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1. Summary 

Amperometric microbiosensors are an attractive tool for monitoring adenosine triphosphate 
(ATP) due to their inherent spatial and temporal resolution. Within this thesis new concepts 
for ATP microbiosensors were developed and established and ATP microbiosensors were 
applied for physiological measurements. Their performance under physiological conditions 
was investigated in respect to their influence on the biological sample and in respect to 
observed current changes in bathing solutions.  

In the first part of this thesis physiological measurements were performed at urothelial cells. A 
special type of vanilloid transient receptor potential channels (TRPV4) of these cells was 
stimulated by 10 nM GSK1016790A while the ATP release was monitored. A release of 
2.1 ± 0.5 µM·min ATP was observed within 4.5 ± 0.4 min, which can be correlated to an 
intracellular calcium increase. By blocking specific cellular processes, the measurements 
provided interesting insights in the ATP releasing process. It could be concluded that the 
release process occurs via connexin channels and via exocytosis. A release pathway at the same 
cell was suggested based on the time course of the monitored ATP release. Furthermore, the 
release of hydrogen peroxide was detected. Although the ATP microbiosensors provided 
reliable data in such cell measurements the microbiosensors positioned in close proximity to 
the cells might also affect the probed cells – e.g. stimulating the release of hydrogen peroxide.  

In order to investigate these effects, models for the measurements and the specific 
experimental setup were developed for simulating the behavior of cells and of the biosensor. 
The performance of the modeled ATP microbiosensors was adapted to the performance of 
ATP biosensors in calibration experiments for urothelial cell measurements. The simulations 
concurrently support the application of ATP microbiosensors in cell measurements as e.g., a 
short response time (< 30 s) and a uniform distribution of species within a quasi-thin layer cell 
between biosensor assembly and cell layer was determined. Furthermore, a hydrogen peroxide 
concentration of about 1.4 µM was determined within the polymer layer. The simulations 
showed that hydrogen peroxide may diffuse out of the polymer layer reaching the bare 
electrode of the ATP biosensor assembly and the facing cell layer. The hydrogen peroxide 
concentration, which was determined at these points is dependent on various parameters and 
might - dependent on these parameters - cause oxidative stress in the probed cells.  
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In the third part of this thesis current responses were observed using stimulating solutions 
under flow conditions. Therefore particularly changes in solution composition were examined 
in respect to their impact on the recorded current. As a model solution hyperkalemic Ringer 
solution was used. In this case a significant impact on the current response can be attributed 
to a change in conductivity. Minor influences were also observed by variations in viscosity and 
chloride activity and due to junction potential effects. These effects have to be considered for 
amperometric measurements at micro- and macroelectrodes and particularly, if the solution is 
exchanged during the measurement.  

When the solution has to be exchanged during ATP measurements, ATP microbiosensors 
showed a further disadvantage which is discussed in depth in the fourth part of this thesis. 
The polymer film, which contains the enzymes, shows only a poor mechanical stability and is 
hence frequently lost in experiments under laminar flow. Therefore two immobilization 
matrices were tested and were covalently bound to the insulating glass sheath, which 
surrounds the micro wire of the microelectrode. Since a matrix of bovine serum albumin 
(BSA) and glutaraldehyde was applied in a dipping process the complete surface of the 
biosensor assembly was modified, which led to superior sensitivities towards ATP of 
23 ± 20 pA/µM as a high number of enzymes is incorporated. However, the BSA-
glutaraldehyde coverage resulted in a loss of the spatial resolution and coverage of the second 
microelectrode, which is required for e.g. a reliable positioning of the biosensor assembly. 
Using the second immobilization matrix chitosan, the biosensor showed an improved long-
term stability of a period of minimum 7 days.  

Further improvements of the sensing scheme were aimed for the sensitivity and a reduced 
potential for the detection of the electroactive compound to avoid interferences. An approach 
was replacing glucose oxidase by pyrroloquinoline quinone (PQQ) dependent glucose 
dehydrogenase. This enzyme can be combined with redox mediators which reveal low 
oxidation potentials but have to be incorporated within the polymer matrix for preparation of 
a reagentless biosensor. An osmium redoxpolymer was tested but the number of redox centers 
was too low within the polymer for signal transduction. However, the obtained results formed 
the required properties for further development of reagentless biosensors. Thus, in a next step 
PQQ-GDH was covalently bound to gold nanoparticles, which were entrapped within a 
conductive polymer like polyaniline for signal transduction. The incorporation of negatively 
charged nanoparticles resulted, however, in a significantly reduced conductivity of the 
conductive polymer, which might be correlated to a change in its local oxidation state as 
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examined by x-ray photoelectron spectroscopy. Incorporating smaller gold nanoparticles 
(2.5 ± 0.9 nm in diameter) this effect could be reduced and a glucose microbiosensor with a 
sensitivity of 1 pA/mM was obtained.  

 

1.1 Zusammenfassung 

Amperometrische Biosensoren haben sich für die Detektion von Adenosintriphosphat (ATP) 
durch ihre inhärente Orts- und Zeitauflösung als sehr nützlich erwiesen. In der vorliegenden 
Dissertation wurden diese ATP-Biosensoren deshalb im Rahmen von physiologischen 
Messungen eingesetzt, ihr Verhalten näher untersucht und in Bezug auf ihre Stabilität und 
ihre mögliche Empfindlichkeit weiterentwickelt. 

Im ersten Teil der vorliegenden Doktorarbeit wurden physiologische Messungen an 
Urothelzellen durchgeführt. Dazu wurden so genannte TRPV4-Kanäle in diesen Zellen 
durch die Zugabe von 10 nM GSK1016790A stimuliert und der ATP-Ausstoß gleichzeitig 
dokumentiert. Die ausgestoßene ATP-Menge betrug dabei 2.1 ± 0.5 µM·min und erfolgte 
innerhalb eines Zeitraums von 4.5 ± 0.4 min, wobei das Freisetzen von ATP zeitlich mit dem 
Anstieg des intrazellulären Kalziumgehalts korreliert werden kann. Durch 
Blockierungsexperimente wurde ermittelt, dass der ATP-Ausstoß über Connexinkanäle und 
via Exozytose erfolgt. Zusätzlich wurde bei diesen Experimenten Wasserstoffperoxid 
detektiert, das offenbar durch die Zellen freigesetzt wird. In diesen Messungen wurde somit 
zum einen die Zuverlässigkeit der ATP-Mikrobiosensoren, ATP zu detektieren, gezeigt, zum 
anderen wurde aber auch festgestellt, dass die verwendeten ATP-Biosensoren die Zellen bei 
der Messung beeinflussen können. 

Um das Verhalten der Zellen und insbesondere der ATP-Biosensoren näher zu untersuchen, 
wurde Simulationen bezüglich der Diffusionsbedingungen und Konzentrationsverhältnisse für 
die gegebene Messanordnung nachgebildet. Die zu erwartenden Ströme der simulierten 
ATP-Biosensoren wurden dabei an die Empfindlichkeit von ATP-Biosensoren in 
Kalibrationsexperimenten angepasst. Die erhaltenen Daten dieser Simulationen unterstützen 
die durchgeführten Messungen an Urothelzellen durch zum Beispiel die Bestätigung der 
kurzen Reaktionszeiten (< 30s) und die gleichmäßige Verteilung von ATP innerhalb einer 
Quasi-Dünnschichtzelle zwischen Biosensor und der untersuchten Zellschicht. Die 
durchgeführten Simulationen zeigten dabei eine Wasserstoffperoxid-Konzentration von 
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ungefähr 1.4 µM innerhalb des Polymerfilms auf, in denen die Enzyme immobilisiert sind. 
Wasserstoffperoxidmoleküle können aus dem Polymerfilm diffundieren und sowohl die 
Zellen wie auch eine zweite blanke Elektrode erreichen. Die dort detektierte 
Wasserstoffperoxidkonzentration hängt dabei von verschiedenen Parametern ab und kann – 
abhängig von diesen Parametern – oxidativen Stress bei den untersuchten Zellen auslösen.  

Im dritten Teil der vorliegenden Arbeit wurden Ereignisse untersucht, die durch eine 
Änderung der Lösungszusammensetzung an der Elektrode beobachtet wurden. In Messungen 
mit amperometrischen Biosensoren an Zellen wurde eine mögliche Änderung der 
Elektrolytlösung bislang wenig beachtet. Als Modelllösung diente in dieser Arbeit eine 
hyperkaliämische Ringer-Lösung. Verschiedene Effekte wurden für diese Lösung untersucht, 
wobei es sich herausstellte, dass in diesem Fall vor allem eine veränderte Leitfähigkeit der 
Lösung zu der detektierten Stromänderung beitrug. Weitere Einflüsse konnten auf die 
Änderung der Viskosität, der  Chloridionenaktivität oder durch ein auftretendes 
Grenzpotential an der Referenzelektrode zurückgeführt werden. Es wurde gezeigt, dass diese 
Effekte in amperometrischen Messungen bei der Verwendung von allen Elektrodentypen 
(Makro- wie Mikroelektroden) berücksichtigt werden müssen, und insbesondere erkennbar 
werden, wenn die Lösung während der Messung ausgetauscht wird.  

Beim Austausch von Lösungen während den Messungen trat ein weiterer Nachteil der ATP-
Mikrobiosensoren zu Tage, der im vierten Teil dieser Arbeit näher behandelt wurde. Der 
Polymerfilm, der für die Immobilisierung der Enzyme verantwortlich ist, zeigte eine geringe 
Haftung im Durchflussexperiment. Daher wurden zwei Matrizes für die 
Enzymimmobilisation getestet, die kovalent an die isolierende Glasfläche der 
Mikroelektroden gebunden werden können. Eine Matrix bestand aus Rinderalbumin (BSA) 
und Glutaraldehyd, die mit Hilfe eines Eintauchprozesses auf die Elektrodenoberfläche 
aufgebracht wurde und dadurch die vollständige Oberfläche des Elektrodenaufbaus bedeckte. 
Dadurch konnte eine erhöhte Anzahl an Enzymmolekülen inkorporiert werden, was zu einer 
überdurchschnittlich hohen Empfindlichkeit gegenüber ATP von 23 ± 20 pA/µM führte. Die 
Bedeckung mit BSA und Glutaraldehyd führte allerdings auch zu einer verminderten 
örtlichen Auflösung und die zweite – eigentlich blanke - Elektrode wurde bedeckt, was eine 
zuverlässige Positionierung der Biosensoranordnung erschwert. Durch die Verwendung der 
zweiten Immobilisationsmatrix Chitosan konnte eine verbesserte Langzeitstabilität der 
Biosensoren von mindestens 7 Tagen erreicht werden.  
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Eine weitere Optimierung der ATP-Biosensoren strebte eine verbesserte Empfindlichkeit 
gegenüber ATP und den Verzicht von Wasserstoffperoxid als elektroaktives Molekül an. 
Dazu wurde in der Konstruktion des ATP-Biosensors Glucoseoxidase durch 
Pyrrolochinolinchinon-abhängige Glucosedehydrogenase (PQQ-GDH) ersetzt. Dieses 
Enzym kann mit Redoxmediatoren kombiniert werden, die ein niedriges Oxidationspotential 
aufweisen und die für die Herstellung eines so genannten „reagenzlosen“ Biosensors innerhalb 
der Polymermatrix gebunden sein sollten. Die Eignung eines osmiumbasierten Redoxpolymer 
wurde getestet. Es zeigte sich allerdings, dass sich im Polymer eine zu niedrige Konzentration 
an Redoxzentren befand, um eine gute Signalweiterleitung zu gewährleisten. Diese Versuche 
zeigten dennoch die notwendigen Eigenschaften einer Immobilisationsmatrix für die weitere 
Entwicklung von reagenzlosen Biosensoren auf. Im nächsten Schritt wurde daraufhin 
Goldnanopartikel mit PQQ-GDH kovalent modifiziert, die in ein leitfähiges Polymer 
eingebunden wurden, um eine schnelle Signalweiterleitung zu gewährleisten. Die Anbindung 
von negativ geladenen Molekülen an die Goldnanopartikel führte dazu, dass die Leitfähigkeit 
der Polymermatrix signifikant reduziert wurde. Dieses Phänomen wurde mit Hilfe von 
Röntgenphotoelektronenspektroskopie (XPS) untersucht und mit einer lokalen Reduktion 
des Polyanilins in Verbindung gebracht. Durch die Einbindung kleinere Goldnanopartikel 
(2.5 ± 0.9 nm im Durchmesser) wurde dieser Effekt reduziert und es konnte ein 
Glukosebiosensor mit einer Empfindlichkeit von 1 pA/mM erhalten werden. 
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2. Introduction 

2.1 Scope 

The aim of this thesis focused on amperometric microbiosensors for adenosine triphosphate 
(ATP). Three fields of research were thereby covered: (i) The application of ATP 
microbiosensors for ATP monitoring at bladder cells upon chemical stimulation, (ii) the 
investigation of ATP microbiosensors in respect to simulating their behavior and determining 
the solution influences on amperometric measurements and (iii) the further development of 
ATP microbiosensors in regard to their mechanical stability and preparation of third 
generation biosensors.  

 

2.2 Importance of ATP 

Adenosine triphosphate (ATP) is ubiquitous and indispensable in living matter. Its 
importance can be explained due to its two fundamental functions: (i) as the intracellular 
“universal currency” for energy [1] and (ii) as an extra- or intracellular signal molecule.  

The intracellular concentration of ATP is typically in the range of 1 to 5 mM [2] and is 
rapidly restored by adenosine diphosphate or monophosphate regeneration. In contrast, the 
concentration of extracellular ATP is in the nano- to low micromolar range [3]. Thus 
apparently a mere fraction of intracellular ATP has to be released in order to communicate in 
paracrine or autocrine mechanisms. A paracrine signal pathway describes the way of acting as 
a messenger molecule between cells. In an autocrine signal pathway ATP acts on the ATP 
releasing cell for triggering own cell reactions (Figure 2-1). 
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Figure 2-1 Sketch of ATP (structure, and represented as yellow dots in scheme) transmitting signals by 
either autocrine (blue arrow) or paracrine (red arrows) pathways. 

Released ATP is detected by purinergic receptors of the second class, P2, that are further 
classified by their topology in P2Y and P2X receptors [4]. These two families include several 
subtypes categorized by the upcoming number. In mammals eight subtypes of P2Y receptors 
have been identified (P2Y1, 2, 4, 6, 11-14) which are coupled to intracellular guanine nucleotide-
binding proteins [5]. The seven known P2X receptors are ligand-gated cation channels  
(P2X1-7) [6, 7]. 

These receptors play a key role in signaling pathways of ATP. Once ATP is released, its 
lifetime is limited to a few seconds [3, 8] as it is decomposed by nucleotidases and other 
hydrolytic mechanisms to adenosine and further derivates. Thus as a paracrine signaling 
molecule, ATP can only act on adjacent cells in a radius of approximately a few hundred 
micrometers [9].  

Depending on the cell type, ATP release can be induced by a number of stimulating processes 
by mechanical strain such as stretching or osmotic swelling of cells , by chemical stimulation 
or by changes of local conditions like pH, temperature or oxygen content [10]. ATP release 
can occur through channels or by exocytosis i.e. vesicular release.  

However, most of molecular mechanisms of ATP release are not fully understood. 

Uncovering the mechanisms is crucial in understanding pathogenesis and also for 
development of targeted pharmacological treatments. ATP is assumed to play an important 
role in asthma [11], cystic fibrosis [12], acute respiratory distress syndrome [13], osteoporosis 
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[14], overactive bladder [15, 16] (see also chapter 3) and even in the development of cancer 
[17, 18]. 

A fundamental understanding in cell signaling is a key step in developing new medication 
pathways. If therapeutics are applied which address signaling steps that are common in 
multiple cell types, adverse effects can be commonly encountered. Therefore in the field of 
cell signaling further mechanistic studies are required. Detecting changes in extracellular ATP 
might be the key to uncover the puzzle of cell signaling [19]. 

For quantification of extracellular ATP levels an accurate, robust and reliable ATP detection 
method is a prerequisite. 

 

2.3 Detection of ATP 

The signaling function of ATP is of great importance in almost all mammal cell types. For 
understanding and treating diseases it is therefore crucial to unlock the exact mechanisms of 
underlying cellular processes resulting in ATP release. Thus a number of detection schemes 
for ATP have been developed.  

 

2.3.1 Requirements for and challenges in localized ATP detection 

The optimum detection scheme for ATP should encompass the possibility to detect ATP in 
situ with high selectivity and sensitivity and at the same time provide high spatial resolution. 
Thereby neither the cellular processes nor the environment of the probed cells should be 
influenced by the detection of ATP. Additionally, the detection scheme should be fast, 
accurate, reliable and easy in handling. 

Generally, the limit of detection and the sensitivity of the method are of key importance for 
detecting extracellular ATP that is usually emitted in the nano- to low micromolar range [3]. 
Furthermore the selectivity is crucial and any interference with other nucleotides like 
adenosine diphosphate (ADP) or adenosine monophosphate (AMP) should be excluded or at 
least eliminated by control measurements.  
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Fast detection of ATP is required considering the presence of ectonucleotidases rapidly 
metabolizing extracellular ATP [8]. Hence, the reduced lifetime requires real-time detection 
in close vicinity to the release site or, if the supernatant solution is used to determine ATP, 
decomposing enzymes need to be denaturized or inhibited.  

In order to detect the actual ATP level released by e.g., a probed cell layer, the ATP detection 
assembly has to be positioned very closely to the cell surface. Vesicles consist of  
zeptoliter (10-21 l) volumes [20, 21] releasing solutions of millimolar to molar ATP 
concentration [22] during exocytosis process. Similar proportions are obtained for release of 
intracellular ATP through pores. Hence, a large concentration gradient of released ATP is 
observed showing relatively high ATP concentrations directly at the release site. The 
occurring concentration gradient is one of the crucial factors explaining the divergency of 
reported ATP levels which range from nano- [23–25] to mid-micromolar [26–29] ATP 
concentrations. ATP measurements in the supernatant fluid can only determine an averaged 
and significantly diluted concentration of ATP. In localized measurements, the distance of 
the detection assembly to the probed cells determines strongly the measured ATP 
concentration. The positioning of the detection assembly has to be reproducible and the 
distance should be exactly known. If the detection assembly is placed in micrometer distances 
to the probed cells being comparable to cell-cell distances, the detected ATP concentration 
reflects the actually present ATP concentration at adjacent cells.  

Concluding the desired method for detecting ATP should fulfill the following requirements, 
which unfortunately have not been demonstrated all in one detection scheme yet: (i) an in-situ 
method, which (ii) provides laterally resolved information of the ATP release, (iii) 
concurrently not influencing the biological sample e.g. by contamination and (iv) which 
provides high sensitivity, selectivity and high accuracy.  

 

2.3.2 ATP detection schemes  

For selective and sensitive ATP detection in the nano- to micromolar range several methods 
have been reported which can be divided into ATP detection in the supernatant solution and 
localized ATP measurements.  
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However, this method is commonly performed ex situ, so aliquots of the supernatant solution 
have to be taken or even more delicate, suspended cells can be used and centrifuged before 
performing the assay [41]. A problem hereby is that the cells may release additional ATP due 
to mechanical stress. In most cases the volume of supernatant solution is in the milliliter range 
leading in both cases to a remarkable and often unconsidered dilution of measurable ATP 
with the luciferase assay. Additionally, the luciferase-based ATP measurements reveal only 
single incident measurements and are not suitable for time-resolved detection of ATP release. 

To overcome the problem of ex situ measurements and to achieve temporal and spatial 
resolution, luciferin and luciferase can be added to the supernatant solution [23, 24, 42]. For 
reducing the probability of luciferase decomposition, highly concentrated luciferin-luciferase 
assay can be employed. The measurements are realized from beneath a single monolayer of 
cells using a luminometer. In this case background emission cannot be totally eliminated so 
the detection limit increases to the nanomolar range. Additionally, released ATP cannot be 
detected directly above the cells as the luciferase is decomposed and mixing of the solution 
during the measurement is not feasible.  

Nevertheless, these methods allow visualization of ATP release spatially and temporally 
resolved. Additionally, the ATP dilution within the supernatant solution is reduced as the 
detecting enzymes and substrates can diffuse to ATP releasing sites. However, the biological 
entities (e.g. cells) are exposed to enzymes, which are added to the solution and specifically 
physiological active co-factors influencing the probed cells. The cell medium can contain 
proteases that may influence the signal towards ATP detection by fragmenting the added 
enzymes like e.g. luciferase. Immobilization within a matrix improves the protection of the 
ATP detecting enzymes, gives the opportunity of reusing them and additionally prevents 
contamination of the cells with these enzymes. 

 

2.3.2.2 Localized ATP measurements  

For reducing the drawbacks of dissolved enzymes and for measuring the ATP concentration 
in close proximity to the cells many approaches have been developed.  

One obvious approach is thereby e.g. to attach luciferase to the probed cells [28, 43]. ATP 
can be determined by the bound enzyme and the signal readout can be again performed in a 
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luminometer. However, the binding of luciferase to the cell surface might influence the cells 
and their signaling pathways.  

Hence, luciferase can be also immobilized at the detecting device e.g. at a fiber-optics probe 
(Figure 2-2 A) [44]. The low detection limit of the firefly luciferase can be achieved without 
the drawbacks of binding the enzymes to the cell surface or adding the enzymatic assay 
directly to the solution as the enzymes are enclosed and protected by a membrane at the fiber-
optics probe.  

In this case the detection setup illustrates a biosensor consisting of a biological recognition 
compound, in this case firefly luciferase, and a transducer, in this case the fiber-optics probe. 
The transducer converts thereby the response of the detecting compound into a physical 
parameter. Uniting a biological element with a transducer results in a biosensors which 
combines the selectivity of the biological compound with the sensitivity of the transducer 
[45]. Generally, several principles like bioluminescence, fluorescence or electrochemical 
methods have been applied for design of transducers.  

Electrochemical detection methods are thereby an attractive transducer scheme in biosensing 
because of their easy handling, high sensitivity and reliability and the possibility for 
miniaturization. The miniaturization enables a local detection of ATP by (i) the small 
modified electrode surface and by (ii) an exact positioning in close proximity to the cell 
surface in combination with scanning electrochemical microscopy [46].  

One approach is the use of a whole cell patch of the cell line PC12 expressing P2X2 receptor 
channels (Figure 2-2 B) [47]. The patch clamp pipette with the attached PC12 cell is 
approached in close proximity to the surface of the cells. An induced ATP release by 
stimulating the investigated cells results in opening of the P2X2 channels of the PC12 cell and 
concurrently to a change in the patch clamp signal. However, in this biosensor a response of 
the PC12 cells to the stimulating agent cannot be excluded. 
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Figure 2-2 Schemes of various ATP biosensors. A Optical biosensor due to immobilization of luciferase 
on  a fiber-optics probe [44]. B Biosensor using the combination of PC12 cells and patch clamp technology 
[47]. C Aptasensor according to Du et al. [48]. A signal due to ATP can be recorded by impedance 
spectroscopy. D-G Amperometric ATP biosensors based on the immobilization of various enzyme assays 
[49–52]. All mentioned potentials are vs. an Ag/AgCl reference unlike otherwise stated.  

As just shown the biological recognition element of biosensors is not limited to enzymes but 
can also include whole cell assembles or complex forming agents like antibodies or aptamers. 
Biosensors with antibodies as recognition elements are characterized by a superior selectivity 
towards analytes. As there is no need for antibodies binding ATP in nature, artificial 
antibody-like molecules so-called aptamers were fabricated [53, 54]. Aptamers are artificial 
DNA (deoxyribonucleic acid) or RNA (ribonucleic acid) strands which can be designed for 
selective interaction with analytes like ATP by adapting their specific three-dimensional 
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structures to the structure of ATP. Several aptasensors – a combination of aptamers and a 
transducer – for ATP detection were reported in recent years (Figure 2-2 C) [48, 55, 56]. The 
basic principle is a cascade of binding and breaking events of DNA strands induced by a 
complexation of ATP to the aptamer. The change in the conformation of the DNA strands is 
detected for instance by electrochemical impedance spectroscopy [48], chronocoulometry [55] 
or square-wave voltammetry [56]. A drawback of aptasensors is the lack of continuous 
measurements as the sensor has to be regenerated after ATP detection. In addition, frequently 
analyzing of the recorded data is complicated e.g. for electrochemical impedance.  

Enzymes are most frequently used in the construction of biosensors [45] as their recognition 
is highly selective or even specific to their substrates and their conversion is of high catalytic 
efficiency. Hence, if enzymes are combined with a transducer, the resulting biosensor offers 
high selectivity and sensitivity towards the targeted analyte. Additionally, enzymes operate at 
physiological conditions and can be therefore perfectly applied in in vivo and in vitro 
measurements.  

For the application in biosensors enzymes are immobilized at the transducer surface. This 
helps not only to reduce the amount of used enzymes and to prevent contamination of the 
probed cell layer but also stabilizes the structure and hence the activity of the enzymes.  

Particularly for the detection of ATP enzymatic reactions are favored due to their selectivity 
and reproducible response towards the analyte. Combined with electrochemistry, a selective 
and sensitive tool can be obtained, which can be miniaturized. Especially in amperometry the 
resulting signal of an enzymatic reaction can be monitored continuously in time-resolved 
manner. Therefore at least one product of the enzyme catalyzed reactions has to be 
electrochemically active. For ATP detection, this requires at least two enzyme reactions. The 
enzymatic conversion can be based on a competition reaction for the same educt or the 
enzymatic conversions appear sequentially, which corresponds to that the second reaction is 
based on the product of the first reaction.  

A number of electrochemical ATP sensors are based on this latter consecutive scheme. A 
simple and straightforward sensor was designed by Katsu et al. [49] and was further improved 
by Llaudet et al. [57] (Figure 2-2 D). The enzymatic assay consists of two enzymes, glycerol 
kinase and glycerol-3-phosphate oxidase. Glycerol kinase is catalyzing the phosphorylation of 
glycerole by ATP. The resulting glycerol-3-phosphate is oxidized in a consecutive step by 
glycerol-3-phosphate oxidase generating hydrogen peroxide. Hydrogen peroxide is 
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electroactive and can be oxidized at the electrode surface at 500 mV vs. SCE (standard 
calomel electrode). As glycerol hast to be added to the solution, a contamination of cells is 
inevitable. This sensor principle for ATP was also commercialized and used for in vitro [26] 
and in vivo [57] ATP measurements. 

However, also more complex consecutive biosensor designs for ATP detection were 
published. An example therefore is a biosensor based on an immobilized trienzymatic assay 
reported by Yue et al. [50] (Figure 2-2 E). Hexokinase catalyzes the phosphorylation of 
glucose by ATP to glucose-6-phosphate that is further oxidized by glucose-6-phosphate 
oxidase with NAD+ as co-substrate generating NADH. In the final step NADH is used by 
salicylate hydroxylase to decarboxylate and hydroxylate salicylate in a reaction, which 
consumes oxygen. The reduced oxygen concentration is measured with a Clark-type 
electrode. A concern in respect to enzyme-based biosensors is always their long-term stability. 
As this sensor principle consists of 3 enzymes, it appears limited for routine, reliable 
measurements in particular as it requires to add additionally salicilate and biologically active 
NAD+ in the solution. So far this sensor scheme was not used for application in cell 
measurements.  

Competitive enzymatic assays compete for one common substrate whose conversion by one of 
the enzymes results in a detectable basic current. Pfeiffer et al. [51] reported in 1980 the first 
competitive enzyme assay for ATP (Figure 2-2 F), which is currently the most commonly 
adapted biosensor for ATP measurements [58–60] and is also applied and further developed 
within this thesis. Thereby the two enzymes hexokinase and glucose oxidase compete for the 
substrate glucose. The by-product hydrogen peroxide, which is generated by the glucose 
oxidase catalyzed oxidation of glucose, can be detected at the electrode surface. An advantage 
is that glucose is mostly present in buffered systems for nutrition of cell cultures and thus no 
species has to be added to solution avoiding hence contamination. The miniaturization of this 
competitive ATP biosensor was developed by Kueng et al. [59]. The biosensing layer can be 
implemented in a dual microelectrode assembly. Two advantages are thereby achieved. Firstly, 
the bare electrode can be used to position the biosensor at the cell surface recording a current-
distance curve [27, 61]. Secondly, interferences due to co-oxidation of electroactive species, 
released by the cells or present in solution, can be detected at the second bare electrode and 
the ATP signal can be corrected [27].  
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The co-oxidation of redox active species can be also avoided by replacing glucose oxidase by 
pyrroloquinoline quinone (PQQ) dependent glucose dehydrogenase (Figure 2-2 G) [52]. 
This enzyme accepts further redox mediators of lower oxidation potentials as electron 
acceptor and the detection potential can be further reduced. Furthermore, an ATP biosensor 
based on PQQ dependent glucose dehydrogenase and hexokinase results in a sensitive ATP 
biosensor which is independent from oxygen content of the solution. However, so far this 
technique is based on free diffusing mediator which contaminates the probed cells. The 
incorporation of the mediator within the enzyme immobilization matrix will be approached 
within the scope of this thesis.  
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3. ATP measurements at urothelial cells 

The complexity of cellular processes is only partially uncovered so far. This lack of 
information complicates treating of diseases with proper medication and leads often to 
adverse effects. Studying the release mechanisms of ATP at bladder cells, these investigations 
might contribute to the understanding of cellular processes at this cell type.  

 

3.1 Motivation 

In Europe and in the U.S.A. 1 out of 6 persons aged ≥ 40 is affected by overactive bladder 
syndrome [62, 63] making it the most common bladder disease in these countries. Alone in 
Germany the overall costs due to overactive bladder syndrome were nearly 1 billion € in the 
year 2000 [64]. Due to an aging population the numbers of patients and costs are rising. 
Overactive bladder is defined by a set of symptoms including urgency, frequency and nocturia 
and affects thereby the patients’ quality of life. 

Generally the function of the bladder is to store and to release urine from time to time and in 
socially convenient moments. The bladder consists of three distinct tissue layers. The 
urothelium (transitional epithelium of the bladder) is lining the inside of the organ and is in 
direct contact with the urine. The urothelial cells are surrounded by the lamina propria, which 
is composed of interstitial cells. Up to date the function of these cells has not been clearly 
identified. The third layer is a smooth muscle layer (detrusor) for an efficient contraction of 
the organ. 

Urothelial cells react on physical and chemical stimuli and release signaling molecules to 
afferent nerves and to the underlying muscles of the urinary tract [65]. ATP is one of these 
signaling molecules. Once released, it leads to opening of purinergic cation channels (P2X3) at 
the afferent nerve cells, which then signals the brain that the bladder is filled [66].  

A simple way for treating the overactive bladder syndrom might be to block P2X3 channels in 
the bladder afferent nerves. However, in P2X3 knockout mice – in which the gene expressing 
the ion channel has been deleted – the absence of these channels led to less voiding and 
reduction of felt pain, however also resulted in a hypersensitivity towards inflammation of the 
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skin [67]. This side effect is caused by the broad expression pattern of P2X3 and forbids the 
pharmacological blockage of P2X3 for treatment of the overactive bladder syndrome. 

A practiced approach for this disease is the application of antimuscarinic agents in order to 
block the acetylcholine mediation in the interaction of neurons and bladder muscles [68]. 
However, as muscarinic receptors are quite common within the human body, these drugs also 
leads to unwanted adverse affects like headaches, dry mouth or blurred vision.  

As both of these approaches lead to severe secondary effects and further complications, 
fundamental studies elucidating the signaling pathways and the role of ATP have to be 
performed in respect to develop novel specific drugs.  

Recently, vanilloid transient receptor potential channels (TRPV), a class of transient receptor 
potential (TRP) channels, have been identified in urothelial cells. Particularly the channel 
type TRPV4 is highly expressed in the lower urinary tract [69] and have been reported as a 
conceivable pharmacological target for bladder dysfunctions [70]. TRPV4 channels are 
described as mechanosensitive channels and play a major role in mediating bladder distention.  

TRPV4 is a non-selective cation channel, which is 5-10 times more permeable for calcium 
than for sodium ions, therefore leading to an increased intracellular calcium ion content  
[71, 72]. The stimulation of TRPV4 leads to a calcium influx and a subsequent ATP release, 
signaling adjacent cells or nerves the applied (mechanic) stress by acting there on P2 receptors 
and inducing further downstream actions. TRPV4 is highly expressed in different tissues and 
is responsible for mechanosensation, temperature sensing, vascular regulation and hearing 
[72]. Therefore medication targeting the inhibition of TRPV4 channels may also show severe 
side effects. 

Hence, the mechanisms which lead to an ATP release upon TRPV4 stimulation might be a 
further possibility of medical treatment but have not been studied so far. Cells release ATP 
unspecifically either through plasma membrane hemichannels via conductive release (using 
connexins [73] and/or pannexins [74, 75]) or via vesicle-plasma membrane fusion 
(exocytosis).  

Thus, the role and pathways of ATP release evoked by TRPV4 stimulation will be 
investigated and discussed. Blockage of these channels or cleavage of synaptosome-associated 
protein of a mass of 25 kDa (SNAP-25), respectively combined with spatial and time-
resolved monitoring of ATP levels may elucidate the mechanisms of ATP release from 
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chapter 4.1 modeling of the diffusion behavior of ATP supports the description of this 
experimental setup as an electrochemical quasi-thin-layer cell and confirmed that a nearly 
uniform ATP concentration within this volume is obtained. According to these calculations 
the diffusion of released ATP to the closely positioned biosensing electrode is fast (< 1 s) 
which reveal that ATP signals of these biosensors reach their steady state within 30 s.  

 

Figure 3-2 Experimental setup, calibration and application of ATP biosensors in urothelial cell 
measurements. A Sketch of a dual ATP microbiosensor setup located approx. 50 µm above urothelial cells. 
B Exemplary calibration for ATP (addition of 4 x 5, 2 x 10, 30 and 100 µL of 1.8 mM ATP stock solution, 
100 µL buffer and 100 µL 0.2 M glucose stock solution to initial 5 mL of buffer); C Exemplary calibration 
curve for ATP (n = 4); D Exemplary amperometric curve of a measurement above urothelial cells corrected 
for its baseline and the time of GSK addition; GSK was added at 0 min and after approx. 10 min an 
internal calibration by adding aliquots of ATP and glucose was performed.  

The ATP microbiosensors showed a sensitivity of 1.5 ± 0.1 pA/µM towards ATP, which was 
determined calibrating the sensor prior to the cell measurements. The limit of detection of 
these ATP biosensors was in the range of 0.7 ± 0.1 µM. 

After adding GSK (10 nM) to the solution, ATP release was monitored for at least 10 min. 
In 17 out of 25 measurements an ATP signal was detected lasting for 4.5 ± 0.4 min. The 
observed signal was integrated in order to obtain the totally detected amount of ATP [26] 
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registering 2.1 ± 0.5 µM·min of total ATP. The ATP release was detected 2.9 ± 0.5 min after 
the application of GSK and a maximum ATP level of 1.6 ± 0.5 µM (Figure 3-3) was 
measured.  

Three measurements did not show an ATP signal, which might be due to ATP release below 
the limit of detection (LOD) of the biosensors. In 8 cases a current increase was detected, 
which might be attributed to hydrogen peroxide release from urothelial cells (see also chapter 
3.2.4) and results in an increase in anodic current.  

 

 

Figure 3-3 Exemplary curve of an ATP recording upon GSK addition  

The number of probed cells for the conducted experiments was in the range of 493 ± 72 cells 
depending on the total diameter of the dual ATP biosensor assembly and the size of the 
probed cell patch. Considering the volume of the quasi-thin layer cell defined between the 
probed cells and the dual biosensor setup, 76 fmol of ATP were detected within the releasing 
period. The determined amount of ATP is in good agreement with ATP levels measured by 
Mochizuki et al., who determined the ATP release of cultured urothelial cells upon stretch in 
supernatant solution with a luciferin-luciferase assay and reported a detected ATP 
concentration of approximately 500 nM [81]. Unfortunately, this paper lacks information on 
the volume of the ATP measurements and additionally no information is provided on how 
many urothelial cells were probed. According to the reported dimensions of their home-built 
stretching device, a volume of 1 mL is assumed resulting in an ATP amount of 500 pmol. 
Regarding the cultivation conditions of the reported experiments (106 cells and 72 h time of 
cultivation) and the size of their stretching device, a number of 1,000,000 to 2,000,000 probed 
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cells is assumed. Hence, the mean ATP release of each urothelial cell can be estimated to  
0.2-0.5 fmol, which is in good agreement with our measurements (0.2 fmol), in particular 
when considering the different experimental conditions, like the way of stimulation and the 
ATP detection technique.  

Also Gevaert et al. described an ATP release of approximately 500 pmol at bladder cells [82]. 
However, a comparison with their ATP levels by is not possible as in this study, the ATP 
release was determined at bladder tissues with an unknown composition and number of cells.  

The total detected ATP amount is in good agreement with reported ATP amounts from 
Mochizuki et al.. The detection of ATP using ATP microbiosensors, however, offers 
additionally temporal information of released ATP amounts. This temporal information 
enables a correlation of the ATP releasing processes with other induced processed like the 
increase of intracellular calcium concentration. The stimulation of TRPV4 channels leads 
primarily to a calcium influx into urothelial cells as shown in Figure 3-4. 

 

Figure 3-4 Calcium increase in urothelial cells detected by 2 µM fura-2 acetoxymethyl ester. The 
intracellular Ca2+ concentration was monitored as the ratio of fluorescence signals by alternating 
illumination at 340 and 380 nm upon GSK application at 0 min. Calcium imaging was performed by a 
collaborator Dr. Mathieu Boudes (KU Leuven, Belgium).  

