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Abstract 

 

Scanning probe microscopy (SPM) techniques, which provide information on 

topography, conductivity, chemical flux and interface reactivity at the micro- to 

nanometer scale, are becoming increasingly important not only in energy-related 

topics such as battery research and catalysis but also in biomedical research. For 

example, the formation of biofilms and adhesion of microorganisms that attach and 

grow on solid surfaces, causing about 80% of infections in humans is still not fully 

understood. Quantitative detection of biomedical signaling molecules such as 

adenosine triphosphate (ATP) and hydrogen peroxide (H2O2), a stable 

representative of the reactive oxygen species (ROS) at the cell level may contribute 

to gain fundamental knowledge for pulmonary function under physiological and 

pathophysiological conditions. Among the multitude of SPM techniques, atomic 

force microscopy (AFM) providing high-resolution topographical information as well 

as physical properties of the sample and scanning electrochemical microscopy 

(SECM), which gives access to reactivity mapping and localized sensing of 

molecules are highly attractive for biomedical studies. In recent years, strong 

efforts were dedicated towards the development of hybrid SPM techniques, such 

as scanning ion conductance microscopy (SICM)-SECM and AFM-SECM, as they 

combine the benefits of the individual SPM technique, providing simultaneously 

multidimensional information, which is essential for samples that may alter over a 

short span of time. 

This cumulative thesis is based on five articles published in international peer-

reviewed journals, presenting microsensor developments and their applications in 

biomedical research and advanced AFM-SECM probe design, fabrication and 

applications. The research comprises the development of modified 

ultramicroelectrodes (UME) for the detection of biomedically relevant analytes, and 

colloidal AFM-SECM probes and their functionalization for e.g., electrochemical 

force spectroscopy measurements. In respect to sensing, UMEs were modified 

with recognition layers or electrocatalytically active layers for the sensitive and 

selective detection of signaling molecules. UMEs were also used for structured 

deposition of functional polymer spots. 
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The detection of the signaling molecules such as ATP, catecholamines and ROS 

using modified UME was one focus of this dissertation. For the detection of H2O2, 

the electrode surface was modified with Prussian Blue (PB, KFeIII[FeII(CN)6]), 

which allows the reduction of H2O2 at a potential of -0.05 V vs. Ag/AgCl. Prussian 

White (PW, K2FeII[FeII(CN)6]) is oxidized to PB, while H2O2 is reduced to hydroxide. 

Such low potential for H2O2 detection eliminates the co-detection of other 

electroactive species (e.g. ascorbic acid), usually present in biological/biomedical 

samples, in contrast to e.g. bare platinum electrodes where H2O2 is oxidized at a 

potential of 0.6 V vs. Ag/AgCl. Due to the limited stability of PB-modified electrodes 

at pH values > 7.0, platinum black (Pt-black) was also investigated as 

electrocatalytic layer, reducing the oxidation potential of H2O2 from 0.6 V (bare Pt-

UME) to 0.3 V vs. Ag/AgCl. Detection limits were achieved in the nanomolar range 

enabling the detection of extracellular H2O2 concentrations from blood cells of 

trauma-induced swine. For Pt-black modified electrodes the required potential of 

0.3 V vs. Ag/AgCl for H2O2 oxidation cannot assure that interfering analytes 

(ephedrine and norephedrine) possibly present in the sample are not co-

determined. Because of that, a method for the simultaneous measurement of 

catecholamines as possible interfering species using carbon fiber electrodes 

(oxidation of catecholamines at 0.2 V vs. Ag/AgCl) has been established. 

ATP as one of the most important signaling molecule in eukaryotic cells and plays 

a significant role, i.e. ATP serves as energy resource in all living organisms. 

Therefore, its regeneration by ATP-synthases is of particular importance. ATP can 

be detected electrochemically using biosensors, which has the advantage that ATP 

release can be monitored over time. Amperometric microsensors with increased 

stability and sensitivity based on poly(benzoxazines) as immobilization matrix were 

developed, characterized and used to determine ATP concentrations of inverted 

vesicles from E. coli and P. putida. Such experiments were performed using dual 

microelectrodes, with one electrode modified with glucoseoxidase (GOx) and 

hexokinase (HEX) and the other electrode for positioning of the dual electrode 

assembly in combination with SECM. In addition to sensing of ATP and ROS, tip-

integrated chemical sensing of dopamine and ascorbic acid with colloidal BDD-

AFM-SECM probes were also developed in the course of this thesis. For this 

purpose and for the first time, a colloidal AFM-SECM probe was developed, which 

comprises a spherical boron-doped diamond (BDD) electrode attached to a – 
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besides the contacting area - insulated soft silicon nitride cantilever. This combined 

SPM probe has several advantages, such as a broad potential window for 

electrochemical measurements, physical and chemical inertness of the spherical 

probe but at the same time a relatively low force constant of the cantilever for force 

spectroscopy. Applying a potential to the AFM-SECM probe enables force 

spectroscopy measurements, while at the same time electrochemical properties of 

the sample can be probed. Recording force distance curves simultaneously with 

current-distance curves will be termed ‘electrochemical force spectroscopy’ within 

this thesis. These probes represent an innovative addition to scanning 

electrochemical probe microscopy (SEPM), as they are suitable for a variety of 

different complementary experiments. For force spectroscopic measurements in 

air, altering the surface termination of BDD spheres e.g., from hydrogen terminated 

to oxygen-terminated changes the chemical properties from hydrophobic to 

hydrophilic and hence, changes significantly the force interaction with the sample 

surface. Moreover, in electrolyte solution, a potential can be applied to the colloidal 

AFM-SECM probe and electrochemical force spectroscopy can be carried out. 

Such probes are also suitable to perform conductive current sensing AFM (CS-

AFM) studies, due to the physical robustness and conductivity of the probe. A 

series of different SPM measurement can be performed using the same probe 

switching from measurements in air to immersing the sample in solution. Given the 

excellent electrochemical properties, these probes can be also used in sensing 

applications as exemplarily shown with the quantification of dopamine in the 

presence of ascorbic acid. A contribution, which was just published presents the 

modification of conductive colloidal probes with functional polymer films such as 

polydopamine (PDA) via electropolymerization. PDA is highly attractive as the 

surface functionality can be switched via oxidation or reduction of the film. Within 

this contribution, adhesion measurements in dependence of the applied potential 

were performed e.g., at bacterial cells. By applying a potential, the functional 

groups on the surface can be switched from oxidized state to reduced state 

(phenolic and quinoid groups), which has a strong effect on adhesion 

measurements. The versatility of this combined probe for force spectroscopic 

applications at electrified interfaces was demonstrated at model substrates. 

Hydrophilic gold surfaces and self-assembling monolayers with different wettability 

were used to investigate the influence on the adhesion and first measurements on 
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the P. fluorescens bacteria were shown. The adhesion is dependent on the applied 

potential of the PDA-modified colloidal AFM-SECM probes and thus ultimately 

dependent on the functional surface groups of the PDA film. Moreover, it could be 

demonstrated that the deposited PDA has polymeric character based on the 

measured contour lengths, which describes the length of a polymer chain at 

maximum physically possible extension. 

