemical determination of 0.1 mM, 1 mM and 10 mM L-Cyn 

solutions in 0.05 M K2HPO4·2 H2O and 2 % acetonitrile (pH = 2.7) with analyte injection steps of 30 s and 

a constant potential of +1.0 V vs. Ag/AgCl with BNCDTi and oxygen termination in the measuring system 

as described in 10.5.1. 

The customized BNCDTi electrode showed a good linear response for the calibration 

range between 0.1 mM and 10 mM as shown in figure 65 and appendix table 47. The 

signal to noise ratio (S/N) of the respective L-Cyn concentrations was determined as 

follows: 

  



L-cysteine and N-acetylcysteine calibration in FIA 9.4 

131 
 

Table 7: (S/N) of the respective L-Cyn concentrations determined in 0.05 M K2HPO4·2 H2O and 2 % 

acetonitrile (pH = 2.7) with analyte injection steps of 30 s and a constant potential of +1.0 V vs. Ag/AgCl 

with BNCDTi and oxygen termination. 

L-Cyn concentration [mM] S/N 

0.1 169 
0.2 247 
0.6 327 
1.0 694 
2.0 941 
6.0 2216 
10.0 3987 

Noise [nA] 0.03 

 

 

Figure 65: Calibration curve of peak height (black) and peak area (red) of the electrochemical 

determination of 0.1 - 10 mM L-Cyn solutions in 0.05 M K2HPO4·2 H2O and 2 % acetonitrile (pH = 2.7) 

with a constant potential of +1.0 V vs. Ag/AgCl with BNCDTi and oxygen termination in the measuring 

system as described in 10.5.1. Corresponding values and regression line see appendix table 47. 

In comparison with the applied S/N ratio for the 1 mM L-Cyn solution at BNCDWC 

electrodes (see figure 62) the tested BNCDTi electrode showed good S/N ratios. 

Consequently, it could be demonstrated, that boron doped NCD electrodes are generally 

suitable for the detection of thiol containing amino acids within FIA measurements. In 

order to fully understand the oxidation behavior of NAC at BDD electrodes, the following 
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measurements were focused on NAC detection. Varying NAC concentrations from 0.1 – 

0.4 mM were detected with measuring potentials from +1.0 V to +1.4 V vs. Ag/AgCl to 

optimize the detection method with respect to the obtained calibration curves, the known 

oxidation behavior of NAC (see 9.5) and the oxidation behavior of the individual 

electrodes (see figure 61 and figure 62). For that purpose the electrode with the most 

advantageous properties of the subsequent batch of BNCDWC electrodes was applied 

(see figure 62). The conditions were based on the properties as described in chapter 9.3. 

Figure 66 exemplarily shows the individual response of a 1 mM NAC solution with 

varying detection potentials. 

 

Figure 66: Exemplary images of the electrochemical determination of 1 mM NAC solution in 0.05 M 

K2HPO4·2 H2O and 2 % acetonitrile (pH = 2.7) with analyte injection steps of 30 s and a constant potential 

of +1.0 V (top left), +1.2 V (top right) and +1.4 V (bottom) vs. Ag/AgCl with BNCDWC electrode and 

fluorine termination in the measuring system as described in 10.5.1. 

For all applied potentials calibration curves of NAC concentrations from 0.1 mM to 

0.4 mM were performed. Figure 67 demonstrates the respective calibration curves for 

peak height and peak area with potentials of +1.0 to +1.4 V vs. Ag/AgCl. 
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Figure 67: Calibration curves of peak height (left) and peak area (right) with a constant potential of +1.0 

V (blue) +1.2 V (red) and +1.4 V (black) vs. Ag/AgCl of 0.1 – 0.4 mM NAC solutions in 0.05 M K2HPO4·2 

H2O and 2 % acetonitrile (pH = 2.7) with a BNCDWC electrode and fluorine termination in the measuring 

system as described in 10.5.1. Corresponding values and regression line see appendix table 48. 

A potential of + 1.4 V vs. Ag/AgCl revealed the largest slope and comparably low error 

bars for the peak height (see table 48). Thus a potential of about + 1.4 V vs. Ag/AgCl 

may serve as the favored measuring potential for NAC solutions. In summary NCD 

electrodes were shown to be suitable for FIA analysis with ECD of L-Cyn and NAC and 

the detection method could be improved in parallel to the electrode fabrication 

improvement by our cooperation partners. Application of the FIA analysis to pursuing 

experiments with bacteria or individual proteins and NAC to investigate mechanism of 

action of this powerful medicament may lead to further preventive actions and 

countermeasures in disease treatment. For that purpose a deep comprehension of the 

electrochemical response of the NAC oxidation itself and in combination with possible 

reaction partners is crucial. However, the customized electrodes investigated during this 

cooperation project and suited for the Metrohm ECD lacked the necessary within batch 

reproducibility and longtime stability for such investigations. Consequently, one step 

further back to bulk experiments was performed to create the basis for further promising 

applications and is discussed in the adjacent chapter.
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9.5 Determination of N-acetylcysteine in bulk experiments 

The detection of L-Cyn with BDD electrodes has been studied intensively in the past [114]. 

L-Cyn is oxidized to sulfenic acid being able to be further biologically reversibly oxidized 

to cystine or to be biologically irreversibly oxidized to sulfinic acid and cysteic acid [114]. 

The key role of the amino acid L-Cyn for protein folding mechanisms (see theory 6.1.5) 

together with the ability of NAC to cleave disulfide bonds renders the fully understanding 

of the oxidation mechanisms crucial for the investigation of reversible and irreversible 

biological reactions e.g. bacterial adsorption processes [25,80,81,114]. For that purpose the 

oxidation behavior of NAC at NH2-terminated BDD electrodes was investigated in a 

customized liquid cell as introduced by Eifert et al. [234]. The construction and 

characterization of the NH2-terminated BDD electrode is discussed in further detail in 

chapter 10.5.2. Before NAC detection measurements the respective working electrodes 

underwent the following pre-treatment: 

“After mounting the working electrode into the electrochemical cell, characterization of 

the electrodes was performed. For surface activation, the working electrode was cycled 

from 0 to + 2.5 V vs. Ag/AgCl until a stable cyclic voltammogramm was observed in 

0.1 M NaH2PO4∙2H2O electrolyte solution (i.e., approx. 20 cycles).” Reprinted with 

permission from Ref. [24] Copyright 2016, Wiley-Verlag. 

In a first step the optimal conditions for NAC detection were investigated via differential 

pulse voltammetry (DPV). Oxygen terminated boron-doped diamond electrodes, which 

were identical to the NH2-terminated electrodes except their termination, were applied to 

determine the optimal pH for NAC detections. The findings of the evaluation of the 

suitable pH were transferred to the NH2-terminated electrodes and the investigations 

documented in chapter 9.3 and 9.4. However, a differing peak height of the individual 

oxidation states may be recognized for the illustrated DPVs of oxygen and NH2-

terminated electrodes and may be attributed to the higher concentrated NAC solution 

applied for the former electrode (1 mM NAC solution corresponds to 0.16 mg/mL). 
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Figure 68: Differential pulse voltammograms measured in a potential range from 0 to +2.0 V vs. Ag/AgCl 

in 0.05 M NaH2PO4∙2H2O solution with varying pH values and a NAC concentration of 1 mM at an oxygen 

terminated BDD electrode. 

A pH of 2.7 solely showed a distinct second shoulder near +1.5 V vs. Ag/AgCl within 

DPVs and thus revealed several oxidation states. “The oxidation peak of NAC showed a 

distinct pH dependence and shifted to lower potentials for acidic pH values associated 

with increased current values. Hence, the detection of NAC was performed at a pH of 2.7 

in 0.1 M NaH2PO4∙2H2O solutions. “Reprinted with permission from Ref. [24] Copyright 

2016, Wiley-Verlag. 

Additionally the effect of the surface termination to the electrochemical response during 

NAC detection was compared. “The calibration curves revealing the performance of O-

terminated and NH2-terminated BDD is shown in […] Figure S4 (for NAC) […]. The 

superior sensitivity of NH2-terminated BDD is clearly visible. For example, Figure S3 

shows an overlay of exemplary DPVs for the detection of NAC at O- and NH2-terminated 

BDD.” Reprinted with permission from Ref. [24] Copyright 2016, Wiley-Verlag.4  

                                                 
4 The reprinted figures are considered in the chapter 2 and the respective chapters of the thesis as follows: 

Fig. S3: Figure 69; Fig. S4: Figure 70 
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Figure 69: “Fig. S3: Overlay of exemplary differential pulse voltammograms recorded at an oxygen-

terminated BDD electrode (blue) and NH2-terminated BDD electrode (black) in a solution containing 

300 μM N-acetylcysteine (NAC)” Reprinted with permission from Ref. 
[24]

 Copyright 2016, Wiley-Verlag 

 

Figure 70: “Fig. S4: Calibration curve for the detection of NAC recorded at an oxygen-terminated BDD 

electrode (blue) and NH2-terminated BDD electrode (black). The error bars reflect triple measurements 

(N = 3) for the individual concentrations.” Reprinted with permission from Ref. 
[24]

 Copyright 2016, Wiley-

Verlag 

Consequently, electrodes with NH2-termination were used for the detection with lower 

NAC concentrations, due to their superior sensitivity [24]. “NAC shows a well-defined 

oxidation peak at a potential of +1.36 V vs. Ag/AgCl. DPVs recorded for varying 

concentrations of NAC ranging from 2 to 49 µg/mL are shown in Figure 1. The resulting 

peak current at +1.36 V vs. Ag/AgCl was evaluated in order to obtain the calibration 

graph (shown in Figure 2), which revealed a linear correlation between the peak current 

and the concentration with a slope of 0.00667∙µA∙s/V and a goodness of the fit of R2 = 

0.996. Based on these data, a limit of detection (LOD) of 1.527 µg/mL (sigma criteria 
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σ = 3) and a limit of quantification (LOQ) of 3.624 µg/mL (sigma criteria σ = 6) was 

calculated.” Reprinted with permission from Ref. [24] Copyright 2016, Wiley-Verlag. 5 

 

Figure 71: “Fig. 1: Differential pulse voltammograms recorded in a potential range from 0 to +2.0 V vs. 

Ag/AgCl in 0.1 M NaH2PO4∙2H2O solution (pH = 2.7) with different NAC concentrations (2 – 49 µg/mL) 

at a NH2-terminated BDD electrode.” Reprinted with permission from Ref. [24] Copyright 2016, Wiley-

Verlag. 

                                                 
5 The reprinted figures are considered in the chapter 2 and the respective chapters of the thesis as follows: 

Figure 1: Figure 71; Figure 2: Figure 72. 
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Figure 72: “Fig. 2. Calibration function for NAC in 0.1 M NaH2PO4∙2H2O solution (pH = 2.7) at NAC 

concentrations ranging from 2 to 49 µg/mL recorded at a NH2-terminated BDD electrode. The error bars 

were calculated from three repetitive measurements.” Reprinted with permission from Ref. [24] Copyright 

2016, Wiley-Verlag. 

“A second oxidation peak for NAC was observed for concentrations higher than 16 

µg/mL (see Figure 1). The electrochemical conversion of NAC is expected to result in 

irreversible reactions at the working electrode similar to the electrochemical behavior of 

its well-studied structural analogue L-cysteine. [40] Similar to the oxidation mechanism 

of L-cysteine at BDD electrodes, NAC is first deprotonated and subsequently the NAC 

anion is oxidized to the n-acetyl analogue of cysteic acid, sulfenic acid, and cystine. [30, 

32, 40] 

A reason for the appearance of a second oxidation peak only at higher concentrations of 

NAC may be derived from the fact that a first adsorption layer of pre-concentrated 

intermediate species (i.e., N-acetyl sulfenic acid) at the BDD electrode is formed. For the 

second oxidation step to N-acetyl sulfinic acid, sufficient N-acetyl sulfenic acid has to be 

adsorbed at the electrode surface, which requires higher concentrations of NAC.” 

Reprinted with permission from Ref. [24] Copyright 2016, Wiley-Verlag. 6 

                                                 
6 The reprinted figures are considered in the chapter 2 and the respective chapters of the thesis as follows: 

Figure 1: Figure 71; Figure 2: Figure 72. 

The reprinted references are considered in the chapter 14.5 as follows: [40]: [114]; [30, 32, 40]: [114,225,226] 
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Electrode passivation and fouling due to irreversible oxidation of NAC is known as a to 

depict a severe problem [24]. “Hence, the adsorption behaviour of sulphur-containing […] 

compounds at NH2-terminated BDD electrodes was studied and compared to 

conventionally used Au working electrodes. Hence, cyclic voltammetry repeating 110 

cycles in a potential range of 0 V to +2.1 V vs. Ag/AgCl was performed at NH2-

terminated BDD electrodes, and for comparison, at Au electrodes from 0 V to +1.5 V vs. 

Ag/AgCl, respectively in 0.1 M NaH2PO4∙2H2O solution containing either 16 µg/mL 

NAC […]. DPV was performed to compare the sensitivity for the detection of NAC 

before and after recording consecutive CVs. Figure 5 shows exemplarily the decrease of 

the peak current recorded at the Au and BDD electrode, respectively in a 0.1 M 

NaH2PO4∙2H2O solution containing 16 µg/mL NAC.” Reprinted with permission from 

Ref. [24] Copyright 2016, Wiley-Verlag. 7 

  

Figure 73: “Fig. 5. DPVs recorded at Au (a) and BDD (b) electrodes in a potential range from 0 to +1.5 

V (Au) / +2.0 V (BDD) vs. Ag/AgCl in 0.1 M NaH2PO4∙2H2O solution for 16 µg/mL NAC at pH = 2.7.” 

Reprinted with permission from Ref. [24] Copyright 2016, Wiley-Verlag. 

“For the DPVs recorded at the Au electrode in a solution containing 16 µg/mL NAC, two 

clearly distinctive oxidation peaks were obtained at +0.85 V and +1.06 V vs. Ag/AgCl), 

respectively, which is significantly lower than the oxidation peak observed at the NH2-

terminated BDD electrode. The Au electrode showed a difference of the resulting peak 

current after recording consecutive CVs in NAC containing solution of ΔI(+0.852 V) = 

1.4∙10-6 A, and of ΔI(+1.06 V) = 3.9∙10-6 A, which corresponds to 64 % and 30 % of the 

current recorded prior to cycling in NAC, respectively. In contrast, the BDD electrode 

revealed a difference of ΔI(+1.36 V) = 6.6∙10-9 A, and thus only a signal decrease of 6.61 

% after recording CVs in the NAC containing solution. For the second peak at +1.71 V 

                                                 
7 The reprinted figures are considered in the chapter 2 and the respective chapters of the thesis as follows: 

Figure 5: Figure 73. 
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no significant change of the resulting peak current was observed ΔI(+1.71 V) = 2.1∙10-9 A 

(i.e., change of 0.9%). In comparison to Figure 1, the less pronounced oxidation peak at 

+1.36 V and the well-defined oxidation peak at +1.70 V vs. Ag/AgCl may be related to 

the fact that long-term experiments were performed after recording the calibration 

functions without a cleaning step or further surface-termination. Hence, adsorbed 

oxidation products of NAC from previous experiments resulted in a distinct oxidation 

peak observable at +1.70 V vs. Ag/AgCl. Nevertheless, further repetitive cycling in NAC 

containing solution does not reduce the observed oxidations peaks, as shown in Figure 

5 b. Thus, it is immediately evident that BDD electrodes are less prone to passivation in 

NAC-containing solutions compared to Au electrodes. […] 

In the present study, the usage of NH2-terminated BDD electrodes for the detection of 

pharmaceutically relevant constituents including NAC […] via differential pulse 

voltammetry was investigated. It was clearly demonstrated that reduced passivation 

effects and a significant larger potential window are major benefits of BDD electrodes 

vs. conventionally applied Au electrodes, in particular during long-term measurements. 