The concentration of intracellular calcium is thereby time-dependent. The increase in 
intracellular calcium concentration takes approximately 30 s and a short peak plateau is 
reached approximately 5 minutes after stimulation. As the release of ATP is dependent on the 
intracellular calcium concentration both concentration levels can be determined and 
compared. The onset of ATP release is delayed by approx. 2 min compared to the calcium 
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signal. Thereby the following, probably combined reasons may play a role: (i) a certain 
threshold concentration of intracellular calcium might be required for subsequent mechanisms 
and (ii) the mechanisms of subsequent processes which lead finally to ATP release might be 
slow. Nevertheless, the concentration of released ATP and intracellular calcium reaches their 
maximum at approximately the same time - after 5 min and started decreasing afterwards. 
Hence the obtained data definitely emphasizes the correlation of ATP release and 
intracellular calcium concentration. 

 
With respect to the applied ATP microbiosensors the measurements indicate that these 
sensors are a suitable tool to accurately monitor the ATP release at the vicinity of cultured 
urothelial cells. Furthermore, their inherent temporal resolution offers additional information 
to correlate and discuss the ATP releasing process in a broader context. Hence, the approved 
ATP biosensors were used to investigate further processes at urothelial cells.  

 

3.2.2 Inhibition of TRPV4 channel processes 

In order to confirm the reported selective stimulation of GSK [79], two experiments were 
performed: (i) TRPV4 channels were blocked by a selective antagonist, and (ii) calcium-free 
buffers were used inhibiting calcium influx through TRPV4 channels.  

 

3.2.2.1 Chemical inhibition by HC-067047 application 

The selective inhibition of TRPV4, can verify that GSK, which was used for stimulation, is 
selective for TRPV4. Ruthenium red ([(H3N)5RuO)2Ru(NH3)4]Cl6) is most commonly used 
for inhibition of a number of transient receptor potential channels (TRP channels) as it 
attenuates calcium influx that is evoked upon stimulation [25, 72, 79]. However, in the 
presented ATP measurements (i) ruthenium red is interfering as it is a redox active molecule 
and will be oxidized at the applied potential of 600 mV vs. Ag/AgCl and (ii) first and 
foremost TRPV4 channels should be selectively inhibited. Thus HC-067047 (Hydra, 
Cambridge, MA, USA) was chosen as it is known to be a selective antagonist for TRPV4 
channels (Figure 3-5) [70]. 
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inhibits processes that follow activation of TRPV4 channels and might thereby confirm the 
activation of TRPV4 channels. The ATP release is thereby dependent on extracellular 
calcium which was determined upon stretch-activation of TRPV4 [25]. These findings were 
confirmed by using a calcium-free bath solution. 

Therefore urothelial cells were bathed 20 min in calcium-free buffered solution prior to 
administration of GSK. Only 2 out of 16 recordings (p < 0.01) resulted in detectable ATP 
signals, which showed furthermore reduced maximal and total amounts of ATP 
(0.1 ± 0.1 µM and 0.2 ± 0.2 µM·min, respectively; p < 0.01) and also delayed and shorter 
release of ATP (4.1 ± 0.9 min and 3.3 ± 0.7 min, respectively; p < 0.01).  

In 6 measurements no signal for ATP could be obtained and in 8 cases a current increase was 
observed. This behavior is discussed in chapter 3.2.1 and 3.2.4, respectively. 

The experiments are comparable to the inhibition measurements using HC and also reveal a 
reduced, shorter and delayed ATP release. The total ATP release is mere 3% of the ATP 
release that was measured with GSK stimulation in solution containing calcium. Mochizuki 
et al. reported ATP concentrations in the range of 90 nM in experiments which were 
conducted in buffer without calcium and in which the cells were stretched for stimulation 
[25]. In this case the detected ATP release reflects around 17 % of ATP in respect to their 
measurements in regular buffer.  

Hence, Mochizuki et al. detected in both blocking experiments, using HC and Ca2+ free 
media, respectively, higher ATP releases compared to the here presented data. However, in 
their experiments the cells were stretched for stimulation which will probably also activate 
other channels. The non-selectivity of stretching experiments for TRPV4 stimulation has 
been also revealed by Gevaert et al. using TRPV4 knockout cells which showed an ATP 
release upon stretching of approximately 15 % compared to the normal mice [83]. 

 

In conclusion, it was confirmed (i) that stimulation using GSK is selective for TRPV4 as has 
been reported by Thorneloe et al. [79], (ii) that HC is an antagonist of TRPV4 as previously 
described by Everaerts et al. [70] and (iii) that the TRPV4 induced ATP release is controlled 
by external calcium as shown by Mochizuki et al. [25]. In both inhibiting experiments using 
HC or buffered solutions without calcium, respectively, a reduced, delayed and shorter ATP 
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release was detected compared to measurements with stimulation using just GSK 
(Figure 3-6). 

 

Figure 3-6 Summary of ATP release upon TRPV4 stimulation with and without inhibition of TRPV4 
channels processes. A Detected maximal and total ATP concentration. B Time of first ATP release and 
duration of ATP release. Note that the releasing time using HC or buffer containing no Ca2+ is delayed 
and shorter. 

 

3.2.3 Investigation of the mechanism for ATP release 

Intracellular ATP can pass a cell membrane in different ways (Figure 3-7): (1) ATP can be 
released directly from the intracellular to the extracellular space via transmembrane channels; 
(2) ATP can be transmitted from one cell to directly adjacent cells via intercellular 
transmembrane channels composing a gap junction or (3) ATP storing vesicles can fuse with 
the cell membrane and release thereby their content to the extracellular medium (exocytosis).  
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their presence is not well documented yet. The here detected ATP amount also do not 
support a conclusion about their presence: Either a low number of pannexin channels might 
be present in cellular membranes of urothelial cells which might be implicated by the slightly 
lower detected ATP amount or they are not expressed. 

However, the low number of ATP positive measurements (n = 6) does not allow any firm 
conclusion. Pannexin channels are activated upon an increased intracellular calcium 
concentration [84]. As shown the intracellular calcium concentration increases after 
stimulation of TRPV4 with GSK (Figure 3-4). However, despite the blockage of pannexin 
channels with carbenoxolone, an ATP release is detected. This might be an indication for 
their non-presence or non-functional expression within this cell type in mice. Other reasons, 
which may explain the observed ATP release can be attributed to (i) a low number of 
pannexin channels present in murine urothelial cells leading to a small contribution of 
pannexin channels to ATP release and hence a change in signal, which is below the LOD, 
when pannexin channels are blocked. (ii) Furthermore, the concentration of intracellular 
calcium upon TRPV4 channel stimulation may not be sufficient for activation of pannexin. 
(iii) Finally pannexin channels might be present in urothelial cells but not at the cell 
membrane itself but at e.g. the organellar membranes [88, 89] so that their activation might 
not contribute to an ATP release to extracellular medium. 

 

3.2.3.2 Connexin blockage 

Connexin channels are composed of two transmembrane units, so called hemichannels, acting 
together as one gap junction channel to facilitate the exchange of small ions and molecules 
between cells. There is an ongoing discussion if connexin hemichannels might also contribute 
to direct ATP release [84, 90]. Connexin 26 and connexin 43 are expressed in urothelial cells 
[73]. For inhibiting these channels a discriminative concentration of carbenoxolone (50 µM) 
was applied [84]. 

Adding carbenoxolone (50 µM) to the bathing solution resulted in an ATP signal, which 
could not be detected in 8 recordings concluding that the amount of ATP that might be 
released has to be below the threshold of the ATP biosensors. In 5 measurements no change 
in signal was obtained and in 3 cases a current increase was observed (see chapter 3.2.1 and 
3.2.4). 
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A potential gap at connexin 43 hemichannels of 80 mV is required for their opening [90]. 
This potential gap is probably not reached in urothelial cells upon calcium influx due to 
TRPV4 stimulation. Hence, further -yet unknown- processes have to take place in between 
the influx of extracellular calcium and the release of ATP through connexin hemichannels.  

Concluding, the obtained data cannot be directly correlated with the release pathways as the 
time dependence of connexin hemichannel opening at the present potential gap induced by 
intracellular Ca2+ is not known. Hence, in order to investigate the pathways of ATP release 
through connexin channels, future experiments should be directed towards the processes 
which establish the required potential gap for the activation of these connexin hemichannels.  
 

3.2.3.3 Suppression of vesicle fusion 

The synaptosome-associated protein with a weight of 25 kDa (SNAP-25) is located in 
cellular membranes and mediates, as a component of a vesicle fusion complex, exocytosis. It is 
present especially in axon terminals and can be cleaved by botulinum toxin A (BTX-A, 
Figure 3-11) suppressing the exocytosis process. However, SNAP-25 was actually not 
identified in the urothelium [91]. There is an ongoing discussion as a study of Khera et al. 
reported reduced ATP release when BTX-A is applied to the urothelium [34]. Their data 
suggest that BTX-A inhibits also vesicular ATP release from the urothelium [91]. The 
conclusion of Chancellor et al. shall be approved by measuring ATP at cultured urothelial 
cells. 

 

Figure 3-11 Structure of botulinum toxin A (BTX-A). The structure of BTX-A was adopted from Protein 
Data Bank [92] 
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Therefore cultured urothelial cells were incubated with 2 nM BTX A for 2 h prior to GSK 
application. The BTX A treated cells showed a reduced amount of ATP and in merely 1 out 
of 10 performed cell measurements. In this experiment a reduced signal for ATP was 
recorded starting at approximately the same time as with regular GSK stimulation (2.4 min) 
but was shorter (2.4 min) and resulted in reduced maximal and total released ATP amounts 
(0.01 µM and 0.1 µM·min, respectively) (Figure 3-12). 

In 5 measurements no signal change was observed and in 4 cases a current increase was 
obtained. A thorough discussion of this current increase is provided in chapter 3.2.4. 

 

Figure 3-12 Exemplary curve of an ATP recording upon selective blocking of vesicular fusion using 2 nM 
BTX A and TRPV4 stimulation with GSK. During the internal calibration, the biosensing layer were lost 
(see chapter 5.1). 

In the 5 measurements in which no ATP signal was recorded the ATP release might be below 
the limit of detection the biosensors. Hence in overall 6 measurements reduced amounts of 
ATP were recorded confirming the results of Khera et al. and showing that indeed vesicular 
ATP release contributes to the ATP releasing process.  

 

Summarizing the obtained data suggests that connexin and vesicles are major components of 
the ATP releasing pathway upon TRPV4 stimulation (Figure 3-13). Interestingly the 
blockage of one of these two components leads to reduced and non-detectable ATP levels 
indicating that probably a combined mechanism, in which both components take part [9], 
leads to the detected ATP release under regular conditions.  
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diffuse out of the enzyme immobilizing polymer layer and can act on the probed cell layer 
(Figure 3-14).  

 

Figure 3-14 Modeled hydrogen peroxide distribution due to usage of an ATP microbiosensor after 600 s. 
The ATP microbiosensor was modeled to show a mean glucose oxidase activity within the polymer layer. 
The two electrodes are in a distance of 150 µm and the distance of the biosensor assembly to the urothelial 
cell layer is 50 µm. For further information see chapter 4.1. 

Also Donkó et al. [94] who described hydrogen peroxide release of urothelial cells upon 
TRPV4 stimulation worked in an oxidative milieu for cells. They conducted the 
measurements in a buffer based on HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) which is known to produce hydrogen peroxide when exposed to light [99, 100]. Hence 
in both measurements, (Donkó et al. and also in the here reported measurements), a low basic 
hydrogen peroxide concentration is present in the solution before the urothelial cells were 
stimulated with GSK.  

In case of ATP microbiosensors the present hydrogen peroxide concentration at the cell layer 
varies with the activity of entrapped glucose oxidase and with the distance of the ATP 
microbiosensor assembly to the cell layer.  

As ATP measurements are conducted at 600 mV vs. Ag/AgCl for detection of intermediate 
hydrogen peroxide co-released electroactive species can also be oxidized at the electrode 
surface. In a number of ATP measurements, a current increase was observed after application 
of GSK. This current increase was measured at both electrodes of the ATP microbiosensor 
assembly: at the modified biosensing electrode, but also at the bare electrode, in case a 
potential was applied to it. A co-release of an electroactive species can be the reason for the 
current increase recorded at both electrodes. If an electroactive species accompanies the 
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release of ATP a sum of both signals will be detected at the biosensing setup: a decrease due 
to the ATP sensing process and a current increase due to oxidation of the electroactive 
species. Hence, the ATP signal should be corrected for the oxidation of the co-released 
electroactive specie like it was reported by Masson et al. who biased the bare electrode of the 
ATP biosensing assembly to the same potential as the biosensing electrode and used its signal 
for correction of the ATP signal [27].  

Unfortunately, for the ATP measurements at urothelial cells the corrections using the bare 
second electrode could not be applied for the following reasons: Firstly, in most cases a time 
delay of both recorded signals occurred. This might be explained by different distances to the 
electroactive species releasing cell spot (see Figure 3-14) associated with longer diffusion 
times to both microelectrodes (see also chapter 4.1.3.3). Secondly, these different distances to 
the releasing cell spot might additionally explain the different magnitudes of signal increase 
which were observed at both microelectrodes. And thirdly, the blank electrode reacted – in a 
minor extent - as well to the application and cellular release of ATP. This interesting and so 
far not reported behavior of the second bare electrode, which was determined here under 
steady conditions, was further investigated by model-based calculations and will be further 
discussed in chapter 4.1.  

 

Figure 3-15 Exemplary current increase at both microelectrodes of the ATP biosensor assembly upon 
stimulation using GSK. Note the delay and the different extent of current increase of both sensors. 
Additionally, the second bare electrode (grey line) also responded to the application of ATP and glucose. 

These adverse effects impeded a correction of the ATP signal. So all preceding ATP signals 
and following data due to release of electroactive species were uncorrected. Both 
concentrations of ATP and of the electroactive species were determined by the signal of the 
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biosensing electrode. Hence, theoretically, the actual concentrations of ATP and electroactive 
species might be higher as a sum signal of the current decrease due to the presence of ATP is 
convoluted with the current increase due to co-oxidized of electroactive species.  

As a current increase was observed at both microelectrodes of the ATP biosensor assembly, 
the current increase origins from the oxidation of co-released species, e.g. hydrogen peroxide 
(see above) or catecholamines [27]. Catecholamines like dopamine, norepinephrine and 
adrenaline are electroactive signal transmitters. However, a release of catecholamines from 
urothelium is not reported yet. Thus, in a first approach it is assumed that the detected 
current increase is related to the release of hydrogen peroxide.  

The actual amount of released and detected hydrogen peroxide was determined by the 
recorded current increase. In general a recorded current at a microelectrode can be correlated 
with the bulk concentration in solution using the Saito/Oldham equation [101, 102]. 
However, in the setup of measuring ATP at urothelial cells the diffusion towards the 
microelectrode is obstructed by the close cell layer. As the current at such an obstructed 
microelectrode can be only empirically described (see chapter 4.1.2.2) and although this 
obstruction limits the applicability of the Saito/Oldham equation, the hydrogen peroxide 
concentration 

22OHc  was calculated using this equation for simplifications: 

 
nDFd
i

c OH
OH 2

22

22
=  3-1 

22OHi  = detected current; n = number of exchanged electrons, (here n = 2);  
D = diffusion constant of hydrogen peroxide, D = 8.3·10-6cm2s-1[103]; 

F = Faraday constant, F = 96485.34 Cmol-1; d = diameter of used microelectrode, d = 50 µm 

Measurements using GSK for stimulation of TRPV4 channels (see chapter 3.2.1) revealed a 
current increase in 8 out of 25 measurements. The recorded current increase reflects a 
maximal release of 190 ± 60 nM hydrogen peroxide that started at 3.0 ± 0.5 min and lasted 
over 7.2 ± 1.0 min. A more precise duration cannot be stated as (ATP) monitoring was 
stopped after 10 min. A total hydrogen peroxide release of 980 ± 350 nM·min was detected 
(Figure 3-16).  

The assumption of released hydrogen peroxide has to be confirmed by comparison with 
reported values. We detected a total amount of 980 ± 350 nM·min of hydrogen peroxide that 
was released over a period of 7.2 min ± 1.0 min in a volume of 36 nl. In these measurements 
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an average number of 159 ± 30 cells were located on the cell culturing dish underneath the 
ATP biosensor setup. This results in an average release of 1.6 fmol per cell extrapolated for 
1 h. Donkó et al. measured over a period of 30 min an ongoing hydrogen peroxide release 
from urothelial cells. They extrapolated that for 1 nmol released by 1 million cells in 1 h 
results in an average release of 1 fmol hydrogen peroxide per cell during the period of 1 h. 
Differences from the reported values may result from the assumptions used in the calculation 
of the concentration of hydrogen peroxide (e.g. equation 3-1 is based on hemispherical 
diffusion field of the oxidized or reduced mediator, which is restricted by the cell layer [46]). 
Taking this consideration into account, the determined level of hydrogen peroxide fits well 
with the values reported in literature indicating that the redox active species detected in the 
measurements is actually hydrogen peroxide, which was selectively detected by Donkó et al. 
The hydrogen peroxide might be released due to oxidative stress which is present in both 
measurements: in measurements of Donkó et al. and also in the here reported measurements. 
This indicates that urothelial cells react towards concurrent oxidative stress and stimulation of 
TRPV4 channels by release of hydrogen peroxide and hence amplification of the observed 
oxidative stress.  

Adding 5 µM diphenyleneiodonium chloride to the bathing solution 15 min prior to 
measurements is supposed to lead to reduced hydrogen peroxide concentrations due to 
inhibition of the enzyme dual oxidase 1 (Duox1), an NADPH oxidase which catalyzes 
hydrogen peroxide generation [46]. A diminished maximal and total current increase was 
detected at the ATP biosensing electrode (40 ± 15 nM; p = 0.05 and 120 ± 50 nM·min; 
p = 0.06, respectively; n = 5) with a delayed onset (3.7 ± 0.1 min) and a shorter plateau 
(4.9 ± 0.5 min) (Figure 3-16) upon application of 5 5 µM diphenyleneiodonium chloride. 

This reduced hydrogen peroxide release was in turn comparable to measurements revealing 
release of hydrogen peroxide, such as with TRPV4 channel blockage using HC (10 µM, see 
chapter 3.2.2.1) or with connexin and vesicular release blockage (see chapter 3.2.3.2 or 
3.2.3.3, respectively). 
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Figure 3-16 Maximal and total hydrogen peroxide release at urothelial cells that was detected during ATP 
monitoring 

These measurements allow the proposal of the pathway for hydrogen peroxide release. 

It was reported that “urothelial cells produce H2O2 in a calcium-dependent way” [94]. In contrast, 
hydrogen peroxide release was observed in spite of absence of extracellular calcium. Indeed, 
the highest ratio of current increases was observed in calcium-free buffer, although a reduced 
extent of hydrogen peroxide release was revealed. However, Donkó et al. detected reduced 
hydrogen peroxide release by forming complexes intracellular calcium with  
1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethylester) 
(BAPTA/AM). In combination with the obtained data from this thesis, the observed 
hydrogen peroxide signal is suggested to be independent from calcium influx. The discrepancy 
in both measurements might be explained by the fact that in the experiments of Donkó et al., 
the intracellular calcium is masked for further processes by BAPTA/AM. In our case further 
mechanisms based on intracellular calcium are not completely suppressed and a release of 
hydrogen peroxide might be detected.  

 

Furthermore, the ATP release was not influenced by application of 5 µM diphenylene-
iodonium chloride compared to pure GSK administration. An ATP release starting at 
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2.3 ± 0.5 min and resulting in a maximal ATP amount of 1.6 ± 0.7 µM and a total ATP 
amount of 3.6 ± 1.8 µM·min was detected lasting for 5.1 ± 1.0 min. 

 

 

3.3 Conclusion and outlook 

It was shown successfully that ATP microbiosensors are a suitable tool for monitoring of 
ATP release of urothelial cells in spite of their intrinsic limit of detection (see chapter 5.2). 

The selective activation of TRPV4 applying 10 nM GSK resulted in an ATP release which 
was quantitatively detected and compared to reported ATP levels at urothelial cells [25, 83]. 
Additionally, it was shown that the time lapses of calcium influx and ATP release are 
correlated. 

However, the amperometric detection of ATP using a dual electrode assembly offers not only 
the possibility of monitoring ATP but allows also the detection of co-released electroactive 
species at the second biased bare electrode. Hydrogen peroxide is one of these signal 
transmitters, which was selectively detected upon TRPV4 stimulation under oxidative stress 
[94]. Assumed that the observed current increases upon GSK stimulation were due to 
hydrogen peroxide, the released amounts of hydrogen peroxide are comparable to the ones 
that were reported by Donkó et al.. To my best knowledge no further oxidizable signal 
transmitters are reported to be released from urothelial cells upon TRPV4 activation yet. The 
observed current increases were attributed to release of hydrogen peroxide.  

In this regard, the released amounts of ATP and hydrogen peroxide can be compared. 
Figure 3-17 shows the means of all performed ATP and hydrogen peroxide measurements 
upon stimulation with GSK in contrast to the observed calcium influx.  



 3. ATP measurements at urothelial cells 

40 

 

Figure 3-17 Temporal resolution of mean ATP and hydrogen peroxide release in comparison to calcium 
influx. All signals for both hydrogen peroxide and ATP, respectively, were recorded using the ATP 
biosensing electrode. The mean signals shown here are smoothed. Note that the local minimum in the 
hydrogen peroxide signal at approximately 5 min might be due to ATP co-release.  

A significant difference between both signal transmitter releases is observable. ATP is 
released in a relatively short, extensive pulse with a maximal concentration of 1.6 ± 0.5 µM 
whereas hydrogen peroxide is released in a low but steady concentration with a maximal 
concentration of 190 ± 60 nM. An ongoing release of hydrogen peroxide for at least 30 min 
was described in literature by Donkó et al. [94]. 

 

The blockage of TRPV4 channels applying 10 µM HC leads to reduced ATP and hydrogen 
peroxide releases, which are in case of ATP comparable to ATP releases in 0 mM Ca2+ buffer 
and to blocking TRPV4 experiments reported in literature. Nevertheless, hydrogen peroxide 
release was observed in 0 mM Ca2+. It appears that the obtained data are in contrast to the 
reported calcium dependency of hydrogen peroxide signaling [94]. However, a feasible 
explanation was given, which has to be proven by monitoring of intracellular calcium 
concentrations in 0 mM Ca2+.  

An aim of this study was deciphering the mechanisms of ATP release upon TRPV4 
stimulation. Generally, ATP might be released from urothelial cells through either pannexin 
(probably pannexin 1), connexin (connexin 26 and connexin 43) or via exocytosis. Each of 
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these possible pathways was individually blocked to determine its role in ATP release. using 
CBX or BTX A. CBX is thereby not fully specific as it also may block P2X7 and volume-
regulated anion channels [87]. P2X7 and volume-regulated anion channels are to 50 % 
blocked by CBX concentrations of 1 or 3 µM, respectively, and should have been inhibited 
during the experiments adding 10 µM CBX. 

However, only a slight difference in the ATP signal could be observed when blocking 
pannexin channels using 10 µM CBX: Hence it can be concluded (i) that P2X7 and volume-
regulated anion channels do not participate in ATP release and (ii) that a possibly existing, 
low ATP release through pannexin channels is independent from release through connexin 
channels and exocytosis. The obtained data additionally suggests that (iii) pannexin channels 
are not functionally expressed in urothelial cell membranes or that the rise of intracellular 
calcium by TRPV4 stimulation is not sufficient for their activation. Further measurements in 
respect to pannexin expressions and intracellular calcium imaging are needed for supporting 
this hypothesis.  

Blocking of connexin channels with 50 µM carbenoxolone (CBX) and blockage of vesicular 
ATP release with 2 nM botulinum toxin A (BTX A) resulted in no or a completely reduced 
ATP release. These results imply a combined mechanism of these two pathways or an 
experimental interference in which SNAP-25 cleavage might impair connexin trafficking to 
the plasma membrane. However, such a hypothesis has not been validated yet. 

However, an independent release mechanism (Figure 3-18 A) would result in both cases in 
reduced but not absent ATP signals. It has to be noted that the ATP signal might be below 
the limit of detection of the microbiosensors (0.4 ± 0.2 µM for blockage of connexin channels 
or 0.3 ± 0.1 µM for blockage of vesicular fusion, respectively). However, the recorded 
hydrogen peroxide signal showed a similar behavior but the limit of detection is thereby lower 
(21 ± 9 nM for blockage of connexin channels or 14 ± 3 nM for blockage of vesicular fusion, 
respectively) indicating that the hypothesis of a combined mechanism is feasible. 
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Concluding further evidence was shown for elucidating the exact mechanisms of ATP release 
at urothelial cells. Our data suggests thereby a combined mechanism of conductive release via 
connexin and vesicular exocytosis at the same cells. Further ATP signal amplification might 
occur via purinergic receptors.  

 

 

3.4 Experimental 

3.4.1 Animals  

Experiments were conducted on urothelial cells from 10-12 weeks old male B6/C57 mice, 
which were located in animal houses with a 12 hour light-dark cycle and allowed water and 
standard food ad libitum. Experiments were performed in accordance with the Animal Use 
and Care Committee of Ulm University and in adherence to the National Institutes of Health 
Guidelines on the Use of Laboratory Animals. 

 

3.4.2 Urothelial cells culture 

Isolation and culture of urothelial cells was performed by Dr. Mathieu Boudes or 
Dr. Wilhelm Bohr, respectively, using instructions which were previously described [104]. 
Briefly, after euthanasia, bladders were quickly removed, cut open and stretched out on a 
Sylgard® coated dish containing minimal essential media (MEM; Invitrogen Ltd., Paisely, 
UK) with 2.5 mg/mL dispase (Invitrogen Ltd., Paisely, UK) for 2 hours at room temperature. 
Following incubation, the urothelium was gently scraped from the underlying tissue treated 
with trypsin-EDTA solution (Invitrogen Ltd., Paisely, UK) for 15 min and resuspended in 
keratinocytes medium (Invitrogen Ltd., Paisely, UK). The cell suspension was plated on 
collagen (type IV, Sigma-Aldrich Chemie GmbH, Steinheim, D) coated cover slips and 
incubated for up to 48 h. The cells were used within 48-72 h after extraction. 
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3.4.3 Biosensor preparation 

ATP microbiosensors were fabricated from theta glass capillaries sealing in platinum 
microwires with a diameter of 50 µm as previously described [105, 106]. After grinding and 
polishing, one microelectrode (working electrode 1) was modified with a competitive enzyme 
assay of glucose oxidase (Type X-S, from Aspergillus niger, Sigma-Aldrich Chemie GmbH, 
Steinheim, D, EC 1.1.3.4) and hexokinase (from yeast, Calbiochem, Merck KGaA, 
Darmstadt, D, EC 2.7.1.1). These enzymes were incorporated within a polymer matrix of 
electrodeposition paint GlassophorZQ8-43225 (BASF, Ludwigshafen, D) also named as 
Canguard. For immobilization 70 µL Canguard/mL, 300 U/mL glucose oxidase and 
300 U/mL hexokinase were locally deposited by applying 3 cycles of a potential pulse profile 
of 2.2 V for 0.2 s, 0.8 V for 1 s and 0 V for 5 s (vs. Ag/AgCl quasi-reference electrode). 
Prepared ATP biosensors were stored in Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM 
KCl, 2.5 mM CaCl2, 1.6 mM MgSO4, 24.9 mM NaHCO3, 1.2 mM KH2PO4, 6 mM 
glucose, 2 mM sodium pyruvate, purged with 60% O2, 5% CO2, bal. N2 to obtain pH 7.4) for 
at least 1 h at 4 °C prior usage. Before cell measurements, ATP biosensors were calibrated in 
Krebs-Henseleit buffer by adding different aliquots of an ATP stock solution while biasing 
the biosensor at 0.6 V (vs. Ag/AgCl/3 M KCl reference electrode) for H2O2 oxidation. All 
electrochemical measurements were performed with a bipotentiostat CHI842a from 
CH Instruments, Inc. (Austin, TX, USA). 

 

3.4.4 Positioning of ATP microbiosensors 

The positioning of the microbiosensor assembly above urothelial cells was obtained in 
combination with scanning electrochemical microscopy [80]. The dual biosensor assembly 
was adjusted in a sample stage and the bare (non-modified) electrode (working electrode 2) 
was biased at -0.7 V vs. Ag/AgCl/3 M KCl reference electrode for oxygen reduction and 
approached to the urothelial cell layer in a velocity of 2 µm/s with a micro positioning system 
(SPI Scientific Precision Instruments, Oppenheim, Germany). The approach was stopped 
when the normalized current was in a range of 0.8 to 0.5 corresponding to distances of 60 to 
20 µm (due to ratios of thickness of glass sheath / radius of microelectrode RG values from  
5 to 15) (see also chapter 4.1.2.2). The cell-biosensor distance was determined by comparison 
to theoretical curves and via evaluation using the MIRA software package (G. Wittstock, 
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University of Oldenburg, Germany). The obtained distance between cell layer and 
microbiosensor setup was 55 µm ± 5 µm. 

 

3.4.5 Determining the number of probed urothelial cells 

The area of nearly 250 single urothelial cells was measured in microscope images using 
UTHSCSA Image Tool Version 3.0 by UTHSCSA Dental Diagnostic Science, San 
Antonio, TX, USA. Additionally, microscope images from underneath the cell layer were 
taken during ATP measurements. In these images the size of the cell layer underneath the 
ATP biosensor assembly was measured using ImageJ 1.45s, National Institute of Health, 
USA. If the cell layer exceeded the size of the ATP biosensor assembly the size of the ATP 
biosensor assembly was taken. The mean cell number in the quasi-thin layer cell was 
determined by mere dividing of these measured areas by the mean cell size of one urothelial 
cell (630 ± 30 µm²). 

 

3.4.6 ATP measurements above urothelial cells 

For every single measurement a cover slip with fresh cells was used and placed in Krebs-
Henseleit buffer as bathing solution. After positioning of the dual electrode microbiosensor 
assembly both electrodes were biased at a potential of 0.6 V vs. Ag/AgCl/3 M KCl. GSK in a 
final concentration of 10 nM was added for stimulation as soon as the capacitive current was 
decreased. After minimal 10 min of ATP monitoring aliquots of ATP and glucose were 
added to obtain an in-situ one-point calibration.  

Negative control and blocking experiments were performed again at fresh cell samples. HC-
067047 (10 µM) were added 5 min prior GSK addition as an antagonist of TRPV4. 
Experiments were performed also in 0 mM Ca2+ Krebs buffer as bathing solution (118 mM 
NaCl, 4.7 mM KCl, 1.6 mM MgSO4, 24.9 mM NaHCO3, 1.2 mM KH2PO4, 6 mM 
glucose, 2 mM sodium pyruvate, purged with 60% O2, 5% CO2, bal. N2 to obtain pH 7.4) in 
order to suppress Ca2+ influx through TRPV4 channels.  

Additionally, pannexins and connexins were blocked by application of 10 and 50 µM 
carbenoxolone, respectively, 30 min prior to GSK addition. Vesicular ATP release was 
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suppressed by application of 2 nM botulinum toxin type A 2 h before recording. In all three 
cases processed cultured cells were incubated up to 10 min prior to their usage.  

For better comparison of these measurements all curves were corrected for their baseline and 
the moment of GSK addition by using Origin 8.6 (OriginLab, Northampton, MA, USA) 
(Figure 3-19). 

 

Figure 3-19 Example of baseline correction obtained with Origin 8.6. A For each data set a baseline was 
constructed manually in paying particular attention that the signal due to ATP or H2O2 is not modified. B 
This baseline was subtracted and C the moment of GSK addition was set to 0 min. 

Using Origin 8.6 the standard deviation σ during measurements was determined and the limit 
of detection was calculated (3·σ·criteria for the sensitivity of the biosensor).  
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All recorded data plots were evaluated in respect to the behavior shown in the curve: i) A 
decrease was classified as ATP release, ii) a smooth line with no changes was dedicated to an 
ATP or redoxactive species amount which was beyond the detection limit of the ATP 
biosensor and iii) an increase was classified as a release of redoxactive species. If a clear 
decrease was observed within an increasing current slope, this measurement was classified in 
both categories. For calculation of mean values the data of the distinct category (i or iii) and 
the measurements below LOD (ii) were used. 

 

3.4.7 Statistical analysis  

All values are reported as mean ± standard error of the mean. Comparisons of the means 
observed in different groups were performed using a Student's t-test or ANOVA as provided 

by Origin 8.6 (OriginLab, Northampton, MA, USA). *p < 0.05 and **p < 0.01. 
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4. Factors influencing ATP measurements 

Amperometric ATP biosensors are frequently used in physiological measurements to 
determine extracellular ATP levels [26, 27, 57, 61] (see also chapter 3). The performance of 
ATP biosensors is well described in theory [107–110]. However, the enzymes incorporated 
within the biosensor generate byproducts which might influence the probed cells. In 
particular, the investigation of life cells using such biosensors might have a crucial impact on 
the vitality of these cells. Thus, the first part of this chapter is dedicated to the investigation of 
these phenomena. The second part of this chapter addresses issues regarding the 
electrochemical setup during biosensing measurements, in particular when the composition of 
the solution is exchanged during the measurement.  

 

4.1 Simulation of cell measurements 

The first fundamental modeling of the response of macroscopic ATP biosensors based on 
glucose oxidase (GOx) and hexokinase (Hex) was described in literature already in the 1980s 
[111]. The goal of published calculations was so far on the improvement of ATP biosensor 
performance [107, 108, 110]. In contrast the here performed calculations shall determine 
effects of the ATP microbiosensor performance on the investigated urothelial cells and are 
hence supporting performed ATP measurements (chapter 3).  

 

4.1.1 Motivation 

One challenge of biosensor measurements at living cells is to determine the entitative in situ 
conditions during the measurements as these conditions affect the performance of the 
biosensor but also the behavior of the cells.  

Most analytical measurements are invasive or semi-invasive and may therefore influence the 
biological sample: Electrochemical measurements consume and produce chemical species, 
scanning probe techniques such as scanning force microscopy touch the sample and 
spectrometric measurements (like infrared spectroscopy or Raman spectroscopy) irradiate the 
sample with a certain light intensity and might e.g. lead to heating effects. Even if the 
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analytical measurement is performed ex situ by e.g. taking an aliquot to preserve the cells, this 
process or the change in volume of the solution might influence the biological sample.  

In this regard ATP microbiosensors are no exception. In the case of in situ amperometric 
ATP measurements, the entrapped enzyme glucose oxidase produces hydrogen peroxide and 
consumes oxygen and glucose that might influence the probed cell layer locally, in particular 
when the sensor is in close proximity to the cell layer. The concentrations of the involved 
molecules are hard to monitor at the cellular level during the conducted experiments, or will 
again influence the ATP measurement itself.  

In addition, the biosensor-cell layer distance, the distance between the two electrodes within a 
dual electrode setup or the number of cells in the investigated cell layer will also influence the 
biosensor signal. Needless to say that an effort is made to keep these variables constant and to 
minimize the influence at all conducted measurements. However, these parameters and their 
influence on the measurements need to be studied.  

In the before mentioned cases modeling the response for the existing experimental setup is 
reasonable and helpful. Thus, in order to study the impact of several aspects of ATP 
monitoring, the diffusion profile of ATP and hydrogen peroxide was calculated based on 
emulating the experimental setup.  

The derived models are supposed to support especially the obtained data from the ATP 
measurements at urothelial cells but can also be adapted to similar measuring setups. The 
aims can be described as the following: 

- Simulating the ATP microbiosensor response 
- Studying the impact of varying biosensor-cell layer distances on the ATP signal 
- Studying the concentration profile of hydrogen peroxide 
- Studying the influence of the glucose signal at the modified biosensing 

electrode on the signal of the second bare electrode  

As the calculations are based on ATP and hydrogen peroxide diffusion, (i) the diffusion 
behavior of species, (ii) the electrochemistry at microelectrodes and (iii) the kinetics of 
enzymatic reactions will be shortly discussed in the following passages. 
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4.1.2 Theoretical aspects 

4.1.2.1 Mass transport effects in modeling 

There are three general motives for movement of any kind of mass particle: A Newtonian 
force, an electromagnetic force or random walk. 

The Newtonian force describes pulls or pushes exerted on particles that cause these particles 
to move. In fluids these phenomena are called convection and can origin from e.g. stirring or 
differences in density. A change in density results for instance from warming of the solutions 
due to ohmic losses. It is therefore a more random process which can be suppressed by 
increasing the conductance of the solution by e.g. adding an excess of supporting electrolyte or 
using microelectrodes with small electrode surfaces.  

Electromagnetic forces can act only on charged or magnetic particles. For instance the electric 
field can attract or repulse charged particles causing movement in direction of less electrical 
work. Thus anions will move to the positively charged electrode and cations to the negatively 
charged electrode. This process is called migration. With the usage of supporting electrolytes 
migration of the analyte is also suppressed and has to be hence not considered for simulations.  

The third process of molecular mass transport is diffusion. It is based on thermal movement 
of the molecules – the random walk – and equalizes thereby differences in concentrations. 
This process is described by the two laws of Fick [112].  

The first law of Fick describes the time-independent flux from regions of high concentrations 
to regions with low concentration:  
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J = flux density; D = diffusion constant of the analyte; c = concentration of analyte;  
x = distance in examined direction 

Whereas the second law describes the time-dependency of the concentration field: 
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Diffusion is among the well-described processes for molecular movement and due to 
suppression of migration and convection the following calculations are based on the two 
Fick’s laws of diffusion. These equations were solved for the volume elements in the modeled 
setup resulting in concentration profiles of the targeted analytes, which can be converted into 
the electrochemical signals measured at the microscopic electrochemical transducer.  

 

4.1.2.2 Electrochemistry at microelectrodes 

The size of an electrode has an axiomatic effect on the Faraday current measured at an 
electrode due to the diffusional processes towards the electrode surface. Microelectrodes are 
specified by their dimensions of which one at least has to be smaller than 50 µm [113].  