PDA is a mussel inspired polymer derived from naturally occurring melanin, formed 

by the oxidation of dopamine. Typically, PDA films are obtained via a simple dip 

coating process, but films can also be obtained via electropolymerization. A 

method for the generation of PDA films through pulsed electrochemical deposition 

was developed. Aim of this study was to correlate the deposition parameters with 

the obtained morphology, film thickness and electron transfer properties. In order 

to perform screening experiments, PDA microspots were deposited via SECM 

direct mode. Similar to the conventional electrochemical deposition using cyclic 

voltammetry, the number of applied pulses enables control of the PDA film 

thickness and morphology. The newly developed pulsed method was used in 

studies to modify ultramicroelectrodes and colloidal AFM-SECM probes. 
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Zusammenfassung 

 

Rastersondenmikroskopie (scanning probe microscopy, SPM) -Techniken, die 

Informationen zu Topographie, Leitfähigkeit, chemischem Fluss und 

Grenzflächenreaktivität im Mikro- bis Nanometerbereich liefern, gewinnen nicht nur 

in energiebezogenen Themen wie Batterieforschung und Katalyse, sondern auch 

in der biomedizinischen Forschung zunehmend an Bedeutung. Beispielsweise ist 

die Bildung von Biofilmen und die Adhäsion von Mikroorganismen, die sich an 

festen Oberflächen anlagern und wachsen und etwa 80% der Infektionen beim 

Menschen verursachen, noch nicht vollständig verstanden. Der quantitative 

Nachweis von biomedizinisch relevanten Signalmolekülen wie 

Adenosintriphosphat (ATP) und Wasserstoffperoxid (H2O2), einem stabilen 

Vertreter der reaktiven Sauerstoffspezies (reactive oxygen species, ROS) auf 

Zellebene, kann dazu beitragen, grundlegende Kenntnisse über z. B. die 

Lungenfunktion unter physiologischen und pathophysiologischen Bedingungen zu 

erlangen. Unter der Vielzahl von existierenden SPM-Techniken ist die 

Rasterkraftmikroskopie (atomic force microscopy, AFM), welche hochauflösende 

topografische Informationen sowie physikalische Eigenschaften der Probe liefert, 

und die elektrochemische Rastersondenmikroskopie (scanning electrochemical 

microscopy, SECM), die es ermöglicht, elektrochemische Aktivität abzubilden und 

in Kombination mit miniaturisierten Sensoren, die selektive Detektion von Analyten 

erlaubt, äußerst attraktiv für biomedizinische Studien. In den letzten Jahren wurden 

große Anstrengungen zur Entwicklung hybrider SPM-Techniken wie 

Rasterionenleitfähigkeitsmikroskopie (scanning ion conductance microscopy, 

SICM)-SECM und AFM-SECM unternommen, da diese die Vorteile der einzelnen 

SPM-Technik kombinieren und gleichzeitig komplementäre Informationen liefern, 

die für Proben unerlässlich sind, welche sich über einen kurzen Zeitraum ändern 

könnten. 

Die in dieser Dissertation erzielte Forschung umfasst die Entwicklung modifizierter 

Ultramikroelektroden (ultramicroelectrode, UME) zum Nachweis biomedizinisch 

relevanter Analyten und kolloidaler AFM-SECM-Sonden und deren 

Funktionalisierung beispielsweise für elektrochemische 

Kraftspektroskopiemessungen. In Bezug auf die Sensorik wurden UMEs mit 
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Erkennungsschichten oder elektrokatalytisch aktiven Schichten zum sensitiven 

und selektiven Nachweis von Signalmolekülen modifiziert. UMEs wurden auch zur 

strukturierten Abscheidung von funktionellen Polymerschichten verwendet. 

Der Nachweis von Signalmolekülen wie ATP, Katecholaminen und ROS mit 

modifizierten UME war ein Schwerpunkt dieser Dissertation. Zum Nachweis von 

H2O2 wurde die Elektrodenoberfläche mit Preußischblau (PB, KFeIII [FeII(CN)6]) 

modifiziert, was die Reduktion von H2O2 bei einem Potential von -0.05 V gegen 

Ag/AgCl ermöglicht. Preußisch Weiß (PW, K2FeII[FeII(CN)6]) wird zu PB oxidiert, 

während H2O2 zu Hydroxid reduziert wird. Ein derart geringes Potential für den 

H2O2-Nachweis eliminiert die Mitbestimmung anderer elektroaktiver Spezies (wie 

z. B. Ascorbinsäure), die üblicherweise in biologischen / biomedizinischen Proben 

vorhanden sind, im Gegensatz zu z.B. Platinelektroden, bei denen H2O2 bei einem 

Potential von 0.6 V gegenüber Ag/AgCl oxidiert wird. 

Aufgrund der begrenzten Stabilität von PB-modifizierten Elektroden bei pH-Werten 

> 7.0, wurde auch Platinschwarz als elektrokatalytische Schicht untersucht, wobei 

das Oxidationspotential von H2O2 von 0.6 V (blankes Platin) auf 0.3 V gegen 

Ag/AgCl herabgesetzt wird. Nachweisgrenzen wurden im nanomolaren Bereich 

erreicht, die den Nachweis extrazellulärer H2O2-Konzentrationen von Blutzellen 

trauma-induzierter Schweine ermöglichen. Für Platinschwarz modifizierte 

Elektroden kann aufgrund dem erforderlichen Potential von 0.3 V gegen Ag/AgCl 

für die H2O2 Oxidation nicht sichergestellt werden, dass in der Probe 

möglicherweise vorhandene störende Analyten (Ephedrin und Norephedrin) nicht 

mitbestimmt werden. Aus diesem Grund wurde ein Verfahren zur gleichzeitigen 

Messung von Katecholaminen als mögliche störende Spezies unter Verwendung 

von Kohlefaserelektroden (Oxidation von Katecholaminen bei 0.2 V gegenüber 

Ag/AgCl) etabliert.  

ATP ist eines der wichtigsten Signalmoleküle in eukaryotischen Zellen und spielt 

eine bedeutende Rolle, u.a. dient ATP als Energieressource in allen lebenden 

Organismen. Daher ist die ATP Regeneration durch ATP-Synthasen von 

besonderer Bedeutung. ATP kann mithilfe von Biosensoren elektrochemisch 

nachgewiesen werden, was den Vorteil hat, dass die zeitliche ATP-Freisetzung 

gemessen werden kann. Amperometrische Mikrosensoren mit hoher Stabilität und 

Empfindlichkeit auf der Basis von Poly(benzoxazinen) als Immobilisierungsmatrix 

wurden entwickelt, charakterisiert und zur Bestimmung der ATP-Konzentrationen 
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von invertierten Vesikeln aus E. coli und P. putida verwendet. Solche Experimente 

wurden unter Verwendung von Doppelmikroelektroden durchgeführt, wobei eine 

Elektrode mit Glucoseoxidase (GOx) und Hexokinase (HEX) modifiziert war und 

die andere Elektrode zur Positionierung in Kombination mit SECM genutzt wurde. 