Hence, routine analysis of such compounds clearly benefits from using BDD in lieu of 

noble metal electrodes. […] Likewise, for NAC the decrease in peak current decrease at 

a Au electrode was approx. 64 % and 52 %, while at the BDD electrode only a decrease 

of 6.6 % was determined after cycling the electrode for 70 min in NAC-containing 

solution (16 µg/mL). Given the rather time consuming procedures required for cleaning 

and regenerating passivated Au electrodes, the usage of NH2-terminated BDD electrodes 

evidently represents a methodological improvement for quality control of 

pharmaceuticals such as NAC […]. Although the calculated LOD (NAC: 1.527 µg/mL; 

[…]) and LOQ (NAC: 3.624 µg/mL; […]) are higher than that for other commonly 

applied detection methods, the reduced passivation of BDD electrodes, and the lack of 

any required sample preparation clearly present an advancement in routine quality control 

methodology for these pharmaceuticals. [20, 45] Hence, the application of NH2-

terminated BDD electrode as an improved electrochemical detection scheme after HPLC 

separations appears of significant application potential not only for NAC […], but also 

for other sulphur-containing constituents.” Reprinted with permission from Ref. [24] 

Copyright 2016, Wiley-Verlag. 8 

                                                 
8 The reprinted figures are considered in the chapter 2 and the respective chapters of the thesis as follows: 

Figure 1: Figure 71; : Figure 5: Figure 73 

The reprinted references are considered in the chapter 14.5 as follows: [20, 45]:[122,235]. 
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Consequently, NH2-terminated BDD electrodes may serve as basis for pursuing studies 

examining the mechanism of action of NAC in disease treatment or the key molecules 

involved in reversible and irreversible bacterial adhesion. Thus, the reduced passivation 

behavior of BDD electrodes may facilitate investigations in complex biological matrices. 

For example the adhesion protein pilA of Xf may be investigated in contact with NAC to 

depict reaction products and the underlying reaction mechanism. Of course, such 

electrochemical investigations would need to be related to other measuring techniques to 

prove the involved NAC related molecular mechanisms. Consequently, the IR-ATR-

AFM combination as mentioned in chapter 7.5 and 8.3.2 may depict a promising tool for 

this purpose. In this context the results presented in this chapter may serve as basis for 

ongoing biochemical examinations. 
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9.6 Concluding remarks of chapter 9 

In conclusion chapter 9 demonstrated the ability of oxygen, fluorine and NH2-terminated 

electrodes for the detection of the pathologically and physiologically relevant molecules 

L-Cyn and NAC in bulk and FIA experiments. Various electrodes were tested for method 

development, as described in chapter 10.5.1 and 10.5.2, as well as pH conditions were 

investigated. The electrochemical detection with DPV provided the best results in bulk 

experiments, while the application of a constant potential also presented good linear 

relations of the calibration curves applied in FIA measurements. Subsequently the main 

findings of the chapter are summarized: 

a) The customized electrodes for the application in the Metrohm 896 Professional 

detector turned out to comprise a low within batch reproducibility and may be 

related to pinholes in the diamond layer. The varying potential window and 

differing electrochemical response during electrochemical characterization in 

0.1 M H2SO4 within one electrode batch point out the need for an improved 

fabrication process for a possible commercialization. 

b) Customized electrodes with sufficient electrochemical properties showed to be 

generally suitable for FIA investigations and revealed a goodness of the fit of the 

calibration curves with R² values ≥ 0.9 for both L-Cyn and NAC detection. 

c)  The optimal properties for NAC detection at BDD electrodes in a customized 

liquid cell were evaluated to be at a pH of 2.7 with DPV and a NH2-termination 

[24,234]. 

d) The electrochemical response of 300 µM NAC solution with DPV at oxygen 

terminated and NH2-terminated BDD electrodes was compared and showed 

superior results for the NH2-terminated electrodes [24]. 

e) NAC detection with DPV at NH2-terminated BDD electrodes at a potential of 

+1.36 V vs. Ag/AgCl was used for calibration purposes and led to a LOD of 1.527 

µg/mL and LOQ of 3.624 µg/mL [24]. A second oxidation peak at +1.71 V vs. 

Ag/AgCl for concentrations higher than 16 µg/mL was observed and discussed to 

be related to irreversible oxidations [24]. 

f) Passivation behavior of NH2-terminated BDD electrodes was compared to Au 

electrodes and comprised only a signal decrease of 6.61 % (+1.36 V vs. Ag/AgCl) 

and 0.9 % (+1.71 V vs. Ag/AgCl ) after repeated cycling in 16 µg/mL NAC 
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solution in contrast to the Au electrode with 64 % (+0.85 V vs. Ag/AgCl) and 

30 % (+1.06 V vs. Ag/AgCl) [24]. 

These findings may serve as basis for ongoing investigations with pathologically and 

physiologically relevant molecules e.g. for the determination of the oxidation behavior of 

proteins after varying incubation times with NAC. As the electrochemical detection with 

NH2-terminated BDD electrodes revealed higher LOD and LOQ as other detection 

methods, this measuring technique needs to be supported with simultaneously monitored 

techniques. But additional information on the electrochemical behavior of proteins itself 

and in combination with NAC at NH2-terminated BDD electrodes might lead to further 

insight to the mechanism of action of NAC within disease control and bacterial adsorption 

processes. The IR-ATR-AFM combination, as introduced in chapter 6.2.2, might serve 

as a suitable platform for such investigations, as the addition of electrochemical detection 

techniques is available [34]. Consequently NH2-terminated BDD electrodes depict a 

promising approach for electrochemical detections of various sulphur-containing 

constituents and applications [24]. 
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10 Experimental 

10.1 Bacterial strain and growth conditions 

The bacterial strain Xf 11399 + GFP (received from our collaborators Centro de 

Citricultura Sylvio Moreira, Instítuto Agronômico, Cordeirópolis, SP, Brazil) was used 

in all experiments. The bacteria were kept in portions of 50 – 300 µL in 50% glycerol 

solution at - 80°C until use. Cultivation of the strain for propagation was performed with 

Gelzan (Sigma Aldrich) and bovine serum albumin (BSA, Fisher Scientific) containing 

PW plates for 8 to 10 d, after an experimental protocol by De Souza et al, before use for 

further measurements [14]. Phytone peptone and trypticase peptone were purchased by 

BD, potassium dihydrogen phosphate by VWR Prolabo. The bacteria were transferred 

after growth into a 10 % glycerol solution. This solution was adjusted with bacteria until 

an OD of 0.2 was reached to provide the same amount of bacteria for each experiment. 

The growth medium was added with bacterial glycerol solution in relationship 9:1. In all 

experiments XFM (see 10.3.1) was used as growth medium for Xf 11399 + GFP [133]. 

XFM was prepared at least 3 d before use and stored at 28 °C to control possible 

contamination.  

10.2 Preparation of N-acetylcysteine containing XFM solutions 

NAC (Merck KgaA, for biochemistry) containing solution of XFM (see 10.3.1) was 

prepared by addition of a 2.65 mg/mL aqueous solution of NAC to the bacteria containing 

XFM solution, after an Xf 11399 + GFP incubation time of 260 h (11 d). The aqueous 

NAC solution (high purity water, Elga Labwater; VWS Deutschland GmbH) was filtered 

with a 0.2 µm filter before use to preserve sterile conditions.
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10.3 Experimental chapter 7 

10.3.1 Conditions for IR-ATR spectroscopy 

For the characterization of the individual constituents of XFM by IR-ATR spectroscopy 

freshly prepared solutions with an identical concentration as in XFM were produced [133]. 

For the preparation of XFM following substances were used: L-asparagine (Sigma 

Aldrich), L-cysteine (Sigma Aldrich), L-glutamine (Sigma Aldrich), di-Potassium 

hydrogen phosphate (VWR Prolabo), Magnesium sulfate heptahydrate (Sigma Aldrich), 

sodium succinate dibasic hexahydrate (Sigma Aldrich), citric acid trisodium salt (Acros 

Organcis), heminchloride (Sigma Aldrich) and pectine of citrus (Sigma Aldrich). All 

XFM solutions were prepared with Elga high purity water (Elga Labwater; VWS 

Deutschland GmbH). All studies were performed with high purity water as IR 

background spectrum.  

10.3.2 IR-ATR examination with Bruker Vector 70 spectrometer 

Characterization of XFM and Xf biofilm formation was performed with a Vector 70 

spectrometer with Bio-ATR-Cell-II liquid cell containing a Si ATR layer on top of a zinc 

selenide ATR crystal (Bruker Optics GmbH). In a spectral range of 4500 – 500 cm-1 

1000 scans with a spectral resolution of 4 cm-1 were averaged and a probe volume of 

20 µL at 28 °C (same conditions as for bacterial biofilm growth). All spectra for 

characterization of the growth medium were performed with the provided MCT detector 

with liquid nitrogen cooling system. Spectra with XFM and Xf were recorded either with 

the MCT or DTGS detector (Bruker Optics GmbH, DigiTect detector system). The Bio-

ATR Cell-II was sterilized according to the sterilization method presented by Delille et 

al. [147]. The Xf containing growth medium was transferred to the cleaned Bio-ATR Cell-

II in a sterile atmosphere. The bacteria containing Bio-ATR Cell-II was closed carefully 

and introduced into the Bruker Vertex 70 FTIR Spectrometer. 

10.3.3 IR-ATR examination with IR-ATR-AFM combination 

A combination of IR-ATR spectroscopy (Matrix-M IR Cube spectrometer, Bruker Optics 

GmbH with an external D316/6 MCT-detector, Infrared Associates) and AFM (5500 

Scanning Probe Microscope, 100 x 100 scanner, Keysight Technologies) was used for the 

simultaneous analysis of Xf biofilm growth [34]. For the IR-ATR-AFM combination a 
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BDD-coated diamond ATR crystal with an active evanescent field approx. 400 µm2, BDD 

layer thickness of approximately 100 nm, boron content of about 5 x 1020 cm-3 and a 

penetration depth of 1 – 5.5 µm was applied [34]. 3000 scans were averaged with a spectral 

resolution of 8 cm-1 in a spectral range of 4000 – 400 cm-1 and a probe volume of 500 µL 

at room temperature. For all spectra monitored with the IR-ATR-AFM combination an 

atmospheric compensation of H2O and CO2 was performed with the software OPUS 7.2. 

(Bruker Optics GmbH). Subsequently the spectra were baseline corrected with the 

software Origin 9.0 (OriginLab Corporation). 

10.3.4 Characterization, baseline correction, deconvolution and 

cumulative peak fit of IR-ATR spectra 

Baseline correction of the single components of XFM and characterization by integration 

of the respective spectra was performed with the software Origin 9.0 (OriginLab 

Corporation). The calculated peak height (H, a.u.), peak width at half height (w, cm-1) 

and peak center (x0, cm-1) served as basis for the cumulative peak fit with Gaussian 

curves. 

All IR-ATR spectra recorded with XFM and Xf 11399 + GFP were stackwisely baseline 

corrected for faster processing with the software Matlab R2013b. Since no significant 

changes in the background within a stack (maximum of 30 spectra corresponding to 120 

min) were assumed, a thin-plate spline interpolation was fitted through the spectral 

regions without peaks (3728 – 2686 cm-1, 2407 – 2214 cm-1, 1780 – 824 cm-1, 817 – 628 

cm-1). Figure 74 exemplarily shows an IR-ATR spectrum before and after baseline 

correction, while figure 75 accordingly shows a stack of 30 IR-ATR spectra.  
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Figure 74: IR-ATR spectrum of XFM with 10 % aqueous glycerol solution 260 h after Xf inoculation from 

4000 – 900 cm-1 before (right) and after (left) baseline (red) correction. 

 

Figure 75: Stack of 30 IR-ATR spectra of XFM with 10 % aqueous glycerol solution 258 – 260 h after Xf 

inoculation from 4000 – 900 cm-1 before (right) and after (left) baseline correction. 

The resulting IR spectra were averaged, providing that at least three measurements and 

maximum 30 spectra represent one mean value. However, it was required that the spectra 

were monitored one after another. 

OPUS 7.2 was applied for deconvolution of the baseline corrected spectra. For that 

purpose a deconvolution noise reduction factor of 0.13 / 0.14, a deconvolution factor of 
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96.1 - 102.4 and the deconvolution line shape Gauss was used. Figure 76 presents 

exemplary spectra before and after deconvolution. 

 

Figure 76: Mean of 30 baseline corrected IR-ATR spectra of XFM with 10 % aqueous glycerol solution 

260 h after Xf 11399 + GFP inoculation (black) and the corresponding deconvoluted spectrum (red) from 

1800 – 900 cm-1.  

The cumulative impulse fit of IR-ATR spectra was performed with the commercially 

available software Origin 9.0 (OriginLab Corporation) applying normalized spectra via 

the sum of Gaussian curves. The non-linear curve fitting method provided the calculated 

values as peak height (H, a.u.), peak width at half height (w, cm-1) and peak center (x0, 

cm-1). The parameters w and x0 were fixed to their calculated values, while the peak height 

was restricted to defined values to avoid over-parameterization and negative peaks as well 

as to reveal the needed relationship of the peak heights as monitored for the XFM single 

constituents. The restrictions used for the individual Gaussian curves during the 

cumulative impulse fit are shown in the appendices of the corresponding chapters, 

respectively. All performed cumulative impulse fits had to converge and to achieve a chi-

squared value of 1 · 10-6. The calculated values of the cumulative impulse fit of dataset 

A and B were averaged and the corresponding variance was determined with the 

following equation: 
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∆x = 
t∙s

√n
 

(4) 

∆x = variance 

n = number of measurements (n=2) 

t = student factor with 3.078 for a confidence level of 90 % [236] 

s = standard deviation with n=2  
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10.4 Experimental chapter 8 

10.4.1 Substrate and single crystal preparation 

Several substrate materials e.g. Si wafers (‹1 0 0› orientation, cuted into 0.8 x 0.8 cm 

peaces), InP (‹1 1 1› orientation, cuted into 0.8 x 0.8 cm peaces, provided by 

Departamento de Física Aplicada, Instituto de Física Gleb Wataghin, Universidade de 

Campinas, Brazil) or Si samples with an oxygen terminated nanocrystalline BDD layer 

with a thickness of about 600 nm and a resistance of 10 – 100 kΩ (provided by Institute 

of Electron Devices and Circuits University of Ulm, Germany) were used [117,237]. 

Cleaning and repeated oxygen termination of BDD substrates was performed as 

developed by R. Hoffmann et al. if necessary [238]. Cleaning procedures described by 

Lorite et al. were applied to all samples before the incubation of XFM or the bacteria in 

XFM and 10 % aqueous glycerol solution for different time periods (3 h, 6 h, 10 h, 3 d, 6 

d, 10 d) after the experimental protocol of de Souza et al. in a sterile atmosphere [14,43]. 

Subsequently the liquid was carefully removed from all samples to stop the growth 

period, and gently rinsed three times with sterile deionized water to remove residues of 

the growth medium or non-attached cells and biofilms and dried with a weak argon or 

nitrogen flow, thereafter. InP samples and one set of Si samples, prepared during the stay 

at the Instituto de Física Gleb Wataghin, Universidade Estudual de Campinas, were 

oxidized after drying via N2 flow with O2 plasma at 100 mTorr for 15 min (50 sccm O2 

flow, 200 W) before inoculation with bacteria. All samples were stored at room 

temperature in a dark and dust free area until use. 