At macroelectrodes the concentration gradient of species, which can be electrochemically 
converted at the electrode surface, is perpendicular to the electrode leading to a planar flux of 
species to the area of the quasi-infinite electrode surface (Figure 4-1 A). The concentration 
gradient at the electrode can be described by the Gouy-Chapman-Stern model [114–116] (see 
also chapter 4.2.2.4) and the mass transport can be mathematically described by Fick’s second 
law. The concentration of an electroactive species decreases at the electrode surface, if a 
constant potential is applied being sufficient to drive the electrochemical conversion. As the 
diffusion layer increases with increasing duration, the flux of redox active species towards the 
electrode might be the overall determining step conversion rate if the electron transfer rate is 
fast. The obtained time-dependent current is described by the Cottrell equation [117]: 
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iplanar = current measured at the macroelectrode; n = number of exchanged electrons;  
F = Faraday constant, F = 96485.34 C /mol; A = surface area of the macroelectrode;  

D = diffusion constant of the electroactive species;  
c0 = concentration of electroactive species in bulk solution; t = period of applied potential 

This equation is strictly only applicable, if the electrode is infinite and therefore the 
concentration gradients are solely perpendicular (Figure 4-1 A). At the edges of 
macroelectrodes though additional x- and y- components for diffusion are present leading to 
enhanced diffusion of the electroactive species to the electrode surface (Figure 4-1 B). These 
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enhanced diffusion processes are summarized as edge effects. For macroelectrodes edge effects 
contribute only to a mere fraction to the total current signal and are therefore negligible.  

 

Figure 4-1 Sketches of diffusion processes at electrodes. A Planar diffusion at infinite macroelectrodes.  
B Diffusion at real macroelectrodes including edge effects. C Hemispherical diffusion at microelectrodes.  

As the surface of microelectrodes is significantly smaller, these edge effects determine the 
diffusion process to the electrode (Figure 4-1 C). The diffusion of the electroactive species is 
enhanced. Thus rapid spherical diffusion processes can be observed, which results in a higher 

current density at microelectrodes, A
ij = , compared to macroelectrodes. 

Mathematically, the diffusion is described as three-dimensional process in Cartesian 
coordinates and can be reduced to two-dimensional in spherical coordinates, so that the time-
dependence in Fick’s law for a disk electrode can be described as follows [118]: 
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= temporal change in analyte concentration; r = radial component of spherical coordinates; z = component 

of spherical coordinates orthogonal to electrode surface 

The growth of the diffusion layer proceeds until the reaction rate at the electrode is in the 
same range as the diffusive rate of the substrate transfer. The Cottrell equation for 
microelectrodes has to be extended by a hemispherical term [119–121]: 
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iplanar+spherical = current measured at a microelectrode  
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with b is defined by 
2

1
2

1 4

π
π ≤≤ b  and is a constant dependent on the transition from a 

planar to a hemispherical diffusion zone. At short times, the left term dominates the overall 
behavior described by the Cottrell equation. At longer times, the time-dependent term is 
negligible, hemispherical diffusion occurs, and a steady current results, as reflected by the time 
independent term.  

The steady state current isc at disk-shaped electrodes with a diameter d is described by the 
Saito/Oldham equation [101, 102]: 

 dnDFciSC 02=  4-6 

This time independent equation is only valid if the diffusive rate to the electrode is in the 
same range or larger as the reaction rate at the electrode. If a microelectrode is positioned in 
close proximity to an insulating surface, the diffusion of the electroactive species is partially 
blocked [80]. This leads to a decrease in the measured current at the electrode (Figure 4-2 B). 
The problem is mathematically not solvable but can be approximated by using the following 
equation [122]: 
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ielectrode = obtained current at microelectrode in a certain distance to an insulating surface; ielectrode, ∞ = current at 
microelectrode in bulk solution; l = distance to insulating surface 

The constants k1 to k4 are dependent on the ratio of the insulating glass sheath radius to the 
electrode radius (RG). E.g. for RG = 8.13, the constants are calculated to be k1 = 0.42676, 
k2 = 1.46081, k3 = 0.56874 and k4 = -2.28548 [122] resulting in an approach curve as shown in 
Figure 4-2.  
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Figure 4-2 Approaching a microelectrode to a non-conductive surface. A Sketch of hindered diffusion to a 
microelectrode during approach to a non-conductive surface. B Theoretical approach curve with RG = 8.13. 

Summarizing, the diffusion determines the Faraday current measured at the electrodes, 
whereby hemispherical diffusion is observed at microelectrodes, which leads to an increased 
current density compared to macroelectrodes. When approaching this microelectrode to an 
insulating surface the measured current will drop ideally to 0 pA due to total blockage of 
diffusion. 

For the following modeling, only diffusional processes were considered. In addition, the 
enzymatical reactions of amperometric ATP sensor play a fundamental role and hence 
particularly the effects of the enzymes’ reaction kinetics are examined. The theory of the 
reaction kinetics of enzymatic reactions will be revealed in the following chapter. 

 

4.1.2.3 Kinetics of enzymatic reactions 

Biosensors are based on selective recognition elements operating under the required 
conditions. Enzymes are frequently used as recognition elements in biosensors due to their 
high selectivity and catalytic efficiency. High velocity of enzymatic reactions is thereby the 
basic requirement for highly sensitive biosensors.  

Enzymes catalyze the conversion of substrates by binding them to the active site where the 
substrate undergoes a conversion - typically in several steps - resulting in the final product. 
The kinetics of total enzymatic conversions were described by Michaelis and Menten [123]. 
In a simplified and general description a substrate S is bound to an enzyme E whereby an 
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enzyme-substrate complex [ES] is formed. After several intermediate steps the product P and 
unmodified enzyme E is obtained. Assuming e.g. low enzyme concentration in respect to 
substrate concentration, the kinetics of this mechanism can be mathematically described by 
the so called Michaelis-Menten equation [123]: 

 [ ]
[ ]SK
Svv

M +
= max   4-8 

v = velocity of enzymatic reaction; vmax = maximal velocity;  
[S] = concentration of substrate S; KM = Michaelis Menten constant 

Hence the velocity of the enzymatic reaction is dependent on the substrate concentration as 
shown in Figure 4-3. 

 

Figure 4-3 Exemplary curve for ATP conversion by free-diffusing hexokinase assuming Michaelis Menten 
kinetics with KM = 63 µM [124]. 

With substrate concentrations much lower than the Michaelis Menten constant, an almost 
linear dependency of the velocity on the substrate concentration is observed. This linear 
dependency can be described by regular 1st order kinetics. Applying enzymes in biosensors, 
this region represents the linear range and its slope the sensitivity of the biosensor. Hence a 
high Michaelis Menten constant enhances the linear range of the sensor but delimits the 
sensitivity of the biosensor. In turn, at high substrate concentrations, the biosensor does not 
react to changes in substrate concentrations. Under these conditions the enzyme is saturated 
and further addition of substrate does not lead to an increase in velocity. The kinetics of the 
enzymatic reaction can be described by regular 0th order kinetics.  
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Hence the Michaelis Menten constant is one important parameter for design of amperometric 
biosensors. However, KM is not constant if the enzyme is immobilized at the transducer 
surface. These impacts can be categorized in [125, 126]: 

- conformational effects as they can occur during immobilization process and can 
lead to partial or even total activity loss of the enzyme  

- matrix effects by ionic, hydrophobic or other interactions of the immobilizing 
matrix with the enzyme 

- partitioning effects which are due to inhomogeneous distribution of substrates 
and products within the immobilization layer and can affect the activity of the 
immobilized enzyme 

- and diffusional effects which are induced by e.g. decelerated diffusion within 
the immobilizing layer  

These effects impact not only the total activity of the enzyme (vmax) but also the affinity of the 
substrate to the enzyme (KM). Hence apparent constants (KM app and imax app) are reported if 
enzymes are immobilized in amperometric biosensors [45]. These parameters can be 
determined by Lineweaver-Burk plots [127] of the recorded calibration curves of the 
biosensors.  

Changes in the apparent Michaelis Menten constant offer the possibility to optimize the 
sensitivity and linear range of the biosensor. A diffusion limiting membrane or polymer layer 
for instance might enhance the linear range of the biosensor but also delimits the sensitivity of 
the biosensor [128].  

 

 

4.1.3 Results and discussion 

Theoretical considerations are important to understand processes at an ATP microbiosensor 
and its vicinity. Therefore, (i) the activity of enclosed enzymes, (ii) the response time of ATP 
biosensors in the described regime, (iii) the influence on the second blank electrode during the 
measurement and (iv) the effect on the probed cell layer were investigated.  

Several parameters like the distance between the two working electrodes, or the biosensor-cell 
dish distance were varied and especially the evolution, diffusion and reaction of hydrogen 
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peroxide was determined. In the discussed ATP biosensors based on glucose oxidase and 
hexokinase hydrogen peroxide is the vital product of the enzymatic reactions since it 
contributes solely to the obtained baseline current. Presence of ATP will lead to a signal 
reduction of hydrogen peroxide due to competitive enzymatic reactions. The release of ATP 
from cell layer was additionally modeled in respect to the conducted experiments at urothelial 
cells.  

 

4.1.3.1 Modeling the ATP microbiosensor signal 

For ATP microbiosensors an enzyme assay consisting of GOx and Hex is used for selective 
determination of ATP [59] (Figure 4-4). GOx catalyzes thereby the oxidation of glucose, 
which generates hydrogen peroxide. Hydrogen peroxide can be detected at 600 mV vs. 
Ag/AgCl reference electrode at the biosensing electrode. If ATP is present in the solution, 
Hex converts ATP and glucose reducing thereby the local glucose concentration. The reduced 
glucose concentration can be detected by GOx and leads to a reduced current signal which is 
proportional to the ATP concentration. 

 

Figure 4-4 Enzymatic scheme of the applied ATP biosensing assay including the reported Michaelis 
Menten constants for free diffusing GOx and Hex [124, 129, 130]. The small inset shows a sketch of an 
amperometric measurement during ATP monitoring.  
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It is assumed that the enzymes are uniformly entrapped within a polymer layer of the 
electrodeposition paint. The size of the polymer layer is a crucial parameter for the simulation 
as it determines the amount of entrapped enzymes and the associated extent of all reactions 
taking place within the polymer.  

 

4.1.3.1.1 Dimensions of the polymer layer 

An electrodeposition paint is deposited by a local change of pH [131] induced by splitting of 
water, which is induced at a high potential of at least 1.23 V for generation of H+ or -0.78 V 
for generation of OH- (potential reported for standard conditions). ATP microbiosensors are 
prepared by applying potential pulses of maximal 2.2 V to microelectrodes in a solution 
containing both enzymes and Canguard (GlassophorZQ8-43225) as electrodeposition paint. 
H+ ions are generated directly at the microelectrode surface and their diffusion into the 
solution results in isoconcentration surfaces with the shape of oblate hemispheroids [107, 
132]. Electrodeposition polymer molecules that are present within this oblate hemispheroid 
of a certain pH will precipitate and entrap thereby the enzyme molecules, which are also 
present in this solution compartment.  

An oblate hemispheroid can be considered as a rotationally symmetric hemiellipsoid with the 
rotation axis corresponding to its minor axis with length b. The so obtained sphere with 
radius a is coplanar with the microelectrode surface (Figure 4-5).  

 

Figure 4-5 Polymer film shaped in an oblate hemispheroidical way on top of a microelectrode. Axis a and b 
are marked. The dotted line indicates the dimensions of a theoretical, hemispherical polymer film.  

The dimensions of these oblate hemispheroids were experimentally determined following the 
considerations of Kottke et al. [108]. The amperometric and multipotential step 
measurements were supported by optical microscope images and CV measurements in 
hexaaminruthenium chloride and hydrogen peroxide solutions. The mitigation factor for the 
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diffusion coefficient in the polymer layer α was additionally determined in these 
measurements (Table 4-1).  

 

a B Z (= b/a) α 

25 µm 5 µm 0.2 0.41 

Table 4-1 Coefficients describing the dimensions and the diffusion behavior of mediators within the 
electrodeposition polymer matrix 

No differences in diffusion could be observed for non-charged hydrogen peroxide or positively 
charged hexaaminruthenium through the residually negatively charged Canguard polymer 
layer leading to the assumption that the value for α could be correct for both species. 

The enzymes GOx and Hex are entrapped within this polymer film. For the following 
considerations homogenous reactions of the enzymes within this polymer layer are assumed, 
which can be obtained by a uniform distribution of enzymes.  

In the following chapter the reactions of GOx are investigated providing the required glucose 
sensing for an ATP biosensor which can be simulated by considering the additional reaction 
of Hex.  

 

4.1.3.1.2 Simulation of enzymatic activity 

The immobilization of enzymes enormously affects their activity within the polymer layer 
[125, 126, 133]. The kinetics of the changed activity are described by apparent constants. For 
instance for hexokinase an apparent Michaelis-Menten constant of 12.6 ± 1.2 µM towards 
ATP was calculated when the enzyme assay of GOx and Hex was immobilized for urothelial 
cell measurements. Compared to free-diffusing hexokinase with KM,ATP = 63 µM [124], an 
apparent increase in affinity towards ATP is observed. 

Maximum rates of ATP conversion, vmax for free-diffusing and imax app for immobilized 
enzyme, respectively cannot be directly compared as vmax describes the total evolution of 
product during enzymatic reaction and imax app reflects only the part of the generated product, 
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which participates to the measured current. ATP biosensors for urothelial cell measurements 
showed an average imax app of 18.4 ± 1.5 pA.  

Thus, for modeling enzymatic activities within the polymer layer the simulations were 
adapted not to theoretical but to experimentally derived values. 

 

Glucose biosensor 

If only GOx is entrapped within a polymer layer, glucose is merely converted to 
gluconolactone and hydrogen peroxide. The generated hydrogen peroxide can be oxidized at 
the electrode surface, which has to be biased to a potential of at least 600 mV vs. Ag/AgCl 
reference electrode. The enzymatic conversion of GOx leads thereby to a basic current for 
ATP detection as explained in detail in previous chapters. 

In urothelial cell experiments the median of this basic current was found to be 45 ± 6 pA. 
Assuming that only hydrogen peroxide contributes to that signal and that every hydrogen 

peroxide molecule ( )rN OH


22
 that impinges the electrode surface A


 is converted, the following 

equation can be used [134]:  

 ( )∫ ⋅⋅= AdrNFni OH


22

  4-9 

n = number of transferred electrons, F = Faraday constant 

Following this the rate of hydrogen peroxide generation within the polymer layer was 
obtained to be about 58 mmol/m³s via trial and error.  

Instead of considering the enzyme kinetics, in this case kinetics of quasi 0th order were 
assumed as the concentration of simulated generated hydrogen peroxide concentration 
achieved a maximum of 1.4 µM whereas the concentration of glucose is 6 mM in used Krebs 
solution. Hence the local concentration of glucose can be assumed to be nearly constant and 
the rate of hydrogen peroxide generation is therefore independent from its concentration.  

The generation of gluconolactone, the consumption of oxygen or a change in pH might affect 
the performance of the glucose microbiosensor and was additionally studied 
(chapter 4.1.3.2.1).  

In a next step the performance of the ATP microbiosensor was modeled. 
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ATP biosensor 

If hexokinase (Hex) is additionally entrapped within the polymer layer, an ATP biosensor 
based on competitive reactions is obtained [51]. The next step was therefore to consider the 
presence of Hex molecules within the modeled polymer layer.  

As the concentration of the substrate ATP is much lower in comparison to glucose 
concentration, the change in ATP concentration has to be considered in the reaction rate and 
obeys thereby Michaelis-Menten’s law. However, the reaction rate can be considered to be 
approximately linear to substrate concentration for values lower than the apparent Michaelis-
Menten constant. An apparent KM app, ATP of 12.6 µM was observed in calibration experiments 
for urothelial cell measurements. Therefore first order kinetics were assumed for 
concentrations of simulated 5 µM ATP, which is in accordance to Baronas et al. [109].  

As the generation of hydrogen peroxide by GOx is competitive to the conversion of ATP by 
Hex (Figure 4-4), the total rate of hydrogen peroxide generation vtotal was reduced in respect 
to present ATP molecules cATP: 

 ATPATPOHtotal cvvv ⋅−=
22

 4-10 

  vH2O2 = rate of hydrogen peroxide generation; vATP = rate of ATP conversion 

For ATP conversion the rate constant was also adapted to the median of experimentally 
determined ATP sensitivity of 2 pA for the simulated 5 µM ATP. The determined ATP 
conversion rate was thereby 0.58 mol/m³s.  

 

Using the calculated polymer dimensions, based on the decreased diffusion rate within the 
polymer and the reaction rate parameters of hydrogen peroxide evolution and ATP 
consumption, the response characteristic of an ATP biosensor can be modeled as shown in 
Figure 4-6. 
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Figure 4-6 Exemplary simulation results of the performance of an ATP biosensor. A ATP is released by a 
cell layer (olive) in a distance of 50 µm from the surface of the microelectrodes and the insulating glass 
(grey). The concentration profile of ATP after 100 s is shown. In the modeled polymer layer at the left 
electrode the ATP consumption catalyzed by Hex occurs. B Observed currents during generation of 
hydrogen peroxide. Black line: At 0 s the generation of hydrogen peroxide was initiated. Red line: 
Additionally to the run of the black line a release of ATP by the cell layer was considered (starting at 0 s). 

A theoretical release of 5 µM of ATP from a “cell layer” was chosen for the calculations. The 
cell layer is represented by a uniform circle facing both working electrodes of the ATP 
biosensor assembly in a distance of 50 µm.  

In this model, the generation of hydrogen peroxide and the release of ATP were set to start 
concurrently. If no ATP conversion is regarded within the polymer layer, a mere glucose 
biosensor is modeled. In this case the current obtained for hydrogen peroxide is approximately 
2 pA higher in contrast to taking the ATP consuming reaction into account (Figure 4-6 B). 
The model of the ATP microbiosensor was achieved using specifications, which are based on 
experimentally derived data. 

Influences on the ATP microbiosensor response can now be studied. For instance in 
Figure 4-6 B a slight increase of the current over time in both i-t curves is shown which is 
induced by an increasing hydrogen peroxide concentration within the volume between cell 
layer and biosensor. This and further aspects which might affect the performance of the 
biosensor will be discussed in the next chapter.  
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4.1.3.2 Effects on ATP biosensor performance 

A steady and reliable performance of an ATP biosensor requires a constant concentration of 
enzymatic substrates like glucose or oxygen (Figure 4-4). But also changes in the product 
concentrations of the enzymatic conversion might influence the enzymatic reactions. A 
sudden change in the concentration of substrates or products might lead to false-positive ATP 
signals and has to be avoided at all times.  

Also a steady decline in substrate concentrations for the physiological measurement could 
have a negative impact on the results by e.g. impeding a reliable quantification as typically 
external calibrations under controlled conditions are performed.  

In the first part of this chapter the influence of the substrate and product concentrations on 
the enzymatic reactions is investigated. Furthermore the generation of hydrogen peroxide is 
studied and its influence on the measured current at the second bare electrode is determined.  

 

4.1.3.2.1 Dependency of substrate concentrations on glucose oxidase activity  

In physiological measurements the consumption of substrate and the evolution of products 
might influence the enzymatic reactions. Changed conditions might affect the activity of the 
enzymes and need to be considered for modeling of the ATP biosensor response. Hence, the 
change in local concentrations of substrates and products was investigated even if a minor 
influence was expected.  

 

Influence of local oxygen concentration 

A constant local oxygen concentration is required for hydrogen peroxide generation catalyzed 
by GOx, as oxygen is the electron acceptor in the GOx-catalyzed reaction. Hence, changes in 
its concentration would be reflected in a change in local H2O2 concentration. For bulk 
measurements, diffusion of oxygen is not hindered and thus the concentration of oxygen at 
the immobilized enzyme is not significantly influenced. Also in measurements under flow 
conditions, the performance of the ATP microbiosensor is merely affected by oxygen 
consumption due to exchange of the solution [27]. However, in measurements under steady 
conditions, the GOx catalyzed reaction might reduce the local oxygen concentration with 
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time. Additionally, the diffusion of bulk oxygen molecules to the biosensing polymer layer is 
hindered [80] as the (i) the biosensor is positioned in a close distance to the substrate 
(55 ± 5 µm) which consists of glass and adherent cells and is thus (ii) not permeable for 
oxygen or contains dissolved oxygen. The reduced oxygen concentration might potentially 
lead to a loss of activity of GOx resulting in a reduced analyte signal. This decreased activity is 
strongly dependent on the extent of oxygen consumption by glucose oxidase (and the probed 
cells) and on the quasi-enclosed thin layer volume.  

For urothelial cell measurements Krebs solution was used that was purged with 5 % CO2 and 
60 % O2 resulting in a final oxygen concentration of 770 µM. This oxygen content was used 
for calculations determining the influence on GOx activity.  

The response of the biosensor was simulated for different distances of the biosensing electrode 
to the cell dish. An initial oxygen concentration of 770 µM was used which was consumed 
with the same reaction rate as hydrogen peroxide was generated (58 mmol/m³s). The oxygen 
concentration was monitored within the volume of the quasi thin layer cell formed by the 
measurement setup (Figure 4-7). 

 

Figure 4-7 Simulated oxygen consumption after 500 s from in a polymer film entrapped glucose oxidase of 
an ATP biosensor, which is positioned at different distances to the cell layer: A: 20 µm;  
B: 30 µm; C: 50 µm; D: 70 µm; E: 100 µm; F: 150 µm; G: 200 µm; for all simulations the shown colored 
O2 concentration ranges from 754 µM (blue) to 770 µM O2 (red); H: O2 concentration in the observed 
volume versus the distance biosensor – cell dish. 
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As shown in Figure 4-7, the concentration of oxygen is reduced when the distance of the 
biosensor to the cell dish is reduced. However, changes in oxygen concentrations are minute. 
Starting from 770 µM initial concentration, the minimal detected concentration was about 
754 µM in a setup where the biosensor is positioned in a distance of 20 µm above the cell 
dish. Based on the Michaelis Menten kinetics and KM of free-diffusing GOx for oxygen 
(0.2 mM [129]), this change reflects a change in activity from initial 79.4 % to 79.0 % of the 
maximal reaction rate. Hence in this case the influence of oxygen concentration on the 
performance of GOx is negligible.  

 

Influence of local pH 

During oxidation of hydrogen peroxide at the electrode two units of hydrogen ions are 
obtained. These might alter the local pH within the polymer and affect thereby the activity of 
the enzymes. Considering the concentrations of hydrogen peroxide within the polymer of 
about 1 to 2 µM this conversion results in a generation of about 2 to 3 µM of hydrogen ions. 
The experiments were performed in Krebs buffer containing a HCO3

-/CO3
2- buffer (and a 

lower concentrated HPO4
2-/ H2PO4

- buffer). This buffer is prepared by dissolving 24 mM 
sodium hydrogen carbonate purged with 5 % CO2 resulting in pH 7.4 of the final solution. 
Hence, the buffer capacity is about a multiple of the electrochemically produced hydrogen 
ions. Additionally, the used immobilizing polymer matrix also can buffer the pH to a certain 
extent [131]. Thus, the local pH and the activity of the enzymes will not be affected by the 
intrinsic production of H+ ions.  

The concentration of all enzymatic products should be additionally considered. The catalyzed 
reaction of the enzymes is not limited to the conversion of the substrates but the enzymes can 
also catalyze the reversing reaction depending on the equilibration. Thus, the local 
concentrations of all enzymatic products are also of great importance.  

 

Influence of local gluconolactone concentration 

Gluconolactone is a product of the glucose oxidase catalyzed reaction. The concentration of 
generated gluconolactone corresponds to the concentration of generated hydrogen peroxide 
and is thus present up to 1.4 µM within the polymer matrix (see also chapter 3.2.4 and 
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4.1.3.2.4). It is reported that gluconolactone indeed may affect the activity of GOx but only if 
it is concentrated in the millimolar range [135]. Thus the effect of gluconolactone is also 
considerably low.  

 

Influence of local ADP and glucose-6-phosphate concentration 

The amount of generated ADP and glucose-6-phosphate equals the consumed amount of 
ATP and is thus in the nanomolar range. ADP is well known to inhibit the ATP conversion 
of hexokinase [124, 136] when it is present in millimolar concentrations. Effects of 
inhibitions were observed when ADP was present from 0.1 to 4 mM in comparison to ATP 
concentrations in the same range or even lower concentrated [124, 136]. Performed 
simulations showed that in the case of ATP biosensors, the concentration of generated ADP 
(so consumed ATP) is about 10 times lower than the local ATP concentration. A similar 
background is given for the inhibiting concentration of glucose-6-phosphate. Also this 
enzymatic product will inhibit the further conversion by hexokinase but has to be present in 
the same concentration range as glucose, which is in this case the inhibited substrate [136]. 
For the investigated ATP biosensors glucose-6-phosphate concentration will be 
approximately 10,000 times lower concentrated. So in both cases only a minor or no 
inhibition of hexokinase catalyzed reactions is expected but has to be considered with higher 
hexokinase concentrations resulting in higher concentrations of ADP and glucose-6-
phosphate. Hence for the given experiments, the effects of ADP and glucose-6-phosphate are 
also negligible. 

 

Concluding, for ATP microbiosensors as used in this thesis, the effects of local concentration 
changes in glucose, oxygen, gluconolactone, ADP and glucose-6-phosphate concentration 
and local pH on the enzymatic reactions are considerably low. Hence, for simplification of the 
calculations only the generation of hydrogen peroxide and the consumption of ATP are 
modeled. 

ATP conversion at the biosensor leads to a decrease in the basic signal of the GOx catalyzed 
reaction, which is proportional to ATP concentration. In a first step the process of ATP 
release of a cell layer and the concurrent detection of ATP at the biosensing electrode is 
investigated, as its time frame determines the response time of the biosensor.  
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4.1.3.2.2 Response time and quasi-enclosed thin layer volume 

A short response time is an important feature for in situ measurements with temporal 
resolution. Amperometric microbiosensors can react within seconds towards a changed 
substrate concentration [27, 59, 137]. The limiting step for ATP monitoring at a cell layer 
might be the time for diffusion of released ATP towards the ATP biosensor. The time and 
diffusion field of ATP was hence determined. 

When released by the cell layer, the first ATP molecules overcome the distance between cells 
and biosensing polymer layer (typically in a range of 15 to 65 µm) within the first second 
(Figure 4-8). If ATP is released in a constant rate by the cells (by e.g. conductive release), the 
detected concentration of ATP is in accordance with the released amount within 30 s. 

 

Figure 4-8 Simulated temporal performance of ATP biosensors. A Time dependency of the ATP 
concentration detected at the polymer film edge that is located in a 45 µm distance to the releasing cell 
layer. B Time for detecting 98 % of the ATP concentration released from the cell layer at the 
microbiosensor. 

During the response time, released ATP distributes within the volume between cell dish and 
biosensor until a uniform concentration is obtained (Figure 4-9). Diffusion out of this 
cylindrically shaped volume starts after a uniform concentration is present in that volume. 
Hence this volume can be described as a quasi-thin layer cell.  
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Figure 4-9 Quasi-thin layer cell between biosensor and cell layer in a distance of 50 µm after 30 s of ATP 
release. Note the almost uniform concentration within this volume.  

This uniform distribution of ATP within the investigated volume guarantees a reliable 
quantification of released ATP and enables a calculation of ATP amount, which is released 
over the time-frame of the measurement. 

The short response times and uniform ATP concentration, which are shown with the 
simulation here, support the detection of released ATP from cell layers at a correct 
concentration.  

 

4.1.3.2.3 Generation of hydrogen peroxide and influence on the second bare electrode 

Hydrogen peroxide is generated as a by-product of the GOx catalyzed reaction. As GOx is 
immobilized within the polymer layer at one of the electrodes, a relatively high local hydrogen 
peroxide concentration (1-2 µM) is developed, which diffuses not only towards the electrode 
surface but also due to a concentration gradient to locations of lower hydrogen peroxide 
concentration. It is thereby restrained in diffusion within the polymer due to its decreased 
local diffusion constant (α·DH2O2). However, hydrogen peroxide also diffuses out of the 
polymer and is present in remarkable concentrations in the surrounding solution as shown in 
Figure 4-10. 
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Figure 4-10 Slice of the 3-dimensional model showing the simulated hydrogen peroxide generation at the 
electrode assembly after 600 s. The distance between the electrodes is set to 150 µm (from center to center), 
the distance between the electrode assembly and the cell layer is 50 µm. At the second bare electrode (right) 
additional hydrogen peroxide conversion is enabled.  

Within the polymer layer at the biosensing electrode the local hydrogen peroxide 
concentration can be increased up to 1.3 to 1.4 µM (Figure 4-10 left). At the electrode surface 
its concentration is decreased as hydrogen peroxide is oxidized resulting in the Faraday 
current. However, hydrogen peroxide molecules may also pass the polymer layer and diffuse 
into the surrounding solution. Thus it can be detected at the 2nd bare electrode when a 
sufficient potential is applied (e.g. biased at 600 mV). At the surface of this 2nd electrode, the 
hydrogen peroxide concentration is also decreased due to oxidation (Figure 4-10 right) 
resulting in currents of up to 2 pA.  

This interference shown here is not to be confused with “crosstalk”, which can be observed in 
electrochemical measurements using double microelectrodes [138]. Crosstalk between two 
microelectrodes results from an overlap of the diffusion fields at the microelectrodes. The 
discussed scenario here can be compared with a “generation-collection competition” 
experiment where one electrode is the source of the species, which can be detected also at the 
second electrode.  
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The distance of the two electrodes has a significant influence on the current detected at the 
second, bare electrode. Figure 4-11 shows the current due to hydrogen peroxide oxidation in 
dependence of the distance of the two electrodes. 

 

Figure 4-11 Effect of the distance of biosensor and bare electrode on the current detected at each electrode. 
A The current at the bare electrode decreases with increasing distance to the biosensing electrode. B The 
current of the biosensing electrode increases with increasing distance to the bare electrode. 

The distance between the two electrodes within the electrode assembly influences the 
hydrogen peroxide signal in case that both electrodes are biased at a potential for hydrogen 
peroxide conversion. Hence, derived from these simulations, a minimum distance of 
approximately 400 µm should be maintained between the two electrodes during fabrication. 
However, also in this distance a (reduced) interference of these electrodes has to be 
considered. Additionally, with increasing distance between the two electrodes the bare 
electrode might be less useful for signal correction of the biosensing electrode as the two 
electrodes are positioned above different cell ensembles which might behave differently.  

If an ATP biosensors is considered, where GOx and Hex compete for glucose, the generated 
hydrogen peroxide concentration is decreased when ATP is present. This impacts also the 
current at the second bare electrode. Simulations have shown that the current at the bare 
electrode is reduced proportionally to the current obtained at the biosensing electrode. Hence 
in the modeled experiment, a minute decrease of up to 0.05 pA at a release of 5 µM ATP 
could be observed when the electrodes were spaced at a distance of 250 µm. This result of 
modeling is below any noise level but might limitedly explain experimentally observed 
behavior of double electrode setups in which both electrodes are biased at 600 mV. In these 
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experiments a reaction upon ATP addition was observed at some bare electrodes of an ATP 
biosensor assembly as shown in Figure 4-12.  

 

Figure 4-12 Experimentally recorded curves for detecting ATP at urothelial cells (uncorrected). Note both 
electrodes show a change in current on addition of ATP and glucose whereas the reaction of the bare 
electrode is reduced. Both electrodes are in a distance of about 300 µm from each other and located in a 
distance of 40 µm to the probed cell layer. 

The plot of the second bare electrode shown in Figure 4-12 reveals a current decrease of 
1.5 pA at an addition of 5.4 µM ATP. This extent of current decrease - and the current level 
of the second bare electrode of this measurement (up to 30 pA) in general - cannot be solely 
explained by diffusion of hydrogen peroxide out of the immobilization layer. The current at 
the biosensing electrode is in the range of up to 55 pA as shown in Figure 4-12. The 
simulations however show that only a fraction of this current of about 2 % can be detected at 
the second bare electrode. Alternatively an electronic crosstalk of both electrode channels 
within the bi-potentiostat might occur.  

Concluding, these interferences have to be considered if signal correction for co-released 
molecules in quiescent solutions is performed. For reported measurements, where the 
experiments were conducted in a perfusion cell [27], hydrogen peroxide will be probably 
removed from the quasi-thin layer cell. 

 

4.1.3.2.4 Influence of the biosensor-cell dish distance  

The distance between biosensor and cell dish has a significant impact on the current detected 
at the bare electrode. It is experimentally determined by recording approach curves using the 
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second bare electrode. The recorded current is thereby dependent on the distance to the cell 
layer due to increasing impact of hindered diffusion (s. chapter 4.1.2.2). 

However, also the current of the biosensor might be influenced by a reduction of the 
biosensor-cell dish distance. This distance defines also the quasi-enclosed volume in which 
the products of the enzymatic reaction like hydrogen peroxide may diffuse in. Assuming a 
constant production of hydrogen peroxide within the polymer layer in respect to the 
considerations in chapter 4.1.3.2.1, the volume of the quasi-thin layer cell determines also the 
overall concentration of hydrogen peroxide.  

Hence in the presented calculations, the distance between the electrode setup and the cell 
layer is varied in a range of 20 to 100 µm reflecting the range most of the experiments at 
urothelial cells were conducted. In these calculations a mere glucose sensor was modeled and 
hence only the results of hydrogen peroxide evolution were investigated. As stated above 
(chapter 4.1.3.2.1) further dependencies as on oxygen and glucose concentration were not 
considered. 

It can be shown that a closer distance to the cell layer leads to an increase of current at the 
biosensing electrode whereas a decrease in current at the bare electrode can be observed as 
shown in Figure 4-13.  

 

Figure 4-13 Influence of the distance between cell-dish and biosensor setup on the simulated current. The 
distance between both electrodes was kept constant at 150 µm. A Influence on the current of the biosensor. 
B Influence on the current of the bare electrode. 

This simulated current is based on the model of a substrate-independent enzymatic hydrogen 
peroxide evolution which results in a constant amount of hydrogen peroxide in the volume 
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between biosensor and cell dish. If the distance between biosensor and cell dish becomes 
closer the volume is reduced and hence a higher concentration of hydrogen peroxide is 
obtained in proximity to the biosensing layer which results in a higher detectable current at 
the biosensing electrode. The contrary occurs at the bare electrode to where the diffusion of 
hydrogen peroxide is hindered and hence a lower current can be observed. 

This theoretical dependence of the biosensor current on the distance can be also observed in 
experimental recordings of approach curves when the biosensing electrode is biased at a 
potential of 600 mV for converting hydrogen peroxide (Figure 4-14). In this case an increase 
in absolute current can be observed while approaching in comparison to the blank electrode, 
which is biased at -700 mV. The decrease in current at the bare electrode results from a 
hindered diffusion of oxygen towards the surface [80].  

 

Figure 4-14 Approach curves of the electrode assembly to a cell dish recorded with the biosensor electrode 
and the blank electrode at +600 mV or -700 mV, respectively. A A current increase can be observed when 
the biosensing electrode is approached to the cell dish, which composes of an increase of hydrogen peroxide 
concentration (red line) and a hindered diffusion of oxygen and glucose (green line). The sum of both 
effects is shown in the black dotted line. B Approach curve of the bare electrode at -700 mV for monitoring 
hindered diffusion of oxygen. The dotted line shows the theoretical approach curve for an RG value of 8.13 
[122]. 

The detected currents at biosensing electrodes are lower as described by the above described 
independent biosensor current enhancement. Indeed the biosensor signal can be related to a 
sum of increasing hydrogen peroxide concentration and decreasing number of substrate 
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molecules like oxygen and glucose due to hindered substrate diffusion which is enhanced in 
the approach experiment. 

Despite the discussed non-dependency of GOx activity on glucose and oxygen in 
chapter 4.1.3.2.1 in approach experiments disequilibria of glucose and oxygen diffusion occur. 
While the modeled concentration changes of particularly oxygen were performed in steady 
state experiments these approach experiments were recorded in velocities of 2 to 5 µm/s and 
hence under steady change of volume between biosensor surface and cell dish enhancing the 
in chapter 4.1.3.2.1 observed dependency on oxygen and glucose. Although the diffusion of 
both substrates, glucose and oxygen, might be hindered during the approach experiment, the 
effect of hindered oxygen diffusion is considered to be higher as the one of glucose as both, 
the parent concentration of oxygen and the KM value of GOx, is lower for oxygen compared 
to glucose (see also chapter 4.1.3.1.2).  

Describing the experimental curve a simple summation of the two occurring theoretical 
effects, hydrogen peroxide concentration increase and hindered glucose and oxygen diffusion, 
is a first approximation to explain the observed behavior of current increase of the biosensor 
during approach and the resulting curve fits the experimentally obtained curve not perfectly.  

Summarizing, changes in the recorded currents due to changes in hydrogen peroxide diffusion 
can be detected at the biosensor and the bare electrode when the electrode assembly is 
positioned in close proximity to a cell dish (within a range of 300 µm) reflecting an increased 
concentration of hydrogen peroxide.  

The effect of this increased hydrogen peroxide concentration on the probed cell layer will be 
discussed in the following chapter.  

 

4.1.3.3 Influence on probed cell dishes 

The emphasis of these calculations is related to the signal of the ATP biosensor and to the 
general conditions for the investigated cells during ATP measurements. The narrow focus of 
this modeling was chosen in regard to the fact that no cell behaves like another cell which (i) 
impedes physiological measurements and requires therefore a high number of performed 
experiments but (ii) precludes modeling of singular cell behavior.  
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A simplified model for the cell layer was chosen. Cells are modeled as a flat circle-shaped 
patch with no height distribution. The size of the cell patch was varied but consisted in all 
times of a number of cells which are located underneath the biosensor in a distance of at least 
the dimension of a probed cell. No change in height of the cells was applied in the 
calculations which might occur in experiments by swelling or shrinking of the cells but was 
not reported so far for urothelial cells using GSK as stimulant. In other cells or with different 
stimulation techniques these effects would have to be additionally considered. 