Neben dem Nachweis von ATP und ROS wurde im Rahmen dieser Arbeit auch ein 

Nachweis von Dopamin und Ascorbinsäure mit kolloidalen BDD-AFM-SECM-

Sonden entwickelt. Zu diesem Zweck wurde erstmals eine kolloidale AFM-SECM-

Sonde entwickelt, die eine Bor-dotierte sphärische Diamantelektrode (boron-

doped diamond, BDD) umfasst, die an einem - neben der Kontaktfläche - isolierten 

weichen Siliziumnitrid-Federbalken angebracht ist. Diese kombinierte SPM-Sonde 

hat mehrere Vorteile, wie z. B. ein breites Potentialfenster für elektrochemische 

Messungen, physikalische und chemische Inertheit der sphärischen Sonde, bei 

gleichzeitiger niedriger Kraftkonstante des Federbalkens für die 

Kraftspektroskopie. Das Anlegen eines Potentials an die AFM-SECM-Sonde 

ermöglicht Kraftspektroskopie-messungen, während gleichzeitig die 

elektrochemischen Eigenschaften der Probe untersucht werden können. Die 

gleichzeitige Aufzeichnung von Kraftdistanzkurven mit Stromdistanzkurven wird in 

dieser Arbeit als „elektrochemische Kraftspektroskopie“ bezeichnet. Diese Sonden 

stellen eine innovative Ergänzung zur rasterelektrochemischen 

Sondenmikroskopie (scanning electrochemical probe microscopy, SEPM) dar, da 

sie für eine Vielzahl verschiedener komplementärer Experimente geeignet sind. 

Bei kraftspektroskopischen Messungen in Luft verändert eine Modifikation der 

Oberflächenterminierung von Diamant, z. B. von Wasserstoff zu Sauerstoff-

terminiert, die chemischen Eigenschaften von hydrophob zu hydrophil und ändert 

daher die Kraftwechselwirkung mit der Probenoberfläche signifikant. Darüber 

hinaus kann in Elektrolytlösung ein Potential an die kolloidale AFM-SECM-Sonde 

angelegt und elektrochemische Kraftspektroskopie durchgeführt werden. Solche 

Sonden eignen sich aufgrund der physikalischen Robustheit und Leitfähigkeit der 

Sonde auch zur Durchführung von Leitfähigkeits-AFM-Studien (current sensing, C-

AFM). Eine Reihe verschiedener SPM-Messungen kann mit derselben Sonde 

durchgeführt werden, wobei in Luft als auch in Lösung gemessen werden kann. 

Aufgrund der hervorragenden elektrochemischen Eigenschaften können diese 

Sonden auch für Sensorik verwendet werden, wie dies beispielhaft für die 

Quantifizierung von Dopamin in Gegenwart von Ascorbinsäure gezeigt wird. 
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Ein Beitrag, welcher gerade publiziert wurde, präsentiert die Modifikation 

leitfähiger, kolloidaler Sonden mit funktionellen Polymerfilmen wie z. B. 

Polydopamin (polydopamine, PDA) mittels Elektropolymerisation. PDA ist insofern 

interessant, da die Oberflächenfunktionalität durch Oxidation oder Reduktion des 

Films geändert werden kann. In diesem Beitrag wurden Adhäsionsmessungen in 

Abhängigkeit vom angelegten Potential z. B. an einzelnen Bakterien (P. 

fluorescens) durchgeführt. Durch Anlegen eines Potentials können die 

funktionellen Gruppen von PDA vom oxidierten in den reduzierten Zustand 

(Phenol- und Quinoidgruppen) geändert werden, was einen starken Einfluss auf 

die Adhäsion hat. Die Vielseitigkeit dieser kombinierten Sonde für 

kraftspektroskopische Anwendungen an elektrifizierten Grenzflächen wurde an 

Modellsubstraten demonstriert. Hydrophile Goldoberflächen und 

selbstorganisierende Monoschichten (self-assembled monolayer, SAM) mit 

unterschiedlicher Benetzbarkeit wurden verwendet, um den Einfluss auf die 

Adhäsion zu untersuchen. Die Adhäsion ist abhängig vom angelegten Potential 

der PDA-modifizierten kolloidalen AFM-SECM-Sonden und somit letztendlich 

abhängig von den funktionellen Oberflächengruppen des PDA-Films. Darüber 

hinaus konnte gezeigt werden, dass der abgeschiedene PDA-Film aufgrund 

gemessener Konturlängen (welche die Länge einer Polymerkette bei maximal 

physikalisch möglicher Ausdehnung beschreibt) einen polymeren Charakter 

besitzt. 

PDA ist ein von Muscheln inspiriertes Polymer, das aus natürlich vorkommendem 

Melanin abgeleitet wird und durch Oxidation von Dopamin gebildet wird. 

Typischerweise werden PDA-Filme durch ein einfaches 

Tauchbeschichtungsverfahren erhalten, aber PDA-Filme können auch durch 

Elektropolymerisation erhalten werden. Ein Verfahren zur Erzeugung von PDA-

Filmen durch eine gepulste elektrochemische Abscheidung wurde entwickelt. Ziel 

dieser Studie war es, die Abscheidungsparameter mit der erhaltenen Morphologie, 

Filmdicke und den Elektronentransfereigenschaften zu korrelieren. Um Screening-

Experimente durchzuführen, wurden PDA-Mikrospots über den SECM-

Direktmodus abgeschieden. Ähnlich wie bei der herkömmlichen 

elektrochemischen Abscheidung unter Verwendung von Zyklovoltammetrie, 

ermöglicht die Anzahl der angelegten Pulse die Steuerung der PDA-Filmdicke und 
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Morphologie. Die neu entwickelte gepulste Methode wurde in Studien verwendet, 

um Ultramikroelektroden und kolloidale AFM-SECM-Sonden zu modifizieren. 
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1. Introduction 

1.1 Research Background and Motivation 

There is an increasing demand for analytical methods enabling the characterization 

of structures at the nanoscale, as nanomaterials nowadays are encountered in an 

increasing number of applications in almost every aspect of modern science and 

technology. Moreover, the functionality of nanomaterials i.e. nanoparticles is 

directly related to size, shape, and structure, hence advanced characterization 

methods are required, which provide information on these structure-reactivity 

relations (Baer et al., 2013). 

Over the last decades, surface science gained significant importance as advanced 

surface sensitive methods, providing high temporal and spatial resolution, are 

available for correlating surface properties to functionality. Such studies play a 

significant role in i.e., catalysis, nanotechnology, corrosion, but also in life sciences. 