The BDD-ATR crystal of the IR-ATR-AFM combination (see 6.2.2) was cleaned by 

rinsing with 70 % ethanol, isopropanol, high purified water and carful brushing with a Q-

tip [34]. Before use for the above mentioned incubation strategy, the IR-ATR-AFM sample 

plate was cleaned with 70 % ethanol and intensely rinsed with deionized, autoclaved 

water in a sterile atmosphere. After exposure to UV-light for at least half an hour the IR-

ATR-AFM sample plate was stored in the sterile atmosphere for the while bacteria were 

harvested. For the incubation time of Xf in XFM and 10 % aqueous glycerol solution 

according to the protocol of de Souza et al. the IR-ATR-AFM sample plate was covered 

with a special designed lid and additionally stored under sterile conditions in a petri dish 

in the area of a clean bench [14]. After the Xf incubation period the liquid was carefully 

removed from the IR-ATR-AFM sample plate and subsequently treated as described 
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above for the substrate materials after incubation. The IR-ATR-AFM sample plate was 

stored at room temperature in a dark and dust free area until use. 

10.4.2 Quantification of Xf single cells and biofilms 

For the quantification of Xf single cells and biofilms 8 representative optical microscopy 

images (Zeiss Axio Imager M1m, Axioskop 2 mot plus from Zeiss) of a sample area of 

129.5 x 96.5 µm² and a 50 fold magnification were applied to evaluate the mean for each 

growth region. The percentage of each growth region (low or high) for each sample was 

estimated and separately counted for Xf single cells and biofilms considering their 

individual diameters with the software ImageJ 1.51f. The counted values were 

extrapolated according to equation (4) to a 1 cm² sample area considering the estimated 

percentage of the growth region and a conversion factor.  

10.4.3 Atomic force microscopy imaging 

For AFM imaging a 5500 Scanning Probe Microscope from Keysight Technologies with 

a 100 x 100 µm scanner was used. AFM imaging of bacterial samples was performed 

with AFM probes from NanoWorld using intermittent mode in air at room temperature 

with a scan speed of 0.9 - 2.3 lines/s. The nominal spring constant of the Si cantilevers 

was 48 N/m (manufacturer specification) and AFM imaging was performed at a 

resonance frequency of 190 kHz of the cantilever, if not otherwise noted.   

AFM imaging of the structural properties of Si and BDD was performed in contact mode 

at room temperature with silicon nitride cantilevers (Veeco). The spring constant of the 

silicon nitride cantilevers ranged between 0.08 and 0.58 N/m (manufacturer specification) 

with a resonance frequency of 14 – 75 kHz.  

The software Pico View 1.8.2 (Keysight Technologies, Santa Clara, USA) was used for 

the execution of both intermittent and contact operating modes of the AFM. The free 

software Gwyddion 2.40 was applied for data analysis, especially for RMS surface 

roughness determination. If not mentioned separately, at least four scan areas of 5.0 x 5.0 

µm² levelled by mean plane subtraction were selected within the whole 12.5 x 12.5 µm² 

AFM scan areas. For samples incubated in bacterial solution only two areas of 5.0 x 5.0 

µm² were chosen.  
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10.4.4 Scanning electron microscopy imaging 

SEM images were recorded without additional sample preparation using acceleration 

voltages between 1 – 5 kV and an Everhart-Thornley detector. All images were recorded 

by Gregor Neusser with secondary electron imaging of the Quanta 3D FEG from FEI.  
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10.5 Experimental chapter 9 

10.5.1 FIA conditions and customized BDD electrode fabrication 

L-Cyn and NAC FIA measurements were performed in a HPLC system type Dionex 

Ultimate 3000 (Thermo Scientific) equipped with a diamond particle pressure column to 

provide desired back pressure. Amperometric detection was performed with a Metrohm 

896 Professional detector equipped with a silver/silver chloride (Ag/AgCl) reference 

electrode and a platinum (Pt) counter electrode. The software Dionex Chromeleon 

(version 71.1.1.1127, Thermo Fisher Scientific) was applied to control the HPLC system. 

The software MagIC Net professional (version 2.3, Metrohm) was utilized to control the 

ECD. The eluent composition with 0.05 M K2HPO4·2 H2O, 2 % acetonitrile with a pH of 

2.7 and an eluent flow of 1 mL/ min was adapted from Chailapakul et al. and from bulk 

experiments described in chapter 9.5 [233]. The customized electrodes were received from 

our cooperation partners of the Institute of Electron Devices and Circuits, Ulm University. 

The active electrode components were prepared separately before introduction into the 

polyetheretherketone (PEEK) holder provided by the Metrohm GmbH & Co. KG. Figure 

77 illustrates the schematic assembly of the customized electrodes. 

            

Figure 77: Schematic illustration of the customized electrode (left) and construction of the boron doped 

nanocrystalline diamond coated metal rod (right). 

Metal rods (tungsten carbide or titan) with 2 mm diameter and a length of 8 mm were 

applied for the fabrication of the diamond electrode and were surrounded by a stainless 

steel adapter within the PEEK holder. Over the course of the ZIM project, electrode 

fabrication steps were improved leading to electrode sample sets with differing metal rods 

and terminations. The respective rods were polished at the top surface until a RMS value 
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of about 100 nm was achieved, followed by chemical cleaning with acetone, isopropanol 

and Caro’s acid. Tetrafluoromethane (CF4) plasma cleaning was applied to remove 

polishing residues. Titan rods were coated with a Si interlayer (parameters see table 8).  

Table 8: Parameters for the Si coating with a plasma enhanced filament chemical vapor deposition 

(PECVD) reactor and a final thickness of the interlayer of about 170 nm. 

disilane (Si2H6) hydrogen (H2) pressure temperature time 

0,5 sccm 50 sccm 250 mBar 500 °C 25 min 

 

Tungsten carbide rods were applied without polishing after cutting to the desired length 

but were chemically cleaned as described above and were used without an additional Si 

interlayer. All metal rods were sonicated for 20 min with nano diamond particles (New 

Metals and Chemical Corporation Ltd) for diamond inoculation. A hot filament chemical 

vapor deposition (HFCVD) reactor (ASTeX® Plasma CVD-System) was applied to 

achieve a nanocrystalline diamond (NCD) layer of about 1 µm (parameters see table 9). 

Boron dotting was achieved by addition of trimethylborate to the gas flow resulting in a 

BDD layer of 200 nm. Finally oxygen or CF4 plasma was accomplished to ensure oxygen 

or fluorine termination. 

Table 9: Parameters for the NCD growth with HFCVD and a final thickness of NCD layer of about 1 µm. 

methane (CH4) 
flow 

hydrogen (H2) 
flow 

trimethylborate 
(C3H9BO3) flow 

pressure 
temperature 

(tungsten wire) 
time 

1.2 sccm 400 sccm 3 sccm 1.5 kPa 1900 - 2200 °C 16 h 

 

The parameters of the finally customized electrode are reflected in table 10. 

Table 10: Definition of the design parameters of the customized electrodes. 

boron density of the conducting layer 1·1020 - 1023/cm3 

resistance 0.05 – 0.3 Ω cm² 

Background current density  maximum 10 µA/cm² 

width of the potential window 2 – 3 V 

 

In the corresponding chapters the type of the applied customized BDD electrode during 

the individual measurements is described, respectively. 
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10.5.2 Preparation and conditions for NH2-terminated boron-doped 

diamond electrodes 

“Isopropyl alcohol, acetone, hydrogen peroxide and sulphuric acid were purchased by 

BASF (Ludwigshafen, Germany), NanoAmando suspension was purchased by New 

Metals and Chemicals Corp. Ltd. (Tokyo, Japan), Boron wire was obtained from 

Goodfellow (Bad Nauheim, Gemany). Chromo-sulphuric acid, N-acetylcysteine (NAC) 

and NaH2PO4∙2H2O were purchased from Merck (Darmstadt, Germany). […] 

Hexaminruthenium III chloride (98% purity grade) was obtained from Sigma Aldrich 

(Steinheim, Germany). All solutions were prepared with Elga high purity water (Elga 

Labwater; VWS Deutschland GmbH, Celle, Germany). Electrochemical experiments 

were performed using a potentiostat (CHI 660c; CHInstruments, Inc., Austin, TX, USA) 

in combination with a customized liquid cell. [44] An Ag/AgCl (3 M KCl) electrode was 

used as reference electrode and a platinum wire (diameter 1 mm) served as auxiliary 

electrode in the three-electrode setup. The working electrode was obtained as follows: 

After a two-step sonication in acetone and then in isopropyl alcohol the silicon wafer was 

immersed for 10 min in piranha solution (H2SO4+H2O2 2:1). Afterwards a nanodiamond 

seeding layer was applied by dispensing and spinning NanoAmando suspension as 

described previously. [46] Diamond growth was obtained in two steps, first an intrinsic 

NCD layer of ~ 1 µm was grown and then a BDD layer of ~ 200 nm was deposited by 

microwave plasma chemical vapour deposition (MWCVD). Both processes were 

performed in an atmosphere of 2 % CH4 in H2 at a temperature of 750 °C and pressure of 

30 Torr, yet in two different reactor chambers. Doping was provided by inserting an 8 cm 

long and 200 µm thick boron wire into the plasma ball, resulting in a carrier density of 

~3∙1021 /cm³ and a sheet resistance of ~ 200 Ohm/square. After deposition of the BDD-

layer, the wafer was cleaned in chromo-sulphuric acid to remove sp2 impurities, then 

diced, resulting in planar electrodes with an area of 8x8 mm2. Finally, the samples were 

exposed to an ammonia-plasma resulting in a NH2-surface termination. […] After 

assembling in the electrochemical cell, the electrode area exposed to the solution was 1.39 

mm2, which was determined by the size of the electrochemical cell (defined by a silicone 

ring with an inner diameter of d = 1.33 mm). The potential window of NH2-terminated 

BDD electrodes was determined via cyclic voltammetry in 0.1 M H2SO4 solution within 

a potential range of -1.5 to +2.5 V vs. Hg/Hg2SO4, and at a scan rate of 0.1 V/s. Further 

characterization of the BDD electrodes was executed in degassed 5 mM 



Experimental chapter 9  10.5 

156 
 

hexaminruthenium III chloride solution (0.5 – +1.0 V s. Ag/AgCl at a scan rate of 0.1 

V/s). Cyclic voltammetry measurements were performed in a potential range from 0 to + 

2.5 V vs. Ag/AgCl with a scan rate of 0.1 V/s in 800 µL 0.1 M NaH2PO4∙2H2O electrolyte 

solution containing varying concentrations of analyte. Differential pulse voltammetry 

(DPV) was performed in a potential range from 0 to + 2.1 V vs. Ag/AgCl with a pulse 

amplitude of 0.05 V and a pulse width of 0.2 s. All calibration functions were recorded 

in 0.1 M NaH2PO4∙2H2O with varying concentrations of the analytes from 2 to 49 µg/mL 

for NAC, […] respectively. The pH optimum was determined in 0.1 M NaH2PO4∙2H2O 

solutions adjusted with diluted NaOH or H3PO4 to the desired pH value.” Reprinted with 

permission from Ref. [24] Copyright 2016, Wiley-Verlag 9 

                                                 
9 The reprinted references are considered in the chapter 14.5 as follows: 

[44]: [234]; [46]: [239] 
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11 Summary 

The plant pathogen Xylella fastidiosa (Xf) represents a perfect model for the investigation 

of bacterial adsorption and biofilm formation due to its slow growing characteristics [3,14]. 

The need to fully understand the molecular processes, involved in bacterial adsorption 

and biofilm formation require the application of various investigation techniques and 

research fields. For instance IR-ATR spectroscopy as well as AFM were shown to be 

promising nondestructive tools for bacteria related investigations [126,169,240,241]. To 

entirely discover the complex interplay of bacteria with their direct environment, a 

collaborative research of microbiologists, physicists and analytical chemists is needed for 

the analysis from a variety of different perspectives.  

Within this work IR-ATR spectroscopy, AFM, SEM as well as electrochemical 

techniques were applied to gain further insight to processes and molecules related with 

Xf bacterial adsorption and biofilm formation. Results of spectroscopic investigations 

were correlated with structural changes of Xf planktonic bacteria and biofilms for the 

individual growth stages (see chapter 8.4). For that purpose it was essential to characterize 

the growth medium XFM. This growth medium is particularly suitable due to its selected 

ingredients for the investigated fastidious bacterium and its lack of proteins [42]. 

Conditioning film formation of XFM did not show distinct changes of the revealed IR-

ATR signal with time. Hence, Xf investigation in XFM by IR-ATR spectroscopy was 

shown to exclusively reflect the bacterial response (see chapter 8.2). However, in the 

AFM images of comparable substrate surfaces a time dependent change of the RMS value 

could be presented, and thus proved conditioning film formation of XFM. Changes of the 

surface properties due to conditioning film formation were considered with respect to Si 

and BDD substrates. But the final assessment remained difficult due to varying surface 

roughnesses of the different substrates (see chapter 8.2). Investigation with more sensitive 

techniques may be in the focus of consecutive studies concentrating on conditioning film 

depending influences [89]. For the target of this work, to examine molecular changes 

during Xf growth by IR-ATR spectroscopy, the characterization of XFM served as basis 

for the evaluation via cumulative impulse fit. The properties of the individual IR-ATR 

responses of XFM constituents were used to fit the XFM growth medium on the one hand, 

and to evaluate the Xf induced IR-ATR changes on the other hand (see chapter 7). 

Additionally, an improved method without the need of previous conditioning film 
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formation could be demonstrated to be suitable for Xf growth with a controlled amount 

of bacteria (see chapter 10.1) [11,43].  

The cumulative impulse fit was applied for selected time periods of two datasets obtained 

for the incubation of Xf in XFM for up to 276 h. The results showed distinct rising of 

bacterial biofilm related bands like CH2/CH3 and stretching P=O (see chapter 7.3). The 

calculated values of the cumulative impulse fit in the spectral range from 1800 – 950 cm-1 

were discussed with respect to the involved molecular processes. The secondary structure 

of proteins within the evanescent field of the IR-ATR crystal was evaluated by the amide 

I, amide II and amide III band. Turns and α-helical structures dominated the initial growth 

stages and presented a slightly increase with time (see figure 21). These secondary 

structures, prevalent for early incubation times, may be related to adsorption processes 

via short pili, OMV of planktonic cells and initial C-EPS formation observed by AFM 

(see chapter 8.3.3). After the initial adsorption events, the experimental data showed a 

change of the predominantly secondary protein structure to β-sheets, especially in 

intermolecular structures and amyloid fibrils. This development may be attributed to 

OMV of biofilms, pili involved in twitching motility, nanowires as well as formation of 

secondary EPS visualized in chapter 8.3.3. Although AFM, SEM and the correspondent 

IR-ATR changes appear to correlate well, additional data will be needed to prove the 

indicated relationship between secondary structure and bacteria related structural 

changes. Furthermore, the contribution of carboxylate groups to reversible bacterial 

adsorption by formation of a more viscous polymer was hypothesized based on the rising 

of the respective IR-ATR signals within the first hours (see chapter 7.3). Thereby induced 

changes of the local electrostatic potential may possibly initiate a transition of secondary 

protein structures. Reaching of a constant level of carboxylate groups with time indicated 

that subsequent irreversible adhesion trigger further increase of this functional group. In 

this context, a crucial role of deprotonated carboxyl groups for the change from reversible 

to irreversible adsorption stages of Xf was suggested. The structural changes of EPS in 

AFM measurements and the known molecular interactions of this functional group (see 

chapter 8.3.3 and 7.3) supported this hypothesis [17,37,79]. Especially as on the one hand, 

the decreased quantity of adsorbed planktonic cells and biofilms at InP substrates in 

contrast to Si and BDD substrates may be related to a varying conditioning film formation 

and thus nutrient conditions. Therefore, it was reasoned that a decreased nutrient 

concentration resulted in a reduced formation of carboxylate groups involved in the 

reversible bacterial adhesion (see chapter 8.2 and 8.3.3) [53]. But on the other hand less 
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favorable conditions of InP for Xf bacteria were hypothesized to be related to a difference 

of the surface potential (see chapter 8.3.3). In this context the formation of nanowires at 

InP substrates and their contribution to the anaerobic respiration of Xf were discussed. 