In experiments above urothelial cell layers, the biosensing electrode was positioned in a 
distance of 55 ± 5 µm of the cell layer consisting of mean 561 ± 29 cells, however, with a high 
variance. An influence of this variance on the ATP concentration, which can be detected at 
the ATP microbiosensor setup, will be studied in this chapter. As proposed in chapter 3.2.4 
the behavior of urothelial cells is probably dependent on hydrogen peroxide concentration. 
Hence the local hydrogen peroxide concentrations at the cell layers were modeled. 

 

4.1.3.3.1 Effect of hydrogen peroxide generation on cell layer  

Peroxides or free radicals based on oxygen (-I) like hydrogen peroxide or ·OH, respectively, 
are called reactive oxygen species (ROS) and are generated during metabolic processes. An 
increased amount of ROS leads to damage of organic molecules especially macromolecules 
like DNA molecules, proteins or cell membranes [95] and is thus compensated by the 
presence of reductive molecules. If the concentration of ROS exceeds the concentration of 
cellular reducing agents or repairing of damages is too slow, oxidative stress evolves. In the 
human body, oxidative stress is suspected to be involved in numerous diseases like cancer, 
diabetes mellitus, Alzheimer’s and Parkinson’s disease but may also contribute to ageing 
[139]. Cells are able to detect an increased concentration of ROS and hydrogen peroxide in 
particular triggering cell responses [98].  

Hence the determination of the local hydrogen peroxide concentration at the cell layer while 
using ATP microbiosensors is of great importance.  

The hydrogen peroxide concentration, which is evolved in the polymer layer of an ATP 
biosensor, can vary in dependence of the electrode-to-electrode distance and the distance to 
the cell layer as shown in previous chapters. Nevertheless, in every arrangement it is possible 
to detect a certain amount of hydrogen peroxide at the bare electrode. As the cell layer is in 
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most cases closer to the biosensing electrode compared to the bare electrode, it implies that an 
even higher concentration of hydrogen peroxide is present at the cell layer.  

In simulations it can be shown that the hydrogen peroxide concentration at the cell layer is 
likewise dependent on the electrode–cell layer distance and the electrode-electrode distance 
(Figure 4-15). 

 

Figure 4-15 Dependence of hydrogen peroxide concentration on the distances of biosensor and cell layer 
and biosensor and bare electrode, respectively.  

Considering ATP microbiosensors with the here shown mean current for glucose conversion 
of about 40 to 50 pA, the resulting hydrogen peroxide concentration can be up to 900 nM 
during the measurements if the electrode setup is in a distance of 20 µm from the cell layer. In 
this concentration range oxidative stress might already occur [140] and might also lead to 
further hydrogen peroxide release as in the case of urothelial cells [94] (see also chapter 3.2.4). 
But also the hydrogen peroxide concentration of approximately 500 nM in a mean distance of 
50 µm is in the perceptible range. 

Even higher local hydrogen peroxide concentrations have to be considered. (i) As the activity 
of entrapped glucose oxidase determines the hydrogen peroxide generation, the local 
hydrogen peroxide concentrations at the cell layer might vary in dependence of the amount of 
entrapped enzyme or its activity. (ii) If the second electrode is not biased at 600 mV, 
hydrogen peroxide diffusing from the biosensor layer to the quasi-thin layer cell will not be 
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additionally oxidized at the bare electrode and hence leads to higher local hydrogen peroxide 
concentrations.  

However, in these simulations, possible metabolic decomposition of local hydrogen peroxide 
concentration by the probed cells was not considered. Cells can decompose exogenous 
hydrogen peroxide in two ways: induction of antioxidants like vitamin C or E or by activation 
of antioxidant enzymes like catalase or peroxidases [98]. In this case the ATP measurement 
would probably not lead to oxidative stress. However, exogenous hydrogen peroxide initiates 
cellular reactions in a concentration-dependent manner whose triggering levels vary between 
cell types. They can lead up to apoptosis which indeed would severely increase the detectable 
ATP amount. 

Hence, high concentrations of hydrogen peroxide are not favorable for physiological cell 
measurements. Therefore the distance of the biosensor to the probed cell layer should be 
optimized to a distance of approximately 50 µm. This distance will guarantee sufficient 
temporal resolution and concurrently low influence on cells. Additionally the second blank 
electrode might be used for further reduction of local hydrogen peroxide concentration. 
Alternatively, one might consider the usage of antioxidants. However, adding free diffusing 
antioxidants, which consume hydrogen peroxide have shown decreased signals of ATP 
biosensors in experiments and are therefore not suitable. 

 

4.1.3.3.2 The influence of the cell patch size on measured ATP signals 

A cell is the smallest unit of a living organism and as mentioned above in a layer of cells, the 
behavior of individual cell varies in respect to their response to stimulants. Thus modeling of 
their behavior is challenging and is not discussed in depth. The considerations here focus on 
the influence of the cell number on the ATP measurements. In this regard each cell was 
adapted to release the same ATP concentration in a certain time interval. The size of cells was 
determined by measuring the area of urothelial cells in microscopic images. An average size of 
630 ± 30 µm² was obtained for a single cell (n = 247). Additionally, it was assumed that for 
detectable amounts of ATP, no signal transduction or signal enhancing mechanisms take 
place, which would require the presence of further adjacent cells. 

Simulations can demonstrate how many cells are required for reliable ATP measurements and 
indeed they show that the number of cells defines the detectable ATP concentration at the 
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biosensor (Figure 4-16). A decreased number of probed cells results in delayed and decreased 
ATP signals.  

 

Figure 4-16 Relative ATP concentrations at the biosensing polymer layer implying steady ATP release 
from the cell layer. The size of the cell layer was varied keeping the center of the cell patch directly 
underneath the biosensing electrode, which was located in a 50 µm distance. A Temporal resolution of the 
ATP concentration which is present at the biosensing polymer layer. B ATP concentration at polymer after 
100 s steady ATP release. 

As every modeled cell was assigned to release the same concentration flow of ATP, the 
amount of released ATP is dependent on the number of cells and the concentration in 
solution is decreasing with the number of modeled cells within the cell patch. The released 
ATP amount of even one cell can be detected at the biosensor. Though the detectable 
concentration will be reduced to 40 % of the actual released amount (Figure 4-16 B). But also 
for cell patches consisting of more than 50 cells the results of ATP measurements is 
influenced by the number of cells as the total released amount of ATP determines the ATP 
gradient and thereby the diffusion time of ATP to the detecting biosensor. The temporal 
resolution of the ATP measurement is hence influenced. For instance an ATP release of 
300 cells leads to stable, detectable ATP concentrations within 20 s whereas with 80 cells 
95 % of the signal is reached and is not stable yet (Figure 4-16 A).  

However, in most conducted experiments at urothelial cells presented in chapter 3, the 
number of probed cells exceeded 500 cells (70 %) and hence temporal resolution and correct 
ATP concentrations are ensured.  
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Summarizing, a limited number of probed cells results in (i) a lower detectable amount of 
ATP due to diluting effects and (ii) an increase in delay for reaching a steady ATP 
concentration, which impedes temporal resolution of ATP detection. For physiological 
measurements, which require accurate ATP determination and temporal resolution 
exclusively cell patches of a certain size have to be chosen.  

 

 

4.1.4 Conclusion and outlook 

The presented calculations are important to support, study and understand various aspects of 
ATP measurements. Effects of (i) substrate concentration, (ii) distances of biosensor-cell dish, 
(iii) distances between both electrodes and (iv) sizes of probed cell patches were investigated.  

The presented amperometric ATP biosensors consist of a double microelectrode with 
platinum electrode sizes of 50 µm sealed in theta capillaries. One of the microelectrodes was 
modified to obtain an ATP biosensor by electrochemically depositing a polymer layer, which 
contains GOx and Hex. The second electrode was kept as a bare electrode for positioning and 
monitoring of oxidizable species. 

In general, the size of the polymer layer at the biosensing electrode has a significant influence 
on the biosensor performance as it defines the number of entrapped GOx and Hex molecules. 
For that reason the dimension of the polymer layer was experimentally determined and 
consecutively used for modeling. The activity of the applied enzyme assay within the polymer 
layer was investigated by basing their activity on experimentally derived values.  

The response time of the ATP biosensor was investigated. A steady state response is reached 
within 30 s depending on the distance of the biosensor to the probed cell dish. Thereby the 
cylindrical shaped volume between biosensor and cell dish can be described as a quasi-thin-
layer cell within a uniform distribution is obtained before diffusion out of that volume begins.  

The concentration of all substrates except ATP was considered constant during 
measurements, but within this quasi-thin layer cell the concentration of substrates might be 
reduced due to the enzymatical consumption. In addition, the concentration of products 
might be increased compared to measurements in bulk solution. These effects of local 
variation in substrates and products were investigated. For oxygen, hydrogen ions, 
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gluconolactone, ADP and glucose-6-phosphate, the obtained concentrations were found to be 
in the low nanomolar to micromolar range and were thus considered not to influence the 
ATP biosensor in a notable way.  

In contrast, the generation of hydrogen peroxide was further investigated. Hydrogen peroxide 
is oxidizable and contributes essentially to the detected current at the biosensing electrode. In 
measurements in which biosensor and cell dish form a quasi-thin layer cell, diffusion of 
hydrogen peroxide to the bare electrode may occur resulting in a detectable current at this 
electrode, which is dependent on the distance of both electrodes. This current can be also 
influenced by the presence of ATP as the generation of hydrogen peroxide is thereby generally 
reduced. Under quiescent conditions, the applicability of the bare electrode for biosensor 
signal correction is therefore limited, whereas in experiments in flow cells corrections have 
been reported [27].  

The concentration of hydrogen peroxide is also influenced if the volume of the quasi-thin-
layer cell is changed. A closer distance of the biosensor to the cell layer leads to a higher 
detectable current at the biosensor and due to hindered diffusion to a lower current at the bare 
electrode.  

However, this hydrogen peroxide concentration is also detectable at the probed cell dish and 
might result there in increased ROS concentrations. Especially, if the measurements are 
performed in close distance to the probed cells, the concentration of hydrogen peroxide can 
reach levels that might induce oxidative stress [140]. Approaches to reduce that stress are: (i) 
increased distance of the biosensor to the cell dish, which might though lead to increased 
response times; (ii) biasing of the second bare electrode to reduce the local hydrogen peroxide 
concentration or (iii) ATP biosensors which are not based on GOx (chapter 5.2).  

Additionally, the influence of the cell patch size was investigated. It was shown that large cell 
patches are required for reliable and time-resolved ATP measurements. However, also ATP 
signals of one cell might be detected using ATP biosensors even when the ATP signal is in 
this case reduced and delayed.  
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4.1.5 Experimental 

4.1.5.1 Emulating the experimental setup in Comsol  

For calculations, the diffusional behavior of ATP and hydrogen peroxide was modeled using 
COMSOL Multiphysics 4.2.1.110, COMSOL, Inc., Burlington, MA, USA.  

The experimental setup was emulated by the following design: 

A petri dish of 3 cm diameter was designed containing a layer of cells at the bottom (a circle 
of varying diameter) and a glass cylinder of 1 mm diameter as the insulating material of the 
double electrodes. At the circular bottom area circles with a radius of 25 µm were defined as 
the two working electrodes. Underneath one of these electrodes a polymer layer was simulated 
based on an oblate hemispheroid as described by Kottke et al. (Kottke et al., 2008a).  

 

4.1.5.2 Determination of polymer layer dimensions and diffusivity 

All used solutions were prepared in ultrapure water (> 18.2 MΩ) from a PURELAB flex 
system (Veolia Water Solutions & Technologies Deutschland GmbH, Celle, D). 

For experimental ATP measurements the enzymes were entrapped in a Canguard polymer 
layer (GlassophorZQ8-43225 from BASF, Luwigshafen, Germany) that was deposited by 
applying 3 cycles of 2.2 V for 0.2 s, 0.8 V for 1 s and 0 V for 5 s to a microelectrode of 50 µm 
diameter as part of a 3-electrode setup consisting additionally of an Ag/AgCl wire as 
reference electrode and a platinum counter electrode in a 70 µL/mL Canguard solution (see 
also chapter 3.4.3).  

For determining the exact dimensions of this deposited polymer layer amperometric and 
multipotential steps were conducted as previously reported [108]. Therefore amperometric 
curves at -0.4 V or multipotential steps at 0 V for 30 s and -0.4 V for 5 s were applied in 
5 mM hexaaminruthenium chloride dissolved in 0.1 M phosphate buffer, pH 7.4 to a bare 
electrode or the modified electrode, respectively, and evaluated in the reported way. The 
obtained data were supported by microscope images and CV measurements in 5 mM 
hexaaminruthenium chloride and 8 mM hydrogen peroxide both dissolved in 0.1 M 
phosphate buffer, pH 7.4.  
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4.1.5.3 Modeling diffusion and enzymatic reactions 

The ATP release was modeled for the release of 5 or 10 µM ATP from the cell surface. For 
diffusion behavior of ATP, a diffusion coefficient of 3.6·10-6 cm²/s [141] was used.  

For diffusion of H2O2, a diffusion coefficient of 8.3·10-5 cm²/s was used [103]. Hydrogen 
peroxide was modeled considering that it is consumed at both working electrodes. The 
current was calculated using equation 4-8. 

The enzymatic reactions were modeled by uniform generation of hydrogen peroxide or 
consumption of ATP, respectively, according to the reaction rates and kinetics described in 
chapter 4.1.3.1. 

 

4.1.5.4 Determination of the patch sizes of urothelial cells  

Microscope images were taken from urothelial cells that were cultured for 48 to 72 h (see also 
chapter 3.4.2). The area of 247 cells was determined using UTHSCSA Image Tool Version 
3.0 by UTHSCSA Dental Diagnostic Science, San Antonio, TX, USA. 
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4.2 Effects of changing the solution composition during amperometric 
measurements 

4.2.1 Motivation  

Amperometric measurements offer the possibility for monitoring the release of signaling 
molecules in a temporally resolved manner. Hence they are commonly used to determine the 
level of signaling molecules close to the cell surface not only for ATP detection [26, 27, 47, 
61, 137] but also for detection of various other signaling molecules [142–146].  

The investigated cells can be stimulated in numerous ways in order to release the targeted 
species: by electric [147] or mechanical stimuli (like stretching [25, 61] or by application of 
pressure [78]), by changes in pH [148] or temperature [149], by exposing them to 
pharmacological components (see also chapter 3) or by changes of the bath solution 
compositions (e.g. by modifying the oxygen level [27] or the osmotic pressure [150]). 
Generally the applied stimuli have to be adapted to the investigated cell species. A more 
universal way to excite most cells is exposing them to hyperkalemic solutions. Hyperkalemia is 
an elevated potassium ion concentration in the physiological solution. The increased 
extracellular potassium concentration leads to depolarization of the cell membrane and 
triggers further intracellular processes, which of course are dependent on the cell type [151].  

Extended exposure to high potassium levels or other stimulants, however, may result in cell 
death. Hence, cells are typically exposed to stimulating solutions only for a short period of 
time and require therefore an exchange of bath solutions. This exchange of bath solution is 
typically performed in flow chambers, where the investigated cells are continuously superfused 
with fresh buffer solution. For stimulation the buffer is exchanged with the stimulating 
solution assuring that e.g., osmolarity to the non-stimulating buffer solution is maintained. 
This approach is commonly used for in vitro investigations of cells in combination with 
amperometric measurements [26, 27, 143]. 

In calibration measurements presented within this thesis, a change in amperometric current 
signals was observed when solutions in a flow chamber were exchanged (in more than 
100 independent measurements using micro- and macroelectrodes) (Figure 4-17). These 
calibration measurements were performed without cells in the flow chamber, which could 
have been stimulated. A current change was observed as soon as and as long as the electrodes 
were exposed to the changed bath composition (also if it was applied for more than 10 min). 
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After returning to the initial composition the signal revealed the initial baseline current. This 
signal change was recordable also at bare electrodes and was observed for various stimulating 
solutions containing different stimulants like tetramethylammonium chloride 
(Figure 4-17 A), nicotine (Figure 4-17 B) or an elevated potassium concentration 
(Figure 4-17 C). But also if the solution composition is otherwise altered, for instance by 
substituting a component, a change in signal is observed (Figure 4-17 D). 

 

Figure 4-17 Experimental amperometric curves recorded while changing the composition of the solutions. 
Ringer solution (#) and stimulating solutions (* or *') containing various stimulants were alternately 
pumped through a flow chamber. A 5 µM tetramethylammonium chloride were dissolved in Ringer 
solution and this solution reached the electrode setup within the flow chambers at times marked with *. 
The experiment was recorded with a bare microelectrode biased at 600 mV vs. Ag/AgCl reference 
electrode. Note that an increase in cathodic current was observed. B 200 µM nicotine was added to Ringer 
solution and reached the electrode setup at times marked with *. A bare microelectrode biased at 600 mV 
vs. Ag/AgCl reference electrode was used. The experimental curve was corrected for its cathodic baseline 
current in presence of Ringer solution (according to chapter 3.4.6). Note that therefore a current increase in 
cathodic current was observed. C Ringer solution contains an increased concentration of potassium ions 
(and equivalently decreased sodium concentration). At * solutions containing 30 mM K+ and at *' solutions 
containing 60 mM K+ were pumped through the flow chamber detecting a current increase in anodic 
current. This experiment was recorded with an ATP microbiosensor (prepared according to 
chapter 5.1.2.1) biased at 600 mV vs. Ag/AgCl reference electrode. D Ringer solution with 11 mM 
saccharose replacing 11 mM glucose was pumped through the cell at *. In both solutions additionally 
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1 mM ferrocenemethanol as mediator was dissolved. The measurement was performed at a bare 
microelectrode biased at 400 mV vs. Ag/AgCl reference electrode observing a current decrease with 
saccharose containing solution in regard to Ringer solution. 

Figure 4-17 shows that the resulting change in current is dependent on the nature of the 
stimulant, its concentration and the applied conditions, like the dissolved electroactive species 
and the applied potential. A significant current increase can particularly be observed with 
hyperkalemic solutions revealing hence high sensitivities towards hyperkalemia. Furthermore, 
the usage of potassium chloride facilitates further discussions of amperometric experiments as 
its effects on the properties of solutions are frequently reported. Thus, hyperkalemic solutions 
based on Ringer solution1 will be used as model solutions for the following investigations.  

 

4.2.1.1 Convolution of current signal due to hyperkalemia and ATP release 

An ATP release of probed cells upon stimulation with hyperkalemic solutions should be 
monitored and hence a convoluted current signal of ATP and hyperkalemia will be recorded. 
The signal related to ATP release is based on the competitive reaction of glucose oxidase and 
hexokinase for glucose and results in a decreased signal in respect to the basic glucose current 
signal showing a sensitivity of up to 23 ± 20 pA/µM ATP (see chapter 5.1.2.1). In contrast, 
the application of hyperkalemic Ringer solutions results in a positive change of the current 
signal of 250 ± 100 pA (n = 29). 

Stimulating cells under hyperkalemic conditions would result in a decreased current rise 
compared to the signal related to solely hyperkalemia (without ATP release). Hence, a 
possibility may be to deconvolute the ATP signal from the current changes due to changes in 
the bath composition by recording the current simultaneously at the second bare working 

                                                 

1 Ringer solution is one of the most frequently used buffers for bathing and investigating cells [27, 339–341] and 
consists of 124 mM NaCl, 5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 1 mM MgSO4, 1 mM NaH2PO4 and 
11 mM glucose. In hyperkalemic Ringer solution the concentration of KCl is increased to 60 mM KCl 
decreasing concurrently the NaCl concentration to 69 mM for osmolarity. The pH of both solutions is adjusted 
to pH 7.4 by purging the solutions for at least 30 min with gas mixtures containing 5 % CO2, 0, 20 or 60 % O2, 
respectively, and balancing N2. 
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electrode. However, this consideration implies steady and perfectly reproducible signals in the 
amperometric measurement, which is typically not the case in (micro)biosensor 
measurements. The variances of both signals – of the ATP and the hyperkalemia signal – are 
too high for correcting the combined signal (Figure 4-18). 

 

Figure 4-18 Result of ATP measurements in Ringer and hyperkalemic Ringer solution (n ≥ 7). Note that 

the difference between the hyperkalemic signal without ATP and with 20 µM ATP results in merely one 
quarter of the ATP signal observed in Ringer solution.  

A correction of the ATP signal in hyperkalemic solution does not result in reliable data for 
ATP release concentrations at cells. Hence, the following paragraphs are dedicated to 
decipher the reason for these current changes and ways to eliminate them for further ATP 
measurements upon stimulation.  

 

4.2.2 Properties of electrolytes – theoretical background 

Increased concentration of KCl resulted in an increase in the current signal, which cannot be 
explained by oxidation or reduction of chloride or potassium ions as the standard redox 
potential for these two reactions is exceedingly high – particularly in aqueous media – with  
-2.93 V for potassium ion reduction and +1.36 V for chlorine reduction (both vs. normal 
hydrogen electrode) [152]. As all measurements were conducted in a potential range from 
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0.8 V to -0.4 V vs. Ag/AgCl reference neither potassium nor chloride ions might be reduced 
or oxidized at these potentials. 

Hence, the higher potassium ion content has to influence proceeding redox reactions or 
originate from non-faradaic processes. In most cases they are referred to additional or changed 
capacitive and resistive effects within the electrochemical cell (Figure 4-19).  

 

Figure 4-19 Examples of non-faradaic processes. A Constitution of an electrochemical 3-electrode setup 
including a working electrode, an Ag/AgCl reference/saturated KCl reference electrode and a counter 
electrode. B Simplified equivalent circuit of this 3-electrode setup including capacitance Cwe or Cre for the 
conductors which represent the working or reference electrode surface and a resistance Rsolution for the 
solution. C Schematic of the current behavior in dependency of the potential φ0 if the capacitance or the 
solution resistance is changed.  

These effects are mainly based on the properties of the solution. The dissolution of a solute in 
aqueous media depends on its polarity i.e. the existence of (fractional) charges within its 
chemical structure. These (fractional) charges lead to the development of local electrical fields. 
In the case of ions with charge z its electrostatic potential φ in distance r can be described by 
the Coulomb potential [153–155]: 

 
r

ezi 1
4 0πε

φ =  4-11 

e = electron charge, e = 1.602 · 10−19 C; ε0 = vacuum permittivity, ε0 = 8.854·10−12 Fm-1 

Water molecules are dipoles and align in respect to their own electrical field to the electrical 
field of this species and form thereby a hydrate shell around it. The magnitude and extent of 
this hydrate shell is dependent on the charge and dimension of the dissolved species and 
determines thereby the properties of the solution.  
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 A B 

NaCl 0.0067 0.07866 

KCl 0.0052 -0.033 

Table 4-2 Viscosity coefficients A and B for NaCl and KCl at 25 °C or 18 °C, respectively [156]. 

The viscosity of a solution changes not only for the solvation of charged but also for non-
charged species like glycerol or lactose. In this case the dissolved molecules can be explained 
like particles interfering with the streaming liquid [159] resulting in the following change of 
viscosity [160] 

 







−

⋅
=
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cV

1
5.2exp0ηη  4-14 

V  = effective rigid volume of the solute; Q = characteristic constant for the solute 

As Q can attain values of 0 < Q < 1, the viscosity increases upon addition of non-charged 
solutes while for dissolution of salts the viscosity might also decrease in dependence of the 
solute, its concentration and the factor B.  

A change in viscosity might affect electrochemical measurements by variation of the diffusion 
coefficient of the investigated mediator or analyte according to the Stokes-Einstein equation 
[152]:  

 
ir

kTD
πη6

=  4-15 

The diffusion coefficient is proportional to the current at micro- and macroelectrodes as can 
be seen in equation 4-3 for macroelectrodes or equation 4-6 for microelectrodes, respectively. 
Hence, a change in viscosity may directly influence amperometric measurements.  
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F = Faraday constant, F = 96485.34 Cmol-1; zi = charge of ion species; νi = concentration of ion species 

The ions move according to their inherent mobility u+ or u-, respectively, which is determined 
by their charge and their size fi. If spherical ions are assumed, Stoke’s law ( )ii rf πη6= [152] 
can be used for describing the mobility of an ion: 
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As the effective radius in aqueous solution is dependent on the dimension of their hydrate 
shell caused by the Coulomb potential (equation 4-11), sodium ions are effectively larger 
compared to potassium ions [166] and are hence less mobile (Table 4-3).  

 

Ion Ion radius ri /Å Mobility ui /10-4·cm²/s·V 

Na+ 1.84 5.193 

K+ 1.25 7.619 

Cl- 1.21 7.912 

Table 4-3 Effective ion radii and mobilities of some selected ions in aqueous solutions at 25 °C [166, 167]. 

These different mobilities might lead to different conductivities of Ringer solution and 
hyperkalemic Ringer solution. Furthermore the mobilities might result in a change of the 
junction potential at reference electrodes. 

 

4.2.2.4 Capacity and point of zero charge 

The capacity of the electrode-electrolyte system is determined by the interface between 
electrode and electrolyte. This interface is described by various models. A first model was 
introduced by Helmholtz in 1853 [168] stating that countercharged ions are in direct contact 
to the charged electrode and forming thereby an electric double layer. The charge density σ 
which might be stored in this capacitor can be described in accordance to [155]:  
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 V
dIHP

r 0εεσ =  4-25 

dIHP = distance between capacitor plates of the inner Helmholtz plane; V = potential drop between plates 

This model lacks to provide the actually complex behavior of the electrode-solution interface 
in regard to its dependency on the applied potential. The Helmholtz model reveals thereby a 

constant dependence 







=

∂
∂

IHP

r

dV
0εεσ  (see also Figure 4-20).  

Another approach for describing the electrode/electrolyte interface was proposed 
independently by Gouy [114] and Chapman [115]. Their model considers that the 
electrostatic potential φ within the solution declines with the distance to the electrode. 
Additionally, the thermal movement of ions leads to formation of a so-called diffusive layer. 
The capacitance of this diffusive layer can be described in an electrolyte of MzXz composition 
by the following equation:  
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In this model the capacity reaches a minimum in dependence to the applied potential 
(Figure 4-20). This minimum is called the electrode potential of zero charge φpzc and is a 
characteristic potential for every electrode material. It describes the potential at which the 
electrode carries no charge.  
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Figure 4-20 Calculated differential capacitances for a 50 mM KCl solution. εr was calculated according to 

cwaterr δεε 2+= (δ(KCl) = 5 l/mol) [157]. dIHP and dOHP were assumed to be in the same range as the model 
NaF [167]. 

As derived from Figure 4-20, the capacitance in the Gouy-Chapman model approaches 
infinity at moderately high potentials. This modeled behavior is induced by the assumed 
infinitely small diameter of the investigated ions enabling them to approach the electrode 
surface to an infinitely small distance. According to equation 4-25 this leads to an infinitely 
high conductance. 

As this behavior is opposite to the actual capacitance, Stern combined the two models of 
Helmholtz and Gouy and Chapman establishing the Gouy-Chapman-Stern model [116]. 
Herein, the ions are allowed to approach the electrode surface only up to a certain distance 
called the outer Helmholtz plane dOHP. Adjacent to that layer a diffusive layer of ions is 
modeled, which density declines exponentially with distance to the electrode surface. 
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The study of adsorption processes supported the dependency of φpzc on the ion size and the 
concentration of the adsorbent [169], which in turn might influence the effective potential in 
electrochemical measurements.  

 

In summary, the here presented solution properties might be affected by dissolving additional 
solutes or changing the solution composition as required for cell stimulation. The scope of the 
following chapters is hence focused on possible interferences for amperometric measurements 
due to changes in solution composition. The topic will, however, not be discussed 
exhaustively. Within the scope of this thesis the focus is on (i) the partial solvent volume, (ii) 
viscosity effects, (iii) the conductivity of the electrolyte, (iii) the appearance of potential shifts 
and (iv) the activity of dissolved ions and their effect on the investigated problem. 

Statistical or non-reproducible effects on amperometric measurements like noise or warming 
effects will be not considered. 

 

 

4.2.3 Results and discussion 

In the performed experiments using Ringer and hyperkalemic Ringer solution properties like 
the pH were not affected by replacing part of the sodium ions by potassium ions. However, 
other intrinsic properties like the conductivity or the viscosity changed indeed.  

 

4.2.3.1 The influence of partial volume 

A change in the volume of the solution was observed when either NaCl or KCl were dissolved 
in Ringer solution. Adding 55 mM NaCl or KCl to a stock Ringer solution (containing all 
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species besides 55 mM NaCl or KCl2) resulted in both cases in an increase in volume. 
Dissolving 55 mmol NaCl in 1.0000 l resulted in an increased volume of 0.84 ml while for 
dissolving 55 mmol KCl an increase of 1.21 ml was detected. These volumes correspond to 
partial volumes of 15 and 22 ml/mol. Similar figures were reported for dissolving NaCl and 
KCl in pure water, which results in an volume increase of 18.8 ml/mol and of 29.1 ml/mol, 
respectively [170]. The deviation of the determined values from literature values might be due 
to that measurements were conducted only once and the fact that instead of using pure water, 
the salts were dissolved in low sodium Ringer solution with a certain ionic strength. 

The observed partial volume leads thereby to a difference in the concentrations of all dissolved 
species in Ringer and hyperkalemic Ringer solution. A volume increase leads to a dilution of 
dissolved species within the solution. As the partial volume for dissolving KCl in Ringer 
solution is enhanced compared to the preparation of Ringer solution species such as glucose or 
dissolved redox mediators are marginally less concentrated compared to species in Ringer 
solution. Using hyperkalemic solutions in electrochemical measurements will hence result in a 
reduced current compared to Ringer solution (see also equation 4-6). The result of the partial 
volume is hence in contrast to the results which were actually observed in amperometric 
measurements.  

Nevertheless, as the partial molar volume might increase with dissolving further solutes, the 
concentration of solutions would require to be specified by their molality instead of the here 
used molarity. Generally, the problem of volume changes has to be considered in preparing 
solutions for highly sensitive amperometric measurements. 

 

4.2.3.2 The influence of viscosity 

As shown by the Stokes-Einstein equation 4-15 the viscosity has an immediate influence on 
the diffusion coefficient of a dissolved (redox active) solute and concurrently on the 
measurable current. The dissolution of salts, however, influences the viscosity of the solution 

                                                 

2 The stock Ringer solution contained 69 mM NaCl, 5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 1 mM 
MgSO4, 1 mM NaH2PO4 and 11 mM glucose. 
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only if they are present in very high concentrations, as derived from Table 4-2. For 
hyperkalemic Ringer solution containing 60 mM KCl, a viscosity difference of 1 % in respect 
to regular Ringer solution can be calculated. The viscosity of Ringer solution was determined 
as 1.003 ± 0.021 mPa·s and for hyperkalemic Ringer solution a viscosity of 
0.994 ± 0.028 mPa·s was recorded. The difference between these two is beyond the error of 
the n ≥ 6 measurements.  

Adding of non-charged solutes to Ringer solution, however, influences the mobility and the 
diffusion to a significant extent. For instance the dissolution of 658 mM ethanol to 
hyperkalemic Ringer solution leads to an increased viscosity of 1.078 ± 0.023 mPa·s. Further 
model additives like ethanol, lactose or dimethylsulfoxide were dissolved in hyperkalemic 
Ringer solution and affected as well the viscosity of the solution (Figure 4-21). 

 

Figure 4-21 Viscosity effect on amperometric measurements using Ringer solutions which contain different 
additives. A Viscosities of Ringer solution, hyperkalemic Ringer solution (hRs) and solutions containing 
658 mM ethanol, 1.67 M urea, 464 mM dimethyl sulfoxide (DMSO), 295 mM glycerol and 218 µM 
lactose. B Experimental amperometric curve when exchanging Ringer solution (#) for a hyperkalemic 
Ringer solution containing 218 µM lactose (*) or 1.67 M urea (+), respectively. All solutions contained 
5 mM ruthenium hexamine chloride. A platinum microelectrode with a diameter of 50 µm was used and 
biased at -0.4 V vs. Ag/AgCl reference electrode. (The exchange from viscous solutions to Ringer solution 
required more time and led to a sudden current decrease until the viscous solution was completely 
removed). C Histogram of measured (n ≥ 4) and calculated current values, respectively. For calculating the 
change in current values, the applicability of Oldham equation and Einstein-Stokes equation was assumed. 
A change of the hydrodynamic radius of the mediator was not considered.  
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The concentrations of the model additives were chosen to eliminate any effects, which might 
result from a change in conductivity (see the following chapter). Hence all solutions showed 
the same conductivity as Ringer solution. The viscosity change is particularly dependent on 
the type of species and despite the different used concentrations resulted in approximately the 
same viscosity. The confined mobility of ions affects thereby the conversion of electroactive 
species as described by the Stokes-Einstein equation (equation 4-15). In this theory an 
interaction of the dissolved additives with the redox species is not considered. This interaction 
might, however, influence the hydrodynamic radius of the redox mediator and might explain 
the deviation for lactose containing solutions.  

Concluding the effect of viscosity has to be considered in amperometric measurements as 
their presence might significantly influence the diffusivity of targeted analytes.  

 

4.2.3.3 The influence of conductivity 

The conductivity of electrolyte solutions is dependent on the composition and concentration 
of the electrolyte solution. With ionic strengths of approximately 0.2 mol/l, Ringer and 
hyperkalemic Ringer solution can be considered as concentrated. Hence, the Kohlrausch law 
and the Debye-Hückel-Onsager theory and associated models are not valid anymore. 
Furthermore, the ionic strength of the solution is not changed when hyperkalemic Ringer 
solution is prepared as osmolarity was maintained. The dependency of the conductivity on the 
potassium concentration is therefore mainly empirically discussed.  

As shown in Figure 4-22 A the conductivity of Ringer solution increases according to an 
increase in its potassium ion concentration. The increase in conductivity may be attributed to 
the increased mobility of potassium ions in comparison to exchanged sodium ions (see Table 
4-3). A linear relation according to  

 
cm
mSc

mol
cmµS 21.15²13.22 +⋅

⋅
=κ  4-28 

was observed in good approximation to the experimental data (R² = 0.9978).  
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Figure 4-22 Conductivity of Ringer solutions containing different concentrations of K+. The concentration 
of Na+ was reduced by the increase in K+ concentration for ensuring osmolarity and constant ionic strength. 
A Measured conductivity in dependence of the concentration of dissolved KCl in solution (n ≥ 3).  
B The dependency of the observed current increase due to hyperkalemia on the applied K+ concentration. 
Ringer and hyperkalemic Ringer solutions contained 0.5 mM ruthenium hexamine chloride. Amperometric 
curves were recorded with microelectrodes (with a diameter of 50 µm) at -200 mV vs. Ag/AgCl reference 
electrode (n = 5). 

In Ringer solution a conductivity of 15.34 ± 0.10 mS/cm was measured while hyperkalemic 
Ringer solution containing 60 mM K+ showed a conductivity of 16.48 ± 0.12 mS/cm (n ≥ 3). 
Dissolving other stimulants, e.g., 5 µM tetraethylammonium chloride in Ringer solution led 
to a conductivity increase of about 0.336 ± 0.025 mS/cm to parent solution. In contrast, the 
conductivity decreased in comparison to Ringer solution when 11 mM glucose was replaced 
by 11 mM saccharose by a value of 1.370 ± 0.012 mS/cm.  

These figures are in most cases in accordance to amperometric measurements (see also 
Figure 4-22). An increased conductivity of a solution might lead to an increase in current in 
respect to Ohm’s law and equation 4-20: 
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φeff = effective applied potential; for further details please refer to chapter 4.2.3.4 

The validity of equation 4-29 is supported by data shown in Figure 4-23. 
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Figure 4-23 Correlation of the current change due to hyperkalemia with the applied potential, the electrode 
area and the electrode distance. A The signal is dependent on the applied potential. Amperometric curves 
were recorded in 0.5 mM ruthenium hexamine chloride at various potentials vs. Ag/AgCl reference 
electrode (n ≥ 10). B With increasing electrode area an increasing change in current was detected. The 
measurements were performed in pure Ringer solution at -0.4 V vs. Ag/AgCl reference electrode. C A 
dependency on the distance of reference and working electrode was also observed which is quite vague due 
to high recorded variances. The experiments were performed under the same conditions as in B. 

In respect to the electrode area a linear behavior was not expected (Figure 4-23 B). 
Microelectrodes show generally a very low dependency on the conductivity of the solution 
which is disproportionately reduced by further minimization of the electrode [171, 172].  

For the other parameters a linear correlation is also not fulfilled as it is, however, required in 
equation 4-29. E.g. for the dependency on the conductivity the linear correlation between 
conductivity and the observed current change in hyperkalemic Ringer solution exists only at 
concentrations up to 60 mM KCl (Figure 4-23 B).  

These non-linear correlations might be due to further modified solution properties, like a 
change in ion mobility and activity. In this regard the dependency on the applied potential 
will be discussed in the following chapter. 
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4.2.3.4 The modification of the effective potential and the redox potential 

The conversion of an electroactive species is generally dependent on the applied potential. 
While the current change due to hyperkalemia is not dependent on Faradaic processes, the 
solution itself influences the redox potential of dissolved electroactive species [173]. For 
recording CVs of ruthenium (III) hexamine chloride a redox potential of -144 ± 11 mV in 
Ringer solution and -152 ± 13 mV in hyperkalemic Ringer solution was measured vs. 
Ag/AgCl reference electrode. The observed difference is 9 mV ± 16 mV (n = 50). A shift in 
halfway potential of -201.3 mV was determined by Wiedemair in 0.5 M KCl solution [174].  

A potential shift is related to (i) the conductivity of the solution, (ii) the potential of the 
reference electrode, (iii) the adsorption at the working electrode and (iv) the stability of the 
reduced and oxidized redox species. 

The conductivity has not only a direct influence on the recorded current as shown in the 
previous chapter but can also modify the effective potential φeff. This potential is reduced from 
the applied potential φ0 by the ohmic drop φΩ caused by a resistance R of the solution. 

 iReff −=−= Ω 00 φφφφ  4-30 

As shown above the conductivity is inversely proportional to the resistance of the solution. If 
the conductivity is increased (e.g. in hyperkalemic Ringer solution), the effect of the ohmic 
drop decreases and the effective potential reflects more the applied potential. The change in 
conductivity results in a decreased potential shift in hyperkalemic Ringer solution of about 
7 % of the applied potential in comparison to Ringer solution. The effect on the 
amperometric measurement is hard to figure as it strongly depends on conditions like the 
applied potential and the concentration of the redox mediator.  