Investigations e.g. at the cellular or subcellular level require analytical tools for the 

measurement and quantification of spatially resolved physical and chemical 

information such as distribution of nanomechanical properties or investigation of 

cell signaling. Scanning probe microscopy methods (Benstetter et al., 2009; 

Cricenti et al., 2011; Raigoza et al., 2013) have gained significant importance due 

to the high spatial resolution, which can be obtained not only in vacuum, but also 

in ambient condition and solutions as also shown within this thesis. 

Since its invention by Binnig, Quate and Gerber (Binnig et al., 1986), the atomic 

force microscope (AFM) enabled an entirely new way to investigate and interact 

with materials, also offering the possibility to investigate conductive as well as non-

conductive specimen. In the last decades, AFM has been routinely used to 

characterize surface morphologies and modifications of materials (J. Zhong et al., 

2016) as well as to investigate nanomechanical properties such as stiffness and 

elastic modulus of surfaces (McConney et al., 2010), due to its high force sensitivity 

over a range of six orders of magnitude (10 - 106 pN) (Helenius et al., 2008). It is a 

powerful technique that provides several advantages over e.g. electron microscopy 

or STM (the first SPM technique). Atomically resolved individual molecules at 

surfaces under vacuum conditions (Giessibl, 1994), where nanostructural details 
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or mechanical properties can be determined to battery materials (S. Wang et al., 

2018) and cells and tissues (Kuznetsova et al., 2007) can be investigated. For 

example, biological samples can be imaged and forces such as adhesion forces 

can be sensed in-situ under physiological conditions requiring only minimal sample 

preparation (Alessandrini et al., 2005). Although, AFM was already introduced in 

1986, to date still novel AFM probes, imaging modalities and applications are 

developed. This includes hyphenated techniques combining AFM with e.g., 

advanced microscopic and spectroscopic techniques (Eifert et al., 2014). 

Hyphenation of techniques gives the often termed chemically blind AFM the 

possibility to sense chemical information, by coupling AFM for example with 

microscopy (e.g. with confocal laser scanning microscopy AFM-CLSM or with total 

internal reflection fluorescence AFM-TIRF), (Moreno Flores et al., 2009) or with 

spectroscopy (e.g. tip-enhanced Raman spectroscopy, TERS, (Schmid et al., 

2013) or with infrared spectroscopy, AFM-IR) (Amenabar et al., 2013; Neubauer et 

al., 2013). To understand structure-reactivity relationships, simultaneous studies of 

e.g. electrochemical processes along with surface changes are crucial. 

Hyphenation of AFM was also successfully demonstrated with complementary 

SPM techniques such as scanning electrochemical microscopy, SECM (Abbou et 

al., 2002; Kranz et al., 2001; Macpherson et al., 2000) or scanning ion conductance 

microscopy (SICM) (Ossola et al., 2015) and scanning near field optical microscopy 

(SNOM) (Akamine et al., 1996). Combining AFM with SECM is basically related to 

functionalized AFM probes with an integrated micro- or nanoelectrode either at the 

tip apex (Macpherson et al., 2000) or recessed from the AFM tip (Kranz et al., 

2001). Using AFM-SECM, surface properties like mapping of the electroactivity 

dependent on the standard rate constant k0 and flux of electroactive species e.g. 

in biochemical reactions (Kueng et al., 2005a) or corrosion (Izquierdo et al., 2015) 

can be monitored. In material science, it was demonstrated to map catalytic 

currents of the oxygen reduction reaction (ORR) on Pt particles (Kolagatla et al., 

2018, 2019), or to image diffusion to nanoscale pores (Liu et al., 2016; Macpherson 

et al., 2002). Furthermore dissolution from calcite crystals can be monitored (Nault 

et al., 2015) or transport of electroactive species across membranes can be probed 

(Macpherson et al., 2000). 

In life sciences, AFM-SECM was successfully applied to map native biological 

membranes (Frederix et al., 2008) and enzyme activity (Kueng et al., 2003b, 
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2003a). In biomedical research, mapping the force interactions is of high 

importance, if a force is exerted to e.g. a cell, molecules such as transmembrane 

proteins express mechanical properties under the applied force such as their 

resistance to extension (stiffness) or to their resistance to velocity (friction) 

(Radiom, 2015). These properties are in particular interesting to be studied during 

a combined AFM-SECM measurement, when also a voltage can be applied to the 

conductive tip to obtain information towards e.g. the influence of mechanical 

properties to surface charge. Force measurements at soft samples suffer from 

penetration of the tip into the material, when conventional sharp AFM tips are used. 

Butt and Ducker et al. introduced a technique termed colloidal AFM probe 

technique using a spherical AFM tip, reducing the mechanical pressure due to a 

large contact area between the sphere and the sample surface (Butt, 1991a; 

Ducker et al., 1991). To date, such colloidal probes are used for forces 

spectroscopic measurements to quantify adhesion and elastic properties like 

Young’s modulus and stiffness. Recently, a conductive colloidal AFM-SECM probe 

was introduced, which bears a spherical electrode at an insulated AFM cantilever 

(Knittel et al., 2016c). Such probes were used for single-cell force spectroscopy 

(SCFS) at fibroblasts using a PEDOT:PSS modified colloidal probe, offering the 

possibility to probe the cell surface at different potentials. The concept of 

electrochemical surface modification of the spherical probe can be further extended 

with electropolymerizable films or electrocatalytically active layers, which were 

developed in the present thesis.  

 

1.2 Aim and Overview of the Thesis 

The present thesis focuses on (i) the fabrication, optimization and development of 

electrochemical SPM probes, (ii) on PDA as functional material and its controlled 

formation, characterization and (iii) its use in advanced electrochemical force 

spectroscopy and (iv) on modification of colloidal probes with electrocatalytic layers 

for the detection of analyte molecules such as H2O2. This thesis was performed in 

the framework of the graduate training school PULMOSENS GRK 2203 (lat. pulmo: 

lung), which is among other topics, focused on developing innovative integrated 

microscale, multimodal and high-resolution sensors. In the framework of this PhD 
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project, novel miniaturized biosensors that can be used in combination with 

scanning probe techniques for detection of signaling molecules not solely limited 

for the investigation of lung epithelial cells were developed. Consequently, the 

research presented in this cumulative dissertation is focused on three main topics: 

 

I. Scanning electrochemical probe microscopy with novel functionalized 

colloidal AFM-SECM probes.  

One paper was published in a high-ranked journal, demonstrating for the 

first time a colloidal BDD AFM-SECM probe. A robust bifunctional probe 

exploiting the excellent electrochemical properties of BDD for a multitude of 

different scanning probes studies including conductive AFM, AFM-SECM, 

electrochemical force spectroscopy and tip-integrated sensing was 

developed by using a spherical BDD electrode attached to a modified silicon 

nitride cantilever. The results are summarized in the journal article: 

“Multifunctional Boron-Doped Diamond Colloidal AFM Probes” 

(Paper I). 