Furthermore, the influence of the mucolytic agent NAC on molecular processes of Xf was 

observed. Addition of a 0.24 mg/mL solution to a Xf biofilm after 260 h of incubation at 

the IR-ATR active surface clearly showed a decrease of the spectral response within a 

few hours (see figure 7.4). A slight decrease for parallel and anti-parallel β-sheets as well 

as α-helices was observed by the evaluation via cumulative impulse fit (see chapter 7.4). 

These results support that NAC is able to cleave disulfide bonds and may interact with 

the secondary structure of bacterial proteins. However, the low concentration of the NAC 

solution did not totally inhibit bacterial growth and repetitive measurements as well as 

the application of varying NAC concentrations will be needed to prove the mechanism of 

action of NAC. Because the underlying mechanism of action of NAC is attributed to the 

formation of disulfide bonds, the oxidation behavior of this pharmaceutical was 

investigated by electrochemical detection. Additionally, the importance in quality control 

for this broadband therapeutical compound raised the need for working electrodes with 

favorable passivation behavior [24]. For this purpose BDD electrodes were chosen due to 

their unique properties (see chapter 9.2) [24]. In bulk experiments the favorable passivation 

behavior of NH2-terminated BDD electrodes in comparison to Au electrodes was shown 

[24]. The ability of oxygen, fluorine and NH2-terminated BDD electrodes for the detection 

of L-Cyn and NAC in bulk and FIA experiments could be demonstrated [24]. Optimal 

detection properties were evaluated to be a pH of 2.7 with DPV for NH2-terminated BDD 

electrodes in bulk experiments (see chapter 9.5) [24]. The goodness of the fit of the 

calibration curve (+1.36 V vs. Ag/AgCl) and small error bars as well as the evaluated 

LOD of 1.527 µg/mL and LOQ of 3.624 µg/mL showed the suitability of NH2-terminated 

BDD electrodes for NAC detection [24]. A second oxidation peak at +1.71 V vs. Ag/AgCl 

for concentrations higher than 16 µg/mL was observed and discussed to be related to 

irreversible oxidations [24] For investigations with FIA a constant potential could be 

shown to be applicable for the detection of NAC and L-Cyn. A potential of +1.4 V vs. 

Ag/AgCl demonstrated the most suitable calibration curves of the peak height with the 

customized fluorine terminated electrodes. The customized electrodes within the context 

of a project of “Zentrales Innovationsprogramm für den Mittelstand“ (ZIM) 10 comprised 

                                                 
10  Zentrales Innovationsprogramm für den Mittelstand (ZIM), „Entwicklung eines neuartigen 

elektrochemischen Detektorsystems mit Diamantelektroden zur Erhöhung der Empfindlichkeit und 
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a low within batch reproducibility. But electrodes with sufficient electrochemical 

properties could be shown to be suitable for NAC and L-Cyn detection in FIA. This 

knowledge of the oxidation behavior of NAC and L-Cyn at BDD electrodes may represent 

a basis for future electrochemical investigations to assess the oxidation behavior of 

proteins and together with varying NAC concentrations and incubation times as well. 

Additionally simultaneous electrochemical detection in the IR-ATR-AFM combination 

may lead to a wide-ranging experimental setup for the elucidation of the mechanism of 

action of NAC within Xf adsorption and biofilm formation [34]. In the course of this thesis 

the ability of Xf was shown to adhere at the IR-ATR active surface of the combination 

and a first corresponding IR-ATR spectrum could be demonstrated. 

In summary, complementary structural and chemical information to Xf adsorption and 

biofilm formation and the interaction with the pharmaceutical NAC was obtained by 

AFM, SEM, IR-ATR spectroscopy and electrochemical techniques. Several indications 

for possible mechanisms of action were discussed and supported by experimental data. 

These findings show opportunities for further investigations e.g. the anaerobic respiration 

of Xf and bacterial adsorption via adhesion proteins like XadA1 [3]. Another interesting 

field is the examination of Xf adsorption behavior to substrates with varying surface 

potential and for the incubation with differing NAC concentrations. Finally the outcome 

of this thesis provides a solid base for further investigations to increase knowledge for Xf 

adsorption and biofilm formation and to establish adequate countermeasures for bacterial 

biofilm related diseases.

                                                 
Messgenauigkeit in der Aminoglykosid-Antibiotika Analytik“. Cooperation partners: Phytos Labor für 

Analytik von Arzneimitteln GmbH & Co. KG; Institute of Electron Devices and Circuits, Ulm University; 

Institute of Analytical and Bioanalytical Chemistry, Ulm University; Metrohm GmbH & Co. KG. 
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12 Zusammenfassung 

Das Pflanzenpathogen Xylella fastidiosa (Xf) stellt durch seine langsamen 

Wachstumseigenschaften ein perfektes Modell zur Erforschung bakterieller Adsorption 

und Biofilmbildung dar [3,14]. Die Notwendigkeit, die damit verbundenen molekularen 

Prozesse vollständig zu verstehen, führte bereits zur Anwendung unterschiedlicher 

Messverfahren und Forschungsgebiete. Beispielsweise haben sich IR-ATR 

Spektroskopie als auch AFM als vielversprechende, nichtzerstörende Instrumente für 

bakterienbezogene Untersuchungen herausgestellt [126,169,240,241]. Um vollkommen die 

komplexen Wechselwirkungen von Bakterien mit deren unmittelbaren Umgebung aus 

unterschiedlichen Blickwinkeln zu erforschen, ist eine Zusammenarbeit mehrerer 

Fachgebiete wie Mikrobiologie, Physik und Analytischer Chemie notwendig. 

Im Rahmen dieser Arbeit wurden IR-ATR Spektroskopie, AFM, SEM als auch 

elektrochemische Verfahren verwendet um weitere Erkenntnisse über die mit bakterieller 

Adsorption und Biofilmbildung von Xf verbundenen Prozesse und Moleküle zu erhalten. 

Die Ergebnisse aus spektroskopischen Untersuchungen wurden in Beziehung zu den 

strukturellen Änderungen der jeweiligen Wachstumsphasen von planktonischen Xf 

Bakterien und Biofilmen gestellt (siehe Kapitel 8.4). Zu diesem Zweck war es 

erforderlich das Wachstumsmedium XFM vollständig zu charakterisieren. Dieses 

Wachstumsmedium ist aufgrund seiner ausgewählten Zusammensetzung für das 

untersuchte Bakterium und der fehlenden Proteinbestandteile besonders geeignet [42]. Die 

Bildung von Oberflächenfilmen, sogenannte “Conditionning Films“, aus XFM zeigte 

keine deutliche Änderung des IR-ATR Signals mit der Zeit. Somit konnte eine 

ausschließliche bakterienbezogene Änderung in IR-ATR spektroskopischen 

Untersuchungen von Xf in XFM gezeigt werden (siehe Kapitel 8.2). Jedoch zeigten AFM 

Untersuchungen vergleichbarer Substratoberflächen eine zeitabhängige Änderung der 

RMS Werte und somit die Bildung von Conditionning Films durch XFM. Änderungen 

der Oberflächeneigenschaften durch den Conditionning Film wurden mit Bezug zu den 

Substratoberflächen Si und BDD untersucht. Eine abschließende Bewertung stellte sich 

jedoch durch die unterschiedliche Oberflächenrauigkeit der jeweiligen Trägermaterialien 

als schwierig heraus (siehe Kapitel 8.2). Untersuchungen mit dem Schwerpunkt die den 

Conditioning Film beeinflussenden Faktoren anhand empfindlicherer Messtechniken zur 

ermitteln, sind im Rahmen weiterführender Studien denkbar [89]. Für die Zielsetzung 
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dieser Arbeit, die molekularen Änderungen während des Xf Wachstums mittels IR-ATR 

Spektroskopie aufzuzeigen, diente die Charakterisierung von XFM als Grundlage für die 

Auswertung durch kumulativen Impulsfit. Die Merkmale der einzelnen IR-ATR Spektren 

der XFM Bestandteile wurden für den kumulativen Impulsfit des Wachstumsmediums 

XFM als auch der durch Xf hervorgerufenen Änderungen verwendet (siehe Kapitel 7). 

Zusätzlich konnte eine verbesserte Methode ohne die Notwendigkeit einer vorherigen 

Conditioning Film Bildung für das Wachstum einer kontrollierten Menge an Xf Bakterien 

vorgestellt werden (siehe Kapitel 10.1) [11,43]. 

Der kumulative Impulsfit wurde für ausgewählte Zeitperioden auf zwei Datensätze mit 

einer maximalen Inkubationszeit der Xf Bakterien in XFM von 276 Stunden angewendet. 

Die Ergebnisse zeigten einen deutlichen Anstieg der mit der bakteriellen Biofilmbildung 

verbundenen Signale, wie der CH2/CH3 -Bande und P=O Streckschwingungen (siehe 

Kapitel 7.3). Die berechneten Werte aus dem kumulativen Impulsfit für den 

Spektralbereich von 1800 – 950 cm-1 wurden in Hinblick auf die beteiligten molekularen 

Prozesse diskutiert. Die Sekundärstruktur von Proteinen innerhalb des evaneszenten 

Feldes des IR-ATR Kristalles wurde anhand der Amid I-, Amid II- und Amid III Bande 

ausgewertet. Strukturen wie Turns und α-Helices beherrschten die anfänglichen 

Wachstumsphasen und zeigten mit der Zeit einen leichten Anstieg (siehe Kapitel 7.3.1). 

Diese für frühe Inkubationsdauer überwiegenden Sekundärstrukturen können mit den 

durch AFM Messungen gezeigten Adsorptionsprozessen über kurze Pili, Vesikel der 

äußeren Bakterienmembran (OMV) von planktonischen Zellen und initialer C-EPS 

Bildung in Verbindung gebracht werden (siehe Kapitel 8.3.3). Nach den initialen 

Adsorptionsereignissen zeigten die experimentellen Daten eine Änderung der 

vorwiegenden Sekundärstruktur zu β-Faltblättern, insbesondere in intermolekularen 

Strukturen und Amyloid Fibrillen. Diese Entwicklung kann OMV von Biofilmen, an 

Bakterienmotilität beteiligten Pili, “Nanowires“ sowie der Bildung von sekundärem EPS 

zugeschrieben werden (siehe Kapitel 8.3.3). Obwohl die mit AFM, SEM und IR-ATR 

beobachteten Änderungen einander gut zu entsprechen scheinen, werden weitere Daten 

benötigt werden um die aufgezeigten Verhältnisse zwischen Sekundärstruktur und 

strukturellen Änderungen durch Bakterien zu belegen. Darüber hinaus wurde basierend 

auf dem Anstieg der entsprechenden IR-ATR Signale eine Beteiligung von 

Carboxylatgruppen über die Bildung eines viskoseren Polymers an der reversiblen 

bakteriellen Adsorption angenommen (siehe Kapitel 7.3). Dadurch bedingte lokale 

Änderungen des elektrostatischen Potentials können möglicherweise eine Änderung der 
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Sekundärstruktur von Proteinen hervorrufen. Das Erreichen eines konstanten Wertes der 

Carboxylatgruppen mit fortschreitender Inkubationszeit deutete zusätzlich darauf hin, 

dass die folgende irreversible Adhesion einen weiteren Anstieg der deprotonierten 

Carboxylgruppe steuert. In diesem Zusammenhang wurde auf eine entscheidende Rolle 

deprotonierter Carboxylgruppen zur Änderung von reversibler zu irreversibler 

Adsorption hingewiesen. Die mit AFM beobachteten strukturellen Änderungen von EPS 

und die bekannten molekularen Wechselwirkungen der funktionellen Gruppe 

unterstützen diese Hypothese (siehe Kapitel 8.3.3 und 7.3) [17,37,79]. Vor allem, da die 

verringerte Anzahl adsorbierter planktonischer Zellen und Biofilme auf InP im Vergleich 

zu Si und BDD Substratoberflächen einerseits mit variierender Conditioning Film 

Bildung und somit veränderten Nährstoffbedingungen in Verbindung gebracht werden 

kann. Somit wurde abgeleitet, dass eine verringerte Nährstoffkonzentration zu einer 

verringerten Bildung an Carboxylatgruppen und der damit verbundenen reversiblen 

bakteriellen Adsorption führt (siehe Figure 21) [53]. Zum anderen wurde die Hypothese 

aufgestellt, dass weniger vorteilhafte Bedingungen für Xf Bakterien an InP Substraten auf 

einen Unterschied im Oberflächenpotential zurückzuführen sein könnten (siehe Kapitel 

8.3.3). Vor diesem Hintergrund wurde die Bildung von “Nanowires“ auf InP Oberflächen 

und deren Beitrag zur anaeroben Atmung von Xf diskutiert. Außerdem wurde der Einfluss 

des mukolytischen Medikaments NAC auf molekulare Prozesse des Xf Bakteriums 

untersucht. Eine NAC Konzentration von 0.24 mg/mL in der Inkubationslösung zeigte 

innerhalb weniger Stunden die Verminderung des IR-ATR Signals eines Xf Biofilms mit 

einer 260 stündigen Wachstumsperiode (siehe Kapitel 7.4). Die Auswertung mittels 

kumulativem Impulsfit zeigte einen leichten Rückgang für parallele und antiparallele β-

Faltblätter sowie für α-Helices (siehe Kapitel 7.4). Diese Ergebnisse unterstützen die 

Tatsache, dass NAC Disulfidbindungen spalten und mit Sekundärstrukturen der 

bakteriellen Proteine wechselwirken kann. Jedoch wurde das bakterielle Wachstum durch 

die geringe NAC Konzentration nicht komplett verhindert, weshalb 

Wiederholungsmessungen auch mit variierender Konzentration notwendig sind um den 

Wirkmechanismus von NAC zu beweisen. Da die Wirkungsweise von NAC der Bildung 

von Disulfidbindungen zugeschrieben wird, wurde das Oxidationsverhalten dieses 

Arzneimittels durch elektrochemische Detektion untersucht. Darüber hinaus hat die 

Relevanz dieses Breitbandtherapeutikums für die Qualitätskontrolle den Bedarf für 

Arbeitselektroden mit günstigen Passivierungseigenschaften hervorgerufen [24]. Hierfür 

wurden BDD Elektroden aufgrund ihrer außerordentlichen Eigenschaften ausgewählt 
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(siehe Kapitel 9.2) [24]. In Bulk-Versuchen wurde das vorteilhafte Passivierungsverhalten 

von NH2-terminierten BDD Elektroden im Vergleich zu Au Elektroden gezeigt [24]. Die 

Anwendbarkeit von Sauerstoff-, Fluor- und NH2-terminierter BDD Elektroden wurde für 

die Detektion von L-Cyn und NAC in Bulk- und FIA Untersuchungen gezeigt [24]. Die 

optimalen Detektionsbedingungen wurden für einen pH von 2,7 mittels DPV und NH2-

terminierten BDD Elektroden in Bulk-Versuchen ermittelt (siehe Kapitel 9.5) [24]. Das 

Bestimmtheitsmaß der Kalibriergerade (+1,36 V gegen Ag/AgCl), geringe Fehlerbalken 

sowie die ermittelte Nachweisgrenze von 1,527 µg/mL und Bestimmungsgrenze von 

3,624 µg/mL zeigten die Eignung der NH2-terminierten BDD Elektroden für die NAC 

Detektion [24]. Ein zweiter Oxidationspeak bei +1,71 V gegen Ag/AgCl wurde für 

Konzentrationen größer als 16 µg/mL festgestellt und der Zusammenhang zu 

irreversiblen Oxidationen diskutiert [24]. Für Untersuchungen mittels FIA konnte die 

Anwendbarkeit eines konstanten Potentials für die Bestimmung von NAC und L-Cyn 

gezeigt werden. Ein Potential von +1,4 V gegen Ag/AgCl zeigte die geeignetsten 

Kalibrierkurven der Peakhöhen mit maßgefertigten, Fluor-terminierten Elektroden. Die 

im Rahmen eines Projektes des “Zentrales Innovationsprogramm für den Mittelstand“ 

(ZIM) 11 gefertigten Elektroden wiesen eine niedrige Reproduzierbarkeit innerhalb einer 

Produktionscharge auf. Jedoch konnte für einzelne Elektroden mit ausreichenden 

elektrochemischen Eigenschaften die Anwendbarkeit für NAC und L-Cyn 

Bestimmungen mittels FIA herausgestellt werden. Diese Erkenntnisse zum 

Oxidationsverhalten von NAC und L-Cyn an BDD Elektroden stellen eine Grundlage für 

weiterführende elektrochemische Untersuchungen zum Oxidationsverhalten von 

Proteinen auch im Zusammenhang mit unterschiedlichen NAC Konzentrationen und 

Inkubationszeiten dar. Eine zusätzliche und gleichzeitige elektrochemische Detektion in 

der IR-ATR-AFM Kombination führt zu einem umfangreichen Messaufbau für die 

Aufklärung des Wirkmechanismus von NAC bei der Adsorption und Biofilmbildung von 

Xf [34]. Im Rahmen dieser Dissertation wurde die Adsorption von Xf auf der IR-ATR 

aktiven Oberfläche der Kombination sowie ein erstes komplementäres IR-ATR Spektrum 

gezeigt. 