Another shift in the applied potential might be related to the used reference electrodes. The 
potential of reference electrodes is not only dependent on the internal electrolyte 
concentration or the temperature but also on the ionic strength and the composition of the 
investigated solution. At the junction of inner electrolyte and investigated solution (and if 
present at every further junction) a potential can arise due to different mobilities of the ions 
across this junction. This so-called junction potential is well-known and well described in 
literature [167, 175–177]. 
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The junction potential can be formed at three different junction classes [167]: i) the two 
solutions can be of the same electrolyte but present in different concentrations, ii) the two 
solutions can be of the same concentration but of different electrolytes and iii) the two 
solutions can be of different concentration and different electrolytes. Measurements in 
physiological solutions commonly reflect the 3rd case. In this case the effect of two different 
concentrations and the effect of a different constitution of the solution interfere with each 
other as illustrated in Figure 4-24. 

 

Figure 4-24 Sketch of the two different classes of junction potential, which occur at an Ag/AgCl/satd. KCl 
reference electrode in Ringer solution. A The concentration effect results in ion movement from the 
reference electrode into the Ringer solution. The slightly higher mobility of chloride ion results thereby in a 
low junction φj,conc potential with the shown polarity. B The different composition of Ringer solution and 
reference electrode filling solution leads additionally to diffusion of anions and cations into the reference 
electrode filling solution. External anions show a slightly higher mobility leading to the shown polarity of 
junction potential φj,comp. Note that for regular Ringer solution φj,conc > φj,comp and for hyperkalemic Ringer 
solution φj,conc < φj,comp. 

For calculation of this junction potential the Henderson equation can be used [178]: 
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ci,in = concentration of species within reference electrode filling; ci,out = concentration of species in investigated 
solution 
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For Ringer solution and hyperkalemic Ringer solution a very low junction potential of -1.22 
and -1.26 mV, respectively, can be calculated showing a difference of 0.04 mV. In 
experiments a difference in Ringer solution and hyperkalemic Ringer solution of 1-5 mV 
(n = 10) was measured. This value depended on the material of the reference electrode frit but 
is probably insignificant in this case. 

The potential of zero charge depends on the electrode material and describes the 
characteristic potential at which the electrode carries no charge. It has to be considered when 
applying potentials to an electrode [179]. The potential φpzc is dependent on adsorption 
processes at the electrode surface. At platinum surfaces, the adsorption of chloride ions is well 
investigated [180, 181], whereas sodium chloride and potassium chloride were reported to 
show a slightly modified adsorption behavior [182]. For measurements in Ringer and 
hyperkalemic Ringer solution, the potential of zero charge φpzc was determined with  
-284 ± 15 mV and -289 ± 12mV, respectively. Adsorption processes of dissolved chloride 
might lead to a change in the potential of zero charge and influence the electrochemistry of 
the working electrode [179]. As a result an increased potential has to be applied to the 
working electrode when exchanging the Ringer solution for hyperkalemic Ringer solution in 
order to obtain the same charge density.  

Another important yet merely quantifiable effect is the stabilization of electrochemical species 
by the solvent. Generally, electrochemical reactions are influenced by the solvent [173]. For 
instance polarography of aromatics and quinones have shown a dependency on alkali metal 
ion concentration [183, 184]. Alkali metal ions might form associations with the observed 
product and stabilize it leading to a shift in the observed redox potential of the aromatics and 
quinones. For ruthenium (III) hexamine chloride such mechanisms are not reported. 
Ruthenium hexamine is well known for its outer sphere mechanism of electron transition at 
the electrode surface [185]. In outer sphere electron-transfer reactions, the oxidized and 
reduced species do not interact strongly with the reaction partner [186] like the electrode 
surface [187]. Nevertheless, an interference of the solution has to be considered for redox 
species reacting in inner-sphere mechanisms.  

All of these phenomena appear simultaneously during electrochemical measurements and 
might lead to a shifted applied potential or an altered effective redox potential. This can be 
observed in the modified redox potential of ruthenium (III) hexamine chloride in Ringer and 
hyperkalemic Ringer solution (as shown above). Hence the effective potential might influence 
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the observed current change due to hyperkalemia in amperometric measurements as 
schematically shown in Figure 4-25.  

 

Figure 4-25 Simulated cyclic voltammograms with experimentally derived redox potentials for ruthenium 
hexamine (III) reduction. The behavior of a microelectrode with a diameter of 25 µm was simulated in a 
solution of 10 mM ruthenium hexamine (III) chloride, which is either dissolved in Ringer solution 
resulting in a redox potential of -144 mV or hyperkalemic Ringer solution resulting in a redox potential of  
-152 mV (both vs. Ag/AgCl reference electrode). The redox potentials were obtained by cyclic 
voltammetry in Ringer and hyperkalemic Ringer solution containing ruthenium (III) hexamine chloride in 
concentrations of 0.5 to 10 mM (n = 50). The simulation was performed with DigiElch 7.0. Note that in 
the range of -0.1 and -0.2 V the redox current in “Ringer solution” is higher compared to the one in 
“hyperkalemic Ringer solution” due to the shift in redox potentials.  

The effect of a shift in potential is thereby most prominently observed in the region of the 
redox potential corresponding to observations in Figure 4-23 A. At a potential of -100 mV a 
reduced current in hyperkalemic Ringer solution in relation to Ringer solution was detected.  

In Figure 4-23 A it can be also seen that the linearity of the current change due to 
hyperkalemia is not given at -400 mV which is also true for potentials higher than 0 mV. This 
indicates a dependency on redox processes of the electroactive species, which will be discussed 
in the following chapter.  
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4.2.3.5 The influence of the activity of ions  

As described in chapter 4.2.3.3, Ohm’s law describes the dependency of the observed current 
change due to hyperkalemia. In the derived equation 4-29 this current change is not expected 
to be dependent on any redox processes. However, in performed experiments the current 
change revealed a remarkable dependency on the mediator concentration (Figure 4-26).  

 

Figure 4-26 Dependency of the current change due to hyperkalemia on the concentration of ruthenium 
(III) hexamine chloride. A Experimental amperometric curve using Ringer (#) and hyperkalemic Ringer (*) 
solution containing 0 ( ), 0.5 (') and 2 ('') mM ruthenium hexamine chloride. A microelectrode with a 
diameter of 50 µm was used biased at -400 mV. Note that the current change due to hyperkalemic 
solutions is positive with 0 mM ruthenium hexamine chloride, and negative with 0.5 mM and 2 mM 
ruthenium hexamine chloride. B Dependency of the current change due to hyperkalemia on the 
concentration of ruthenium hexamine chloride (n ≥ 7).  

This effect might be explained with the adsorption of chloride ions to platinum surfaces. The 
effect of chloride activity on the performance of biosensors and the electrochemical setup are 
complex. Chloride ions are capable of inhibiting glucose oxidase [188] at low pH and can 
interact with platinum electrodes. As already mentioned above platinum surfaces can 
chemically bind chloride ions [180] and interfere thereby in the electroactivity of platinum by 
inhibiting the presence of platinum binding sites for further redox species [189, 190]. Sodium 
chloride and potassium chloride have shown thereby slightly different behavior for this 
process [182].  
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These different performances of sodium and potassium chloride solutions might be explained 
by different activities of chloride ions within these solutions leading to different extents of 
adsorption. According to the Debye-Hückel-theory (see also equation 4-17) no change in 
activity is expected in the solutions of the same ionic strength. However, as mentioned above 
the Debye-Hückel theory is only valid in solution with low ionic strength and does not 
consider any non-ionic interactions. 

In contrast to this theory, different potentials of Ag/AgCl quasi reference electrodes vs. gold 
electrode were measured in Ringer and hyperkalemic Ringer solutions (∆φ = 7 mV, n = 4) 
indicating a higher activity of chloride ions in hyperkalemic Ringer solution. Additionally, the 
observed potentials of zero charge (chapter 4.2.2.4) indicate a more negatively charged 
electrode surface in hyperkalemic Ringer solution compared to Ringer solution.  

In Ringer solution the higher activity of chloride ions might lead to a higher extent of 
chloride adsorption at the platinum electrode surface and further blocking of the electroactive 
surface. As described above ruthenium hexamine chloride undergoes outer sphere chemical 
reactions and is hence less susceptible on adsorbents at the electrode surface. However, 
chemisorption at platinum electrode surfaces influences the reduction of ruthenium (III) 
hexamine at the electrode surface [191]. Assuming a similar behavior with chemically bound 
chloride ions, the dependency on the redox species concentration of the observed current 
change might be explained. At 0 mM ruthenium hexamine chloride, the additional blocking 
of the electrode does not result in a modified current and the above discussed effects 
determine the current change due to hyperkalemia. However, with increasing redox mediator 
concentration, the additional blocking of the electrode surface in hyperkalemic solution results 
in a decreased current which is in first instance (using 0.5 mM ruthenium hexamine solutions) 
seen by a reduced current increase due to hyperkalemia and finally in a current decrease using 
2 mM ruthenium hexamine solutions.  

If this hypothesis is valid, the observed effect will be probably even enhanced when ATP 
biosensors based on glucose oxidase are used as the detection of hydrogen peroxide is sensitive 
of chemisorption of chloride ions to the platinum surface [189]. 
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4.2.3.6 Possible countermeasures 

The observed electrochemical signals can be attributed to the changes in solution properties. 
Summarizing, such effects are hardly avoidable in stimulating experiments. Nevertheless in 
the following chapter some approaches are discussed to minimize these adverse effects, which 
are complex in nature. 

 

4.2.3.6.1 Measurements under static conditions 

One might consider that in measurements using a static bathing solution a reversible current 
change cannot be noticed. In this case investigated cells might be stimulated by addition of 
several pharmaceuticals (comparable to measurements shown in chapter 3). For these 
measurements the application of high amounts of charged molecules has to be avoided as the 
osmotic pressure of the bathing solution might be changed leading to swelling or shrinking of 
the investigated cells. Additionally, the solution properties like viscosity or conductivity have 
to be considered.  

Hence in amperometric measurement the signal might be influenced by the addition of the 
stimulant as shown in Figure 4-27.  

 

Figure 4-27 Current signal upon KCl addition under static conditions. A Experimental curve of 
amperometric measurements using 1 mM K3[IrCl6] as mediator and biasing a bare microelectrode with a 
diameter of 50 µm to 0.8 V vs. Ag/AgCl reference electrode. Different aliquots of a 1 M KCl stock 
solution were added at the moments marked with *: 2 x 50, 2 x 100, 2 x 200, 400 and 1000 µl.  
B Dependency of current increase on KCl concentration under these conditions (n = 5).  
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The dependency on the KCl concentration was also observed when the Ringer solution 
contained ruthenium hexamine chloride and is comparable to the one which was observed in 
measurements performed in flow chambers (Figure 4-22 B). 

 

4.2.3.6.2 Modifying the constitution of Ringer solution 

As it was shown, ions may influence the solution properties mainly by its Coulomb potential 
(equation 4-11) if chemical reactions of the ions are excluded. The Coulomb potential is 
mainly characterized by the size and charge of the ion in its dissolved state. Ammonium ions 
NH4

+ show incidentally the same size and charge as potassium ions in aqueous solution, 
which results in an equal mobility of 7.610 10-8 m²/s compared to 7.619 10-8 m²/s of 
potassium ions [167].  

Due to their charge and size ammonium ions can be transported through K+ membrane 
channels and can induce cell death [192]. Hence an application of ammonium solutions is 
precluded for investigation of cellular processes in cell measurements.  

For analyzing the effect on the amperometric measurements ammonium chloride was 
employed (Figure 4-28). In Ringer-like solutions sodium chloride was replaced by 
ammonium chloride. In this regard the inherent acidity of ammonium ions might be an issue. 
With an additional acid the pH of original Ringer solution (pH 7.40) might be not 
established which would also change the conductivity of the solution as the mobility of 
hydrogen ions is high (36.25 10-8 m²/s [167]). However, in experiments an only slightly 
modified pH of pH 7.38 of this ammonium based Ringer solution was observed.  

 

Figure 4-28 Experimental amperometric curve using ammonium-based Ringer solution. The experiment 
was performed in a solution similar to Ringer solution but NaCl was replaced with NH4Cl. A potential of 
0.6 V vs. Ag/AgCl reference electrode was applied to a microelectrode of 25 µm in diameter. Aliquots of 
1 M KCl were added at moments marked with *: 2 x 50, 2 x 100 and 2 x 200 µl. 
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Although the current was not affected upon addition of potassium chloride, ammonium based 
Ringer solution cannot be used for cell measurements as explained above.  

 

4.2.3.6.3 Using Luggin capillaries 

The distance between reference electrode and working electrode is crucial for the impact of 
conductivity in solution [167]. It can be reduced by using a so-called Luggin capillary. A 
Luggin capillary consists of a tube filled with electrolyte, which ends on the one end in a fine 
tip and at the other end in the reference electrode. The fine tip enables the reference electrode 
to be exactly positioned in close distance of minimal 2 times the diameter of the fine tip at the 
working electrode. These close distances reduce the conductivity effect of the solution.  

However, the presence of a Luggin capillary might shield the electrode surface from diffusion 
of the electroactive species or in the case of biosensor measurements from the analyte. 
Additionally, the distance in which the Luggin capillary has to be positioned is not practical 
as the working electrode is supposed to face the cell layer at a short distance (see also 
chapter 4.1.3.2.4) for positioning of the Luggin capillary a minimal distance is required. 
Reducing the diameter of the Luggin capillary allows reducing this distance, however this 
construction is limited by the impedance of the Luggin capillary which will be increased.  

Hence in this chapter the effect of a Luggin capillary on the current change due to 
hyperkalemia is investigated for analytical purposes. As shown in Figure 4-29 despite of an 
applied Luggin capillary a change in current is registered when hyperkalemic Ringer solution 
is pumped through the flow chamber.  
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Figure 4-29 Effect of using a Luggin capillary in Ringer and hyperkalemic Ringer solution.  
A Experimental amperometric curve using an Ag/AgCl reference electrode equipped with a Luggin 
capillary. An amperometric ATP biosensor was used as working electrode biased at 600 mV vs. the 
reference electrode. B Comparison of the current change due to hyperkalemia in experiments with a 
Luggin capillary and without Luggin capillary (n ≥ 13). Both measurements were performed under the 
same experimental conditions. 

The current change is fractionally reduced from measurements without Luggin capillary but is 
still in a perceptible range. The usage of a Luggin capillary reduces the effect of conductivity  
as reported by Newman [193]. The current increase due to hyperkalemia was hence reduced 
to 73 ± 32 %. 

 

4.2.3.6.4 Separate flow cell pathways  

Neher admonished in an article published 1992 that in flow chamber experiments 
“concentration gradients exist within the experimental chamber, giving rise to liquid junction 
potentials wherever they occur.” [175]. Hence, the electrochemical cell is to be constructed in a 
way that the reference electrode never “sees” the changed electrolyte [175]. A flow chamber 
was designed in such a way that the second path was solely superfused with Ringer solution 
while in the first path the solution was exchanged (see Figure 4-30 D). Both paths met in a 
spot at which it was assured that the solution of the first path cannot enter the second one. In 
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the first path the working electrode was adjusted while the reference and the counter electrode 
were positioned in the second path.  

With this flow chamber design and the described electrode configuration, still current 
changes due to hyperkalemia were recorded. The recorded current change was reduced 
(53 ± 21 pA, n = 5) in comparison to measurements under the same conditions with only one 
flow channel (175 ± 156 pA, n = 20) but are still noticeable. The measurement in separated 
flow channels, however, revealed generally lower current levels (340 ± 210 pA vs. 
7330 ± 1060 pA for measurements in the same compartment) which corresponds to the 
expanded distance between reference electrode and working electrode (equation 4-29). The 
usage of flow cells with separated flow paths leads hence to disproportionally high current 
increases due to hyperkalemia (15.6 ±6.2 % vs. 2.4 ± 2.1 %) and therefore can be also not 
applied as suitable countermeasure. 

 

 

4.2.4 Conclusion and outlook 

Changing the composition of a solution leads to a change in current signal in amperometric 
measurements which can be in particular studied in flow experiments. This signal depends on 
the properties of the solution and on various parameters like the electrode area or the applied 
potential. Some influences were investigated in this chapter and possible countermeasures 
were performed and discussed.  

Dissolving NaCl and KCl leads to an increase of the solution volume and hence a dilution in 
effective concentration of dissolved species, which might affect the amperometric 
measurements.  

Maintaining a constant ionic strength, an increase in potassium ion concentration within the 
Ringer solution leads in the investigated concentration range to an increase in conductivity 
due to the higher mobility of these ions. It was shown that an increased conductivity 
influences the current change due to hyperkalemia. Also the applied potential, the distance of 
the working electrode to the reference electrode and the surface area affect the observed 
current change.  
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The potential dependency of the current change is thereby modified due to differences of the 
dissolved redox active species’ redox potential in Ringer and hyperkalemic Ringer solution. 
Influences on this potential like the junction potential or the potential of zero charge were 
discussed.  

Additionally, a dependency on the concentration of dissolved redox species was observed. 
This dependency might indicate the importance of the active electrode surface area and the 
activity of chloride ions in terms of adsorption. Hence, a hypothesis was postulated for these 
two phenomena based on the well-known adsorption of chloride ions on platinum. Different 
behavior of sodium and potassium chloride solution were reported in literature, which is 
indicated also by a difference in chloride ion activity and measurements of the potential of 
zero charge in Ringer and hyperkalemic Ringer solution. The different adsorption of chloride 
ions on platinum surfaces might contribute to the current change due to hyperkalemia. In 
further measurements the adsorption of chloride ions at platinum surfaces in Ringer and 
hyperkalemic Ringer solution might be studied and measurements using different electrode 
materials have to be considered.  

 

These impacts show that the reasons for current signal due to hyperkalemia or other stimuli 
are complex. Any effects on the current have to be investigated prior (ATP) measurements. 
Different approaches were performed to overcome the observed current changes. All of them 
showed, however, some drawbacks as e.g. using ammonium ions or Luggin capillaries which 
both are not suitable for cell measurements.  

Hence, there are two remaining options for cell measurements: (i) the modification of the 
bathing or superfusing solution is avoided during cell measurements and stimulation is e.g. 
mechanically performed, or (ii) the investigated cells release the targeted analytes with a time 
delay to the stimulation process as it can be seen in chapter 3. 
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4.2.5 Experimental 

4.2.5.1 Influence of experimental parameters 

The presented measurements were performed after ensuring that no experimental parameter 
was the reason of the current change in amperometric measurements. Different parameters 
were investigated: 

 
- The chemicals: Chemicals for Ringer solution of at least two different suppliers were 

used e.g. sodium chloride (Fisher Scientific International, Inc., Hampton, NH, USA 
and Merck KGaA, Darmstadt, D) or potassium chloride (Fisher Scientific 
International, Inc., Hampton, NH, USA, Sigma-Aldrich Chemie GmbH, Steinheim, 
D and Carl Roth GmbH + Co. KG, Karlsruhe, D) 
 

- The material of the working electrode: Working electrodes made of platinum, gold 
and glassy carbon were used. Platinum microelectrodes were self-made, 
macroelectrodes were purchased from CH instruments, Inc., Austin, TX, USA. All 
electrodes were polished thoroughly on polishing pads (Leco Corporation, St. Joseph, 
MI, USA or Allied High Tech products, Inc., Rancho Dominguez, CA, USA) using 
0.05 µm alumina suspension (Leco Corporation, St. Joseph, MI, USA). 
 

- The type of the reference electrode: Silver-silver chloride and calomel reference 
electrodes of different producers were used. Silver-silver chloride reference electrodes 
were purchased from CH instruments, Inc., Austin, TX, USA, METROHM GmbH 
& Co. KG, Filderstadt, D, Cypress Systems, Inc, Fresno, CA, USA and ALS Co., 
Ltd, Tokyo, JP. Calomel reference electrodes were purchased from CH instruments, 
Inc., Austin, TX, USA. All reference electrodes were filled with saturated potassium 
chloride solution. 
 

- The design of the flow chamber: Flow chambers from Warner Instruments, LLC, 
Hamden, CT, USA or customized chambers were used (Figure 4-30). The design of 
these chambers was constructed for laminar flow within the measuring area. 
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Figure 4-30 Design of various applied flow chambers. A Tubular flow cell with an inner diameter of 1 mm. 
The electrodes are mounted with stoppers while the reference electrode (red stopper) faces the working 
electrode (white stopper). B Glass flow cell with a larger volume of approximately 1.5 ml. C Commercially 
available flow chamber with diamond shaped inlet (Warner Instruments, LLC, Hamden, CT, USA).  
D Combination of the commercial flow chamber with a modified inlet containing a barrage for constant 
fluid level in the measuring area and additional flow path (see chapter 4.2.3.6.4). 

None of these parameters influenced the current change in amperometric measurements.  

Ferrocyanide and ferricyanide were not applied as mediator as the different alkali metal ions 
have been proven to influence the rate of their electrochemical conversion in a way which 
depends on the alkali ion species [194]. 

 

4.2.5.2 Preparation of the various Ringer solutions 

Ringer solutions were prepared from a stock solution of Ringer solution containing a reduced 
concentration of sodium chloride. This stock Ringer solution contained 124-x mM NaCl, 
5+x mM KCl, 26 mM NaHCO3 (Fisher Scientific International, Inc., Hampton, NH, USA 
and Merck KGaA, Darmstadt, D), 2 mM CaCl2 (Fisher Scientific International, Inc., 
Hampton, NH, USA and Sigma-Aldrich Chemie GmbH, Steinheim, D), 1 mM MgSO4 
(Sigma-Aldrich Chemie GmbH, Steinheim, D and Merck KGaA, Darmstadt, D), 1 mM 
NaH2PO4 (Fisher Scientific International, Inc., Hampton, NH, USA and Sigma-Aldrich 
Chemie GmbH, Steinheim, D) and 11 mM glucose (Sigma-Aldrich Chemie GmbH, 
Steinheim, D) or saccharose (Fisher Scientific International, Inc., Hampton, NH, USA and 
Merck KGaA, Darmstadt, D).  
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Different inner- and outer-sphere mediators were used in various concentrations for 
investigating their effect on the additional signal of hyperkalemic Ringer solution: 
[Ru(NH3)6]Cl3 (abcr GmbH & Co. KG, Karlsruhe, D), K3[Ir(Cl)6] (Sigma-Aldrich Chemie 
GmbH, Steinheim, D), ferrocenemethanol (abcr GmbH & Co. KG, Karlsruhe, D) and 
ascorbic acid (Carl Roth GmbH + Co. KG, Karlsruhe, D). These mediators were dissolved in 
the Ringer stock solution.  

x mM NaCl or KCl were dissolved in the Ringer stock solution and the final Ringer and 
hyperkalemic Ringer solution were immediately purged with 5 % CO2, 0 %, 20 % or 60 % O2, 
balance N2 (Widmann Gase GmbH, Elchingen, D) for adjusting pH 7.4 and preventing 
precipitation of calcium phosphate. The solutions were purged at least for 45 min prior to the 
experiment start and continuously during the amperometric experiment (Figure 4-31). 

 

Figure 4-31 Oxygen content and pH during purging of Ringer solution with 5 % CO2, 60 % O2, 35 % N2. 
The measurement was performed at room temperature in an Erlenmeyer flask. Oxygen was measured 
continuously using a fiber-optic oxygen meter PreSens MicroxTX3 (Precision Sensing GmbH, 
Regensburg, D). The pH was occasionally investigated by a pH meter S20 - SevenEasy™ (Mettler-Toledo 
GmbH, Gießen, D).  

For preparation of ammonium chloride based Ringer solution, sodium chloride was replaced 
by NH4Cl (Sigma-Aldrich Chemie GmbH, Steinheim, D).  

 

For determining the partial volume when dissolving sodium chloride or potassium chloride, a 
stock solution of low sodium Ringer solution was prepared. 55 mM NaCl or KCl, 



 4. Factors influencing ATP measurements 

116 

respectively, were dissolved in 1.0000 l Ringer solution in a volumetric flask. The increased 
volumes in respect to the 1.0000 l was removed and measured.  

 

4.2.5.3 Amperometric measurements and measurement of conductivity 

Amperometric measurements were performed using different potentiostats: CH842a, 
CH660a and CH660c all from CH instruments, Inc. (Austin, TX, USA). A three-electrode 
setup was placed in a flow chamber. The three-electrode setup consisted of a working 
electrode (material and sizes are reported in chapter 4.2.5.1), a reference electrode (different 
used suppliers see chapter 4.2.5.1) and a platinum counter electrode. If ATP biosensors were 
used as working electrodes they were prepared according to a method, which is described in 
chapter 5.1.2.1 for high mechanical stability of the biosensing film.  

The prepared solutions were pumped through a flow chamber (designs see also 
chapter 4.2.5.1) using an 8 channel peristaltic pump from Watson-Marlow GmbH 
(Rommerskirchen, D) ensuring low noise-pumping. The change of solutions was performed 
manually using 3-way valves. 

 

A Luggin capillary was constructed by pulling a glass capillary and bending it in a U-shape 
resulting in an outer diameter of the capillary orifice of about 100 µm (Figure 4-32 A). The 
total length of the Luggin capillary was about 1 cm. In order to reduce internal impedances, a 
platinum wire of 50 µm diameter was mounted in the Luggin capillary. The capillary was 
connected by a heat shrinking tube to a commercial Ag/AgCl reference electrode from CH 
instruments (CH instruments, Inc., Austin, TX, USA). The tightness of the Luggin capillary 
was tested by filling it with a dye solution and the distribution of the dye was investigated for 
about 1 h. The dye left the Luggin capillary only at the orifice of the tip indicated by a tiny 
colorful spot after 1 h (an accurate measurement of the flow is difficult due to volumes in the 
picoliter range). The Luggin capillary was afterwards filled with 3 M KCl and used for 
electrochemical measurements. The performance of the reference electrode with the Luggin 
capillary was investigated by cyclic voltammetry in 5 mM ruthenium hexamine chloride, 
0.5 M KCl, purged with argon (Figure 4-32 B). A shift of less than 10 mV in redox potential 
compared to the regular reference electrode was observed.  
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For amperometric measurements the end of the Luggin micro capillary at the reference 
electrode was positioned in the flow chamber in a distance of approximately 100 - 200 µm to 
the 25 µm working electrode.  

 

Figure 4-32 Design and performance in cyclic voltammetry of a customized micro-Luggin capillary.  
A Picture of the U-shaped Luggin capillary, which was mounted at the tip of a commercial reference 
electrode. B Cyclic voltammogram using the reference electrode without and with the Luggin-capillary. 
The CVs were recorded at a platinum microelectrode with a diameter of 25 µm in a 5 mM ruthenium 
hexamine chloride, 0.5 M KCl solution. 

The conductivity of solutions was measured by a digital conductivity meter GMH 3410 
(GREISINGER electronic GmbH, Regenstauf, D). 

 

4.2.5.4 Viscosity measurements 

The viscosity was measured at a rotational rheometer Haake Mars II controlled with Haake 
RheoWin 4 software (Thermo Electron GmbH, Karlsruhe, D). A plane plate (PP 60 Ti) and 
a conically shaped plate (C 60/1 Ti) were applied in a speed of 100 °/s or 150 °/s. The 
viscosity was recorded for 120 s. 

 



 4. Factors influencing ATP measurements 

118 

4.2.5.5 Measurement of chloride activity and junction potential 

The activity of chloride ions was roughly determined by using a chlorinated silver wire in 
either Ringer or hyperkalemic Ringer solution. The potential of a quasi-Ag/AgCl reference 
electrode was recorded versus a gold electrode. The potential of the quasi-reference electrode 
is according to Nernst equation dependent on the chloride activity [167]: 
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Therefore a freshly-grinded and cleaned silver wire was chlorinated in a 1 M HCl solution 
applying 5 V for at least 5 min until the current was depleted and the wire was coated with 
silver chloride. The quasi-Ag/AgCl wire was immediately used for potential measurements vs. 
Ag/AgCl reference electrodes in either Ringer or hyperkalemic Ringer solution using a 
multimeter (Extech Instruments, FLIR Commercial Systems AB, Meer, Belgium) until the 
recorded potential was stable for at least 10 min. 

The junction potentials were measured in two ways: In a first approach the potential of the 
reference electrode was measured vs. an Ag/AgCl wire in Ringer and hyperkalemic Ringer 
solution accordingly to the described chloride activity determination and corrected for 
potentials due to the chloride activity. In a second approach the potentials were measured vs. a 
calomel electrode, which was immersed in Ringer or hyperkalemic Ringer solution overnight 
according to a method described by Brezinski [195]. Both measured potentials were in good 
correlation to each other.  

 

4.2.5.6 Measurement of the point of zero charge 

The measurement of the potential of zero charge was determined by capacity measurements. 
AC voltammetry (alternating current voltammetry) was performed in Ringer and 
hyperkalemic Ringer solution. The potential was therefore scanned from -0.8 V to 1 V in 
voltage steps of 5 mV with an amplitude of 20 mV and a frequency of 100 Hz. 
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5. Advancements in ATP biosensors 

Biosensors combine the high selectivity of biological recognition elements with the high 
sensitivity of transducers [196] (see also chapter 2.3.2.2). They generally consist of (i) a 
biological recognition element, which selectively reacts with the analyte, and (ii) a transducer, 
which is in direct contact with the biological recognition layer translating an output of the 
biochemical recognition reaction into a – mostly - electrical signal. For example, for detecting 
ATP, transduction principles are based on various analytical detection methods like 
bioluminescence [44, 197], fluorescence [198, 199], thermometry [200, 201], mass-detection 
(using piezoelectricity) [202, 203], impedance spectroscopy [48, 204], potentiometry [205, 
206] and amperometry [51, 59, 207]. Thereby amperometric biosensors based on 
electrochemical transduction are commonly used as they are very sensitive and inexpensive 
and the biosensors can be miniaturized – as demonstrated within this thesis.  

Also numerous biological recognition elements are used ranging from tissues [208], cells [47] 
to antibodies [209], nucleic acids [55] to enzymes [207]. Frequently enzymes are applied in 
amperometric biosensors due to (i) the variety of available enzymes converting numerous 
possible analytes, (ii) as the largest groups of enzymes, the so-called oxidases, generating 
electrochemically detectable species and (iii) the high catalytic efficiency which can enhance 
the sensitivity of the biosensor. 

A requirement is that the enzymes are immobilized in close proximity to the electrode surface 
ensuring that the response of the biological component is transferred rapidly and without loss 
to the electrode while the activity of the immobilized enzymes being preserved as well. A 
reproducible, reliable immobilization technique was an issue during all periods of biosensor 
development. Sensors of the first generation consisted of membranes containing the dissolved 
enzymes [207, 210]. This immobilization technique did not only lead to long diffusion 
pathways and thus long response times but are not well-suited for miniaturization. 
Additionally, the membranes are prone to rupture and hence lack the required stability. In the 
second generation of biosensors, the membrane was omitted and the enzymes were for 
example adsorbed at the electrode surface [211, 212]. Hence the response time of the 
biosensor was significantly decreased but the enzymes were directly exposed to solution 
leading to desorption and a loss in enzymes’ activity. Another approach was to protect the 
enzymes by either covalent binding to the electrode [213, 214] or by entrapping within 
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polymers [215, 216] (see also chapters 3, 5.1 and 5.2). In both cases a dissolved redox 
mediator is necessary for electron shuttling to the electrode surface. In the current, third 
generation enzymes the mediator for the enzymatic reaction is immobilized within the 
immobilization matrix [217] reducing thereby the contamination of the probed sample. Two 
third generation microbiosensors were established for pyrroloquinone quinone dependent 
glucose dehydrogenase in this thesis which can be further developed to ATP microbiosensors. 
The results are presented in the chapters 5.2.2 and 5.2.3, respectively. The first part of this 
chapter is designated to developments in respect to increasing the mechanical stability of 
glucose oxidase-hexokinase based ATP biosensors. 

 

5.1 Mechanically stable ATP biosensors 

Enzymes are frequently entrapped in adsorbed polymer films which leads, as encountered 
with biosensors described in chapter 3, to an insufficient mechanical stability when used with 
miniaturized electrodes. In the following chapter, approaches are described to improve the 
mechanical stability of microbiosensors by covalent binding the immobilization layer to the 
transducer.  

 

5.1.1 Motivation 

The poor mechanical stability of ATP microbiosensors affects the measurements, as the 
measurement has to be stopped and rejected after loss of the polymer film like described in 
chapter 3. The immobilization technique is based on immobilizing the enzymes in a 
hydrophilic, voluminous polymer layer, which is only physically adsorbed at the electrode 
surface. Hence, (partial) loss of the polymer was frequently observed - especially in 
mechanically challenging situations. For instance, in measurements involving solution 
exchange i.e. under flow conditions, the biosensing polymer film was easily detached from the 
ATP microbiosensors. Also while approaching the biosensor setup to the probed cell layer, a 
higher probability of losing the polymer layer was observed.  

In detail the following points were determined: (i) In ATP measurements at urothelial cell 3 
out of 10 ATP biosensors showed no sensitivity towards ATP after the first measurement due 
to loss of the polymer layer. (ii) A partial loss of the polymer layer was frequently encountered 
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by optical microscopy after measurements at urothelial cells and affects the sensitivity of 
biosensors towards ATP in the following measurements (Figure 5-1). 

 

Figure 5-1 Sensitivity of ATP biosensors before and after measurements above urothelial cells (n = 70). 

(iii) In measurements obtained under flow conditions the number of very low or lacking 
signals towards glucose was crucially increased in comparison to measurements under 
quiescent conditions. In 31 out of 49 cases the polymer film was at least partially lost after the 
measurement as could be observed by optical microscopy. 

Therefore an improvement of the immobilization technique is required. Principally 
immobilization within a polymer layer is superior in miniaturized biosensor considering the 
enzymes’ activity and the number of incorporated enzyme molecules. However, in cases of 
precipitated polymer films, these layers are only physisorbed as mentioned above which results 
in low mechanical stability.  

A covalent binding of enzymes to the electrode prevents thereby detaching of the enzymes 
from the biosensor surface, however may lead to conformational changes and a smaller 
number of enzyme molecules in this two-dimensional covalent binding in comparison to the 
three-dimensional incorporation in polymer layers or hydrogels.  

Hence, in the combination of both methods their disadvantages might be overcome: (i) the 
entrapping into an immobilization layer might lead to microbiosensors with enhanced 
stability and (ii) the immobilization layer might be covalently linked to the electrode surface. 
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5.1.2 Results and discussion 

For constructing highly stable ATP microbiosensors two different immobilization matrices 
were applied: bovine serum albumin cross-linked with glutaraldehyde or chitosan. Both were 
covalently linked to the glass sheath surrounding the microelectrode. As the used glass-
coupling reactions are performed under mild conditions, this stabilization method is 
promising for immobilization of enzymes.  

 

5.1.2.1 BSA-glutaraldehyde as immobilization matrix 

The combination of bovine serum albumin (BSA) and glutaraldehyde is used in numerous 
applications for gentle fixation of biological tissues [218, 219]. Also for immobilizing enzymes 
and fabricating biosensors, this matrix is commonly applied [58, 214, 220]. For immobilizing 
the enzymes, the microelectrode is dipped in a BSA-glutaraldehyde solution containing the 
dissolved enzymes. In the following cross-linking process the BSA-glutaraldehyde matrix is 
formed which covers the electrode and the surrounding glass sheath. The voluminous 
immobilization matrix leads to a high number of immobilized enzyme molecules and finally 
to an increase in sensitivity towards ATP and glucose. As it will be shown the preparation of 
the microbiosensors, however, showed also a low mechanical stability. Hence, the BSA-
glutaraldehyde matrix was covalently bound to the surrounding glass sheath. This procedure 
improved primarily the mechanical stability but resulted also in some drawbacks, which will 
be also discussed.  

 

5.1.2.1.1 Properties of BSA-glutaraldehyde as enzyme immobilization matrix  

Although BSA-glutaraldehyde is frequently used as immobilization matrix there is an 
ongoing controversial discussion how glutaraldehyde may react with proteins like BSA and 
which products are thereby formed [221]. There is evidence that lysine probably reacts with 
glutaraldehyde due to its additional amino group in the 𝜀 position [222]. The catalytic activity 
of enzymes is thereby preserved during the crosslinking process as lysine is mostly situated at 
the outside of proteins and is commonly not participant of the enzymes’ active center [223].  

Additionally, BSA consists of hydrophilic groups leading to swelling of the immobilization 
layer and an environment good for maintaining enzyme activity. In fact Canguard is an 
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industrially used electrodeposition paint with an high water content, which was frequently 
used for immobilization of glucose oxidase and hexokinase [27, 59, 61], but is unknown in 
terms of composition and may contain constituents, which lead to deactivation of the 
enzymes [224].  

Due to the high hydrophilicity of the BSA-glutaraldehyde layer the diffusion of molecules 
through the BSA-glutaraldehyde layer is merely hindered as exemplarily shown in Figure 5-2 
with a thickness of the layer of approximately 100 µm (determined by optical microscopy). 

 

Figure 5-2 BSA-glutaraldehyde modified microelectrode. A CVs were recorded in 10 mM K4[FeCN]6 
solution containing 0.5 M KCl. A platinum microelectrode with a diameter of 50 µm was bare (non-
modified, black) or covered with a BSA-glutaraldehyde immobilization matrix (green). B Microscope 
image of a 50 µm microelectrode covered with BSA-glutaraldehyde layer. Note that the layer is uniformly 
distributed over the entire surface and hence only visible at the edge of the glass surrounding. 