Electrochemical force spectroscopy was evaluated in respect to switchable 

surface groups of PDA-modified conductive colloidal AFM-SECM probes. A 

slight adjustment of the experimental parameters for the electrochemical 

pulse deposition of PDA (described in Paper III) allowed reproducible 

modification of the colloidal AFM-SECM probes with thin films of PDA. As 

the surface potential of the PDA-modified probes can be altered by applying 

a potential, the influence on the adhesion forces could be in-situ investigated 

on model substrates and on Pseudomonas fluorescens bacterial cells. The 

results are presented in a journal article which was published: “Redox 

Switchable Polydopamine-Modified AFM-SECM Probes: A Novel Probe 

for Electrochemical Force Spectroscopy” (Paper II). 

II. Polydopamine as an interface in biomedical research. 

A protocol for a rapid micro-structured deposition of polydopamine films 

using SECM in direct mode was established, which offers good control of 

the achieved polymer film thickness. The film morphology of these PDA 

microspots is significantly different from bulk deposited films. A thorough 

characterization of the films in respect to surface roughness, film thickness 
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and electron transfer behavior was also performed. This research was 

published as: “Micro-Structured Polydopamine Films via Pulsed 

Electrochemical Deposition” (Paper III). 

 

III. Detection of signaling molecules with modified ultramicroelectrodes. 

The detection of signaling molecules is of particular importance as 

biochemical reactions induce intracellular signaling via specific signaling 

molecules. UMEs possess improved signal-to-noise ratios and fast 

response times that allow electrochemical measurements in real-time in bulk 

solution or at discrete locations (e.g. inside or near the surface of cells) to 

measure concentrations of the target analyte. It was shown in Paper I that 

multifunctional colloidal BDD AFM-SECM probes can be used for the 

detection and quantification of dopamine and ascorbic acid. Quantitative 

detection of H2O2, a stable representative of the ROS, may contribute to gain 

fundamental knowledge about cellular processes involved in 

pathophysiology of cancer, inflammations, and metabolic disorder. 

Electrocatalytically modified microelectrodes were optimized for the 

electrochemical H2O2 detection minimizing possible interference problems 

with molecules usually present in real-world samples. For this purpose, 

Prussian blue (PB) and platinum black modified microelectrodes were used 

in combination with a homebuilt setup to detect extracellular H2O2 levels at 

granulocytes and peripheral blood mononuclear cells (PBMCs). The results 

are currently under review as: “Electrocatalytically Modified 

Microelectrodes for the Detection of Hydrogen Peroxide at Blood Cells 

from Trauma Induced Swine” (Paper IV). 

Microbiosensors for ATP are a strong research focus, as ATP belongs to the 

most important signaling molecule in eukaryotic cells. The immobilization of 

enzymes is a crucial part in biosensor development determining analytical 

figures of merit such as limit of detection, linear ranges, stability and 

robustness. Immobilization of glucose oxidase and hexokinase in 

(poly)benzoxazine films was evaluated for ATP detection under 

physiological conditions. Enzyme-modified microelectrodes were used to 

detect ATP in combination with SECM using a two-compartment 
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electrochemical cell. ATP release was determined from inverted vesicles 

from E. coli or P. putida. The work is published as: “Time-Resolved ATP 

Measurements during Vesicle Respiration” (Paper V). 
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2. Theoretical Background 

This chapter describes the theoretical background and underlying fundamental 

principles of the used analytical techniques: AFM, SECM and AFM-SECM. The 

AFM chapter focusses particularly on force spectroscopy. Furthermore, chemo/bio-

sensing is introduced with a special focus on BDD for sensing applications.  

 

2.1 Atomic Force Microscopy 

Binnig and Rohrer introduced the scanning tunneling microscope (STM) in 1981 

(Binnig et al., 1982), a groundbreaking invention, which was honored with the Nobel 

Prize in physics. The drawback of STM that only conducting or semiconducting 

surfaces can be probed, AFM was introduced, which has the advantage of imaging 

almost any type of samples. First introduced in 1986 by Binnig, Quate and Gerber 

(Binnig et al., 1986) - AFM is nowadays a routine tool to determine the morphology 

and surface roughness and intermolecular forces down to the nanoscale level with 

atomic-resolution on a wide variety of materials, ranging from soft samples such as 

living cells to hard samples like diamond. With more than 95.000 publications to 

date (Web of Science search (date: 03/2020) for the topic AFM), AFM is the most 

used and most important SPM method. 

Despite its versatility and existing developments, there is still room for further 

improvements regarding imaging speed (Ando, 2018) and multifunctional probe 

development to obtain a complementary information simultaneously or using one 

AFM probe for different experiments. Also, in this regard, efforts are made on the 

hyphenation of techniques. To date, hyphenations of AFM with optical microscopy 

(e.g. AFM-CLSM (Moreno Flores et al., 2009)), spectroscopy (e.g. TERS (Schmid 

et al., 2013)), other scanning probe techniques (e.g. AFM-SECM, detailed 

description in chapter 2.3) and mass sensitive methods exist (e.g. AFM-QCM 

(Hayden et al., 2003)) (for more details see review (Eifert et al., 2014)). But also, 

research and development in hardware and imaging modalities are still ongoing, 

e.g. by increasing the imaging rate. Nowadays measurements at video rate are 

feasible, as recently reviewed (Schitter et al., 2008). 
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Numerous reviews show a multitude of applications ranging from mechanobiology 

over DNA sequencing to corrosion studies and investigations of 2D materials 

(Alessandrini et al., 2005; Alsteens et al., 2017; Jalili et al., 2004; Krieg et al., 2019; 

J. Zhong et al., 2016). 

A simplified setup of an AFM is shown in Figure 1. 

 

Figure 1. Simplified schematic of an AFM setup. The motion of the cantilever is 

monitored by an optical read-out system through reflection of a laser beam onto a 

four-split photodiode (green: deflection, yellow: friction). 

 

The principle of AFM is based on the measurements of the force interaction 

between a sharp tip located at the end of a cantilever with typically lengths of 100-

200 µm and a substrate. Nowadays, AFM probes are typically micro-fabricated 

from silicon or silicon nitride, providing well-defined geometrical and physical 

properties. In the simplest case, the forces can be approximated by the Lennard-

Jones potential curve as shown in Figure 2. While at large distances attractive van-

der-Waals forces occur, at short separations repulsive forces arise due to the 

overlap of electron orbitals of tip and sample (Pauli repulsion). During the scanning 

process the deflection of a laser beam, focused on the backside of the cantilever, 

is reflected on a four-segment photodiode and monitored. By subtraction of the 

photocurrent between the individual independent photodiode read-out areas, 

vertical and horizontal deformation of the probe can be monitored. 
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Figure 2. Simplified Lennard-Jones potential curve indicating the force regimes for 

the different operation modes of AFM. 