                                                 
11  Zentrales Innovationsprogramm für den Mittelstand (ZIM), „Entwicklung eines neuartigen 

elektrochemischen Detektorsystems mit Diamantelektroden zur Erhöhung der Empfindlichkeit und 

Messgenauigkeit in der Aminoglykosid-Antibiotika Analytik“. Kooperationspartner: Phytos Labor für 

Analytik von Arzneimitteln GmbH & Co. KG; Institut für Elektronische Bauelemente und Schaltungen, 

Universität Ulm; Institute für Analytische und Bioanalytische Chemie, Universität Ulm; Metrohm GmbH 

& Co. KG. 
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Zusammenfassend wurden ergänzende strukturelle und chemische Erkenntnisse zur 

Adsorption und Biofilmbildung von Xf und dessen Wechselwirkungen mit dem 

Arzneimittel NAC durch AFM, SEM, IR-ATR Spektroskopie und elektrochemische 

Untersuchungen erhalten. Mehrere Hinweise für mögliche Wirkmechanismen wurden 

diskutiert und durch experimentelle Daten gestützt. Diese Erkenntnisse zeigten weitere 

Forschungsmöglichkeiten auf, beispielsweise zur anaeroben Atmung von Xf und zur 

bakteriellen Adsorption über Adhäsionsproteine wie XadA1 [3]. Ein weiteres interessantes 

Gebiet ist das Adsorptionsverhalten on Xf auf Substraten mit unterschiedlichen 

Oberflächenpotentialen und die Inkubation mit variierender NAC Konzentration. 

Schließlich stellen die Resultate dieser Dissertation eine stabile Grundlage für die 

Erforschung weiterer Erkenntnisse der Adsorption und Biofilmbildung von Xf, sowie der 

Entwicklung angemessener Gegenmaßnahmen für Krankheiten mit Bezug zu bakteriellen 

Biofilmen dar. 
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14 Appendices 

14.1 Appendix to 7.2.1 

Table 11: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of XFM 

shown in figure 6. 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

1677.5 0 < ≤ 0.05 1401.7 0.03 < n.a. 

1667.4 0.75 < n.a. 1399.5 0.01 < n.a. 

1649.7 0.007 < ≤ 0.01 1395.6 0.06 < n.a. 

1615.3 0.01 < ≤ 0.15 1388.5 0.07 < n.a. 

1612.2 0.015 < ≤ 0.05 1356.0 0 < ≤ 0.03 

1605.5 0.046 < ≤ 0.35 1349.9 0.009 < ≤0.01 

1567.6 0.13 < n.a. 1349.8 0.08 < n.a. 

1551.5 0.13 < n.a. 1328.8 0.04 < n.a. 

1519.5 0.14 < ≤ 0.2 1303.0 0.001 < ≤ 0.008 

1518.4 0.028 < ≤ 0.05 1295.1 0 < ≤ 0.02 

1492.7 0.07 < ≤ 0.1 1281.5 0.009 < ≤ 0.099 

1452.6 0.03 < ≤ 0.1 1104.3 0.01 < ≤ 0.15 

1428.7 0.0005 < ≤ 0.006 1081.6 0.037 < ≤ 0.2 

1418.6 0.0012 < ≤ 0.055 991.5 0.02 < n.a. 

1409.6 0.075 < ≤ 0.131 
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Table 12: Results of the Gaussian curves of the cumulative impulse fit of XFM shown in figure 6 and 

statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1677.5 0.0013 36.0 1409.6 0.0029 41.9 

1667.4 0.0035 21.9 1401.7 0.0011 24.8 

1649.7 0.0004 21.9 1399.5 0.0004 26.0 

1615.3 0.0017 81.7 1395.6 0.0015 45.5 

1612.2 0.0006 72.3 1388.5 0.0025 26.0 

1605.5 0.0048 68.0 1356.0 0.0009 32.5 

1567.6 0.0023 55.6 1349.9 0.0004 23.4 

1551.5 0.0033 45.8 1349.8 0.0019 38.8 

1519.5 0.0025 76.5 1328.8 0.0013 29.6 

1518.4 0.0008 61.4 1303.0 0.0003 26.7 

1492.7 0.0012 81.5 1295.1 0.0006 25.8 

1452.6 0.0020 33.9 1281.5 0.0014 64.7 

1428.7 0.0003 20.7 1104.3 0.0022 63.1 

1418.6 0.0012 43.3 1081.6 0.0042 44.9 

n.a. n.a. n.a. 991.5 0.0022 24.8 

Red. Chi Square 3.69 · 10-7     

R² 0.94     
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14.2 Appendix to 7.2.2 

Table 13: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of XFM 

shown in figure 7. 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

1681.2 0 < ≤ 0.014 1396.4 0.025 < n.a. 

1663.8 0 < ≤ 0.023 1394.4 0.0025 < n.a. 

1648.0 0 < ≤ 0.0055 1393.1 0 < n.a. 

1620.1 0 < ≤ 0.007 1358.4 0.004 < n.a. 

1615.6 0 < ≤ 0.028 1350.1 0 < n.a. 

1604.7 0 < ≤ 0.07 1349.4 0.012 < n.a. 

1570.6 0 < n.a. 1326.3 0 < n.a. 

1554.5 0.045 < n.a. 1303.8 0.001 < n.a. 

1537.1 0.015 < n.a. 1294.8 0 < n.a. 

1530.4 0 < ≤ 0.027 1285.1 0 < n.a. 

1496.0 0 < ≤ 0.01 1109.0 0 < n.a. 

1446.5 0 < ≤ 0.014 1079.4 0.03 < n.a. 

1420.1 0 < ≤ 0.009 988.8 0.005 < n.a. 

1409.9 0 < ≤ 0.018 

1402.8 0.006 < n.a. 
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Table 14: Results of the Gaussian curves of the cumulative impulse fit of XFM shown in figure 7 and 

statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1681.2 0.0004 31.7 1396.4 0.0005 45.8 

1663.8 0.0010 22.7 1394.4 0.0001 15.8 

1648.0 0.0003 19.2 1393.1 0.0006 52.4 

1620.1 0.0002 28.9 1358.4 0.0002 19.7 

1615.6 0.0005 53.3 1350.1 0.0000 22.9 

1604.7 0.0013 49.0 1349.4 0.0004 29.5 

1570.6 0.0011 55.5 1326.3 0.0004 32.3 

1554.5 0.0011 39.2 1303.8 0.0000 25.4 

1537.1 0.0003 47.0 1294.8 0.0002 27.9 

1530.4 0.0005 48.8 1285.1 0.0002 57.5 

1496.0 0.0003 31.1 1109.0 0.0003 77.6 

1446.5 0.0007 18.7 1079.4 0.0006 46.5 

1420.1 0.0003 26.9 988.8 0.0002 23.6 

1409.9 0.0006 27.3 n.a. n.a. n.a. 

1402.8 0.0003 20.0 n.a. n.a. n.a. 

Red. Chi Square 3.52 · 10-7     

R² 0.32     
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14.3 Appendix to 7.3 

 

Figure 78: Corresponding residuum of the cumulative impulse fit of XFM with 10% aqueous glycerol 

solution. 
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Table 15: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of XFM 

with 10% aqueous glycerol solution shown in figure 9. 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

1677.5 0.05 < n.a. 1356.0 0.009 < n.a. 

1667.4 0.075 < n.a. 1349.9 0.004 < n.a. 

1649.7 0.007 < ≤ 0.01 1349.8 0.0019 < n.a. 

1615.3 0.01 < ≤ 0.15 1328.8 0.013 < ≤ 0.019 

1612.2 0.015 < ≤ 0.05 1303.0 0.001 < ≤ 0.003 

1605.5 0.046 < ≤ 0.23 1295.1 0.05 < n.a. 

1567.6 0.035 < ≤ 0.15 1281.5 0.009 < n.a. 

1551.5 0.13< n.a. 1104.3 0.01 < n.a. 

1519.5 0.014 < ≤ 0.2 1081.6 0.037 < n.a. 

1518.4 0.028 < ≤ 0.05 991.5 0.02 < n.a. 

1492.7 0.07 < ≤ 0.1 1460.1 0.04 < n.a. 

1452.6 0.03 < ≤ 0.1 1416.4 0.25 < ≤ 0.3. 

1428.7 0.0005 < ≤ 0.006 1332.8 0.024 < n.a. 

1418.6 0.0012 < ≤ 0.03 1218.3 0.021 < n.a. 

1409.6 0.075 < ≤ 0.27 1112.9 0.063 < n.a. 

1401.7 0.0013 < ≤ 0.013 1045.4 0.14 < n.a. 

1399.5 0.001 < ≤ 0.005 995.2 0.046 < n.a. 

1395.6 0.06 < n.a. 927.7 0.023 < n.a. 

1388.5 0.1 < n.a. 1624.7 -0.5 < ≤ -0.21 
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Table 16: Results of the Gaussian curves of the cumulative impulse fit of XFM with 10% aqueous glycerol 

solution shown in figure 9 and statistics. 

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1677.5 0.0013 36.0 1356.0 0.0003 32.5 

1667.4 0.0022 37.6 1349.9 0.0012 23.4 

1649.7 0.0004 21.9 1349.8 0.0000 38.8 

1615.3 0.0017 81.7 1328.8 0.0004 29.6 

1612.2 0.0006 72.3 1303.0 0.0001 26.7 

1605.5 0.0032 68.0 1295.1 0.0025 25.8 

1567.6 0.0022 55.6 1281.5 0.0014 64.7 

1551.5 0.0027 45.8 1104.3 0.0021 63.1 

1519.5 0.0017 76.5 1081.6 0.0054 23.2 

1518.4 0.0004 61.4 991.5 0.0038 24.8 

1492.7 0.0008 81.5 1460.1 0.0023 24.3 

1452.6 0.0008 33.9 1416.4 0.0032 72.6 

1428.7 0.0003 20.7 1332.8 0.0021 55.4 

1418.6 0.0002 43.3 1218.3 0.0025 73.1 

1409.6 0.0029 41.9 1112.9 0.0070 21.3 

1401.7 0.0005 24.8 1045.4 0.0144 30.1 

1399.5 0.0002 26.0 995.2 0.0015 29.6 

1395.6 0.0012 45.5 927.7 0.0028 25.0 

1388.5 0.0017 55.7 1624.7 -0.0034 58.6 

Red. Chi Square 2.37· 10-7     

R² 0.971     
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Table 17: Evolution of relevant IR-ATR absorption bands during Xf biofilm formation for dataset A and B 

shown in figure 12. 

Wavenumber [cm-1]  Absorption [a.u.]   

 After 2 h After 260 h Increase ∆ increase  

dataset A / B 

994 (A) 0.013 0.056 0.043 0.005 

989 (B) 0.011 0.049 0.038  

1079 (A) 0.019 0.064 0.045 0.011 

1074 (B) 0.012 0.046 0.034  

1114 (A) 0.020 0.056 0.036 0.004 

1110 (B) 0.018 0.050 0.032  

1044 (A) 0.031 0.081 0.050 0.011 

1041 (B) 0.026 0.065 0.039  

1405 (A) 0.019 0.031 0.012 0.002 

1407 (B) 0.019 0.029 0.010  

1545 (A) 0.012 0.015 0.003 0.005 

1562 (B) 0.012 0.020 0.008  

1588 (A) 0.011 0.018 0.007 0.000 

1581 (B) 0.013 0.020 0.007  

1670 (A) 0.007 0.010 0.003 0.001 

1667 (B) 0.008 0.010 0.002  

 



Appendices  14 

176 
 

 

Figure 79: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 136 h 

(6 d) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution. 
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Table 18: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of the 

spectrum monitored after 136 h (6 d) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol 

solution shown in figure 15. 

x0 
[cm-1] 

lower 
limit 

amplitude 

upper 
limit 

amplitude 

 

x0  

[cm-1] 

lower 
limit 

amplitude 

upper 
limit 

amplitude 

 

lower 
limit 

w [cm-1] 

 

upper 
limit 

w [cm-1] 

1677.5 0.05 < n.a. 1104.3 0.01 < ≤ 0.14136 n.a. n.a. 

1667.4 0.075 < n.a. 1081.6 0 < ≤ 0.15 n.a. n.a. 

1649.7 0.007 < ≤ 0.01 991.5 n.a. ≤ 0.06 n.a. n.a. 

1615.3 0.01 < ≤ 0.15 1460.1 0.07 < ≤ 0.01 n.a. n.a. 

1612.2 0.015 < ≤ 0.05 1416.4 0.25 < ≤ 0.3 n.a. n.a. 

1605.5 0.046 < ≤ 0.23 1332.8 n.a. ≤ 0.12517 n.a. n.a. 

1567.6 0.035 < ≤ 0.15 1218.3 0.021< ≤ 0.2 n.a. n.a. 

1551.5 0.013 < ≤ 0.13 1112.9 0 < ≤ 0.16 n.a. n.a. 

1519.5 0.14 < ≤ 0.2 1045.4 0.014 < ≤ 0.48 n.a. n.a. 

1518.4 0.028 < ≤ 0.05 995.2 0 < ≤ 0.155 n.a. n.a. 

1492.7 0.07 < ≤ 0.1 927.7 0.023 < ≤ 0.075 n.a. n.a. 

1452.6 0.03 < ≤ 0.06 1624.7 -0.5 < ≤ -0.21 n.a. n.a. 