The diffusion behavior towards the electrode surface determines the faradaic current 
measured at the electrode. As the diffusivity determines also the response behavior of the 
biosensor, high diffusivities of the analytes are required for fast response times and high 
sensitivities. In cases of BSA-glutaraldehyde or polymer layer modified electrodes, an 
additional mitigation factor α due to diffusion hindrance within the layers is observed (see 
also chapter 4.1.3.1.1). The mean diffusivity through a BSA-glutaraldehyde layer was 
α = 0.88 ± 0.11 (n = 11) in respect to unhindered diffusion to the bare electrode. Compared to 
modification of microelectrodes with Canguard as reported in chapter 3 and 4.1 (α = 0.41) 
and Resydrol AY498w/35WA (α = 0.35 ± 0.25, (n = 13) [225]), the diffusivity through BSA-
glutaraldehyde is nearly not impaired. Hence, in regard to diffusivity the usage of BSA-
glutaraldehyde as an immobilization matrix is favored. 
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Additionally, an increased sensitivity towards ATP of 8.0 ± 6.9 pA/µM was registered using 
these ATP biosensors. This sensitivity is more than 5 times higher compared to ATP 
biosensors prepared with Canguard which is probably due to the increase in immobilization 
volume of the BSA-glutaraldehyde matrix in comparison to Canguard.  

Also the sensitivity towards glucose was increased. A mean sensitivity of 289 ± 399 pA/mM 
glucose was registered which correlates to an almost 40 times higher sensitivity if compared to 
ATP biosensor immobilized in a Canguard layer. This utmost high sensitivity, however, 
carries a certain risk of hydrogen peroxide contamination of the probed cells. While in 
Canguard entrapped glucose oxidase generates hydrogen peroxide concentration of up to 
900 nM in a distance of 20 µm, a hydrogen peroxide concentration of up to 35 µM might be 
present using biosensors whose enzymes are entrapped within a BSA-glutaraldehyde layer 
(assuming a linear correspondence of the recorded glucose signal to hydrogen peroxide release 
from the biosensor for extrapolation). This hydrogen peroxide concentrations is definitely in 
the range to affect the cell behavior [140] and the biosensor has to be applied therefore in a 
larger distance to the cell layer.  

Another problem of that sensor is the BSA-glutaraldehyde matrix which showed a reduced 
mechanical stability of the immobilization layer: 14 out of 24 ATP biosensor films are at least 
partially washed off prior to calibration. This poor mechanical instability is probably caused by 
the much larger area and volume of the BSA-glutaraldehyde immobilization matrix, which 
may be easily ruptured when it is used under flow conditions.  

Hence, for improving the mechanically stability of this promising BSA-glutaraldehyde 
matrix, it will be covalently linked to the surrounding glass sheath in the following chapter. 

 

5.1.2.1.2 Covalent binding strategies 

Proteins can be covalently linked to glass surfaces like the glass insulation sheath of the 
microelectrode. Common binding techniques as the hetero Michael addition [209, 226] or 
the formation of Schiff’s bases [227, 228] can be used therefore. For the covalent binding of 
BSA-glutaraldehyde-enzyme mixture the gentle immobilization procedure reported by Wang 
et al. was adapted [209]. The modification of the glass surface was performed in several steps 
as shown in Figure 5-3.  
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Figure 5-3 Scheme of binding BSA to a microelectrode in a 4-step modification procedure.  
3-(Trimethoxysilyl)propylamine is hydrolyzed prior reaction with the glass surface in which partially oligo-
or polymersiloxanes are formed (X = CH3, H or Si(OX)2(CH2)3NH2). The structure of BSA was adopted 
from Protein Data Bank [92]. 

In the first step the glass surface is modified with hydrolyzed 3-(trimethoxysilyl)propylamine. 
In a hydrolyzing step the silylether can be partially cleaved leading to silanols. These silanols 
react with further silyl ethers to oligo- or polysiloxanes, which concurrently bind to the glass 
substrate [229]. The second step includes a hetero Michael addition of the introduced amino 
group with one vinyl group of divinyl sulfone [230]. Divinyl sulfone is a toxic molecule but 
allows coupling of the modified glass surface with any kind of nucleophiles like thiol or amino 
groups which are e.g. present in the silylamine-modified glass surface and in the subsequent 
layer of BSA and enzymes. Hence in the third step the second vinyl group of fixed vinyl 
sulfone can interact with lysine, cysteine and hystidine residues in proteins [231]. Also this 
step follows a hetero Michael addition.  
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In a third step an intermediate BSA layer was introduced to impede covalent binding of 
enzymes to vinyl sulfone. It (i) covers vinyl groups and hence reduces the covalent attachment 
of enzymes and (ii) additionally enables crosslinking with glutaraldehyde and further BSA in 
order to covalently bind the immobilization matrix. If this step is missing, a direct binding of 
glucose oxidase and hexokinase with the vinyl sulfonated glass surface occurs which showed to 
lead to irregular ATP signals: either no ATP signal was observed or in other cases the signal 
was continuously decreasing after adding ATP to the solution or the signal did not recover to 
basic glucose related base-line signal if ATP was removed from the solution. Similar behavior 
of ATP sensors was already observed by covalently coupling glucose oxidase and hexokinase 
to the surface of gold electrodes via N-hydroxysuccinimide ester of  
16-mercaptohexandecanoic acid [232]. A glucose microbiosensor based on this approach 
revealed high sensitivity towards glucose [213] but no reproducible ATP signal could be 
obtained when hexokinase was covalently co-immobilized.  

Several effects may influence the activity of the enzyme when hexokinase is covalent coupled 
to a glass surface or to a gold electrode. One possibility is that a conformational change of 
hexokinase is hindered, which is crucial for the glucose binding process [233]. A second 
explanation may be related to that also lysine entities within hexokinase might react with 
incorporated vinyl groups whereas lysine takes part in the ATP binding process of hexokinase 
from human brain [234] and is also reported for hexokinase from Saccharomyces cerevisae to be 
present at the ATP binding location [92]. Hence, the ATP and glucose converting activity of 
hexokinase might be influenced or even impeded.  

With an additional intermediate BSA layer the ATP biosensors showed regular behavior 
towards ATP. Additionally, the required functioning and stability can be obtained. Figure 5-4 
shows a comparison of all three approaches based on BSA-glutaraldehyde immobilization 
matrices: (i) The biosensors which were presented within the previous chapter and had no 
covalent attachment between the immobilization matrix and the glass surface, (ii) the 
biosensors using a covalently bound immobilization matrix but no intermediate BSA layer 
between vinyl sulfone moieties and enzyme solution and (iii) the ATP biosensors with 
covalent attachment to the insulating glass sheath and an intermediate BSA layer. 
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Figure 5-4 Sensitivities of ATP biosensors towards glucose (A) and ATP (B) based on immobilization of 
enzymes within a BSA-glutaraldehyde matrix. The three different approaches are: no covalent binding of 
the BSA-glutaraldehyde immobilization matrix (blue, n ≥ 7), direct covalent binding with no intermediate 
BSA layer (green, n ≥ 7) and covalent binding with an intermediate BSA layer (red, n ≥ 7). 

ATP biosensors prepared by dip-coating (BSA-glutaraldehyde immobilization matrices is not 
covalently attached) showed partially also high sensitivities towards glucose and ATP however 
were of limited mechanical stability as described above.  

In the case of covalent attachment, only biosensors showing a response to ATP were 
evaluated. The sensitivity towards ATP but also to glucose was reduced, which might be an 
indication for decreased activity of the enzymes related to the inhibition of the ATP and 
glucose binding step.  

The introduction of an intermediate BSA layer results in highly stable sensor architecture, 
which can be used in flow experiments. In addition, a significantly improved sensitivity of the 
ATP and glucose biosensors was obtained with sensitivities in the range of 
577 ± 164 pA/mM for glucose and 23 ± 20 pA/µM for ATP, respectively (Figure 5-5). 
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Figure 5-5 Mean calibration curves and exemplary curves for glucose and ATP calibration using an ATP 
biosensor based on a covalently bound BSA-glutaraldehyde layer. A Calibration curve for glucose recorded 
in flow cell experiments at 600 mV vs. Ag/AgCl reference electrode. The inset shows an exemplary current 
plot (1: 3 mM glucose; 2: 6 mM glucose; 3: 11 mM glucose). B Calibration curve for ATP recorded under 
the same conditions. The inset shows an exemplary current plot (1: 50 µM ATP; 2: 20 µM ATP; 3: 5 µM 
ATP; *: in alternation with Ringer solution containing no ATP).  

The recorded sensitivities towards ATP and glucose are up to 15 times higher compared to 
biosensors using enzyme immobilization into Canguard depositions (s. chapter 3).  

A drawback of this immobilization procedure is that the microelectrodes have to be dipped 
into the reaction mixtures leading to a complete coverage of the electrode. This complete 
coverage shows two drawbacks: (i) the spatial resolution of the ATP detection is limited in 
comparison to biosensors using locally deposited polymer films and (ii) this BSA-
glutaraldehyde layer is not directly applicable if dual-electrode assemblies with a bare 
electrode for positioning should be modified. Hence, the removal or inhibition of coating the 
second electrode, respectively, with the BSA-glutaraldehyde matrix was aimed and is 
presented in the following chapter.  

 

5.1.2.1.3 Local removal of BSA-glutaraldehyde layer 

Bare electrodes in ATP biosensor measurements have shown to be of avail in physiological 
ATP measurements [26, 27]. The bare microelectrode within the ATP biosensor assembly is 
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used for positioning of the biosensor by recording approach curves [80, 122]. Additionally, 
the bare microelectrode may be biased at the same potential as the ATP biosensing 
microelectrode and hence the background of present interfering electroactive molecules can be 
monitored during measurements [26, 27, 100].  

In order to maintain a bare microelectrode within the dual electrode assembly, different 
approaches were pursued for either preventing the coverage with enzyme-BSA-glutaraldehyde 
at the second microelectrode or removing the BSA-glutaraldeyhde matrix afterwards.  

 

Electrochemical removal of the BSA-glutaraldehyde immobilization matrix 

Generally electrodes offer a good possibility for their local modification due to reduction or 
oxidation of surrounding species. The oxidation or reduction of water results in oxygen or 
hydrogen gas evolution. Hence, applying sufficient high potential to one of the electrodes may 
result in the evolution of gas bubbles and a removal of the attached BSA-glutaraldehyde layer. 
Additionally, enzymes, which are located adjacent to the electrode, might be oxidized and 
inactivated by the generation of oxygen and chlorine species with oxidation states of ≤ -1.  

Both approaches are suitable for the retrieval of the functionality of a bare electrode: While 
the gas evolution and blasting would result ideally in a bare electrode, the oxidation of the 
enzymes would lead to an electrode with no biosensing function.  

For testing, if the immobilization matrix was successfully removed or the enzymes are 
completely oxidized, the solution contained also glucose and the potential pulse profile 
included a potential of 600 mV vs. Ag/AgCl reference electrode to monitor the removal 
process.  
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Figure 5-6 Electrochemically induced removal of BSA-glutaraldehyde layer. A Example of potential pulse 
profile 0.6 V for 3 s and 3 V for 0.2 s. Note the steadily decreasing glucose current in the pulse sequence at 
0.6 V vs. Ag/AgCl. B Optical image of the biosensor assembly after electrochemically induced BSA-
glutaraldehyde layer removal. The potential profile was applied to the electrode marked with the red circle. 
C Glucose measurement after electrochemical treatment (both electrodes are biased at 600 mV vs. 
Ag/AgCl reference electrode).  

In spite of first promising results this treatment did not lead to a removal in a reproducible 
way. The glucose signal recovered also in many cases after several minutes. In addition, also 
an increase of capacitive currents at the biased microelectrode was observed which further 
limits the application of this process. As the recovering process indicates a participation of 
surrounding enzymes to the recorded signal at the treated electrode, in the following 
approaches an extended area around the supposed bare electrode was vacated. 

 

Removal of the layer using focused ion beam milling 

Focused ion beam (FIB) milling is frequently used for modification and structuring of 
surfaces. Typically a focused beam of gallium ions is used to sputter the topmost surface 
atoms. However, sputtering processes is usually limited to small areas and depths in the 
nanometer to low micrometer range whereas the BSA-glutaraldehyde layer is in the range of 
100 µm in height. Additionally, the matrix should be removed in a relatively large area of 
approximately 1.5 mm² including the surrounding area of the microelectrode. Hence, removal 
of the layer using FIB milling is not practical. Also exposing the enzyme layer for long times 
at room temperature to vacuum conditions might lead to a loss of enzyme activity – especially 
for hexokinase – which might probably be completely inactivated in this process. 
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To circumvent those problems, FIB milling was applied to microelectrodes, which were 
modified with 3-(trimethoxysilyl)propylamine, divinyl sulfone and the intermediate BSA layer 
but not yet exposed to the enzyme containing solution. If the covalent binding sites are 
removed by FIB milling no attachment of the following BSA glutaraldehyde layer should 
occur and hence the formed layers should be easily removed by physical perturbation. 
Additionally, the layer thickness of covalently attached silane, divinyl sulfone and BSA is in 
the range of approximately 20 nm (considering the dimensions of BSA with a length of 
maximally 14 nm [235]) reducing the operating time with FIB dramatically.  

FIB milling was hence performed at dual microelectrode modified with  
3-(trimethoxysilyl)propylamine, divinyl sulfone and an intermediate BSA layer (Figure 5-7).  

 

Figure 5-7 FIB milling to remove covalent binding sites from the glass surface. A SEM image of a dual 
electrode assembly after the milling process (30 kV, 3 nA for 180 s). The milled area is marked with a red 
rectangle. B Glucose measurement with the sensor assembly after immobilization of enzyme-BSA-
glutaraldehyde layer and partial removal of this layer in water jets (at the milled area). Both electrodes are 
biased at 600 mV vs. Ag/AgCl reference electrode. At 400 s an aliquot of glucose stock solution was added.  

After removing the intermediate BSA layer at the amerced area the electrode assembly was 
further modified with glucose oxidase-hexokinase-BSA-glutaraldehyde mixture in a dip-
coating process. After the modification process, the electrode was exposed to water jets several 
times to remove the layer from the FIB-milled area. However, in most cases the BSA-
glutaraldehyde immobilization matrix could not be removed which might be due to excessive 
crosslinking of the BSA-glutaraldehyde layer. This results in detectable responses towards 
glucose at both microelectrodes of the dual electrode assembly (see Figure 5-7 B), which 
could not be decreased by further treatment in water jets.  



 5. Advancements in ATP biosensors 

132 

Local application of nanoliter-sized reaction mixture droplets 

Generally, the application of a small volume of enzyme containing reaction mixture to only 
one of the two microelectrodes appears to be a straightforward approach. Therefore a dual 
microelectrode setup was modified with 3-(trimethoxysilyl)propylamine, divinyl sulfone and 
BSA as described above. For application of nanoliter-sized drops a previously reported 
method of Wang et al. was used [236]. Unfortunately, the aqueous reaction mixture droplet 
spread in a great extent and covered in most cases both microelectrodes. An additional adverse 
effect is that the crosslinking reaction of BSA and glutaraldehyde already starts while applying 
the reaction mixture, which impedes the application of a reproducible drop size. Even if the 
coverage of the immobilizing matrix was limited to one microelectrode, a response towards 
glucose could be observed at the second bare electrode (Figure 5-8). 

 

Figure 5-8 Resulting ATP biosensor using a nanoliter-sized drop for application of GOx-Hex-BSA-
glutaraldehyde reaction mixture. A The microscope image shows the coverage of the immobilizing matrix 
at an exemplary microelectrode setup. Only the microelectrode in the upper right corner of the image is 
covered while the second microelectrode visible at the bottom is not modified. B This microbiosensor setup 
was tested for its response towards glucose. Both microelectrodes were biased at 600 mV vs. Ag/AgCl 
reference electrode and an aliquot of glucose stock solution was added. Again, a clear current signal was 
observed at the non-modified second electrode (red line).  

Overall, the procedure showed an insufficient reproducibility due to the on-setting 
crosslinking reaction and spreading of the nanoliter-sized droplet. Interestingly even in cases 
where a coverage of the second electrode could be impeded, a current signal upon addition of 
glucose was observed at the second electrode. This indicates that not only glucose oxidase that 
is immobilized at the second electrode contributes to the current but also hydrogen peroxide, 
which is generated at the first modified electrode, diffuses to the second electrode (see also 
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chapter 4.1.3.2.3). This assumption was confirmed with experiments where one 
microelectrode was covered with Teflon tape. No immobilization matrix was visible even if 
the immobilization matrix was colored by adding a highly concentrated red dye to the 
enzyme-BSA-glutaraldehyde reaction mixture. Nevertheless a current due to glucose addition 
was also observed at this bare electrode.  

The excess of cross-diffusion of hydrogen peroxide to the second bare electrode may be 
reduced by lower amounts of glucose oxidase. Therefore varying concentrations of glucose 
oxidase were tested for the fabrication of ATP microbiosensors using the Teflon tape 
approach for coverage of one of the microelectrodes. Indeed, the cross-diffusion of hydrogen 
peroxide was decreased between both electrodes as the glucose signal at both decreased which 
results, however, in lower sensitivities.  

 

Summarizing, the ATP biosensors based on BSA-glutaraldehyde immobilization showed 
utmost high sensitivities towards glucose and ATP. They reveal improved mechanical stability 
during measurements in flow experiments and may be stored in fridge or freezer for longer 
times (see also chapter 5.1.2.2.3). However, the ATP biosensors show also some drawbacks 
particularly in regard to application in physiological measurements at cells: Due to the dipping 
procedure, both electrodes are covered with BSA-glutaraldehyde immobilization matrix, 
which could not be reproducibly removed from one of the microelectrodes. Hence, no bare 
microelectrode is available for approaching and recording of interfering redox species. 
Additionally, the complete coverage of the microelectrode assembly impedes locally resolved 
ATP measurements and as discussed above the local hydrogen peroxide concentration can 
reach up to 70 µM at the probed cell layer when the biosensor is operated in a distance of 
20 µm.  

These issues are of great importance for reliable ATP measurements at live cells and hence 
great attention has to be paid. Therefore another immobilization technique was chosen which 
allows combining the advantage of covalent fixation with the advantage of local deposition of 
the immobilization matrix.  
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of enzymes a local immobilization at the electrode surface is obtained. This behavior makes it 
a natural electrodeposition polymer and enables biosensor preparation [239]. 

Hence chitosan is a promising matrix for immobilizing enzymes at microelectrodes. With its 
amino groups chitosan can be additionally bound to a glass surface with methods reported 
above for mechanical stabilization. 

 

5.1.2.2.1 Optimization of chitosan deposition 

Using optimized electrochemical deposition techniques chitosan can be precipitated and 
chemically bound to a modified glass surface in one step.  

The deposition of chitosan was optimized in order to obtain a polymer bulk with sufficient 
diffusivity and capability for enzyme immobilization (Figure 5-10). Such a chitosan layer can 
be obtained by pulsed deposition using 10 cycles of -1.6 V for 0.2 s accompanied with a pulse 
of 0.2 V for 1 s repelling adsorbed ions and a relaxation pulse of 0 V for 4 s ensuring that 
sufficient deprotonated chitosan is in the vicinity of the electrode surface. 

 

Figure 5-10 Characterization of a chitosan layer deposited in 10 cycles of -1.6 V for 0.2 s, 0.2 V for 1 s and 
0 V for 4 s at platinum electrodes with diameters of 25 µm. A CV of a bare and a chitosan-modified 
electrode recorded in 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6] and 0.5 M KCl. The inset shows a 
microscope image of the modified electrode with the chitosan layer. B Contact mode AFM image (scan 
speed 0.5 lines/s) of a section of a chitosan modified electrode recorded in air. C Cross section of the AFM 
image showing a mean height of approximately 1.2 µm of the chitosan layer directly at the platinum 
electrode. The dotted lines indicate the transition to the bare glass and the electrode surface, respectively. 
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The chitosan layer obtained diffusivities of about 50 %, which is similar to values obtained for 
Canguard and Resydrol AY498w/35WA layers on microelectrodes (see also chapter 5.1.2.1.1) 
Also the stability of this chitosan layer is comparable to these electrodeposition paints (7 out 
of 9 were stable during measurements), but can be increased by covalent binding to the glass 
surface. In comparison to Canguard and Resydrol AY498w/35WA chitosan is therefore 
advantageous: (i) the precipitation of chitosan has a relative large diameter of approximately 
100 µm under the chosen conditions and is hence located on a relatively large area of the 
insulating glass sheath, which is necessary for the binding process and (ii) chitosan contains 
amino groups which can react with bound vinyl sulfone in a hetero-Michael addition. 

In combination with covalent binding of silylamine, divinyl sulfone and chitosan, the optimal 
deposition technique is achieved for entrapping GOx and Hex resulting in mechanically 
stable ATP microbiosensors. Deliberately the same enzyme concentrations as for Canguard-
based biosensors were chosen in order to compare the performance. The chitosan-based 
sensors showed similar apparent Michaelis Menten constants for ATP (7.9 ± 2.6 µM) and 
sensitivities towards ATP (0.9 ±0.2 pA/µM) compared to Canguard-based sensors (see 
chapter 4.1.3.1) due to the similar volume and diffusivity of the polymer layer [45, 128, 240].  

 

5.1.2.2.2 Long-term stability 

ATP microbiosensors with covalently bound chitosan matrices were examined for their long-
term stability (Figure 5-11). The microbiosensors were calibrated and stored in Krebs buffer 
in between the measurements. The measurements were performed over a period of one week 
using six independently prepared ATP biosensors applying covalently bound chitosan 
matrices for enzyme immobilization. Comparing measurements with Canguard as 
immobilization matrix failed due to their poor mechanical stability.  
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Figure 5-11 Sensitivity of covalently bound chitosan ATP biosensors. The microbiosensors were tested 
over a period of 7 days by calibration towards glucose and ATP in Krebs buffer. Between the 
measurements, the microbiosensors were stored in Krebs buffer at 4 °C. A Long-term sensitivity towards 
glucose (n ≥ 4); B Long-term stability towards ATP (n ≥ 4). 

The sensitivity of the so prepared ATP microbiosensors towards glucose decreases within the 
first 3 days but levels probably afterwards at 40 % of the initial sensitivity. A similar activity 
change is reported for macroscopic glucose biosensors based on glucose oxidase entrapped in 
e.g. poly-3,4-ethylendioxythiophene or polyaniline [241–243]. ATP microbiosensors are 
typically characterized by less (mechanical) stability and usually degrade within a period of 
several hours [244]. 

Additionally the prepared ATP microbiosensors showed a sufficient sensitivity towards ATP 
for a time period of 7 days. The sensitivity towards ATP increased actually from the day of 
preparation to the next by about 80 %. The conformation of the enzyme might be changed 
during the immobilization process and might subsequently be enhanced in the 
microenvironment of the immobilizing chitosan matrix [214, 245].  

From the second day on the sensitivity is decreasing and appears to be stabilized after 3 days 
at a relative sensitivity of approximately 60 % compared to the starting sensitivity. The relative 
observed sensitivity towards ATP is thereby again similar to biosensors, which were prepared 
on macroelectrodes [246]. So far only one reported microbiosensor was of a comparable long-
term stability. Patel et al. incorporated GOx and Hex in a polyphenol layer on platinum 
microelectrodes and obtained thereby microbiosensors which were sensitive towards ATP for 
7 days [60].  
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Kulys proposed 1981 that the long-term sensitivity of ATP biosensors is merely dependent on 
the fast loss of activity of hexokinase [111]. The long-term stability of these two ATP 
microbiosensors architectures reported here show that the activity of hexokinase can be 
maintained by the optimized choice of its immobilization matrix. Polyphenol or chitosan 
layers might stabilize the enzyme activity or the mechanical stability of the layer, respectively, 
and can therefore enhance the lifetimes of microbiosensors to periods, which are comparable 
to macrobiosensors (compare to chapter 4.1.2.3).  

 

5.1.2.2.3 Optimization of the sensitivity towards ATP 

The sensitivity of microbiosensors can be adapted by changing the concentration of 
immobilized enzymes. The immobilization matrix determines thereby the ratio of used 
enzymes in multi-enzyme assays as it influences the activity of every enzyme due to 
microenvironment effects [245]. 

Hence the concentration of GOx was kept constant at 300 U/mL while the hexokinase 
concentration was increased (Figure 5-12).  

 

Figure 5-12 Sensitivity of ATP microbiosensors towards ATP and glucose with varying hexokinase 
concentrations within the chitosan immobilization matrix (n ≥ 3). 
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The sensitivity for detection of ATP increases when the concentration of hexokinase is 
increased from 300 to 900 U/mL. Although the glucose oxidase concentration is maintained 
constant at 300 U/mL, the glucose signal for 6 mM glucose is additionally enhanced. The 
increase in sensitivity has to be related to an internal matrix effect, as no effect on the polymer 
layer constitution could be detected and both enzymatic activities are affected. The increased 
amount of hexokinase within the immobilization matrix seems to stimulate thereby also the 
glucose oxidase activity. The increased sensitivity towards the analyte ATP might occur due 
to several reasons: (i) the increased hexokinase concentration as ATP can be faster converted, 
(ii) the increased sensitivity towards glucose so that differences in local glucose concentration 
can be detected more sensitively or (iii) a combination of both.  

For a Hex concentration of 2000 U/mL and 300 U/mL GOx the sensitivity towards both, 
ATP and glucose, dropped. At a pH of 5-6 within the immobilization solution both enzymes 
are positively charged as their isoelectric point is at 4.2 for GOx [247] and 4.6 for Hex [248], 
respectively. Exceeding a critical enzyme concentration, the enzymes might flocculate in the 
immobilization solution if combined with chitosan [249] and are hence not incorporated 
within the chitosan layer at the microelectrode. 

Concluding with the adaption of hexokinase concentration within the immobilization matrix, 
the biosensor response can be optimized. ATP biosensors using 300 U/mL GOx and 
900 U/mL Hex showed more than 2 times higher sensitivity towards ATP compared to ATP 
microbiosensors based on entrapment using Canguard and 300 U/mL of each enzyme (see 
chapter 3).  

 

 

5.1.3 Conclusion and outlook 

Using BSA and glutaraldehyde as immobilization matrix resulted in microbiosensors, which 
showed an improved sensitivity towards the detection of ATP. In addition, the excellent 
mechanical stability improved the long-term stability of the sensors up to one week in 
comparison to the usually observed lifetime of several hours.  

Although the sensors showed improved performance, a disadvantage is the fabrication using a 
dip-coating process and hence both microelectrodes of the dual-electrode assembly are 
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covered. The high mechanical stability of the immobilization matrix is concurrently 
disadvantageous as the BSA-glutaraldehyde layer can hardly be removed from the second 
electrode. Additionally, hydrogen peroxide generation within the BSA-layer is > 100 µM that 
hydrogen peroxide molecules are reaching also the second bare electrode and hence lead to a 
detectable signal (compare also to chapter 4.1.3.2.3).  

The interference of the two microelectrodes can be suppressed by using chitosan as 
immobilization matrix which can be locally deposited at and around only one of the 
microelectrodes by generating a local pH change. The extent of the generation-collection 
mode can be compared to biosensors using Canguard as immobilization matrix. An advantage 
of chitosan over Canguard is, however, the possibility to covalently attach the immobilization 
matrix to the insulating glass sheath. The observed long-term stability is comparable to 
biosensors using a BSA-glutaraldehyde matrix. Even after 7 days of usage the ATP 
microbiosensors can detect ATP in a sensitivity of 60 ± 40 % compared to the sensitivity 
recorded directly after preparation. Nevertheless the change in sensitivity towards ATP over 
the whole lifetime of the biosensor requires regular calibrations prior to actual measurements 
of unknown ATP concentrations.  

The sensitivity towards ATP could be improved by entrapping increased concentrations of 
hexokinase showing a maximum in sensitivity at 900 U/mL Hex and 300 U/mL GOx. A 
further increase in Hex concentration to 2000 U/mL leads to a non-sensitive ATP sensor as 
dissolved enzymes precipitate within the immobilizing solution and are hence not 
incorporated within the chitosan layer. Further optimization might be obtained by entrapping 
Hex concentrations between 900 and 2000 U/mL.  

In summary, immobilization matrix like BSA-glutaraldehyde and chitosan can significantly 
improve the sensitivity and stability of GOx-Hex-based ATP microbiosensors. An 
optimization of the enzyme ratio can lead to an additional increase in the sensitivity towards 
ATP.  
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5.1.4 Experimental 

The applied water was purified by a PURELAB flex system (Veolia Water Solutions & 
Technologies Deutschland GmbH, Celle, D). 

 

5.1.4.1 Immobilization of GOx and Hex in a biopolymer layer consisting of BSA and 

glutaraldehyde 

Glucose oxidase (GOx) and hexokinase (Hex) were incorporated at platinum microelectrodes 
by a layer consisting of polymerized bovine serum albumin (BSA) and glutaraldehyde. This 
procedure was adapted from Compagnone and Guilbault [58]. Therefore GOx (Type X-S, 
from Aspergillus niger, Sigma-Aldrich Chemie GmbH, Steinheim, D, EC 1.1.3.4) and Hex 
(from yeast, Calbiochem, Merck KGaA, Darmstadt, D, EC 2.7.1.1) are dissolved in a 
solution of 25 mg/mL BSA (Sigma-Aldrich Chemie GmbH, Steinheim, D) and 0.05 % 
glutaraldehyde (Merck KGaA, Darmstadt, D) to obtain a concentration of 1650 U/mL and 
3375 U/mL, respectively. Single or double microelectrodes were immediately exposed to this 
reaction mixture by either pipetting the solution onto the microelectrodes or dipping the 
microelectrodes in this mixture. The immobilization reaction was completed within 45 min 
while the biosensors were stored at 4 °C.  

For further improving the stability of these ATP biosensors, the BSA-glutaraldehyde layer 
was covalently bound to the glass surrounding of the electroactive microwire. For this reason 
the glass surface was modified using a methoxy silane coupling approach [209].  

As a first step, 12 drops of 3-(trimethoxysilyl)propylamine (Merck KGaA, Darmstadt, D) 
were dissolved in 20 mL of an aqueous 97.5 % ethanol solution and was allowed to 
condensate generating oligo- and polymerized silanes. After 5 minutes platinum 
microelectrodes, which were cleaned electrochemically in 0.5 M sulfuric acid, were placed for 
5 minutes into this solution. Electrodes were washed afterwards in 97.5 % ethanol solution.  

In the next step the linker divinyl sulfone was applied. Therefore the microelectrodes were 
dipped in a solution containing 50 µL divinyl sulfone (Merck KGaA, Darmstadt, D) 
dissolved in 450 µL acetonitrile (ultrapure for DNA synthesis, Merck KGaA, Darmstadt, D) 
for 1 hour. Microelectrodes were washed afterwards in acetonitrile.  
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Prior to immobilizing GOx and Hex on the vinyl sulfone group containing glass surface, a 
layer of BSA was applied to prevent the inactivation of Hex. The microelectrodes were 
therefore dipped in aqueous 10 mg/mL BSA solution for 1 h and were concurrently washed 
with ultrapure water.  

The obtained layer of BSA on glass could then crosslink with glutaraldehyde and further BSA 
molecules to obtain the immobilization matrix for GOx and Hex. The further preparation of 
the ATP microbiosensors was obtained according to the method described above. The ATP 
biosensors can be stored at 4 or -20 °C for several days.  

Calibration and testing of the biosensors was performed in basic phosphate buffer or Ringer 
solution, respectively. Ringer solution was each time prepared freshly containing 11 mM 
glucose, 119 mM NaCl, 5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 1 mM MgSO4 and  
1 mM NaH2PO4. The solution was bubbled with 5 % CO2, 20 % O2 and 75 % N2 for at least 
45 min until a pH of 7.4 was obtained. Calibration of the ATP microbiosensors was 
performed in a homebuilt flow cell in a three-electrode setup with an Ag/AgCl/3 M KCl 
reference electrode (CH Instruments, TX, USA) and a platinum microelectrode. Solutions of 
varying glucose or ATP concentrations were pumped through with 1.2 mL/min using a 
peristaltic pump (Watson-Marlow GmbH, Rommerskirchen, D). 

 

5.1.4.2 Removal of immobilization layer 

For local ATP measurements at cells as described in chapter 3, a bare microelectrode in the 
ATP biosensor assembly is used for positioning and for monitoring background currents, 
when the bare electrode is biased at the same potential as the ATP biosensor. As local 
application of the immobilizing reaction solution could not be obtained in a reproducible 
manner, partial removal of the obtained BSA-glutaraldehyde layer was aimed.  

 

5.1.4.2.1 Removing or oxidizing of the immobilization layer 

The application of highly oxidative potentials initiates oxygen and partially chlorine evolution 
in chloride containing aqueous solutions. This effect was used for local removal and oxidation 
of the BSA-glutaraldehyde layer. Double microbiosensors were prepared with a covalently 
bound BSA-glutaraldehyde layer as described above. This layer was removed in 0.1 M 
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phosphate buffer containing 0.5 M KCl and 11 mM glucose for concurrent detection of the 
degree of layer removal. Potential pulses of varying potential maxima (1.6 – 3 V) were applied 
to the second electrode of the ATP microbiosensor assembly. The potential maxima lasted 
typically for 0.3 s and alternated with resting potentials or glucose detection potentials of 0 or 
0.6 V vs. quasi-Ag/AgCl reference wire, respectively.  

 

5.1.4.2.2 Removing of BSA layer using FIB 

As the covalent binding of BSA-glutaraldehyde layer to glass could not be reproducibly 
removed, approaches were tested to prevent the modification of the second electrode. 
Therefore double microelectrodes were modified as described above using  
3-(trimethoxysilyl)propylamine, divinyl sulfone and BSA. Prior to enzyme incorporation the 
obtained BSA layer was removed at one microelectrode by focused ion beam (FIB) milling 
with beam currents of 3 nA and acceleration voltages of 30 kV at varying sputtering times 
using a dual beam FIB/SEM system (Quanta FEG 3D, FEI, Eindhoven, NL). After removal 
of the topmost surface layer at one of the microelectrodes further enzyme immobilization was 
performed as described above. The biosensors were tested as described above or via addition 
of glucose stock solution. Subsequently the biosensor surface was adjusted in a water stream of 
a washing bottle for removal of adsorbed BSA-glutaraldehyde layer and tested again. This 
procedure was repeated until the observed glucose signal was constant and did not change 
anymore by further washing steps.  

 

5.1.4.3 Immobilization of GOx and Hex in chitosan 

Glucose oxidase and hexokinase were incorporated using an optimized chitosan deposition 
procedure. The chitosan layer was additionally covalently bound to the glass surface 
surrounding the embedded microwire.  

 

5.1.4.3.1 Optimization of the chitosan deposition procedure 

For optimization of the chitosan deposition procedure at microelectrodes, varying 
concentrations of chitosan were used. A stock chitosan solution was prepared by dissolving 
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50 mg low-viscous chitosan (Sigma-Aldrich Chemie GmbH, Steinheim, D) in 4.5 mL 0.3 M 
HCl and adjusting the pH to 5-6 using 5 N NaOH. This chitosan solution with a final 
concentration of 10 mg/mL chitosan was diluted for precipitation procedures by factors of 
1:10 to 1:2. Precipitations were obtained by a local pH change induced with pulses for 
hydroxide ions generation ranging from -1.4 to -2.2 V for 0.2 or 0.3 s, which were applied to 
a three-electrode setup consisting of a platinum microelectrode with a diameter of 25 µm, an 
Ag/AgCl quasi-reference electrode and platinum electrode as counter electrode. The final 
polymers were tested for their permeability by recording CVs in 5 mM K4[Fe(CN)6], 5 mM 
K3[Fe(CN)6] and 0.5 M KCl. Their coverage was examined by optical microscopy or by AFM 
imaging using an Agilent 5500 AFM system (Agilent Technologies, Santa Clara, USA) and 
Pico View, SPM Control Software (Agilent Technology). The optimal chitosan layer in 
regard to its permeability and volume for enzyme immobilization was obtained by applying 
10 cycles of -1.6 V for 0.2 s, 0.2 V for 1 s and 0 V for 4 s. 

 

5.1.4.3.2 Preparation of ATP biosensors 

The optimal deposition procedure was used for immobilization of GOx and Hex also at 
platinum microelectrodes with a diameter of 50 µm. The glass surfaces of microelectrodes 
were modified by the same procedure as reported above for covalent binding of BSA-
glutaraldehyde matrices (chapter 5.1.2.1). In a first approach 300 U/mL GOx and 300 U/mL 
Hex were immobilized and were stored in Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM 
KCl, 2.5 mM CaCl2, 1.6 mM MgSO4, 24.9 mM NaHCO3, 1.2 mM KH2PO4, 6 mM 
glucose, 2 mM sodium pyruvate, purged with 60% O2, 5% CO2, bal. N2 to obtain pH 7.4) at 
4 °C for up to 7 days. The ATP microbiosensors were regularly calibrated in Krebs-Henseleit 
buffer by adding different aliquots of an ATP stock solution while biasing the biosensor at 
0.6 V (vs. Ag/AgCl/3 M KCl reference electrode) for H2O2 oxidation.  

The dependency of the ATP sensitivity on hexokinase concentration was investigated using 
different amounts of hexokinase during the immobilization procedure and by subsequent 
calibration as reported above.  

All electrochemical measurements were performed with a bipotentiostat CHI842a from CH 
Instruments (TX, USA). 