 

In a typical scanning experiment, the cantilever deflection is used as input signal 

for an electronic feedback loop that regulates the position of the tip by adjusting the 

scanner in z-position to hold the deflection and with that the total force applied to 

the sample constant. The feedback loop keeps the output deflection of the AFM 

equal to a predefined setpoint. Integral and proportional gains in AFM are used to 

respond to the signals of the photodetector and describe how the feedback loop 

adjusts the z position to deviations from the setpoint value. As the piezoelectric 

transducers have a response time to the applied voltage, the resulting error in the 

feedback loop must be compensated properly so that the system responds 

sufficiently fast to changes in topography, thus keeping the overall error at a 

minimum. While the proportional gain adjusts the difference between predefined 

setpoint and measured deflection (error signal) by a specified value and corrects 

proportionally to the magnitude of the error signal, the integral gain sums the error 

over time and is therefore the more sensitive feedback control. For both gains, 

increasing the value leads to faster reaction of the AFM to changes in topography. 

However, at high gains, oscillations may occur distorting the image. Usually, the 
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AFM instrument with an attached optical microscope is placed on a vibration-

damped table and preferably housed in an acoustic box. 

For imaging, the AFM can be operated in different modes, which can be divided 

into three categories: contact mode, non-contact mode and intermittent mode. 

Contact mode is discussed in more detail, as it was predominantly used in the 

experiments presented within this thesis. 

Two different approaches for contact mode exist: constant height (where the 

deflection of the cantilever is directly recorded and displayed. In constant height 

mode, the cantilever deflection due to changes in the force interaction are 

measured and used to calculate a topographic data set. Only atomically flat 

samples can be investigated. In constant height mode, the deflection of the 

cantilever and therefore the force between the sharp tip and the sample surface is 

held at a constant value using an electronic feedback loop, which adjusts the z 

position of the cantilever to keep the force interaction constant. The image is then 

generated from the z-motion of the scanner, and imaging speed is limited to the 

response of the feedback loop. Torsion along the cantilever axis can also be 

recorded (subtraction of the left and right parts of the four-segmented photodiode) 

to obtain a friction image yielding qualitative information about material composition 

(Schimmel et al., 1995). 

In non-contact mode, the tip is oscillated close to the sample surface, referring to 

the attractive force part of the Lennard-Jones potential curve and is frequency-

modulated (FM-AFM). FM-AFM is either performed in vacuum or in solution to 

avoid strong (attractive) capillary forces present in ambient conditions and allows 

high resolution imaging down to atomic resolution (Fukuma et al., 2005). In AM-

AFM, the cantilever is driven at its resonance frequency and the amplitude variation 

when approaching to the surface is fed into a feedback loop, maintaining a constant 

distance and monitoring amplitude changes to construct a topographic image 

(Albrecht et al., 1991). 

In intermittent mode (Cleveland et al., 1993; Fritz et al., 1995; Hansma et al., 1994; 

Zhong et al., 1993), the sample surface is periodically touched by the AFM tip. This 

mode combines the advantage of contact- and non-contact mode, as frictional 

forces are eliminated by intermittently touching the surface. The cantilever is 

oscillated to prevent the tip from being in continuous contact with the sample 

surface. The topographical image is acquired by measuring amplitude changes due 
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to the damping in respect to the sensed forces. Phase shifts can be also recorded 

and provide similarly to friction mapping, qualitative information on composition of 

the investigated material. The force impact on the sample surface is significantly 

reduced, why this mode is mostly used for soft samples as damage of the sample 

is significantly reduced (compared to contact mode). However, scan speeds are 

much slower. 

 

2.1.1 Force Measurements 

Besides its high-resolution imaging capabilities, AFM is also a powerful tool for 

force measurements (force spectroscopy, FS). Force spectroscopy has many 

applications and is a useful technique to directly measure the force interactions 

between material interfaces, determining mechanical properties such as adhesion, 

stiffness, rupture forces and indentation depth down to the single-molecule level. 

Apart from mechanical properties, also cell mechanics are accessible and 

quantitative analysis of stretching of molecules tethered between sample and tip to 

study unfolding events (e.g. in proteins) is another focus of FS. Molecule-material, 

molecule-molecule, and unfolding of polymers interaction were studied within the 

scope of this thesis. 

Key aspects, which need to be taken into consideration for force measurements, 

are the geometry of the AFM probe and its interaction with the sample interface as 

probes differ in shape, resonance frequency, spring constant, etc.. Soft cantilevers, 

usually made of silicon nitride, are preferable to measure forces in the pN range. 

Silicon nitride cantilevers are more flexible and can be microfabricated thinner 

compared to silicon cantilevers and therefore have lower stiffness and spring 

constants. Both rectangular- or triangular (V)-shaped cantilevers of different 

lengths can be used in FS in air or liquid. 

For quantitative evaluation of the data, the spring constant has to be determined 

as the values provided by the manufacturers are only nominal values, significantly 

deviating from the actual value. The thermal noise method is predominantly used 

to determine the force constant. The cantilever fluctuations as a function of 

frequency are measured, and as the intensity of the fluctuations of the cantilever at 

a given temperature solely depend on the spring constant, it can be fitted using a 
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Lorentz function (Hutter et al., 1993). Additionally, the deflection sensitivity is 

required, which is obtained from the linear slope of the repulsive contact part of the 

F-D curve, measured on a hard substrate. Other methods to determine the actual 

spring constant value of a cantilever are using a reference cantilever (Hinterdorfer 

et al., 1996), FIB milling (Slattery et al., 2012), deposition of well-defined masses 

onto the cantilever (Cleveland et al., 1993), the so-called Sader method, which 

involves only the measurement of the resonant frequency and quality factor of the 

cantilever in fluid (Sader et al., 1999), or by geometrical considerations (Poggi et 

al., 2005). 

FS is based on force-distance (F-D) curves, where the cantilever is approached to 

the sample surface until a defined setpoint force is detected and is then retracted 

again, while the deflection of the probe is recorded. As in real samples recorded 

forces exhibit large variabilities, reflecting the heterogeneity of the sample, 

accurate and meaningful data requires statistical analysis of many F-D curves by 

repeating the FS experiment. Force measurements can be recorded at different 

locations of the sample, e.g. to determine the heterogeneous distribution of 

adhesion forces across the sample surface. Form the obtained deflection – piezo-

displacement curve and taking the spring constant and deflection sensitivity into 

consideration, a quantitative force-distance (F-D) curve is calculated. From the 

approach, contact and retract part of the F-D curve, several material properties can 

be derived, such as stiffness (Young’s modulus), adhesion (non-specific, cell-

surface interactions or ligand-receptor interaction, depending on the sample) and 

e.g. protein unfolding events or determination of contour lengths of polymers 

(Paper II). The retraction part of the F-D curve can exhibit complex features 

depending on the sample and AFM tip used and can provide valuable information 

about the interaction forces. From the retract part of the curve, the adhesion force 

can be determined. Any attractive force between the sample and AFM tip can 

contribute, however mostly van-der-Waals forces are superimposed by capillary 

forces in air, as typically the samples contain a condensate of water at the surface 

when operated under ambient conditions. Electrostatics and hydrophilicity of 

sample and tip also contribute to the measured adhesion force, as a formed 

capillary meniscus on the surface of a hydrophilic sample results in higher 

adhesion. From the Derjaguin, Landau, Vervey and Overbeek (DLVO) theory, it is 

known that in solution high salt concentrations screen electrostatic interactions 
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(Derjaguin et al., 1993). The electrostatic force decreases exponentially with 

distance and can be reduced by imaging in high salt concentrations (Butt, 1991b). 