1428.7 0.0005 < ≤ 0.006 1670.0 0 < ≤ 0.8 20 < ≤ 25 

1418.6 0.0012 < ≤ 0.03 1551.5 0.1 < ≤ 0.8 0 < ≤ 36 

1409.6 0.075 < ≤ 0.19 1110.0 0 < ≤ 1.05 n.a. ≤ 32 

1401.7 0.0013 < ≤ 0.013 1041.0 0 < ≤ 0.8 0 < ≤ 50 

1399.5 0.001 < ≤ 0.005 1591.5 0 < ≤ 0.8 40 < ≤ 43 

1395.6 0 < ≤ 0.11 1079.0 0.023 < ≤ 1.2 20 < ≤ 30 

1388.5 0.1 < ≤ 0.13 1403.0 n.a. ≤ 0.8 0 < ≤ 55 

1356.0 0.009 < ≤ 0.01 994.0 0.2 < ≤ 1 0 < ≤ 35 

1349.9 0.004 < n.a. 1300.9 0.01 < n.a. 0 < ≤ 50 

1349.8 0.0019 < ≤ 0.01 1256.0 0.2 < n.a. 20 < ≤ 50 

1328.8 0.013 < ≤ 0.019 1208.3 0 < ≤ 1.1 35 < ≤ 55 

1303.0 0.001 < ≤ 0.003 1455.1 0 < n.a. 0 < ≤ 70 

1295.1 0.06 < ≤ 0.15 1351.4 n.a. ≤ 0.8 0 < ≤ 70 

1281.5 0.06 < ≤ 0.1 
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Table 19: Results of the Gaussian curves of the cumulative impulse fit of the spectrum monitored after 

136 h (6 d) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution shown in figure 15 

and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1677.5 0.0013 36.0 1104.3 0.0021 63.1 

1667.4 0.0019 37.6 1081.6 0.0023 23.2 

1649.7 0.0004 21.9 991.5 0.0023 24.8 

1615.3 0.0017 81.7 1460.1 0.0027 24.3 

1612.2 0.0006 72.3 1416.4 0.0032 72.5 

1605.5 0.0032 68.0 1332.8 0.0023 50.0 

1567.6 0.0025 55.6 1218.3 0.0026 73.1 

1551.5 0.0027 45.8 1112.9 0.0071 21.3 

1519.5 0.0025 76.5 1045.4 0.0150 30.1 

1518.4 0.0008 61.4 995.2 0.0049 29.6 

1492.7 0.0012 81.5 927.7 0.0028 25.0 

1452.6 0.0008 33.9 1624.7 -0.0034 58.5 

1428.7 0.0000 20.7 1670.0 0.0038 20.0 

1418.6 0.0000 43.3 1551.5 0.0070 36.0 

1409.6 0.0017 41.9 1110.0 0.0308 32.0 

1401.7 0.0000 24.8 1041.0 0.0438 43.2 

1399.5 0.0002 26.0 1591.5 0.0069 40.0 

1395.6 0.0023 45.5 1079.0 0.0322 30.0 

1388.5 0.0022 55.7 1403.0 0.0152 46.5 

1356.0 0.0003 32.5 994.0 0.0268 35.0 

1349.9 0.0019 23.4 1300.9 0.0151 50.0 

1349.8 0.0002 38.8 1256.0 0.0120 36.7 

1328.8 0.0006 29.6 1208.3 0.0188 55.0 

1303.0 0.0000 26.7 1455.1 0.0081 70.0 

1295.1 0.0024 25.8 1351.4 0.0111 45.6 

1281.5 0.0015 64.7    

Red. Chi Square 3.54· 10-5     

R² 0.84     
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14.3.1 Appendix to 7.3.1 

 

Figure 80: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 2h (top) 

and 127 h (5 d, bottom) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution shown 

in figure 17. 
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Table 20: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of the 

spectra from 1700 – 1500 cm-1 for all incubation periods of Xf 11399+GFP in XFM with 10% aqueous 

glycerol solution shown in figure 17. 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

1692.0 0 < ≤ 10 1667.4 0.0435 < ≤ 0.087 

1681.8 0 < ≤ 5 1649.7 0.005 < ≤ 0.01 

1667.2 0 < ≤ 10 1615.3 0.075 < ≤ 0.15 

1652.5 0 < ≤ 10 1612.2 0.025 < ≤ 0.05 

1637.0 0 < ≤ 10 1605.5 0.115 < ≤ 0.23 

1627.3 0 < ≤ 5 1567.6 0.065 < ≤ 0.13 

1618.8 0 < ≤ 5 1551.5 0.065 < ≤ 0.13 

1591.3 0 < ≤ 10 1519.5 0.007 < ≤ 0.14 

1559.5 0 < ≤ 10 1518.4 0.014 < ≤ 0.028 

1525.0 0 < ≤ 10 1624.7 -0.5 < ≤ -0.21 

1677.5 0.025 < ≤ 0.05 1492.7 0.035 < ≤ 0.07 

 

Table 21: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 2 h 

in XFM with 10% aqueous glycerol solution from 1700-1500 cm-1 shown in figure 17 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1692.0 0.0000 25.0 1667.4 0.0011 37.6 

1682.0 0.0002 6.0 1649.7 0.0002 21.9 

1670.3 0.0062 21.4 1615.3 0.0009 81.7 

1654.8 0.0027 16.6 1612.2 0.0006 72.3 

1640.6 0.0020 14.2 1605.5 0.0031 68.0 

1630.5 0.0011 12.2 1567.6 0.0013 55.6 

1617.0 0.0023 27.4 1551.5 0.0015 45.8 

1589.1 0.0066 31.9 1519.5 0.0017 76.5 

1559.6 0.0058 37.4 1518.4 0.0004 61.4 

1525.0 0.0028 55.0 1492.7 0.0008 81.5 

1677.5 0.0007 36.0 1624.7 -0.0030 66.2 

Red. Chi Square 1.16 · 10-7     

R² 0.995     
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Table 22: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

127 h in XFM with 10% aqueous glycerol solution shown in figure 17 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1692.0 0.0001 5.0 1667.4 0.0011 37.6 

1681.8 0.0021 15.0 1649.7 0.0002 21.9 

1667.2 0.0069 22.5 1615.3 0.0009 81.7 

1652.5 0.0054 25.1 1612.2 0.0003 72.3 

1637.0 0.0006 11.6 1605.5 0.0024 68.0 

1627.3 0.0029 18.6 1567.6 0.0011 55.6 

1618.8 0.0030 40.8 1551.5 0.0013 45.8 

1591.3 0.0168 31.4 1519.5 0.0017 76.5 

1559.5 0.0143 30.0 1518.4 0.0004 61.4 

1525.0 0.0075 55.0 1624.7 -0.0034 58.6 

1677.5 0.0007 36.0 1492.7 0.0008 81.5 

Red. Chi Square 1.95 · 10-7     

R² 0.997     
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Table 23: Calculated values for turns and helices from the cumulative impulse fit of Xf 11399+GFP 

incubation in XFM with 10% aqueous glycerol solution during varying time periods shown in figure 18. 

Time 
[h] 

H [a.u.] 
Dataset A 

turns 

H [a.u.] 
Dataset B 

turns 

H [a.u.]  

Dataset A 

helices 

H [a.u.] 
Dataset B 

helices 

2 n.a. 0.0062 n.a. 0.0027 

3 0.0010 0.0034 0.0012 0.0038 

6 0.0039 n.a. 0.0025 n.a. 

24 0.0057 0.0026 0.0010 0.0030 

72 (B), 
73 (A) 

0.0106 0.0028 0.0007 0.0041 

127 n.a. 0.0069 n.a. 0.0054 

149 0.0056 0.0042 0.0043 0.0018 

240 0.0069 0.0015 0.0039 0.0066 

Regr. 
curve 

𝑦 = -0.01e
(

-x
11.9

) 

+ 0.008 

n.a. n.a. y = 1.52 · 10-5 
x + 0.003 

R² 0.95 n.a. n.a. 0.96 

Time 
[h] 

H [a.u.] 

mean 

turns 

∆H [a.u.] 

variance 

turns 

H [a.u.] 

mean 

helices 

∆H [a.u.] 

variance 

helices 

3 0.0022 0.0037 0.0025 0.0040 

24 0.0042 0.0048 0.0020 0.0031 

72 0.0067 0.0120 0.0024 0.0052 

149 0.0049 0.0022 0.0031 0.0038 

240 0.0042 0.0083 0.0053 0.0042 

Regr. 
curve 

y = -0.003e
(

-x
15.9

) 

+ 0.004 

n.a. n.a. y = 1.21 · 10-5 
x + 0.002 

R² 0.66 n.a. n.a. 0.91 
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Table 24: Calculated values for anti-parallel β-sheets and β-sheets of amide I, and parallel and anti-

parallel β-sheets of the amide II band from the cumulative impulse fit of Xf 11399+GFP incubation in XFM 

with 10% aqueous glycerol solution during varying time periods shown in figure 19. 

Time 
[h] 

H [a.u.] Dataset A 

anti-parallel β-
sheets amide I 

H [a.u.] Dataset A 

β-sheets amide I 

H [a.u.] Dataset A 

anti-parallel β-
sheets amide II 

H [a.u.] Dataset A 

parallel β-sheets 
amide II 

3 0.0005 0.0006 0.0004 0.0017 

6 0.0017 0.0010 0.0032 0.0044 

24 0.0013 0.0017 0.0032 0.0040 

73  0.0022 0.0046 0.0038 0.0033 

149 0.0033 0.0014 0.0086 0.0089 

240 0.0034 0.0023 0.0080 0.0075 

Regr. 
curve 𝑦 = -0.003 e

(
-x

99.6
)

+ 0.004 

𝑦 = -0.002 e
(

-x
16.7

)

+ 0.003 

𝑦 = -0.008 e
(

-x
125.8

)

+ 0.01 

𝑦 = -0.006 e
(

-x
46.8

)

+ 0.008 

R² 0.89 0.43 0.86 0.86 

Time 
[h] 

H [a.u.] Dataset B 

anti-parallel β-
sheets amide I 

H [a.u.] Dataset B 

β-sheets amide I 

H [a.u.] Dataset B 

anti-parallel β-
sheets amide II 

H [a.u.] Dataset B 

parallel β-sheets 
amide II 

2 0.0002 0.0020 0.0028 0.0058 

3 0.0027 0.0012 0.0028 0.0048 

24 0.0017 0.0009 0.0027 0.0060 

72 0.0017 0.0010 0.0021 0.0044 

127 0.0021 0.0006 0.0075 0.0143 

149 0.0010 0.0016 0.0035 0.0064 

240 0.0012 0.0003 0.0036 0.0133 

Time 
[h] 

H [a.u.] mean 

anti-parallel β-
sheets amide I 

H [a.u.] mean 

β-sheets amide I 

H [a.u.] mean 

anti-parallel β-
sheets amide II 

H [a.u.] mean 

parallel β-sheets 
amide II 

3 0.0016 0.0009 0.0016 0.0032 

24 0.0015 0.0013 0.0029 0.0050 

72 0.0019 0.0028 0.0029 0.0039 

149 0.0022 0.0015 0.0060 0.0076 

240 0.0023 0.0013 0.0058 0.0104 

Regr. 
curve 𝑦 = -0.001 e

(
-x

149.2
)

+ 0.003 

y = -0.0007 e
(

-x
17.9

)

+ 0.002 

y = -0.005 e
(

-x
135.7

)

+ 0.003 

y = 2.90 · 10-5 x + 

0.003 

R² 0.93 0.87 0.88 0.95 

Time 
[h] 

∆H [a.u.] variance 

anti-parallel β-
sheets amide I 

∆H [a.u.] variance 

β-sheets amide I 

∆H [a.u.] variance 

anti-parallel β-
sheets amide II 

∆H [a.u.] variance 

parallel β-sheets 
amide II 

3 0.0034 0.0009 0.0037 0.0048 

24 0.0006 0.0012 0.0008 0.0031 

72 0.0008 0.0055 0.0026 0.0017 

149 0.0035 0.0003 0.0078 0.0038 

240 0.0034 0.0031 0.0068 0.0089 
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Table 25: Calculated values for intermolecular β-sheets and amyloid fibrils from the cumulative impulse 

fit of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution during varying time periods 

shown in figure 20. 

Time 
[h] 

H [a.u.]  

Dataset A 

intermolecular 
β-sheets  

H [a.u.]  

Dataset B 

intermolecular 
β-sheets 

H [a.u.] 
Dataset A 

amyloid fibrils 

H [a.u.] 
Dataset B 

amyloid fibrils 

2 n.a. 0.0023 n.a. 0.0011 

3 0.0012 0.0032 0.0004 0.0013 

6 0.0028 n.a. 0.0011 n.a. 

24 0.0018 0.0013 0.0006 0.0025 

72 (B), 
73 (A) 

0.0012 0.0014 0.0047 0.0034 

127 n.a. 0.0030 n.a. 0.0029 

149 0.0050 0.0001 0.0015 0.0017 

240 0.0049 0.0051 0.0032 0.0009 

Regr. 
curve 

𝑦 = -0.004 

e
(

-x
98.7

)
+ 0.005 

n.a. n.a. n.a. 

R² 0.85 n.a. n.a. n.a. 

Time 
[h] 

H [a.u.] mean 

intermolecular 
β-sheets  

∆H [a.u.] 
variance 

intermolecular 
β-sheets 

H [a.u.] mean 

amyloid fibrils 

∆H [a.u.] 
variance 

amyloid fibrils 

3 0.0022 0.0008 0.0031 0.0014 

6 n.a. n.a. n.a. n.a. 

24 0.0015 0.0015 0.0008 0.0029 

72 0.0013 0.0040 0.0003 0.0020 

149 0.0026 0.0016 0.0075 0.0003 

240 0.0050 0.0021 0.0003 0.0035 

 

Table 26: Calculated values the individual ratios of dataset A and dataset B shown in figure 21. 

Time [h] H [a.u.]  

Dataset A 

ratio 1 

H [a.u.]  

Dataset A 

ratio 2 

H [a.u.]  

Dataset A 

ratio 3 

H [a.u.]  

Dataset B 

ratio 1 

H [a.u.]  

Dataset B 

ratio 2 

H [a.u.]  

Dataset B 

ratio 3 

2 n.a. n.a. n.a. 0.6268 0.2472 0.3820 

3 0.4583 0.5000 0.7273 0.4500 0.5417 0.6250 

6 0.4507 0.4219 0.6094 n.a. n.a. n.a. 

24 0.5317 0.4478 0.3582 0.3709 0.4643 0.6786 

72 (B), 
73 (A) 

0.5707 0.6018 0.5221 0.4929 0.3913 0.6957 

127 n.a. n.a. n.a. 0.4046 0.2195 0.4797 

149 0.3449 0.4747 0.6633 0.4196 0.4333 0.3000 

240 0.3686 0.5278 0.9643 0.3320 0.1852 0.7407 
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Table 27: Calculated values for the symmetric COO- band and the asymmetric COO- band contributing to 

the amide I band from the cumulative impulse fit of Xf 11399+GFP incubation in XFM with 10% aqueous 

glycerol solution during varying time periods shown in figure 22. 

Time 
[h] 

H [a.u.]  

Dataset A 

symmetric COO- 

H [a.u.]  

Dataset B 

symmetric COO- 

H [a.u.]  

Dataset A 

asymmetric COO- 

H [a.u.]  

Dataset B 

asymmetric COO- 

2 n.a. n.a. n.a. 0.0066 

3 0.0051 n.a. 0.0019 0.0061 

6 0.0123 n.a. 0.0049 n.a. 

24 0.0129 0.0142 0.0047 0.0059 

72 (B), 
73 (A) 

0.0152 0.0137 0.0109 0.0073 

127 n.a. 0.0196 n.a. 0.0168 

149 0.0190 0.0156 0.0101 0.0082 

240 0.0231 0.0170 0.0129 0.0131 

Regr. 
curve 

y = 5.93 · 10-5 x + 
0.0097 

n.a. 
𝑦 = -0.01 e

(
-x

55.12
)

+ 0.01 

n.a. 

R² 0.91 n.a. 0.90 n.a. 

Time 
[h] 

H [a.u.] mean 

symmetric COO- 

∆H [a.u.] variance 
symmetric COO- 

H [a.u.] mean 

asymmetric COO- 

∆H [a.u.] variance 
asymmetric COO- 

3 n.a. n.a. 0.0040 0.0065 

24 0.0136 0.0020 0.0053 0.0018 

72 0.0144 0.0023 0.0091 0.0055 

149 0.0173 0.0052 0.0092 0.0029 

240 0.0200 0.0094 0.0130 0.0003 

Regr. 
curve 

y = 3.11 · 10-5 x + 
0.012 

n.a. 
y = -0.01 e

(
-x

55.12
)

+ 0.01 

n.a. 

R² 0.99 n.a. 0.90 n.a. 
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14.3.2 Appendix to 7.3.2 

 

Figure 81: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 3 h (top) 

and 127 h (5 d, bottom) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution shown 

in figure 24. 
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Table 28: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of the 

spectra from 1500 – 1150 cm-1 for all incubation periods of Xf 11399+GFP in XFM with 10% aqueous 

glycerol solution. 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

x0 [cm-1] lower limit 

amplitude 

upper limit 

amplitude 

 

1492.7 0.035 < ≤ 0.07 1407.9 0  < n.a. 