 



 5. Advancements in ATP biosensors 

145 

5.1.4.4 Calculation of errors 

All values are reported as mean ± standard error of the mean for better comparison with ATP 
biosensors using Canguard for enzyme immobilization (see also chapter 3).  
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5.2 Developmental approaches for ATP biosensor design based on PQQ-
glucose dehydrogenase 

5.2.1 Motivation 

The most common approach for designing amperometric ATP biosensors is to modify a 
glucose biosensor with additional hexokinase [51, 52, 58–60, 246]. The underlying glucose 
biosensor determines thereby the basic current of the ATP biosensor and detects changes in 
local glucose concentration due to the competing conversion of glucose catalyzed by 
hexokinase in the presence of ATP. The glucose conversion with its accompanied reactions is 
hence the determining step of the ATP biosensor. The focus is particularly on the species, 
which mediates the electrons between immobilized enzyme and electrode surface by being 
reduced at the prosthetic group of the enzyme and re-oxidized at the electrode surface. This 
species is called mediator and it was demonstrated that its choice is crucial for the operation of 
the biosensor. In the early days of biosensor development, oxygen was used as electron 
acceptor for oxidase catalyzed conversions. However, the byproduct of these reactions, H2O2, 
requires an oxidation potential of minimum 600 mV vs. Ag/AgCl reference electrode. 
Applying these high potentials might result in co-oxidation in real-world applications (see 
hydrogen peroxide release in chapter 3.2.4). Hence, efforts were targeted towards using 
mediators with significantly lower oxidation potentials. The applied mediator has to be 
adapted to the investigated sample. If it or its reduced analogue is free diffusible, but not 
native in the occurring concentration, its presence may contaminate the sample. With an 
optimal choice of the mediator interferences of possibly co-oxidized species can be minimized 
[52, 211]. 

In addition, the performance of the ATP biosensor can be also improved modifying a 
sensitive glucose biosensor. The sensitivity of the ATP sensor is mainly contributed to the 
sensitivity of the glucose sensor as smaller changes in local glucose concentration due to the 
competing hexokinase conversion can be detected (see also chapter 4.1.3.1). This 
consideration can be also shown plotting the sensitivity towards glucose versus the sensitivity 
towards ATP of the ATP biosensor architectures used and developed in this thesis 
(Figure 5-13).  
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Figure 5-13 Determined sensitivities of ATP microbiosensors in dependence of the determined underlying 
sensitivity towards glucose. All ATP biosensors were based on glucose oxidase and hexokinase, which are 
entrapped in A Canguard (see chapter 3), B BSA-glutaraldehyde (see chapter 5.1.2.1) and C chitosan (see 
chapter 5.1.4.3). 

Figure 5-13 shows that biosensors with high signals towards glucose tended to react also 
highly sensitive towards ATP. The sensitivity towards ATP of Canguard and chitosan based 
biosensors depended in a high extent on the sensitivity towards glucose (both 
0.10 pA/µM ATP / pA/mM glucose signal). In comparison this behavior seems to be bated 
when highly sensitive glucose sensors are used as in the case of ATP biosensors with BSA-
glutaraldehyde as immobilization matrix. In this case a relation between the sensitivity 
towards ATP and towards glucose of mere 0.01 pA/µM ATP / pA/mM glucose was 
determined. Nevertheless, the optimization of the glucose sensitivity offers a good possibility 
to improve also the performance of an ATP biosensor based on this glucose biosensor.  

If additionally the mediator dependency and the operating potential is optimized a highly 
sensitive and selective ATP microbiosensor can be designed.  

 

5.2.1.1 PQQ-glucose dehydrogenase-based glucose biosensors 

In amperometric biosensors high sensitivity towards glucose can be obtained using glucose 
dehydrogenase (GDH) which is dependent on pyrroloquinoline quinone (PQQ) as prosthetic 
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group [225, 250]. Additionally, this enzyme can use numerous mediators for its electron 
transfer [251–253] and is thereby limited only by the redox kinetics and potentials of PQQ 
(i.e. 0.15 mV at pH 5.6 [254]). Hence a mediator can be applied, which can be re-oxidized at 
low potentials. PQQ-GDH is additionally not dependent on the oxygen concentration in 
solution and can therefore be used in ATP measurements with varying concentrations of 
dissolved oxygen [225].  

The release of ATP in physiological measurements is often accompanied with a release of 
catecholamines [27]. Catecholamines are oxidized at potentials in the range of 100 mV vs. 
Ag/AgCl reference electrode (Figure 5-14 A). Hence, a sensor based on the detection of 
H2O2 as by-product would result in co-oxidation and hence erroneous results. Instead, PQQ-
GDH allows potentials below the oxidation potential of catecholamine avoiding this problem. 
Although, the ATP detection may be influenced by the release of catecholamines as their 
oxidized analog, e.g. dopamine ortho-quinone, can also act as electron mediator for PQQ-
GDH [255]. The presence of dopamine ortho-quinone can hence remove electrons from the 
detection scheme if dopamine cannot be re-oxidized at the applied potential (Figure 5-14 B).  
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Figure 5-14 Schemes of the dopamine interferences in ATP sensing experiments. A CV of dopamine 
showing the potential dependency of dopamine oxidation at a platinum electrode. The CV was recorded vs. 
Ag/AgCl reference electrode in 10 mM dopamine solution using 0.1 M phosphate buffer, pH 7.4.  
B Reaction scheme of a glucose biosensor based on PQQ-GDH with phenazine methosulfate (PMS) as 
mediator. Catecholamine ortho-quinones (R1,2 = H: dopamine; R1 = OH, R2 = H: noradrenaline; R1 = OH, 
R2 = CH3: adrenaline) can interfere by co-oxidizing the intermediately generated PQQH2. Note that 

catecholamines are not re-oxidized at the electrode surface at an applied potential (≤ 100mV vs Ag/AgCl 

reference electrode) and hence do not contribute to the glucose sensing signal. C Experimentally recorded 
curve of detecting glucose using a PQQ-GDH based glucose sensor biased at 100 mV vs. Ag/AgCl 
reference electrode in a flow cell. The solution consisted of 0.1 M phosphate buffer, pH 7.4, containing 
11 mM glucose; at * exchange to solution containing additionally 1 mM PMS; at # exchange to solution 
containing additionally 1 mM PMS and 50 µM dopamine. 

Dopamine ortho-quinone may result from oxidation of dopamine with dissolved oxygen 
[256]. As shown in Figure 5-14 C, if in addition to 1 mM PMS, 50 µM dopamine is added 
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to a solution,  a negative signal is obtained due to the competing reaction as shown above. 
This decrease in signal could mimic 20 to 40 µM ATP if an ATP biosensor is used based on 
PQQ-GDH [225].  

This problem might be eliminated using mediators with fast electron transport characteristic 
shuttling the generated electrons faster compared to the co-oxidation of PQQH2 by 
catecholamines.  

 

5.2.1.2 Approaches towards reagentless biosensors  

A fast electron transfer can be obtained by short distances of the enzyme molecules to the 
redox mediator [257, 258]. This can be achieved by additional immobilization of mediating 
groups within the immobilization matrix, which is commonly termed reagentless biosensors. 
Different approaches have been pursued so far [259]:  

The easiest ways to prepare a reagentless biosensor is to either deposit a layer of low-
dissolvable redox mediator [211, 253] or to mix the redox mediator in a carbon paste [49, 
260]. A carbon paste consists generally of graphite powder or carbon nanotubes mingled with 
oil, which is manually applied to the electrode surface impeding its miniaturization. The 
enzyme is commonly immobilized in a second layer on top of that mediating layer. The 
mediator dissolves (in a low extent) from the electrode and shuttles - like in biosensors with 
dissolved mediators - the electrons to the electrode surface. Due to this leaking of the 
mediator, the biosensor suffers from limited long-term stability. Covalently binding the redox 
mediator within the immobilization matrix avoids leakage. 

One possibility is the covalent binding of the redox mediator at long flexible spacer chains for 
electron shuttling. These redox mediator chains can be bound to (i) the prosthetic group like 
an antenna [261] or (ii) to the enzyme molecules which is referred to as whip mechanism 
[262, 263] or (iii) to the electrode surface, which is then called a seaweed mechanism [264]. 
In all three cases the redox mediator moiety has (i) to enter the active center of the enzyme for 
transferring the electrons from the prosthetic group, (ii) leave the active center and (iii) shuttle 
the electrons to the electrode surface. While in the seaweed mechanism only enzyme 
molecules, which are in a for the spacer accessible distance can participate in the electron 
shuttling mechanism, in the whipping mechanism electrons might be transported by an 
electron-hopping mechanisms from one redox moiety to adjacent ones and finally towards the 
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electrode. However, the covalent modification requires that the enzymes sustain this chemical 
modification and that the density of immobilized redox mediators bound at the enzymes is 
sufficient for an efficient electron transfer process. Additionally, in both cases the 
immobilization of the enzyme in a matrix delimits the transportation via the flexible chains 
[259].  

The redox mediators can also be covalently bound within the immobilization matrix obtaining 
so called redoxpolymers [265–267]. The electrons are thereby transported via electron 
hopping from redox center to redox center within the polymer or hydrogel layer describing a 
redox relay. Redox centers are commonly transition metals like osmium (II-III), 
ruthenium (II-III) or iron (II-III) and form complexes with the immobilization matrix (see 
also chapter 5.2.2). 

“Wiring” of enzymes is another promising method for accelerated electron transport within 
the immobilization matrix. Wiring of enzymes refers to connecting the prosthetic group of 
the enzyme with electrically conducting spacers or polymers to the electrode surface. 
However, despite strong efforts in various research groups, the approach of directly and 
conductively binding the prosthetic group to the electrode surface was not successfully realized 
yet. First approaches with the redox protein cytochrome c were performed by Eddowes et al. 
[268] and it was also proposed that the correct isotropic position of the enzymes pointing 
their prosthetic group towards the electrode surface can enhance the electron transfer [269]. A 
recent approach is to interconnect the prosthetic group and the electrode with intermediate 
electron acceptors which are nevertheless conductively connected to both of them. So far such 
architectures were only realized at macroscopic electrodes, as the surface area of 
microelectrodes is not sufficient to immobilize an ample amount of enzyme molecules for 
obtaining high sensitivity. Indirectly wiring enzymes within carbon nanotubes as 
immobilizing and mediating matrix was demonstrated by Tanne et al. who attached PQQ-
GDH at carbon nanotubes bound at a gold macroelectrode [270]. For preparation of 
microbiosensors the immobilization and wiring within a conducting polymer might be 
promising as it enhances the apparent electrode surface (see also chapter 5.2.3).  

 

In the following chapter an approach for a glucose biosensor with improved sensitivity is 
discussed in context to wiring and with the goal of designing a sensitive glucose and ATP 
biosensor. The advantage of a highly active and oxygen independent enzyme such as PQQ-
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GDH is combined with an electron shuttling immobilization matrix. Two approaches were 
pursued: In the following chapter an approach is shown using an osmium redoxpolymer for 
immobilizing PQQ-GDH at a microelectrode. Another approach presented in chapter 5.2.3 
is based on covalently binding PQQ-GDH to gold nanoparticles, which can be entrapped 
within polyaniline for wiring of PQQ-GDH to microelectrodes.  

 

5.2.2 Glucose biosensor using immobilized PQQ-GDH in a redoxpolymer with osmium 

complexes 

Redoxpolymers offer a good opportunity for shuttling electrons of enzymatic reactions to the 
electrode surface. The redox potential of the immobilized redox centers can be chosen to be 
closely to the redox potential of the prosthetic group so that the applied potential at the 
electrode can be minimized. Particularly osmium complexes are favorable due to their tunable 
redox potentials [271]. The redox reaction of Os(II)-Os(III) is reversible and shows a fast 
electron transfer characteristic in a wide pH range [272, 273]. The first amperometric glucose 
biosensor with glucose oxidase and free-diffusing osmium complexes however required a quite 
high application potential of 628 mV vs. Ag/AgCl reference electrode [274]. Schuhmann and 
coworkers synthesized osmium complexes bound within electrodeposition paints with specific 
ligands, which resulted in redox potentials below 0 mV vs. Ag/AgCl reference electrode 
[224]. Such redox polymers were used for PQQ-GDH immobilization [266].  

In cooperation with Schuhmann and coworkers, a newly synthesized osmium redoxpolymer 
was tested for the preparation of glucose and ATP microbiosensors.  

 

5.2.2.1 Biosensor design with an osmium redoxpolymer 

For immobilization of PQQ-GDH some requirements for the osmium redoxpolymer have to 
be fulfilled: (i) Fast electron transmitting as described above. (ii) The potential applied to the 
biosensor and hence the redox potential of the osmium redoxpolymer has to be between 
100 mV (to avoid oxidation of dopamine) and approximately 0 mV (due to the redox 
potential of PQQ). (iii) For enhancing the mechanical stability of the microbiosensors, the 
polymer should contain amino groups for covalent binding to the glass surface in accordance 
to methods presented in chapter 5.1. 
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The redox polymer (osmium redoxpolymer G603) synthesized by Guschin fulfilled these 
properties. The structure of this redoxpolymer is shown in Figure 5-15 A.  

 

Figure 5-15 Structure and biosensor design using redoxpolymer G603 which was tested for preparation of 
an ATP biosensor. A Structure of dissolved osmium complex containing electrodeposition paint G603;  
B Biosensor design of an ATP microbiosensor using a competitive enzyme assay of hexokinase and PQQ-
GDH. The osmium polymer shuttles electrons from PQQ-GDH molecules in various electron mediating 
steps towards the electrode. Additionally, the osmium polymer is covalently bound to the surrounding glass 
surface for better mechanical stability.  

The design of an optimal ATP biosensor is shown in Figure 5-15 Β. Hexokinase and PQQ-
GDH are thereby incorporated within the redox polymer layer. Electrons resulting from the 
oxidation of glucose by PQQ-GDH will be shuttled via osmium redox centers within the 
polymer to the microelectrode.  

Therefore the redoxpolymer G603 has to be appropriate for the immobilization and 
mediating of enzymatically derived electrons. The accomplishment of these requirements by 
G603 is dictated by its characteristics: 

G603 is a cathodic electrodeposition paint, which can be deposited at potentials of 
-1.6 V vs. Ag/AgCl reference electrode. At this potential water gets hydrolyzed obtaining 
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hydroxide ions, which neutralize the ammonium groups of the polymer. The generated amino 
groups can then further coupled to the glass surface via divinyl sulfone (compare to 
chapter 5.1). 

The osmium central ion is fixed to two bipyridine (bipy) ligands and to the polymer via a 
methyl-imidazol-4-carboxylate moiety obtaining a redox potential of -2.2 mV vs. Ag/AgCl 
reference electrode. This potential is sufficiently low making the osmium redoxpolymer 
suitable for an oxidation of PQQ and for an application below 100 mV to avoid an oxidation 
of catecholamines at the electrode surface.  

The Os(bipy)2 content within the polymer was determined to be 4.5 % with an average molar 
polymer mass of 472,000 ± 46,000 g/mol. The concentration of osmium redox centers within 
G603 is hence quite low. Only 1.7 % (m/m) osmium (II) (without bipyridine ligands) was 
incorporated within the polymer corresponding to 42 osmium redoxcenters within one 
redoxpolymer molecule. This low osmium (II) content might result in a spatial separation (i) 
of osmium redoxcenters and PQQ-GDH molecules and (ii) of the osmium redoxcenters from 
each other. The first case would result in a low oxidation of PQQ-GDH while the latter case 
would lead to a poor signal transduction within the polymer. In both cases the sensitivity of 
the glucose biosensor is degraded.  

The pH of the dissolved G603 solution was determined to be very acidic (pH 2). At this pH 
the stability of the used enzymes PQQ-GDH and hexokinase is poor. Particularly hexokinase 
is susceptible for denaturation under acidic conditions [275]. The pH of the G603 solution 
might be slightly increased up to pH 3, but as the isoelectric point is estimated to be at 
pH 3.5 a further increase would result in the deposition of the redoxpolymer within the 
solution. For the preparation of ATP biosensors hexokinase might be also deposited in a 
second polymer layer as shown in my diploma thesis [225]. 

Hence the following studies were foremost concentrated on the preparation of a glucose 
biosensor. Therefore the procedure for depositing films of G603 was optimized followed by 
the incorporation of PQQ-GDH using the optimized deposition procedure. 
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5.2.2.2 Results and discussion 

5.2.2.2.1 Optimization of the deposition procedure for the osmium redoxpolymer 

First experiments showed that the low pH of the parent osmium redox polymer solution 
prevents a fast and reliable precipitation of the polymer. Therefore the pH was adapted to 
approximately pH 3 using hydroxide solution and diluting thereby the solution 1:1. This pH 
is apparently close to the isoelectric point of the polymer resulting in a condition at which a 
small (at the electrode generated) amount of additional hydroxide might be sufficient for 
precipitation of the dissolved polymer. Additionally this pH enhances the stability of 
dissolved PQQ-GDH within the osmium polymer solution [276]. 

For depositing the osmium redoxpolymer at platinum electrodes different procedures were 
tested. The concentration of the polymer was increased from a reported 1:10 dilution to a 
finally 1:1 dilution. The deposition was performed using cyclic voltammetry (scanning from 
0 V to -1.6 V with a scan rate of 30 or 100 mV/s) and pulse voltammetry (-1.6 V for 0.2 s and 
0 V for 5 s) for up to 120 cycles.  

All experiments resulted in very thin films of deposited polymer at platinum microelectrodes 
with thicknesses below 0.5 µm (Figure 5-16). As the polymer was only situated at the 
platinum electrode it could not be covalently bound to the glass surface and hence the 
mechanical stability was very limited. The polymer layer was frequently removed by one 
washing step.  

 

Figure 5-16 Topography of a platinum microelectrode modified with a G603 osmium polymer. A AFM 
image of the microelectrode modified with redoxpolymer (CV deposition with 30 cycles between 0 V to -
1.6 V recorded in a 1:1 dilution of pH adjusted G603), scan speed 0.25 lines/s. The white line indicates the 
position of the cross section shown in B. 
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The obtained volume of redoxpolymer bulk is low (< 1 femtoliter) which impedes the 
incorporation of a sufficient number of enzyme molecules. The support of further 
electrodeposition paints for a more voluminous polymer layer is of no avail: (i) A layered 
deposition of G603 and a further electrodeposition polymer for incorporating PQQ-GDH 
would result in a spatial separation of PQQ-GDH and osmium redox centers. (ii) The mixing 
of G603 with further electrodeposition paints, however, results in a further dilution of 
osmium redox centers within the polymer bulk.  

Hence PQQ-GDH was directly incorporated within the thin G603 layer. 

 

5.2.2.2.2 Glucose biosensors using PQQ-GDH immobilized in the osmium redoxpolymer 

Despite the low deposited volume of osmium redoxpolymer, glucose biosensors could be 
fabricated using very high concentrations of PQQ-GDH (> 2500 U/mL) within the 
deposition solution (Figure 5-17). 

 

Figure 5-17 Calibration of glucose biosensors based on PQQ-GDH which is incorporated within the 
osmium redoxpolymer G603. The calibration experiments were done at 0 V vs. Ag/AgCl. A Calibration of 
a glucose macrobiosensor (addition of 2 x 25, 2 x 50, 2 x 100 and 1000 µL of 0.2 M glucose stock solution 
and 1000 µL of phosphate buffer). The inset shows the average calibration curve of 5 biosensors.  
B Calibration of a glucose microbiosensor. The inset shows the calibration curve to the presented 
calibration (addition of 2 x 25, 2 x 50, 2 x 100 and 1000 µL of 0.2 M glucose stock solution and 1000 µL of 
phosphate buffer).  
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At platinum macroelectrodes a sensitivity towards glucose of 1.1 ± 0.4 nA/mM (n = 5) was 
detected. At microelectrodes the stability of the polymer film and hence the reproducibility 
was poor. A sensitivity of up to 3.3 pA/mM glucose was detected.  

This sensitivity would be sufficient for preparation of ATP microbiosensors as it is 
comparable to glucose oxidase based ATP biosensors. But the very low stability of these 
biosensors impedes the further modification with hexokinase in a second layer. Additionally, 
the sensitivity towards glucose compared to reported PQQ-GDH based biosensors is quite 
low as only a very low amount of PQQ-GDH can be incorporated within the thin polymer 
layer.  

 

 

5.2.2.3 Conclusion and outlook 

The redoxpolymer G603 was tested for its suitability in the preparation of microbiosensors. 
Glucose biosensors were prepared resulting in sensitivities towards glucose of 
1.1 ± 0.4 nA/mM for macrobiosensors and 3.3 pA/mM for microbiosensors, respectively.  

An ATP microbiosensor based on this redox polymer could not be realized. One reason 
therefore is the low pH of G603 solution (pH 2 or 3, respectively) leading probably to a 
reduced operational stability of particularly hexokinase. 

But also for incorporation of PQQ-GDH, the redoxpolymer showed unfavorable behavior. 
Polymer layers of G603 were of thicknesses below 500 nm and hence of a low incorporation 
volume (< 1 femtoliter). As particularly microbiosensors are susceptible to a lack of 
immobilized enzymes [259], this have to be compensated by using high concentration of 
PQQ-GDH within the deposition solution resulting in detectable glucose signals at macro- 
and microelectrodes. Unfortunately, the stability especially at microelectrodes is very limited. 
An approach for covalent binding the polymer layer to the glass surface did not increase the 
stability as the polymer is only deposited on the electrode surface and does not overgrow onto 
the surrounding glass.  

Concluding these experiments illustrated the optimal needed conditions for enhanced 
electron shuttling from PQQ-GDH to the electrode:  
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- “enzyme friendly” deposition conditions or subsequent modification of the polymer 

- voluminous polymer layers for sufficient immobilization of enzyme molecules at 

microelectrodes 

- close distance between PQQ-GDH and (intermediate) electron accepting species 

- high density of redox centers or usage of conducting polymers 

In following designs of glucose biosensors these requirements have to be fulfilled.  

 

 

5.2.2.4 Experimental 

All solutions were prepared using purified water from a PURELAB flex system (Veolia 
Water Solutions & Technologies Deutschland GmbH, Celle, D). 

 

5.2.2.4.1 Deposition of osmium redoxpolymer G603 

As the polymerization conditions reported by Dr. Guschin, (Analytische Chemie - 
Elektroanalytik & Sensorik, Ruhr-Universität Bochum, Bochum, D) did not lead to polymer 
depositions, the parent polymer G603 solution was dropwise alkalized under vigorous stirring 
using 1 M sodium hydroxide solution (Merck KGaA, Darmstadt, D). The polymer 
precipitated at the spot, to where sodium hydroxide was dropped, but dissolved again in the 
still acidic solution. The alkalization was stopped when the dissolution of precipitated 
polymer took around 5 min, At that point the pH of the solution was determined to be about 
pH 3.  

After adjusting the pH, the polymer solution was deposited on platinum microelectrodes 
(diam. 25 µm). Two different voltammetric techniques were used: (i) Pulse voltammetry with 
high potentials of -0.6 and -1.6 V for 0.2 s combined with repulsion pulses for 0.2 V for 1 s 
and/or resting pulses of 0 V for 5 s. This pulse profile was repeated up to 120 times.  
(ii) Cyclic voltammetry was used cycling the potential up to 30 times between -1.6 V to 0 V 
or 0.2 V at scan velocities of 30 to 100 mV/s, respectively.  
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The electrochemical setup was placed under an optical microscope to follow visually the 
deposition process. Prior to the deposition, the surrounding glass surface was modified for 
covalent binding of amino sites within the redoxpolymer (see chapter 5.1.4.1). However, no 
polymer layer was visible in the optical microscope.  

Therefore AFM images of the polymer layers were recorded using an Agilent 5500 (Agilent 
Technologies, Santa Clara, USA). Recorded AFM images were corrected for astigmatism 
using Gwyddion 2.31 [277]. 

Differential pulse voltammetry of the deposited osmium redoxpolymer was performed in 1 M 
KCl the content of osmium redox centers by their redox behavior. The potential was scanned 
from -0.35 V to 0.6 V with an incremental potential change of 5 mV an amplitude of 0.15 V 
and a pulse width of 30 ms recording the signal within 10 ms. Cyclic voltammetry was 
performed in 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 0.5 M KCl.  

All deposition experiments were performed in small droplets of 10-50 µL solution. 
3 electrodes were positioned in the droplet: A platinum microelectrode (25 µm in diameter) as 
working electrode, an Ag/AgCl wire as quasi-reference electrode and a platinum wire as 
counter electrode. The depositions were performed with a potentiostat CHI660a from CH 
Instruments (Austin, TX, USA). All further electrochemical measurements, like cyclic 
voltammetry, differential pulse voltammetry or amperometric measurements, were performed 
with a bipotentiostat CHI842a (CH Instruments, Austin, TX, USA) using an Ag/AgCl/ 
conc. KCl (CH Instruments, Austin, TX, USA) as reference electrode. 

 

5.2.2.4.2 Preparation of glucose biosensors based on osmium redoxpolymer 

Platinum microelectrodes with diameters of 25 µm and platinum macroelectrodes with 
diameters of 2 mm were modified with G603-PQQ-GDH layers. The concentration of 
PQQ-GDH (Sorachim, Lausanne, CH) within the G603 was gradually increased in a range 
from 6 to 20 mg/mL. For preparation of a glucose macrobiosensor, a deposition procedure of 
100 cycles from -1.6 V for 0.2 s and 0 V for 5 s resulted in a sufficiently reproducible glucose 
biosensor (n = 5). For preparation of glucose microbiosensors, no reproducible results could be 
obtained. The application of 10 cycles -1.6 V for 0.2 s, 0.2 V for 1 s and 0 V for 4 s resulted in 
the presented glucose microbiosensor.  
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The glucose biosensors were immediately calibrated as the osmium redoxpolymer showed 
insufficient mechanical stability. The calibration was performed in 0.1 M phosphate buffer, 
pH 7.4 applying a potential of 0 V and adding aliquots of 0.2 M glucose dissolved in 
phosphate buffer. 

 

5.2.2.4.3 Calculation of errors 

All values are reported as mean ± standard deviation. 
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5.2.3 Glucose biosensor based on PQQ-GDH modified with gold nanoparticles and 
immobilized in polyaniline 

The interfering cross-reaction of catecholamines with PQQ-GDH (see chapter 5.2.1) 
requires a fast electron transport from the prosthetic group PQQ to the electrode surface. 
This process might be achieved by wiring, i.e. conductively connecting PQQ-GDH with the 
electrode surface. An approach in which the prosthetic group is directly linked to an electrode 
surface for electron transport has not been realized so far, however, indirect electron transport 
was reported by two research groups: (i) Zayats et al. bound PQQ-GDH to gold 
nanoparticles which were attached to a 1,4-benzenedithiol monolayer at a gold electrode 
surface [278] and (ii) Tanne et al. showed an approach in which PQQ-GDH was adsorbed to 
carbon nanotubes fixed at a gold surface [270]. Both, gold nanoparticles and carbon 
nanotubes, might act in these biosensors as an intermediate electron reservoir enabling 
thereby electron transport. These biosensor designs are based on binding only one layer of 
enzyme to the electrode surface and are hence not suitable for microbiosensors, as the amount 
of immobilized enzyme is further reduced at microelectrode surfaces which results in reduced 
achievable sensitivities towards the analyte. However, the two reported approaches might be 
combined for enhancing the sensitivity of microbiosensors.  

In general gold nanoparticles (Au-NPs) have shown very interesting properties in various 
applications like electronics [279, 280], sensors [278, 281, 282] and catalysis [283]. The 
synthesis of gold nanoparticles is easy to realize and changes in their configuration are 
typically determined via absorption in the ultraviolet (UV) and visible light range. Gold 
nanoparticles can be modified just as bulk gold using self-assembled monolayers (SAMs). 
Hence the binding of PQQ-GDH to gold nanoparticles is promising, as a short distance 
between nanoparticles and enzymes for electron shuttling is guaranteed (see also 
chapter 5.2.2.3).  

In the approach of Tanne et al. carbon nanotubes were used for incorporation of the enzymes 
and for enlargement of the electrode surface [270]. For microelectrodes conducting polymer 
might be more practicable. Polyaniline (PAni), for instance, offers favorable characteristics for 
enzyme entrapment [243] and can be deposited in large volumes at microelectrodes (see also 
chapter 5.2.2.3). Additionally, PAni shows a good conductivity for fast electron transport 
which is unlike to redoxpolymers not dependent on the number of incorporated redoxcenters 
(see also chapter 5.2.2.3). Furthermore, the conductivity of PAni is even enhanced when it is 
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modified with gold nanoparticles [284]. However, it was also reported that Au-NP-PAni 
composite can act like a semiconductor [280, 284] requiring a threshold of applied potential - 
the so-called turn-on voltage - to reveal this enhanced conductivity. This behavior has shown 
to be dependent on the size of incorporated gold nanoparticles and the pH of the solution for 
measurements [285, 286]. Additionally, the conductivity of parent PAni is known to decrease 
with increasing pH, hence its conductivity in the physiological pH range is low [287]. Both of 
these effects require optimization for its application in biosensors.  

A complex sensor architecture consisting of PQQ-GDH, Au-NPs and PAni offers a 
promising approach for novel highly sensitive glucose microbiosensors revealing fast electron 
transport. 

 

5.2.3.1 Design of an ATP biosensor using Au-NP-PAni composites 

The glucose biosensor was designed in the following procedure: PQQ-GDH will be 
covalently bound to gold nanoparticles and entrapped within polyaniline (PAni), which can 
be covalently fixed at the glass surrounding for improved mechanical stability (Figure 5-18 A). 
PQQ-GDH catalyzes the oxidation of glucose and transmits two electrons to its prosthetic 
group PQQ. These electrons are transferred to the covalently bound gold nanoparticle, which 
transfers them to the PAni matrix. Finally PAni conducts the electrons to the microelectrode 
surface and a signal for the glucose conversion is registered. 

For preparation of an ATP microbiosensor hexokinase can be additionally entrapped within 
the PAni layer (Figure 5-18 A). 
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Figure 5-18 Design of an ATP microbiosensor based on PQQ-GDH, gold nanoparticles and polyaniline. 
A Scheme of electron transfer during the enzymatic conversion. The biosensor consists of a PAni layer 
which can be covalently bound to the glass surface of the microelectrode. Gold nanoparticles which are 
modified with PQQ-GDH are entrapped within the PAni matrix. PQQ-GDH converts glucose and the 

electron transport towards the electrode is governed via the Au-NPs and the PAni matrix. B In one 
approach gold nanoparticles were modified with cysteine, PQQ (using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimid (EDC)) and apo-GDH and consecutively entrapped with hexokinase 
within a PAni layer.  

There are two different synthesis approaches for preparation of this biosensor:  

i) In a first synthesis approach, the preparation and modification might be performed 
independently from the PAni layer (Figure 5-18 B). After synthesis, gold nanoparticles are 
modified with a self-assembled monolayer of cysteine. The amine group of cysteine can 
subsequently form an amide with a carboxyl group of PQQ under mild reaction conditions 
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid (EDC) [278]. In a following step apo-
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GDH can be bound to its prosthetic group PQQ in the presence of Ca2+ and finally these 
prepared PQQ-GDH modified gold nanoparticles (Au-NP-PQQ-GDH) can be embedded 
within a prepared polyaniline layer under mild conditions (see also chapter 5.2.2.3). 

ii) The synthesis sequence can be also performed inside a PAni layer generating gold 
nanoparticles within PAni [288]. The incorporated Au-NPs are then successively modified 
with cysteine, PQQ and GDH according to the first approach. However, this approach 
requires that every glucose biosensor has to be individually prepared resulting in laborious 
preparation of each single biosensor. 

Hence for fast and facilitate glucose biosensor synthesis, the first approach is more 
advantageous as a large amount of modified PQQ-GDH particles can be prepared and stored 
until incorporation within PAni. With the second approach, however, the synthesis of 
smaller-sized gold nanoparticles can be realized as the nanoparticles are stabilized by the PAni 
matrix [284]. This synthesis route might be hence advantageous in respect to optimizing the 
size of incorporated gold nanoparticles within the Au-NP-PAni composite. 

 
 
 

 

5.2.3.2 Results and discussion 

5.2.3.2.1 Synthesis and modification of gold nanoparticles 

In a first route the external synthesis of gold nanoparticles is presented as the result of every 
individual step can be investigated by various analytical methods.  

Synthesis of Au-NP 

According to their diverse applications there are various syntheses routes for gold 
nanoparticles. Different shapes of Au-NPs can be obtained like spheres [289, 290], nanorods 
[291, 292] and triangles [293]. The synthesis of spheroid nanoparticles was chosen according 
to Frens [290], which was originally adapted from Turkevich et al. [289].  

In this synthesis citrate is added to gold (III) solution and acts as a mild reducing agent and 
stabilizer of the obtained gold nanoparticles. After nucleation and first fusion processes, the 
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following growth process of gold nanoparticles is solely determined by the reduction of 
gold (III) at the premature gold nanoparticles [294]. Hence the number of starting nuclei and 
the ratio of gold (III) to citrate dictates the size of the final Au-NPs [290] (Figure 5-19).  

A sufficient dispersity of prepared gold nanoparticles was obtained using the synthesis method 
of Frens as shown in Figure 5-19 A. A Gaussian distribution of the Au-NP sizes was thereby 
found in accordance to Kimling et al. [295]. 

 

Figure 5-19 Characterization of synthesized gold nanoparticles. A The gold nanoparticle size distribution 
was obtained by measuring manually the size of Au-NPs in TEM images. The exemplary histogram and 
the inset image recorded at a transmission electron microscope shows the particle size distribution of Au-
NPs which were synthesized using a cystein/gold ratio of 5.6. B UV/Vis spectra of Au-NP were recorded 
which were synthesized with different ratios of cystein and gold (III). UV/Vis spectra were normalized in 
respect to the maximum absorbance Amax of each spectrum due to varying molar absorptivity and 
concentration. Note the shift in the wavelength at maximum absorbance, which is marked by an arrow.  

C Dependency of the wavelength of maximal absorptivity on the Au-NP size (n ≥ 87) of prepared Au-

NPs using different molar ratios of cystein and gold (III). 

Gold nanoparticles of different sizes absorb different wavelengths due their inherent and size-
dependent plasmon absorbance [296] (Figure 5-19 B). A good correspondence of the 
wavelength at maximal absorption λmax to their size determined in transmission electron 
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microscopy (TEM) images was observed according to Haiss et al. and Kimling et al. [295, 
297]. Particles of sizes larger than 45 nm scattered light additionally showing a yellow Tyndall 
effect in correspondence to a report by Frens [290]. In Table 5-1 the characteristics of 
synthesized gold nanoparticles are compared.  

 

Added volume of 1 % citrate 
solution to 10 mL 0.01 % 
Au (III) solution/µL 

350 250 200 150 100 50 

Ratio citrate/gold in solution 5.6 4.0 3.2 2.4 1.6 0.8 

λmax/nm 518.0 518.5 524.5 527.5 536.5 565.0 

Size of Au-NP determined in 
TEM images/nm 

21.8  
± 5.2 

18.1  
± 3.0 

24.5  
± 6.2 

26.0  
± 7.2 

45.6  
± 10.7 

83.9  
± 18.7 

Concentration of Au-NPs/pM 1588 2774 1189 936 173 28 

Table 5-1 Properties of prepared gold nanoparticles  

Au-NP concentrations were estimated according to Neiman et al. [298]: The reduction of 
Au (III) for generating Au-NPs was assumed to be 100 %. In TEM images the sizes of the 
almost perfect spherical Au-NPs were determined enabling the calculation of the volume of 
the nanoparticles. The density of bulk gold (19.28 g/cm3 [297]) was assumed to be also valid 
for gold nanoparticles resulting in the mass of one nanoparticle and with using Avogadro’s 
constant, the concentration of gold nanoparticles in prepared solutions was estimated.  

 

Cysteine and PQQ binding to Au-NPs 

Gold nanoparticles were modified establishing in a first step a self-assembled monolayer of 
cysteine, which can be in a second step modified with PQQ. Gold nanoparticles sized 
21.8 ± 5.2 nm were used exemplarily for first modification experiments. 

Cysteine forms monolayers at the gold nanoparticle surface [299] modifying the net charges 
of the gold nanoparticle surface and leading to an assembly of gold nanoparticles [300]. This 
process can be followed by the blue coloring of gold nanoparticle solution due to coupling of 
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surface plasmon resonances of adjacent Au-NPs [301]. The absorptivity in the range 
> 700 nm increases while the characteristic absorptivity of gold nanoparticles of that size at 
approx. 520 nm decreases (Figure 5-20 A). The modification with cysteine and the 
accompanied assembling of gold nanoparticles can be also observed in TEM images as shown 
in Figure 5-20 B.  

 

Figure 5-20 Cysteine modification of gold nanoparticles. A UV/Vis spectra of gold nanoparticles which 
were modified with different concentrations of cysteine. B TEM image of cysteine-modified gold 
nanoparticles.  

The reaction of cysteine and gold nanoparticles was optimized in respect to the subsequent 
required purification process. In this cleaning process the reaction mixture was filtrated using 
dialysis and detaining the modified Au-NPs within the dialysis tubing. If a minimum amount 
of cysteine is used for the gold nanoparticle modification, the purification process is 
accelerated and less washing solution has to be used during dialysis.  

The degree of the reaction can be investigated by the UV/Vis absorption of the Au-NP-
cysteine species (Figure 5-20 A). Hence the necessary concentration of cysteine for complete 
Au-NP modification is obtained by adding cysteine to a final concentration of 2.5 µM. A 
higher cysteine concentration did not lead to a further observable modification.  

After purification PQQ was covalently bound via its carboxylate moieties to the amino groups 
of attached cysteine molecules. The modification with PQQ was adapted from a procedure 
published by Zayats et al. [278]. 
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The surface charge, i.e., the Zeta potential of the gold nanoparticles was measured after each 
modification step. The results are shown in Table 5-2.  

 

 Zeta potential/mV 

Au-NP -5.9 

Au-NP-cysteine -16.8 

Au-NP-cysteine-PQQ +11.8 

Table 5-2 Zeta potentials of gold nanoparticles and their modified analogues 

The gold nanoparticle species were dissolved in different media: (i) The Zeta potential of Au-
NPs was measured of the prepared Au-NP solution without further purification as Au-NPs 
attached to the dialysis tubing during a purification process. (ii) For purifying cysteine 
modified Au-NPs the nanoparticles were dissolved in pure water of pH 5-6 for Zeta 
measurements. (iii) Au-NPs with PQQ moieties, however, precipitated under these 
conditions within the dialysis tubing and were hence purified in HEPES buffer, pH 7.3. 
Unfortunately, the different solvents complicate a comparison of the measured Zeta 
potentials:  

(i) Au-NPs with stabilizing citrate ligands showed a slightly negative Zeta potential of 
approx. -6 mV. In literature a negative charge in a range of -30 to -43 mV was reported for 
citrate stabilized gold nanoparticles [302, 303]. Part of the negative charge might be 
compensated by the presence of sodium ions forming also complexes with citrate ions [304]. 