The adhesion force can be measured at the point of maximum attractive force 

(Johnson, 1997). When investigating cells or polymers, contour lengths (length of 

a polymer chain at maximum physically possible extension) and pull-off events are 

directly accessible from the retract part of the F-D curve (Hugel et al., 2001). From 

the trace part of the F-D curve, indentation and stiffness, active forces (e.g. 

generated by cells) can be derived (Carvalho et al., 2012). For a hard sample (grey 

curve in Figure 3d), basically no indentation is observed. At soft samples (black 

curve), the tip can readily indent the sample and from the sample deformation 

elastic parameters can be calculated. 

Figure 3 shows the F-D curves of a schematic force spectroscopy experiment and 

the information that can be obtained from force curves. During approach (blue 

curve in Figure 3b) the AFM tip makes contact with the sample, indicated by the 

snap-in point. Upon further approaching, the probe reaches a predefined setpoint 

force and is retracted again. In the retract part (red) of the F-D curve the maximum 

adhesion is recorded. 
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Figure 3. a) Schematic of an AFM force spectroscopy experiment. An AFM probe 

is approached and retracted to and from a substrate surface. b) Corresponding F-

D curve. c) Exemplary F-D curves (only retract part is shown) indicating parameters 

that can be obtained from the retract part (adhesion force, adhesion energy 

(dissipation), or features from polymers (steps with contour lengths)). Mechanical 

information such as adhesion energy and maximum adhesion force can be 

obtained. In the lower curve, individual polymer pull-off events are shown, where 

step size of the measured forces or contour lengths can be derived from. d) F-D 

curve (only approach part) on two substrates with different hardness.  

 

An entire force measurement usually takes only a couple of seconds, including 

approach, snap-in, possible dwell time with maximum force and withdrawal of the 

probe. The experiment starts with the AFM tip being retracted e.g. some µm from 

the surface and thus, tip- sample surface forces are absent and the cantilever is 

not deflected. When approaching the surface, shorter-range attractive forces such 
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as van-der-Waals or capillary forces become apparent and once the attraction force 

gradient has reached the value of the spring constant, snap-in occurs (Janshoff et 

al., 2000). In repulsive contact with the sample surface, the AFM tip can be further 

pushed towards the surface to investigate the viscoelastic properties of the sample. 

Sample displacement and tip displacement are proportional. When retracting the 

cantilever, the repulsive forces decrease until the tip snaps off the surface again. 

Force measurements on soft samples such as cells can be challenging and caution 

must be exercised, as although generally pN-to nN forces are applied, the exerted 

pressure at the contact point can get extremely high, which may cause tip and 

sample damage. AFM probes with a nominal tip radius of 8 nm (e.g. RTESPAW, 

Bruker, Germany) and a setpoint force of 200 nN exert a pressure of 50000 kPa 

(𝜌  = F/(2πr2)). To overcome this problem, colloidal AFM probes can be used 

instead of sharp AFM tips. Ducker et al. and Butt independently introduced the so-

called colloidal AFM probe technique in 1991. Thereby, a sphere is glued on a 

tipless AFM cantilever to increase the contact area between the AFM probe and 

the sample and thus decreasing the mechanical pressure on the investigated 

substrate (Butt, 1991a; Ducker et al., 1991). Due to their large surface area 

compared to sharp AFM probes, the colloidal probe offers the advantage of 

exerting low pressure. A colloidal probe with tip radius of 2.5 µm and a setpoint 

force of 200 nN results in a reduced pressure of only 5 kPa. Also, colloidal probes 

are preferably used for quantification of interfacial forces, as the contact radius 

needs to be higher than the separation distance, which is not given for sharp AFM 

tips with a tip radius in the range of 2 – 80 nm (Hilal et al., 2006). 

The elastic modulus (Young’s modulus) can be derived from indentation curves, 

described by different models in dependence of the used AFM tip geometry. In the 

Hertzian model (Hertz, 1882), a rigid sphere is indenting a soft surface, assuming 

adhesion is absent. The more accurate model for spherical indenters, the 

Derjaguin-Muller-Toporov (DMT) model, takes long-range attractive forces such as 

adhesion force into consideration (Derjaguin et al., 1975). By substituting the zero-

indentation point in the equation of the Hertz model with the point of maximum 

adhesion and using the retract part of the F-D curve, the Young’s modulus can be 

calculated. These two models, Hertz and DMT, are presented in the scheme shown 

in Figure 4a and equations 1 and 3, respectively. The models are not valid for sharp 

AFM tips or high indentations along with strong deformations. 
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The Sneddon model (Figure 4b, equation 2) is based on a rigid cone that is 

truncated into the surface (Sneddon, 1965). Here, adhesion and viscoelastic 

parameters are neglected. 

This model is more suitable for strong deformations and high aspect (sharp) AFM 

tips. However, the model is only suitable if the indentation is significantly larger than 

the radius of the AFM tip. 

 

Figure 4. Scheme of the different indentation models: a) Hertz sphere-on-a-flat 

model and DMT model using a spherical indenter, b) Sneddon cone-on-a-flat model 

using a conical indenter. 
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Here, Es is the Young’s modulus, νs the Poisson ratio of the sample, r the radius of 

the tip curvature, α the half-cone angle of the conical tip, δ the indentation, δm the 

indentation at maximum adhesion distance and Fadh is the adhesion force. 

Force spectroscopic investigations have been carried out in the present thesis 

using colloidal AFM probes as they provide quantitative mechanical information 

due to well-defined contact area in FS experiments (see also conductive colloidal 

AFM-SECM probes in chapter 2.3). 
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2.2 Scanning Electrochemical Microscopy 

SECM is a versatile electroanalytical scanning probe technique for the investigation 

of sample topography and mapping chemical reactivity at the sample/liquid 

interface. The principle of mapping with microelectrodes was already introduced 

shortly after STM in 1989 concurrently by Bard and Engstrom (Bard et al., 1989; 

Engstrom et al., 1989). To date, there are still many instrumental as well as probe 

developments and novel applications as summarized in numerous recent reviews 

(L. Huang et al., 2018; Izquierdo et al., 2018; Polcari et al., 2016; Zoski, 2016). 