1452.6 0.015 < ≤ 0.03 1300.7 0  < n.a. 

1428.7 0.003 < ≤ 0.006 1220.0 0  < n.a. 

1418.6 0.005 < ≤ 0.01003 1205.0 0  < n.a. 

1409.6 0.065 < ≤ 0.13085 1461.2 0  < n.a. 

1401.7 0.0065 < ≤ 0.013 1353.8 0  < n.a. 

1399.5 0.0025 < ≤ 0.005 1260.0 0  < n.a. 

1395.6 0.03 < ≤ 0.06 1230.0 0  < n.a. 

1388.5 0.05 < ≤ 0.1 1240.0 0  < n.a. 

1356.0 0.0045 < ≤ 0.009 1518.4 0.014 < ≤ 0.028 

1349.9 0.0145 < ≤ 0.02885 1519.5 0.07< ≤ 0.14 

1349.8 0.00095 < ≤ 0.0019 1551.5 0.065 < ≤ 0.13 

1328.8 0.0065 < ≤ 0.013 1567.6 0.065 < ≤ 0.13 

1303.0 0.0015 < ≤ 0.003 1104.3 0  < n.a. 

1295.1 0.0035 < ≤ 0.069 1161.6 0  < n.a. 

1281.5 0.0048 < ≤ 0.097 1557.6 0  < n.a. 

1104.3 0.07 < ≤ 0.014 1525.0 0  < n.a. 

1460.1 0.03 < ≤ 0.06 1588.2 0  < n.a. 

1416.4 0.125 < ≤ 0.25 1605.0 0.115 < ≤ 0.23 

1332.8 0.056 < ≤ 0.125 1617.0 0  < n.a. 

1218.3 0.1 < ≤ 0.2 
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Table 29: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 3 h 

in XFM with 10% aqueous glycerol solution shown in figure 24 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1492.7 0.0008 81.5 1407.9 0.0051 50.0 

1452.6 0.0007 33.9 1310.0 0.0013 40.0 

1428.7 0.0002 20.7 1220.0 0.0009 45.0 

1418.6 0.0001 43.3 1205.0 0.0010 45.0 

1409.6 0.0015 41.9 1461.2 0.0014 32.1 

1401.7 0.0004 24.8 1353.8 0.0020 33.7 

1399.5 0.0002 26.0 1260.0 0.0014 21.7 

1395.6 0.0006 45.5 1230.0 0.0000 60.0 

1388.5 0.0008 55.7 1240.0 0.0004 8.4 

1356.0 0.0002 32.5 1518.4 0.0002 61.4 

1349.9 0.0009 23.4 1519.5 0.0009 76.5 

1349.8 0.0000 38.8 1551.5 0.0013 45.8 

1328.8 0.0004 29.6 1567.6 0.0011 55.6 

1303.0 0.0001 26.7 1104.3 0.0095 50.0 

1295.1 0.0017 25.8 1161.6 0.0015 15.8 

1281.5 0.0012 64.7 1557.6 0.0030 32.8 

1104.3 0.0021 63.1 1525.0 0.0017 55.0 

1460.1 0.0012 24.3 1588.2 0.0020 28.5 

1416.4 0.0016 72.6 1605.0 0.0021 68.0 

1332.8 0.0015 55.4 1617.0 0.0000 5.0 

1218.3 0.0013 73.1    

Red. Chi Square 1.49 · 10-6     

R² 0.86     
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Table 30: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

127 h in XFM with 10% aqueous glycerol solution shown in figure 24 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] x0 [cm-1] H [a.u.] w [cm-1] 

1492.7 0.0008 81.5 1407.3 0.0196 49.1 

1452.6 0.0008 33.9 1300.1 0.0145 37.2 

1428.7 0.0003 20.7 1220.0 0.0020 45.0 

1418.6 0.0002 43.3 1205.0 0.0124 27.0 

1409.6 0.0029 41.9 1461.8 0.0089 35.0 

1401.7 0.0005 24.8 1348.9 0.0130 48.9 

1399.5 0.0002 26.0 1274.1 0.0076 24.7 

1395.6 0.0012 45.5 1230.0 0.0116 60.0 

1388.5 0.0017 55.7 1240.4 0.0046 14.7 

1356.0 0.0003 32.5 1518.4 0.0004 61.4 

1349.9 0.0006 23.4 1519.5 0.0017 76.5 

1349.8 0.0000 38.8 1551.5 0.0025 45.8 

1328.8 0.0004 29.6 1567.6 0.0022 55.6 

1303.0 0.0001 26.7 1104.3 0.0547 50.0 

1295.1 0.0025 25.8 1164.7 0.0228 43.6 

1281.5 0.0014 64.7 1559.1 0.0116 26.1 

1104.3 0.0021 63.1 1525.0 0.0060 55.0 

1460.1 0.0018 24.3 1589.7 0.0148 29.3 

1416.4 0.0032 72.6 1605.0 0.0032 68.0 

1332.8 0.0021 55.4 1623.0 0.0026 30.0 

1218.3 0.0026 73.1    

Red. Chi Square 2.97 · 10-5     

R² 0.833     
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Table 31: Calculated values for helices, β-turn, random coil and β-sheets of amide III band from the 

cumulative impulse fit of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution during 

varying time periods shown in figure 25. 

Time 
[h] 

H [a.u.]  

Dataset A 

helices amide III 

H [a.u.] 
Dataset A 

β-turn amide 
III 

H [a.u.]  

Dataset A 

Random coil amide 
III 

H [a.u.]  

Dataset A 

β-sheets amide III 

3 0.0013 0.0014 0.0004 0.0000 

6 0.0043 0.0023 0.0018 0.0000 

24 0.0052 0.0028 0.0031 0.0000 

73  0.0098 0.0054 0.0033 0.0052 

149 0.0133 0.0074 0.0059 0.0129 

240 0.0166 0.0126 0.0075 0.0141 

Regr. 
curve 𝑦 = -0.02 e

(
-x

122.82
)

+ 0.02 

y = 4.42 · 10-5 
x + 0.0017 

y = 2.65 · 10-5 x + 
0.0015 𝑦 = -0.02 e

(
-x

178.84
) 

+ 0.02 

R² 0.98 0.99 0.96 0.96 

Time 
[h] 

H [a.u.] Dataset B 

helices amide III 

H [a.u.] 
Dataset B 

β-turn of 
amide III 

H [a.u.] Dataset B 

Random coil amide 
III 

H [a.u.] Dataset B 

β-sheets amide III 

24 0.0084 0.0050 0.0047 0.0000 

72 0.0081 0.0032 0.0038 0.0000 

127 0.0145 0.0076 0.0046 0.0116 

149 0.0107 0.0049 0.0016 0.0082 

240 0.0121 0.0065 0.0028 0.0097 

Time 
[h] 

H [a.u.] mean 

helices amide III 

H [a.u.] mean 

β-turn of 
amide III 

H [a.u.] mean 

Random coil amide 
III 

H [a.u.] mean 

β-sheets amide III 

24 0.0068 0.0039 0.0039 0.0000 

73 0.0089 0.0043 0.0036 0.0026 

149 0.0120 0.0062 0.0037 0.0106 

240 0.0144 0.0095 0.0052 0.0119 

Regr. 
curve y = -0.01 e

(
-x

264.90
)

+ 0.02 

y = 2.67 · 10-5 
x + 0.003 

y = 6.04· 10-6 x + 
0.003 𝑦 = -0.02 e

(
-x

155.81
) 

+ 0.02 

R² 0.99 0.98 0.79 0.95 

Time 
[h] 

∆H [a.u.] variance 

helices amide III 

∆H [a.u.] 
variance 

β-turn of 
amide III 

∆H [a.u.] variance 
Random coil amide 

III 

∆H [a.u.] variance 
β-sheets amide III 

24 0.0049 0.0034 0.0025 0.0000 

73 0.0026 0.0034 0.0008 0.0080 

149 0.0040 0.0038 0.0066 0.0072 

240 0.0069 0.0094 0.0072 0.0068 
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Table 32: Calculated values for CH2/CH3 band at 1461.8 cm-1 and CH2/CH3 band at 1349.6 cm-1 from the 

cumulative impulse fit of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution during 

varying time periods shown in figure 26. 

Time 
[h] 

H [a.u.]  

Dataset A 

CH2/CH3  

1461.8 cm-1 

H [a.u.]  

Dataset B 

CH2/CH3  

1461.8 cm-1 

H [a.u.]  

Dataset A 

CH2/CH3  

1349.6 cm-1 

H [a.u.]  

Dataset B 

CH2/CH3  

1349.6 cm-1 

3 0.0014 n.a. 0.0020 n.a. 

6 0.0047 n.a. 0.0056 n.a. 

24 0.0050 0.0050 0.0061 0.0075 

72 (B), 
73 (A)  

0.0066 0.0046 0.0107 0.0076 

127 n.a. 0.0089 n.a. 0.0130 

149 0.0112 0.0064 0.0144 0.0092 

240 0.0125 0.0070 0.0187 0.0098 

Regr. 
curve 𝑦 = -0.01 e

(
-x

159.29
)

+ 0.02 

n.a. 
𝑦 = -0.02 e

(
-x

168.35
)

+ 0.20 

n.a. 

R² 0.93 n.a. 0.97 n.a. 

Time 
[h] 

H [a.u.] mean 

CH2/CH3  

1461.8 cm-1 

∆H [a.u.] 
variance 

CH2/CH3 

1461.8 cm-1 

H [a.u.] mean 

CH2/CH3  

1349.6 cm-1 

∆H [a.u.] variance 

CH2/CH3  

1349.6 cm-1 

24 0.0050 0.0000 0.0068 0.0022 

72 0.0056 0.0031 0.0092 0.0048 

149 0.0088 0.0074 0.0118 0.0080 

240 0.0098 0.0085 0.0143 0.0137 

Regr. 
curve 

y = 2.39 · 10-5 x + 

0.004 

n.a. 
y = -0.01 e

(
-x

218.56
)

+ 0.02 

n.a. 

R² 0.99 n.a. 0.99 n.a. 
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Table 33: Calculated values for phosphate diesters at 1205.0 cm-1, polysaccharides at 1164.9 cm-1 and 

C-O-C stretching at 1220.0 cm-1 from the cumulative impulse fit of Xf 11399+GFP incubation in XFM with 

10% aqueous glycerol solution during varying time periods shown in figure 27. 

Time 
[h] 

H [a.u.]  

Dataset A 

phosphate diesters 

1205.0 cm-1 

H [a.u.]  

Dataset A 

polysaccharides 

1164.9 cm-1 

H [a.u.]  

Dataset A 

C-O-C str. 

1220.0 cm-1 

3 0.0010 0.0015 0.0009 

6 0.0028 0.0025 0.0026 

24 0.0048 0.0049 0.0028 

73  0.0110 0.0113 0.0000 

149 0.0123 0.0228 0.0002 

240 0.0204 0.0266 0.0000 

Regr. 
curve 

y = -0.03 

e
(

-x
273.05

)
 + 0.03 

𝑦 = -0.04 

e
(

-x
182.47

) 
+ 0.04 

n.a. 

R² 0.96 0.99 n.a. 

Time 
[h] 

H [a.u.]  

Dataset B 

phosphate diesters 

1205.0 cm-1 

H [a.u.]  

Dataset B 

polysaccharides 

1164.9 cm-1 

H [a.u.]  

Dataset B 

C-O-C str. 

1220.0 cm-1 

24 0.0089 0.0057 0.0009 

72 0.0093 0.0066 0.0000 

127 0.0124 0.0228 0.0020 

149 0.0089 0.0143 0.0000 

240 0.0098 0.0169 0.0007 

Time 
[h] 

H [a.u.] mean 

phosphate diesters 

1205.0 cm-1 

H [a.u.] mean 

polysaccharides 

1164.9 cm-1 

H [a.u.] 
mean 

C-O-C str. 

1220.0 cm-1 

24 0.0069 0.0053 0.0019 

73 0.0101 0.0089 0.0000 

149 0.0106 0.0186 0.0001 

240 0.0151 0.0217 0.0004 

Regr. 
curve 

y = 2.52 · 10-5 x + 

0.008 
𝑦 = -0.05 

e
(

-x
534.75

) 
+ 0.06 

n.a. 

R² 0.79 0.98 n.a. 

Time 
[h] 

∆H [a.u.] variance 

phosphate diesters 

1205.0 cm-1 

∆H [a.u.] 
variance 

polysaccharides 

1164.9 cm-1 

∆H [a.u.] 
variance 

C-O-C str. 

1220.0 cm-1 

24 0.0063 0.0012 0.0029 

73 0.0026 0.0072 0.0000 

149 0.0052 0.0131 0.0003 

240 0.0163 0.0149 0.0011 



Appendices  14 

193 
 

14.3.3 Appendix to 7.3.3 

 

Figure 82: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 2 h (top) 

and 127 h (5 d, bottom) of Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution shown 

in figure 29. 

  



Appendices  14 

194 
 

Table 34: Restrictions used for the individual Gaussian curves during the cumulative impulse fit of the 

spectra from 1150 – 950 cm-1 for all incubation periods of Xf 11399+GFP in XFM with 10% aqueous 

glycerol solution. 

x0 [cm-1] lower limit amplitude upper limit amplitude 

991.5 0 < n.a. 

1038.7 0 < n.a. 

1062.8 0 < n.a. 

1107.5 0 < n.a. 

1104.0 0.07 < ≤ 0.14 

1081.6 0.065 < ≤ 0.13 

927.7 0.035 < ≤ 0.07 

995.2 0.023 < ≤ 0.046 

1045.4 0.32 < ≤ 0.46 

1112.9 0.08 < ≤ 0.16 

1218.3 0.1 < ≤ 0.16 

991.5 0.05 < ≤ 0.1 

1170.0 0 < n.a. 

927.7 0 < n.a. 

 

Table 35: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 3 h 

in XFM with 10% aqueous glycerol solution shown in figure 29 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] 

991.5 0.0074 25.6 

1038.7 0.0154 21.1 

1062.8 0.0076 30.0 

1107.5 0.0085 35.0 

1104.0 0.0021 63.1 

1081.6 0.0053 23.2 

927.7 0.0013 25.0 

995.2 0.0007 29.6 

1045.4 0.0100 30.1 

1112.9 0.0071 21.3 

1218.3 0.0026 73.1 

991.5 0.0030 24.8 

1170.0 0.0040 60.0 

927.7 0.0061 33.0 

Red. Chi Square 1.78 · 10-6  

R² 0.837  
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Table 36: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

127 h in XFM with 10% aqueous glycerol solution shown in figure 29 and statistics.  

x0 [cm-1] H [a.u.] w [cm-1] 

991.5 0.0460 55.0 

1040.3 0.0500 29.4 

1070.4 0.0337 29.6 

1108.5 0.0375 45.0 

1104.0 0.0021 63.1 

1081.6 0.0036 23.2 

927.7 0.0026 25.0 

995.2 0.0007 29.6 

1045.4 0.0116 30.1 

1112.9 0.0071 21.3 

1218.3 0.0026 73.1 

991.5 0.0038 24.8 

1170.0 0.0254 60.0 

935.0 0.0397 33.0 

Red. Chi Square 1.01 · 10-4  

R² 0.654  
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Table 37: Calculated values for polysaccharides 1108.1 cm-1, polysaccharides 1040.6 cm-1, 

phosphodiesters 1071.7 cm-1 and phosphoryl group 991.9 cm-1 from the cumulative impulse fit of Xf 

11399+GFP incubation in XFM with 10% aqueous glycerol solution during varying time periods shown 

in figure 30. 