(ii) As these nanoparticles were dissolved in purified water, the Zeta potential of -16.8 mV is 
not dependent on further complex formations. Cysteine is a zwitterion at pH 5-6 [300], and 
hence the absolute value of the Zeta potential is lowered. Additionally, as can be seen in 
TEM images (Figure 5-20 B) the gold nanoparticles start to agglomerate which results in 
further reduced absolute Zeta potentials [305].  

(iii) Gold nanoparticles with PQQ moieties showed a positive Zeta potential due to complex 
forming with metal cations, which are present in the buffered solution [306–308]. Each PQQ 
molecule can be a ligand for up to four sodium ions [309] which might explain the slightly 
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positive Zeta potential of +11.8 mV indicating that the modification of Au-NPs with PQQ 
was successful. 

Hence in all cases the modification of gold nanoparticles leads to negatively charged particles 
whose absolute charge might be more or less (over-)compensated by metal cations forming 
complexes.  

 

GDH coupling to modified Au-NPs 

In a final step, the gold nanoparticles were modified by binding apo-GDH. Therefore the 
apo-form of GDH has to be educed. In contrast to the holo-enzyme, which contains the 
prosthetic group i.e. in this case PQQ, and can therefore catalyze glucose conversion, the apo-
enzyme lacks the prosthetic group and is hence inactivated. For its reactivation the PQQ 
moieties of modified gold nanoparticles can be used as prosthetic groups.  

The effect of the various states of glucose dehydrogenase was investigated by performing 
activity tests (Figure 5-21).  

 

Figure 5-21 Relative activity of GDH species during the modification process with Au-NPs. The enzyme 
activity of GDH species was monitored using a standard test with nitrotetrazolium blue and phenazine 
methosulfate. 

The reversible inactivation of PQQ-GDH was described by Geiger et al. [310]. Their 
procedure was combined with dialysis for concurrent removing of PQQ and purification. A 
residual activity of 28 ± 11 % (n = 4) of initial PQQ-GDH activity could be detected showing 
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that in 72 % of all PQQ-GDH molecules the prosthetic group could be thermally removed. A 
residual activity of 1 % was reported by Geiger and Görisch [310]. The relatively low observed 
degree of inactivation might be due to non-uniformly heating within the used dialysis tubing 
as the degree of inactivation of PQQ-GDH is highly dependent on bath temperature. 

However, a higher reconstitution degree with this apo-GDH was measured. An activity of 
69 ± 20 % (n = 4) compared to former PQQ-GDH activity could be observed after the 
reconstitution process. Thus 57 % of formerly inactivated enzyme molecules could be 
recovered whereas Geiger and Görisch reported a mere 20 % of possibly recovered enzyme 
molecules [310].  

Many enzymes show limited activity in combination with Au-NPs due to bindings of gold 
with sulfur-containing amino acids, which influence the structure of the active center. 
However, in the structure of PQQ-GDH the presence of S-S bonds have not been observed 
so far [311]. Thus a limitation of the enzyme’s activity is not expected in the presence of gold 
surfaces. On the contrary, as the prosthetic group of PQQ-GDH is easily accessible [278], 
the addition of non-modified Au-NPs to PQQ-GDH leads to an approximately two-fold 
increased signal in activity measurements and hence to an increased apparent activity (data not 
shown). 

But also the combination of prepared apo-GDH with Au-NP bound PQQ showed a 
remarkable effect. In this case apparently 191 % of formerly inactivated enzyme molecules 
were recovered and obtained a slightly enhanced activity in comparison to parent PQQ-GDH 
(166 ± 17 %, n = 3). This result implies enhanced reduction kinetics for the standard test dye 
and indicates an enhanced accessibility of electrons due to the large surface of the Au-NPs.  

As a conclusion, the glucose conversion and the electron transport from PQQ-GDH to the 
Au-NPs is enhanced in the prepared Au-NP-PQQ-GDH due to an increased apparent 
surface for electron transfer. The incorporation of these particles within polyaniline can hence 
lead to highly sensitive glucose microbiosensors.  

 

5.2.3.2.2 Gold nanoparticles within polyaniline 

Polyaniline (PAni) is generally a widely used conductive polymer [312] and frequently applied 
for incorporation of biomolecules [313, 314].  
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leads to expelling of dopant anions from non-charged leucoemeraldine and (ii) subsequent 
oxidation in a solution of the desired dopant results in its incorporation. 

The salt of emeraldine is only present in acidic solutions of pH < 4. At pH > 4, like in most 
physiological solutions, the conductivity of polyaniline decreases. A number of approaches 
addresses this drawback. One approach was reported by Tian et al. by doping PAni with gold 
nanoparticles modified with 3-mercapto-1-propane sulfonic acid [321]. However, in 
performed experiments modifying 23 nm sized gold nanoparticles with 3-mercapto-1-
propane sulfonic acid did not lead to the reported conductivity at pH 7. Another common 
approach for enhancing the pH range of PAni is its sulfonation [324–326] (Figure 5-23). 
Sulfonyl groups are thereby introduced at every second aniline unit [324] forming sulfonated 
PAni (S-PAni). This reaction represents a way of self-doping and results in an enhanced 
conductivity due to protonated imine groups also within the neutral pH range as can be seen 
in Figure 5-24.  

 

Figure 5-23 Effects of sulfonating polyaniline. A Structure of sulfonated polyaniline (S-PAni). B CVs in 

Na2SO4 and H2SO4 to show redox behavior of PAni, S-PAni and S-PAni modified with gold 
nanoparticles deposited on platinum microelectrodes. A similar redox behavior of PAni and S-PAni was 
reported by Mažeikene et al. [327] C TEM image of gold nanoparticles incorporated within S-PAni. 

The modification of PAni with sulfonyl groups was reported to not affect its ability for 
doping [325]. Hence gold nanoparticles were immobilized within the polymer film by the 
above described reduction-oxidation process [323]. The incorporation of unmodified Au-NPs 
within S-PAni leads thereby to an only slight modification of the reported S-PAni redox 
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behavior in acidic conditions (Figure 5-23 B). With the exception of a little additional 
shoulder at 0.2 V the observed current was barely altered by the incorporation of Au-NPs. 
The maximal current accounts for 110 ± 10 % of the current measured with parent S-PAni 
(n = 4) indicating no fundamental changes in the structure of PAni under acidic conditions.  

However, in solutions of approximately neutral pH (pH 6 and pH 7.4) the redox behavior of 
the S-PAni-Au-NP composite was entirely changed as can be seen in Figure 5-24. The 
polymer layer behaved like an insulator and obstructed diffusion of the redox active species to 
the microelectrode surface. Hence the observed current at the modified electrode was even 
lower than the current which was observed at the bare electrode.  

 

Figure 5-24 CVs of S-PAni, S-PAni modified with Au-NP and of a blank microelectrode in neutral 
solutions. A CVs in 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6] and 0.5 M KCl. B CVs in hydroquinone 
dissolved in phosphate buffer saline, pH 7.4 

As introduced above PAni-Au-NP composites were reported to behave like a semiconductor 
requiring a certain turn-on voltage for showing sufficient conductivities. For biosensor 
application this turn-on voltage has to be minimized for preventing co-oxidation of 
interfering species.  

Hence the Au-NP composites were analyzed using X-ray photoelectron spectroscopy (XPS). 
The binding energies of the elemental species within the composites were determined 
(Figure 5-25). The binding energies of carbon or sulfur showed not to be influenced by the 
incorporation of gold nanoparticles. 
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Figure 5-25 Binding energies of gold and nitrogen in Au-NP-S-PAni composites with varying sizes of Au-
NPs. A X-ray photoelectron spectroscopy (XPS) spectra of Au 4f orbitals. The binding energy is compared 
to Au (0) species with binding energies of 84.25 eV for Au 4f7/2 and 87.94 eV for Au 4f5/2 [328]. B XPS 
spectra of N 1s orbitals in comparison to the binding energy in S-PAni. Note that the peaks consist of two 
different species whose syndetic intensities are changed with increasing Au-NPs.  

Gold nanoparticles consist of Au (0) species but the investigated gold species showed even 
lower binding energies. The gold species presented binding energies of 83.8 to 84.1 eV for 
Au 4f7/2 and 87.5 to 87.7 eV for Au 4f7/2 and showed hence lower binding energies compared 
to Au (0) 84.25 eV for Au 4f7/2 and 87.94 eV for Au 4f5/2 [328]. In disregard to other reports 
[280, 286] these binding energies indicate a partially negative charge at the gold surface. With 
increasing size of the gold nanoparticles this effect is even enhanced as can be seen in 
Figure 5-25 A. As the penetration depth in XPS is limited to a few nanometer, this effect can 
be probably attributed to the stabilizing citrate ligands at the gold nanoparticles whose 
number at the surface of the gold nanoparticles increases with increasing diameter. 

This charge at the gold nanoparticles influences also the nitrogen species within polyaniline. 
Gold has shown to form strong complexes with imine nitrogen groups [286, 329] like they 
are present in PAni and S-PAni.  
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Unmodified S-PAni was observed to show two binding energies for N 1s, which might be 
assigned to aniline moieties without sulfonyl groups at 399.8 eV and moieties with sulfonyl 
group at 401.5 eV (Figure 5-25 B, bottom). The ratio of their peak areas is approximately 1:1 
in accordance to reported sulfonation ratios [324].  

When gold nanoparticles are doped within the S-PAni film the binding energies of the imine 
nitrogen is shifted to more negative binding energies. This shift indicates also a negative 
charge at the nitrogen atoms provoked by the gold-nitrogen binding. The observed peak 
consists thereby of two components: One nitrogen species with a binding energy of 399.0 eV 
and one species with a binding energy of 400.1 eV. A shift in the binding energy of nitrogen 
species was reported before and is attributed to either a charge-transfer complex [280] or due 
to different electron affinities of gold and PAni [286]. The displacement of local electron 
density results in any case in a local “reduction” of imine groups i.e., to a form of 
leucoemeraldine and hence to fill the π-band which results finally in a loss of conductivity. 
The negatively charged ligands at the gold nanoparticles intensify thereby this phenomenon.  

Additionally with increasing gold nanoparticles, the peak area of the N 1s species at 400.1 eV 
decreases and vanishes with incorporated 65 nm sized Au-NPs whereas the area of the N 1s 
species with a binding energy at 399.0 eV increases (Figure 5-25 A). The nitrogen species 
with higher binding energy belongs to a higher oxidized imine species whose number is 
reduced with increasing gold nanoparticle size due to the more negatively charged gold 
species. This increased local reduction results finally in a lower conductivity of S-PAni-Au-
NP composites with larger gold nanoparticles. This finding is in accordance with the 
decreased current in the recorded CVs at the Au-NP-polymer modified electrodes 
(Figure 5-25 B).  
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Figure 5-26 Influences of increasing gold nanoparticle size on the binding energy of N 1s orbitals and the 
observed current in conductive polymer composites. A Ratio of N 1s peak area at 399.0 eV to peak area at 
400.1 eV in dependence of the embedded gold nanoparticle size. B Detected currents of Au-NP-
polypyrrole in CVs in 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 0.5 M KCl in relation to parent 
conducting polymer. Note that Au-NPs were incorporated in polypyrrole instead of PAni. For 
incorporation of Au-NPs in PAni a similar behavior was observed. 

The effect of local imine reduction was of less extent with decreasing size of the incorporated 
Au-NPs. The optimization of the gold nanoparticle size might hence result in suitable 
composites for biosensor design. 

 

Preparation of Au-NP within PANI 

Gold nanoparticles can also be directly generated within the polyaniline film [284, 288, 330]. 
Leucoemeraldine reduces Au (III), which leads to local growth of gold nanoparticles at imine 
moieties. Due to this stabilization smaller sized nanoparticles were obtained. For instance, in 
this thesis S-PAni was modified with gold nanoparticles of a diameter of 2.5 ± 0.9 nm 
(Figure 5-27 A). 
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Figure 5-27 Characterization and behavior of S-PAni-Au-NP composite with gold nanoparticles directly 
generated within the S-PAni layer. A Size distribution of gold nanoparticles which were prepared within 
S-PAni layer. The mean size is 2.5 ± 0.9 nm (n = 82). B XPS spectra of imine N 1s of S-PAni-Au-NP 
composite in comparison to the two S-PAni binding energies (compare to Figure 5-25). C CVs of a 
platinum microelectrode (with a diameter of 50 µm) without and with modification of S-PAni or S-PAni-
Au-NP composite. Note that the current decreases with the presence of Au-NPs but to a lower extent as 
with larger incorporated Au-NPs. D Top: Differential pulse voltammetry (DPV) in phosphate buffer saline 
(PBS), pH 7.4. The used microelectrode was modified with an S-PAni-Au-NP layer in which cysteine and 
PQQ moieties were attached to gold nanoparticles. Bottom: DPV in PBS containing additionally 50 mM 
glucose. The gold nanoparticles within the S-PAni-Au-NP composite were further modified with apo-
GDH obtaining a glucose sensor. E Calibration curve of this glucose sensor biased at 100 mV vs. Ag/AgCl 
reference electrode.  

The smaller size of the incorporated gold nanoparticles results in altered binding energies 
within the composites. Though it has to be considered that in this gold nanoparticle synthesis 
no negatively charged stabilizers were introduced within the composite. The peak consisted 
again of two N 1s species whose binding energies were accordingly shifted to slightly more 
negative values (399.5 and 401.3 eV) compared to parent S-PAni (Figure 5-27 B). This effect 
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is, however, less pronounced as with citrate stabilized gold nanoparticles. The gold peaks were 
at 84.1 and 87.8 eV in comparison to Au (0) positively charged. This behavior is in good 
accordance to reported binding energies in PAni-Au-NP composites [286] and supports the 
displacement of electrons from Au-NPs to imine nitrogen. Compared to citrate-stabilized 
gold nanoparticles, local reduction of imine nitrogen is less distinct which can be also 
observed in the electrochemical behavior of this composite (Figure 5-27 C). Hence an 
improved current was detected when converting [Fe(CN)6]3-/4- or hydroquinone at neutral 
pH.  

With further modification of gold nanoparticles using cysteine and PQQ, the Au-NP surface 
is negatively charged (s. chapter 5.2.3.2.1). These introduced charges result in XPS 
measurements in binding energies, which are comparable to the ones observed with citrate 
modified gold nanoparticles (for instance 400.1 and 399.0 eV for N 1s and 87.5 and 84.0 eV 
for PQQ modified Au-NPs). Nevertheless, the electrochemical behavior of these composites 
was sufficient for investigating the redox characteristics of bound PQQ (Figure 5-27 D). In 
differential pulse voltammetry (DPV) the modification of the gold nanoparticles with PQQ 
can be observed at -16 mV vs. Ag/AgCl reference electrode which is in good accordance to 
reported redox potentials of PQQ [254]. Modifying the nanoparticles with apo-GDH, a 
sensor for glucose is obtained which shows upon glucose conversion a shift in this signal. The 
recorded current for this reaction, however, was low. Accordingly the sensitivity towards 
glucose was also limited (Figure 5-27 E). A glucose signal in the range of 1 pA/mM glucose 
was observed. Nevertheless, the detected glucose signal is a proof that the biosensor 
architecture is promising and further improvements needs to follow for maintaining a high 
conductivity of S-PAni at physiological pH.  

 

 

5.2.3.3 Conclusion and outlook 

For establishing a glucose biosensor based on wired PQQ-dependent glucose dehydrogenase 
the enzyme was covalently bound to gold nanoparticles, which were entrapped within 
polyaniline.  

Gold nanoparticles were therefore modified successively: (i) by forming a self-assembled 
monolayer of cysteine, (ii) by binding PQQ to cysteine and (iii) by re-activation of apo-GDH 
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to the bound PQQ. The binding of the enzyme leads thereby to improved kinetics in the 
redox reaction with a dissolved mediator showing an activity of 166 ± 17 % of former PQQ-
GDH activity. For these experiments Au-NPs of a diameter of 21.8 ± 5.2 nm were modified. 
It might be of interest if the apparent enzyme activity is dependent on the size of the used 
gold nanoparticles. However, when PQQ-GDH modified Au-NPs are incorporated within 
PAni, only a limited number of bonds might exist between gold nanoparticle and imine 
nitrogen. Hence the effect of different gold nanoparticle sizes might vary compared to the 
conditions of the standard activity test using free-diffusing redox dyes. 

The incorporation of these gold nanoparticles within PAni was more challenging: The low 
conductivity at pH > 4 was increased by sulfonation generating S-PAni according to Yue et al. 
[326]. 

Additionally, the entrapment of gold nanoparticles within PAni leads to an increase in the 
turn-on voltage of the composite [280] and hence to a reduction in conductivity at the applied 
low potentials for biosensors application (< 1 V). A reduction in conductivity was also 
observed using polypyrrole as conducting polymer and carbon nanotubes and platinum 
nanoparticles as dopants (data not shown).  

The effects of the Au-NP incorporation process were studied by XPS showing that the 
incorporated Au-NPs interact with imine groups of polyaniline. The size of the incorporated 
gold nanoparticles showed to be a crucial parameter and hence in a further step gold 
nanoparticles were directly prepared within PAni resulting in gold nanoparticles with 
diameters of 2.5 ± 0.9 nm. This composite material showed an improved conductivity and 
hence, a glucose biosensor was realized. The biosensor showed merely a low sensitivity but 
proved that the usage of smaller gold nanoparticles is a first step for improving the behavior of 
the Au-NP-S-PAni composite for fabricating glucose biosensor.  

For further improvements the size of the gold nanoparticles might be further decreased 
reducing thereby also the turn-on voltage of the material [284]. Additionally the modification 
of positively charged moieties (like e.g. quaternary ammonium groups) at the gold 
nanoparticle surface might influence the local electron density at imine groups and might 
improve the conductivity of the composite material at the applied potential and pH. 
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5.2.3.4 Experimental 

Ultrapure water from PURELAB flex source (Veolia Water Solutions & Technologies 
Deutschland GmbH, Celle, D) was used throughout all the following experiments. 

 

5.2.3.4.1 Synthesis of Au-NP  

The synthesis of gold nanoparticles (Au-NPs) of different sizes was adapted from an 
established and well described procedure [289, 290, 295]. 10 mL of 0.01 % chloroauric 
acid (w/v) (Sigma-Aldrich Chemie GmbH, Steinheim, D) were boiled under vigorous 
stirring. Different aliquots ranging from 50 µL to 350 µL of 1 % sodium citrate (w/v) (Merck 
KGaA, Darmstadt, D) were added. After approximately 30 s the color of the solution turns 
slightly blue indicating nucleation of Au-NPs. All solutions were boiled for 10 min assuring 
consistent conditions for all Au-NP preparations. The final Au-NP solutions were of varying 
colors: brilliant red (350 µL citrate) to blue with a yellow Tyndall effect (50 µL).  

The size of the obtained Au-NPs was determined by transmission electron microscopy 
(TEM). Approximately 2 µL of the Au-NP solutions was applied on TEM copper grids 
(purchased from Plano GmbH, Wetzlar, D, covered with Formvar® resin and plasma-etched 
in an oxygen atmosphere) and were allowed to dry on air. TEM images were recorded using a 
Zeiss EM-10 transmission electron microscope (Zeiss Jena GmbH, Jena, Germany) 
combined with the software EM-Menu 4.0.6.64 (Tietz Video and Image Processing Systems 
GmbH, Gauting, Germany). The recorded Au-NPs were measured and counted in TEM 
images using ImageJ 1.45s (National Institute of Health, USA). 

Additionally the size of Au-NPs in aqueous solution is also detectable by their absorptivity 
[295, 297]. Therefore UV/Vis spectra of Au-NP solutions were recorded using quartz 
cuvettes SPECORD® S 600 (Analytik Jena AG, Jena, D). 

 

5.2.3.4.2 Cysteine and PQQ binding to Au-NPs 

Cysteine was applied as linking agent between the prosthetic group of GDH, PQQ, and the 
Au-NP surface. The thiol group of cysteine binds to the gold surface of the Au-NPs [299] 
and leads dependent on the used concentration to aggregation of the Au-NPs [300].  
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For preparation of cysteine-modified Au-NPs, a solution with Au-NPs of 21.8 ±5.5 nm were 
used exemplarily. To 3.5 mL of this Au-NP solution different aliquots of 10 mM cysteine 
(Sigma-Aldrich Chemie GmbH, Steinheim, D) solution were added for optimizing the 
applied amount of cysteine and diluted to 4 mL for assuring the same concentration of 
modified Au-NPs. The coloring of the red solution changed immediately after addition of 
cysteine to a dark blue. The absorptivity of the modified Au-NPs in the UV/Vis region was 
recorded in order to investigate the modification degree of the Au-NPs.  

For further experiments modified Au-NPs with the lowest amount of cysteine were chosen as 
for subsequent modifications excessive non-bound cysteine has to be removed from the  
Au-NP solution. Purification by dialysis of the modified Au-NP was applied as this method 
is mild, cheap and fast and guarantees exchange of the underlying buffer system for further 
modification steps. A Nadir® dialysis tubing (Carl Roth GmbH + Co. KG, Karlsruhe, D) was 
used for dialysis with a molecular weight cut off of 10 to 20 kDa which ensures modified  
Au-NPs to remain in the tubing while excessive cysteine can diffuse through the pores of the 
dialysis tubing. The solution of modified Au-NPs was washed at least 3 times successively in 
200 mL of 0.05 M HEPES (Sigma-Aldrich Chemie GmbH, Steinheim, D) buffer, pH 7.3, 
until the pH of the interior Au-NP solution was adjusted to pH 7.3. It was assumed that by 
then excessive cysteine was removed from the modified Au-NP solution. Unfortunately, 
cysteine Au-NP precipitated within the dialysis tubing when undiluted solutions were used. 
Hence the solution was diluted by a ratio of 1:1 for dialysis. 

 

The next modification step aimed for the covalent binding of PQQ at the Au-NPs. An amide 
bond between cysteine and PQQ was formed under mild conditions (in previously 
implemented 0.05 M HEPES-buffer, pH 7.3, and at room temperature) with the assistance 
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) according to a previously reported 
procedure of Zayats et al. [278]. Cysteine modified Au-NPs were incubated with 
approximately 3 mM PQQ (Sigma-Aldrich Chemie GmbH, Steinheim, D) for 2.5 h in the 
presence of 5 mM EDC (Sigma-Aldrich Chemie GmbH, Steinheim, D).  

Purification of PQQ modified Au-NPs was performed as reported above for cysteine 
modified Au-NPs using dialysis. The reaction solution was dialyzed versus 0.05 M phosphate 
buffer, pH 6.0, until the targeted pH was reached and the orange coloring of unbound PQQ 
was removed.  
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5.2.3.4.3 GDH linking and activity test of PQQ-GDH 

Apo-GDH was prepared by thermal treatment of parent PQQ-GDH [310]. The PQQ-
GDH solution was therefore filled in a dialysis tubing for removing concurrently excavated 
PQQ groups. In detail 3 mL of a solution of 0.5 mg PQQ-GDH (Sorachim, Lausanne, CH) 
in 25 mL 0.05 M phosphate buffer, pH 6, were filled in a dialysis tubing and were dialyzed 
versus 500 mL of the same buffer (0.05 M phosphate buffer, pH 6) in a water bath of 50 °C 
for 60 min. Removed PQQ species are allowed to diffuse out of the dialysis tubing and the 
apo-form of GDH is maintained in the tubing.  

Coupling PQQ modified Au-NP particles to apo-GDH was performed in a similar 
procedure described by Geiger et al. for reactivation of inactivated GDH [310]. Therefore 
900 µL of apo-GDH solution were incubated with 13.8 µL 250 mM calcium chloride (Fluka 
Analytical, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) solution and 100 µL 
modified Au-NP solution and warmed for 10 min to 25 °C in a water bath.  

For assuring the general reversibility of inactivation, obtained apo-GDH was reactivated with 
PQQ performed according to the same procedure but with 100 µL of 1 mg/mL PQQ 
dissolved in 0.05 M phosphate buffer, pH 6 instead of modified Au-NP solution.  

The activities of the prepared GDH solutions were determined with an enzyme activity test 
[225, 276]. In the following the activity test will be summarized shortly: 2.9 mL of basic 
solution consisting of 30 mM glucose, 0.2 mM N-methylphenazonium methylsulfate (Fluka 
Analytical, Sigma-Aldrich Chemie GmbH, Steinheim, D), 0.2 mM nitrotetrazolium blue 
(Sigma-Aldrich Chemie GmbH, Steinheim, D) and 0.2 % Triton X (Sigma-Aldrich Chemie 
GmbH, Steinheim, D) dissolved in 42 mM PIPES (piperazine-N,N′-bis(2-ethanesulfonic 
acid), Fluka BioChemica, Sigma-Aldrich Chemie GmbH, Steinheim, D) buffer, pH 6.5, 
were warmed to 25 °C. For blank measurements 100 µL of a 50 mM PIPES buffer 
containing 1 mM calcium chloride, 0.1 % Triton X and 0.1 % albumin from bovine serum 
(Sigma-Aldrich Chemie GmbH, Steinheim, D) were added and absorptivity at 570 nm was 
recorded for 5 min.  

For determining the activity of GDH species the following solutions were added instead of 
the latter BSA-PIPES solution: (i) For the activity tests of parent PQQ-GDH, final PQQ-
GDH solutions of 40 µg/mL in 50 mM PIPES buffer were used, (ii) 25 µL of the prepared 
apo-GDH solution was mixed with 175 µL 50 mM PIPES buffer and (iii) 27.8 µL of 
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reconstituted GDH solutions were mixed with 172 µL 50 mM PIPES buffer. All enzyme 
solutions were prepared on ice and 100 µL of them were immediately used for the activity 
tests recorded at 570 nm.  

Additionally, GDH was also mixed with unmodified Au-NPs to the same concentration as 
modified Au-NPs to parent GDH solutions. 

 

5.2.3.4.4 Preparation of PAni 

Polyaniline (PAni) is obtained by electrochemical polymerization of aniline. The 
polymerization was performed in a solution of 0.2 M aniline (freshly distilled, Sigma-Aldrich 
Chemie GmbH, Steinheim, D) and 1.2 M hydrochloric acid (Merck KGaA, Darmstadt, D) 
by CV cycling the potential 10 times between 0 V and 1 V with a scan velocity of 50 mV/s 
[285]. The growth of the PAni layer is shown in the obtained cyclic voltammogram [315, 
331] (Figure 5-28).  

 

Figure 5-28 Cyclic voltammogram of aniline polymerization at a platinum microelectrode with a diameter 
of 50 µm.  

The deposition results in a polymer film with a height of approximately 35 µm and a diameter 
of approximately 100 µm determined by microscope images. 

The polymer film was characterized by cyclic voltammetry in solutions of (i) 0.1 M Na2SO4 
and 0.1 M H2SO4 (both Merck KGaA, Darmstadt, D), (ii) 5 mM K4[Fe(CN)6], 5 mM 
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K3[Fe(CN)6] (both Sigma-Aldrich Chemie GmbH, Steinheim, D) and 0.5 M KCl, and (iii) 
in 10 mM hydroquinone (Merck KGaA, Darmstadt, D) dissolved in phosphate buffered 
saline (PBS), pH 7.4 (Biochrom AG, Berlin, D). Two different redox species were used as 
different kinetics for Fe(CN)6

3/4- and hydroquinone at polyaniline layers were reported [327, 
332, 333]. 

 

The modification with sulfonyl groups leads to an enhancement of the pH range in which 
PAni is conductive [324–326]. The copolymerization of aniline and otho-aminophenol [334] 
and meta-aminobenzenesulfonic acid [327] leads to only thin films [324]. Hence, PAni layers 
were modified with 12 M sulfuric acid at 4 °C for 20 min [325]. Using higher concentrated 
sulfuric acid [324] the polymer film gets brittle [326] and in the case of microelectrodes the 
polymer film was detached from the surface.  

The sulfonated polymer films were characterized as described above for parent PAni films 
showing a dependency of the PAni polymer film thickness on the final apparent electrode 
surface at pH 6 (Figure 5-29).  

 

Figure 5-29 CVs and apparent electrode size of S-PAni modified platinum microelectrodes. A CVs in 
5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 0.5 M KCl of modified microelectrodes with a platinum wire 
diameter of 50 µm. Aniline was polymerized applying the denoted number of cycles in CVs and PAni was 
subsequently modified with sulfonyl moieties by immersing the polymer layer with 12 M H2SO4 at 4 °C. 
B Dependency on the number of applied deposition cycles for PAni preparation on the electrochemically 

determined (s. A) apparent electrode size of the final S-PAni (n ≥ 2).  
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Gold nanoparticles were also incorporated in polypyrrole layers for comparing the behavior of 
the polypyrrole-Au-NP composite with S-PAni-Au-NP composites. For preparation of 
polypyrrole films, pyrrole was polymerized electrochemically at platinum microelectrodes. 
Pyrrole (Merck KGaA, Darmstadt, D) was therefore preprocessed either by short column 
chromatography with alumina oxide as stationary phase or distilled to remove oxidation 
products resulting in a colorless clear liquid. The polymer film was deposited in 0.1 M 
pyrrole, 0.1 M oxalic acid (Merck KGaA, Darmstadt, D) and 0.1 M LiClO4 (Merck KGaA, 
Darmstadt, D) solution using pulsing techniques (30 cycles of 1 V for 1 s and 0 V for 5 s) 
[335]. The obtained polypyrrole was washed in water and aged for 12 h in 0.1 M HClO4 
[282] for maintaining its conductivity prior to incorporation of gold nanoparticles. The 
obtained polypyrrole layer was doped with gold nanoparticles in argon-purged gold 
nanoparticle solution by applying cyclic voltammetry in a potential range of -1 V to 0.2 V at a 
scan rate of 50 mV/s for 10 cycles [282]. 

No difference in the electrochemical behavior of polypyrrole-Au-NP composites compared to 
S-PAni-Au-NP composites was observed in 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 0.5 M 
KCl and in 10 mM hydroquinone dissolved in phosphate buffered saline (PBS), pH 7.4.  

 

5.2.3.4.5 Immobilization of Au-NP within S-PAni 

Gold nanoparticles were incorporated in the polymer layer in two steps [323]: In a first step 
S-PAni was reduced resulting in the sulfonated leucoemeraldine species which contains no 
counter-anions assuming a similar behavior of S-PAni compared to parent PAni layer. The  
S-PAni-modified electrode was therefore polarized at -0.45 V vs. quasi-Ag/AgCl wire for 
20 min in ultrapure water. At macroelectrodes, a color change from dark green to yellow of 
the polymer film was visible.  

In a second step the polymer film was re-oxidized at 0.85 V in the gold-nanoparticle 
containing solution. As the gold nanoparticles are negatively charged, they are incorporated 
within the PAni layer.  

The final Au-NP-S-PAni composites were characterized by CVs, TEM and XPS (see 
chapter 5.2.3.4.7).  
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5.2.3.4.6 Generation of Au-NP within S-PAni 

S-PAni was additionally modified by gold-nanoparticles by in-situ synthesis within the 
polymer layer [284, 288, 336]. The S-PAni-modified electrodes were therefore placed for 
30 min in 1.1 mM NaBH4 solution for chemically reducing PAni to leucoemeraldin [337] 
and afterwards for 30 min in a 1 % gold (III) chloride solution for reducing gold (III) to gold 
nanoparticles.  

The obtained modification was characterized according to the gold-nanoparticle modified  
S-PAni, which was obtained by the reduction-oxidation method.  

Subsequent modification of the Au-NPs, which were generated within S-PAni was 
performed accordingly to the modification of pure gold-nanoparticle solutions under the same 
conditions. 

 

5.2.3.4.7 XPS measurements 

For XPS measurements PAni, S-PAni and S-PAni-Au-NP composites were prepared on 
planar platinum slides. PAni was deposited and modified as described above.  

XPS was performed using a Physical Electronics PHI 5800 ESCA system at the Institute for 
Surface Chemistry and Catalysis, Ulm University. The probe was excited using 
monochromatic Al Kα rays (15 kV, 300 W). The beam spot was positioned in an angle of 45 ° 
off-normal and irradiated a surface of dimensions of 800 x 800 µm. The shown data were 
collected using a pass energy of 29.35 eV at the analyzer.  

The data was evaluated using XPS Peak 4.1 programmed by Raymund Kwok [338]. The 
binding energies of the elements were calibrated using a binding energy of 284.8 eV for C 1s 
[280, 286]. In spite of multiple comprised carbon species this peak was consistent over all the 
performed XPS measurements. Gaussian curves were fitted to the obtained curves considering 
same full width, half maximum (FWHM) within one species, i.e. for instance for N 1s species 
an FWHM of 2.0 eV was used. 
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5.2.3.4.8 Calculation of errors 

All values are reported as mean ± standard deviation. 
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6. Final remarks 

Aim of this thesis was the application and improvement of established amperometric ATP 
microbiosensors for physiological ATP measurements.  

Established ATP microbiosensors were successfully applied for investigating the ATP release 
mechanisms at urothelial cells upon TRPV4 stimulation. The obtained results are promising 
and might contribute to the further understanding of the function and release of ATP at 
urothelial cells. A combined mechanism of conductive release via connexin channels and 
exocytosis at the same cells was hypothesized. However, the presence of pannexin 1 and 
connexin channels in murine urothelial cells has to be confirmed for proving and supporting 
the obtained results. Moreover, the release of hydrogen peroxide was determined. Both 
releasing processes were compared and related to the increase of intracellular calcium 
concentration. As the release of hydrogen peroxide occurred only in fractions of the ATP 
measurements, further experiments are needed to confirm the obtained data and the induction 
of H2O2 release mechanism. An explanation was proposed in respect to hydrogen peroxide, 
which may diffuse from the biosensing polymer film into the adjacent solution and interfere 
with the probed cells.  

In this regard simulation studies were performed to investigate the behavior of the biosensing 
setup. These simulations dealt with temporally resolved ATP and hydrogen peroxide 
distributions at varying biosensor-cell layer distances and cell patch sizes. They support 
thereby the performed ATP measurements at urothelial cells and help to understand several 
processes at the electrodes. According to these simulations hydrogen peroxide reaches also the 
probed cell layer and might lead to oxidative stress. These results should be confirmed in 
additional measurements. 

In amperometric experiments a current response upon exchange of (cell stimulating) solutions 
was observed. This behavior can be attributed to non-faradaic processes due to a change of 
properties of the used solutions. In regard to the model solutions, Ringer solution and 
hyperkalemic Ringer solution showed a change in conductivity, which particularly affects the 
recorded current response. Moreover, also minor influences as the change in viscosity, 
chloride activity and the effect of junction potentials were investigated and discussed. 
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Summarizing, a change in the recorded current needs to be considered, if the solution 
properties are changed during amperometric measurements.  

Furthermore, the improvement of established ATP biosensor assemblies and the development 
of novel ATP biosensors designs were developed. The mechanical and long-term stability of 
the established ATP biosensor was enhanced by covalently binding the immobilization matrix 
to the insulating glass sheath. Using BSA-glutaraldehyde the immobilization matrix was 
applied via a dipping process, which results in an increased polymer bulk allowing a high 
number of enzymes to be incorporated. Whereas this leads to high sensitivities towards 
glucose (577 ± 164 pA/mM) and ATP (23 ± 20 pA/µM), it results also in a loss of spatial 
resolution, increased hydrogen peroxide concentration, which may cause oxidative stress at 
cells and in the coverage of the second microelectrode. The application of locally precipitable 
chitosan as immobilization matrix led to ATP biosensors with an enhanced long-term 
stability which might be further improved by crosslinking the deposited chitosan chains and 
establishing a hydrogel. In addition, the enzyme ratio within the chitosan layer was varied but 
continuing efforts should concentrate on optimization of this ratio.  

In the last part of this thesis the improvement of sensitivity and the preparation of third 
generation biosensors were pursued. Generally, the optimal ATP biosensor does not 
contaminate the probed cells and can be biased at low potentials for ATP detection without 
co-oxidation of potentially interfering species. In this regard PQQ-GDH offers advantageous 
properties over glucose oxidase as it can be combined with a number of mediators for reducing 
the applied potential of the final biosensor. PQQ-GDH can be used for establishing a 
reagentless ATP biosensor, if it is incorporated within a polymer with inherent electron 
acceptors and fast electron transport towards the electrode. Therefore the applicability of an 
osmium redoxpolymer was tested but showed poor electron transferring properties. Finally, a 
biosensor was constructed based on PQQ-GDH, which was covalently bound to gold 
nanoparticles and incorporated within polyaniline for signal transduction. The approach of 
modified gold nanoparticle-polyaniline composites for enzyme incorporation is an attractive 
strategy, as first promising results concerning apparent activity of Au-NP bound PQQ-GDH 
and conductivity of polyaniline could be achieved. It is suggested to further improve the 
conductivity of Au-NP-PAni composite by e.g. introducing positively charged moieties in the 
SAM layer bound to the nanoparticles. The resulting composite might be used to immobilize 
PQQ-GDH and hexokinase resulting in an improved sensitivity of the ATP biosensor. 
Moreover the resulting biosensor could be operated at very low potentials (≤ 100 mV), which 
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diminishes co-oxidation of potentially interfering substances. Along with the expected high 
sensitivity, these low application potentials enable the further miniaturization of these ATP 
biosensors for enhanced spatially resolved ATP monitoring at cells. In addition, the absence 
of dissolved mediators in this ATP biosensor design does no longer require adding substrates 
to the measurement solution and more importantly is independent on the oxygen content. 
Hence, such ATP sensors might be useful for monitoring ATP release in in vivo 
measurements. Hence, these measurements could be also performed within hard accessible 
tissues, like e.g. within the bladder or within live cells, particularly if the immobilization layer 
is bound covalently to the biosensor surface.  
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