Time 
[h] 

H [a.u.] Dataset A 

polysaccharides 
1108.1 cm-1 

H [a.u.] Dataset A 

polysaccharides 
1040.6 cm-1 

H [a.u.] Dataset A 

phosphodiesters 
1071.7 cm-1 

H [a.u.] Dataset A 

phosphoryl group 
991.9 cm-1 

3 0.0034 0.0056 0.0026 0.0040 

6 0.0141 0.0210 0.0114 0.0080 

24 0.0149 0.0244 0.0148 0.0108 

73  0.0224 0.0336 0.0213 0.0206 

149 0.0338 0.0532 0.0305 0.0342 

240 0.0461 0.0611 0.0355 0.0517 

Regr. 
curve 

n.a. 
𝑦 = -0.06 e

(
-x

131.90
) 

+ 0.07 

y = -0.03 e
(

-x

99.22
)

+
0.04  

y = 1.93 · 10-4 x + 

0.006 

R² n.a. 0.91 0.95 0.99 

Time 
[h] 

H [a.u.] Dataset B 

polysaccharides 
1108.1 cm-1 

H [a.u.] Dataset B 

polysaccharides 
1040.6 cm-1I 

H [a.u.] Dataset B 

phosphodiesters 
1071.7 cm-1 

H [a.u.] Dataset B 

phosphoryl group 
991.9 cm-1 

2 0.0093 0.0153 0.0073 0.0000 

3 0.0086 0.0153 0.0076 0.0000 

24 0.0149 0.0243 0.0112 0.0133 

72 0.0164 0.0249 0.0147 0.0166 

127 0.0375 0.0500 0.0337 0.0460 

149 0.0270 0.0338 0.0233 0.0321 

240 0.0316 0.0444 0.0282 0.0373 

Regr. 
curve y = -0.07 e

(
-x

320.0
)

+ 0.08 

n.a. n.a. n.a. 

R² 0.95 n.a. n.a. n.a. 

Time 
[h] 

H [a.u.] mean 

polysaccharides 
1108.1 cm-1 

H [a.u.] mean 

polysaccharides 
1040.6 cm-1 

H [a.u.] mean 

phosphodiesters 
1071.7 cm-1 

H [a.u.] mean 

phosphoryl group 
991.9 cm-1 

24 0.0149 0.0244 0.0130 0.0121 

73 0.0194 0.0293 0.0180 0.0186 

149 0.0304 0.0435 0.0269 0.0331 

240 0.0389 0.0527 0.0319 0.0445 

Regr. 
curve 

y = 1.14 · 10-4 x + 
0.012 

y = 1.37 · 10-4 x + 
0.02 y = -0.03 e

(
-x

221.7
)

+ 0.04 

y = -0.12 e
(

-x
657.7

)

+ 0.13 

R² 0.99 0.99 0.99 0.99 

 

Continuation of table 37 on next page. 
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Time 
[h] 

∆H [a.u.] variance 

polysaccharides 
1108.1 cm-1 

∆H [a.u.] variance 

polysaccharides 
1040.6 cm-1 

∆H [a.u.] variance 

phosphodiesters 
1071.7 cm-1 

∆H [a.u.] variance 

phosphoryl group 
991.9 cm-1 

24 0.0000 0.0002 0.0055 0.0038 

73 0.0092 0.0134 0.0102 0.0062 

149 0.0105 0.0299 0.0111 0.0032 

240 0.0223 0.0257 0.0112 0.0222 
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14.4 Appendix to 7.4 

 

Figure 83: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 260 h of 

Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution (top left) and after 2 h (top right) 

and 4.5 h of NAC incubation (bottom left) between 1700 – 1500 cm-1. 

Table 38: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

260 h in XFM with 10% aqueous glycerol solution from 1700 – 1500 cm-1, after 2 h and 4.5 h of NAC 

insertion and statistics. The Gaussian curves corresponding to the Xf 11399+GFP are shown exclusively. 

260 h Xf  

x0 [cm-1] 

260 h Xf  

H [a.u.] 

260 h Xf 

w [cm-1] 

2 h NAC 

x0 [cm-1] 

2 h NAC 

H [a.u.] 

2 h NAC 

w [cm-1] 

1678.0 0.0028 11.0 1685.0 0.0000 5.0 

1668.0 0.0041 13.8 1668.0 0.0078 28.1 

1657.0 0.0051 27.8 1653.4 0.0012 13.4 

1638.0 0.0015 10.0 1641.6 0.0020 16.3 

1629.8 0.0015 11.0 1631.3 0.0004 8.6 

1617.0 0.0005 30.0 1617.0 0.0000 30.0 

1593.9 0.0155 34.0 1593.7 0.0126 33.9 

1560.0 0.0113 31.5 1560.0 0.0106 36.7 

1525.0 0.0058 55.0 1525.0 0.0060 55.0 

Red. Chi  

Square 

4.8· 10-7  Red. Chi  

Square 

2.8· 10-7  

R² 0.993  R² 0.995  
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Continuation of table 38. 

4.5 h NAC 

x0 [cm-1] 

4.5 h NAC 

H [a.u.] 

4.5 h NAC 

w [cm-1] 

1678.9 0.0010 12.0 

1666.6 0.0080 24.4 

1651.1 0.0007 10.4 

1640.2 0.0021 14.3 

1631.0 0.0009 9.1 

1617.0 0.0000 30.0 

1593.1 0.0118 35.6 

1559.6 0.0076 40.0 

1525.0 0.0042 55.0 

Red. Chi  

Square 

3.3· 10-7  

R² 0.993  

 

 

Figure 84: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 260 h of 

Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution (top left) and after 2 h (top right) 

and 4.5 h of NAC insertion (bottom left) between 1500 – 1150 cm-1. 
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Table 39: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

260 h in XFM with 10% aqueous glycerol solution from 1500 – 1150 cm-1, after 2 h and 4.5 h of NAC 

insertion and statistics. The Gaussian curves corresponding to the Xf 11399+GFP are shown exclusively. 

260 h Xf  

x0 [cm-1] 

260 h Xf  

H [a.u.] 

260 h Xf 

w [cm-1] 

2 h NAC 

x0 [cm-1] 

2 h NAC 

H [a.u.] 

2 h NAC 

w [cm-1] 

1405.571 0.0203 50.00 1405.4 0.0177 50.0 

1298.804 0.0137 34.84 1298.2 0.0128 37.7 

1242.706 0.0084 26.72 1220.0 0.0000 45.0 

1209.843 0.0128 24.65 1205.0 0.0198 45.0 

1460.831 0.0100 35.00 1460.5 0.0087 35.0 

1345.000 0.0131 50.00 1345.2 0.0106 48.3 

1274.004 0.0108 24.00 1276.3 0.0066 17.9 

1236.294 0.0085 30.44 1237.0 0.0073 19.2 

1260.000 0.0003 12.87 1252.7 0.0072 37.5 

1178.284 0.0199 55.51 1163.4 0.0168 35.7 

Red. Chi  

Square 

2.4· 10-6  Red. Chi  

Square 

5.8· 10-6  

R² 0.975  R² 0.932  

 

4.5 h NAC 

x0 [cm-1] 

4.5 h NAC 

H [a.u.] 

4.5 h NAC 

w [cm-1] 

1403.9 0.0193 50.0 

1298.1 0.0135 39.5 

1248.5 0.0079 26.2 

1207.3 0.0177 45.0 

1460.0 0.0096 35.0 

1345.4 0.0115 46.6 

1274.5 0.0084 20.0 

1237.0 0.0059 17.3 

1260.0 0.0000 5.6 

1150.4 0.0230 60.0 

Red. Chi  

Square 

1.7· 10-4  

R² 0.202  
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Figure 85: Corresponding residuum of the cumulative impulse fit of the spectrum monitored after 260 h of 

Xf 11399+GFP incubation in XFM with 10% aqueous glycerol solution (top left) and after 2 h (top right) 

and 4.5 h of NAC insertion (bottom left) between 1150 – 950 cm-1. 
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Table 40: Results of the Gaussian curves of the cumulative impulse fit of Xf 11399+GFP incubation for 

260 h in XFM with 10% aqueous glycerol solution from 1150 – 950 cm-1, after 2 h and 4.5 h of NAC 

insertion and statistics. The Gaussian curves corresponding to the Xf 11399+GFP are shown exclusively. 

260 h Xf  

x0 [cm-1] 

260 h Xf  

H [a.u.] 

260 h Xf 

w [cm-1] 

2 h NAC 

x0 [cm-1] 

2 h NAC 

H [a.u.] 

2 h NAC 

w [cm-1] 

991.5 0.0434 55.0 991.5 0.0412 55.0 

1041.4 0.0508 30.8 1040.6 0.0477 29.3 

1072.2 0.0287 27.2 1071.3 0.0288 30.0 

1107.2 0.0354 45.0 1108.6 0.0319 45.0 

Red. Chi  

Square 

1.2· 10-4  Red. Chi  

Square 

5.2· 10-5  

R² 0.576  R² 0.685  

 

4.5 h NAC 

x0 [cm-1] 

4.5 h NAC 

H [a.u.] 

4.5 h NAC 

w [cm-1] 

991.5 0.0404 55.0 

1040.6 0.0473 29.2 

1071.2 0.0282 30.0 

1108.2 0.0302 45.0 

Red. Chi  

Square 

5.3· 10-5  

R² 0.672  
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14.5 Appendix to 8.2 

Table 41: Surface roughness RMS and corresponding STD of Si and BDD substrates after different 

incubation times in XFM, AFM imaging under ambient conditions (see chapter 10.4.3 for detailed 

conditions). 

Incubation time RMS Si [nm] RMS BDD [nm] 

Bare 0.566 ± 0.122 21.600 ± 0.580 

3 h 0.872 ± 0.025 23.422 ± 2.909 

6 h 1.139 ±0.125 20.956 ± 0.375 

3 d 1.680 ± 0.251 23.500 ± 1.938 

6 d n.a. 23.683 ± 0.703 

 

14.6 Appendix to 8.3 

Table 42: Numerical values of adsorbed single cells on varying substrates shown in figure 46, involving in 

part the outcome of the bachelor thesis of N. Bone after re-evaluation [185]. 

 

Time   Si BDD InP 

3 h 124,619 99,655 n.a. 

5.5 h 283,394 92,254 32,005 (6.5 h) 

1 d 82,298 n.a. 55,008 

2 d 4,001 n.a. 28,576 

3 d 260,140 347,804 34,005 

6 d  557,347 1,440,857 32,005 

10 d 522,201 531,532 n.a. 

 

Table 43: Numerical values of biofilm growth at InP surfaces shown in figure 47. 

Biofilm diameter 
[ µm]  6.5 h  1 d  2 d  3 d  6 d 

> 5 8,001 11,002 33,148 18,003 76,012 

> 10 2,000 1,000 1,143 0 37,006 

> 20  2,000 0 0 0 5,001 

> 30 1,000 0 0 0 4,001 
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Table 44: Numerical values of biofilm growth at Si surfaces shown in figure 48, involving in part the 

outcome of the bachelor thesis of N. Bone after re-evaluation [185]. 

Biofilm diameter [ µm]  3 h  5.5 h 1 d 2 d  3 d  6 d 10 d 

> 5 7,201 16,052 82,298 12,002 21,937 45,002 38,081 

> 10 1,600 2,700 90,300 4,001 6,901 15,404 10,360 

> 20  200 1,900 27,433 0 867 4,692 3,801 

> 30 200 450 8,001 0 533 3,019 343 

 

Table 45: Numerical values of biofilm growth at BDD surfaces shown in figure 49, involving the outcome 

of the bachelor thesis of N. Bone after re-evaluation [185]. 

Biofilm diameter [ µm] 3 h 5.5 h 1 d 2 d 3 d 6 d 10 d 

> 5 2,932 3,841 n.a. n.a. 7,001 43,511 6,001 

> 10 732 800 n.a. n.a. 2,250 18,004 2,401 

> 20  457 320 n.a. n.a. 500 3,001 0 

> 30 0 80 n.a. n.a. 250 1,000 80 
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14.7 Appendix to 9 

Table 46: Corresponding values to figure 62. 

BNCDWC 

mean (≥ 6) 

peak height 

[nA] 

STD peak 

height 

[nA] 
mean (≥ 6) 

peak area 

STD peak area 

[nA x min] 

noise 

[nA] S/N 

20 0.499 0.016 0.392 0.017 1.03·10-3 484.47 
21 0.033 0.02 0.034 0.004 2.82·10-3 11.70 
22 1.965 0.286 1.345 0.217 2.94·10-3 668.37 
23 0.514 0.053 0.464 0.066 2.53·10-3 203.16 
24 1.309 0.098 0.83 0.091 1.39·10-3 941.73 
25 0.988 0.047 0.794 0.08 5.42·10-3 182.29 
26 0.209 0.023 0.195 0.018 2.19·10-3 95.43 
27 0.198 0.012 0.209 0.014 1.73·10-3 114.45 
28 0.705 0.121 0.632 0.128 1.04·10-3 677.88 
29 0.735 0.032 0.561 0.104 1.44·10-3 510.42 

 

Table 47: Corresponding values to the L-Cyn calibration curves see figure 65. 

L-Cyn 

concentration 

[mM] 

mean (≥ 6) peak 

height [nA]  
mean (≥ 6) peak 

area [nA x min] 
STD peak 

height [nA] 
STD peak area 

[nA x min] 

0.1 5.1 6.7 0.2 0.2 
0.2 7.4 7.0 0.2 0.2 
0.6 9.8 8.6 0.3 0.4 
1.0 20.8 18.7 0.8 0.9 
2.0 28.2 20.7 1.0 1.5 
6.0 66.5 47.6 2.1 2.1 

10.0 119.6 81.7 7.0 5.2 

Regression 

curve 
y = 11.18x + 

5.00 
y = 7.40x + 6.26 n.a. n.a. 

R² 0.997 0.989 n.a. n.a. 
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Table 48: Corresponding values to the NAC calibration curves see figure 67. 

NAC 

concentration 

[mM] 

mean (≥ 8) peak height 

(+1.0 V vs. Ag/AgCl) 

[nA]  

mean (≥ 8) peak area 

(+1.0 V vs. Ag/AgCl) 

[nA x min] 

STD peak 

height [nA] 
STD peak area 

[nA x min] 

0.1 0.084 0.028 0.016 0.011 
0.2 0.116 0.032 0.047 0.012 
0.3 0.196 0.054 0.062 0.016 
0.4 0.210 0.057 0.044 0.012 

Regression 

curve 
y = 0.439x + 0.04 y = 0.109x + 0.02 n.a. n.a. 

R² 0.988 0.95 n.a. n.a. 

NAC 

concentration 

[mM] 

mean (≥ 8) peak height 

(+1.2 V vs. Ag/AgCl) 

[nA]  

mean (≥ 8) peak area 

(+1.2 V vs. Ag/AgCl) 

[nA x min] 

STD peak 

height [nA] 
STD peak area 

[nA x min] 

0.1 0.721 0.168 0.006 0.011 
0.2 0.776 0.195 0.008 0.031 
0.3 1.592 0.346 0.025 0.042 
0.4 1.836 0.392 0.013 0.014 

Regression 

curve 
y = 3.477x + 0.30 y = 0.823x + 0.07 n.a. n.a. 

R² 0.916 0.961 n.a. n.a. 

NAC 

concentration 

[mM] 

mean (≥ 8) peak height 

(+1.4 V vs. Ag/AgCl) 

[nA]  

mean (≥ 8) peak area 

(+1.4 V vs. Ag/AgCl) 

[nA x min] 

STD peak 

height [nA] 
STD peak area 

[nA x min] 

0.1 2.724 0.586 0.065 0.166 
0.2 2.823 0.591 0.034 0.183 
0.3 5.335 1.212 0.056 0.088 
0.4 6.161 1.274 0.076 0.099 

Regression 

curve 
y = 14.227x + 0.44 y = 2.687x + 0.24 n.a. n.a. 

R² 0.908 0.915 n.a. n.a. 
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