Applications range from biology/biomedical research, to energy-related topics in 

battery research and electrocatalysis, and corrosion science. These applications 

include electrochemical imaging, mapping redox processes in biomedically 

relevant scenarios (G. Chen et al., 2013; Rotenberg et al., 2004), living cell studies 

(Tsionsky et al., 1997; Yasukawa et al., 1998), surface structuring (Wuu, 1989) and 

investigations of batteries (Szot et al., 2009) or fuel cells (Kishi et al., 2010). Despite 

it was originally developed to study materials (Engstrom et al., 1989; Hüsser et al., 

1989), more and more biological applications have been demonstrated (Beaulieu 

et al., 2011; L. Huang et al., 2018; Rotenberg et al., 2004; Tian et al., 2019), e.g. 

the detection of molecules released from cells (Mauzeroll et al., 2004) after 

stimulation or measuring oxygen consumption of living cells (Nebel et al., 2013). 

Monitoring of signaling molecule release, e.g. ATP, can also be carried out using 

biosensors in combination with SECM (Fois et al., 2018; Hecht et al., 2013; Kueng 

et al., 2004, 2005b; Ziller et al., 2017). 

Ongoing SECM research is dedicated improving the achievable resolution towards 

nanoscale mapping.  

The basic principles of SECM are briefly introduced (chapter 2.2.1) and SECM-

based determination of electron transfer kinetics at solid/liquid interfaces is 

separately described in detail in (chapter 2.2.2). 

2.2.1 Fundamentals 

Typically, an ultramicroelectrode with diameters of < 25 µm is used as scanning 

probe in SECM, which defines among other parameters the spatial resolution of 

measurement. The dimensions of the insulating sheath (e.g. glass) around the 

conductive wire of the electrode are crucial, as the current flow depends on the RG 
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value, which determines the ability to block diffusion towards the active electrode 

surface in close proximity to an insulating sample surface (Amphlett et al., 1998). 

The RG value is defined as the ratio between the insulator thickness (rglass) and the 

radius of the microelectrode (rT) and is typically 10 or less in SECM experiments 

(equation 4). 

𝑅𝐺 =
𝑟glass

𝑟T
     (4) 

UMEs are characterized by enhanced mass transfer due to hemispherical diffusion, 

reduced ohmic (iR) drop, reduced double layer capacity and rapid response times 

(Wightman, 1981). The current–time dependence of disc-shaped macroelectrodes 

for diffusion-controlled conditions in case of fast electron transfer kinetics is given 

by the Cottrell equation (equation 5); for microelectrodes, the current response is 

given by the modified Cottrell equation (equation 6) (Bard et al., 2001), which 

contains an additional term reflecting enhanced mass transfer. After the formation 

of the diffusion layer, the first term in equation 6 is neglectable and the measured 

current becomes time-independent. As the diffusion properties change from planar 

to hemispherical when decreasing the size of electrode, the current becomes 

inverse proportional to the radius of the UME. Figure 5 shows schematically the 

diffusion profiles at disc-shaped micro- and macroelectrodes along with simulated 

CVs using the same parameters. 

𝑖(𝑡) =
𝑛∙𝐹∙𝐴∙√𝐷0∙𝑐0

√𝜋∙𝑡
          (5) 

𝑖(𝑡) =
𝑛∙𝐹∙𝐴∙√𝐷0∙𝑐0

√𝜋∙𝑡
+  

𝑛∙𝐹∙𝐴∙𝐷0∙𝑐0

𝑟0
         (6) 

i is the current, t is the elapsed time, n is the number of electrons, F is the Faraday 

constant, A is defined as the active electrode area, D0 is the diffusion coefficient of 

the electroactive species, c0 is the concentration of the electroactive species and 

r0 the radius of the electrode. 
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Figure 5. Diffusion profiles at a) microelectrode (hemispherical diffusion) and b) 

macroelectrode (planar diffusion). Schemes are not in scale. c) Simulated cyclic 

voltammograms of disc-shaped electrodes with different diameters (red: d = 10 µm, 

black: d = 3 mm). Cyclic voltammograms were simulated using the following 

parameters: reaction: A → B + e-, E0 = -0.2 V, k0 = 10-3 cm s-1, α = 0.5, [A] = 5 mM, 

DA,B = 5.84·10-6 cm2s-1 using DigiElch 8 (ElchSoft Simulation Software & 

Experience, Germany). 

 

For microelectrodes, enhanced mass transfer due to hemispherical diffusion 

results in a steady-state response in which a limiting current is attained, whereas 

at macroelectrodes, a peak response is obtained with a peak separation of 56 mV/n 

for a redox process with fast electron transfer kinetics. The current decay after the 

peak shows the Cottrell decay due to mass transport. Figure 6 shows schematically 

a linear sweep voltammogram (LSV) for a disc macro- and microelectrode. 
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Figure 6. LSV showing a peak response associated with a macroelectrode in a), 

and b) a steady-state response associated with a disc microelectrode. 

 

In this thesis microelectrodes with varying diameters and shapes were used. The 

steady-state currents for disc-shaped (hemispherical diffusion, equation 7) and 

colloidal AFM-SECM probes (spherical diffusion, equation 8), are described by 

following equations (Bard et al., 2001): 

𝑖SS = 4 ∙ 𝑛 ∙ 𝐹 ∙ 𝐷0 ∙ 𝐶0 ∙ 𝑟0         (7) 

𝑖SS = 4𝜋 ∙ 𝑛 ∙ 𝐹 ∙ 𝐷0 ∙ 𝐶0 ∙ 𝑟0         (8) 

In SECM, the UME is scanned in close proximity, e.g. 2-3 radii of the electroactive 

wire, across the sample surface typically in constant height. The SECM setup 

consists of a (bi)potentiostat with three or four electrodes: the UME as working 

electrode, which is mounted on the positioning system, the reference electrode, 

counter and if needed, the sample as the second working electrode. The recorded 

tip-current changes from a bulk signal (eq. 7) to a local response once the probe is 

approached sufficiently close to the sample surface. When the UME is scanned 

above the surface, the signal (e.g. faradaic current) is recorded as a function of 

probe position and results in a three-dimensional map. Dependent on the operation 

mode of the SECM, electrochemical current, potential or AC-components may be 

measured by the probe on either conductive, semiconductive or insulating 

samples. When operated in feedback mode (a redox species with fast electron 

transfer kinetic is added to solution), the current at the SECM tip increases when 

sufficient potential is applied to the UME to drive the redox reaction while 

approaching a conductive surface (positive feedback) and decreases at insulators 

(negative feedback). The redox species is regenerated at the conducting sample 
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surface, which results in an enhanced current, whereas at the insulating surface, a 

decreased current is obtained, due to hindered diffusion. This is shown 

schematically in Figure 7 along with theoretical approach curves (detailed 

description in chapter 2.2.2). In a scanning experiment, the tip is moving above the 

sample surface either in the common constant height or constant current mode 

(Wipf et al., 1993). 

 

 

Figure 7. Schemes of SECM feedback mode a) for negative feedback at an 

insulating sample, b) for positive feedback at a conducting surface. Theoretical 

approach curves for an UME with RG = 10. c) Negative feedback at an insulating 

surface and d) positive feedback for an ideal conductor. The approach curves were 

calculated following the equations 9 and 10 discussed in chapter 2.2.2. 

 

Besides the feedback mode, substrate-generation/tip-collection (SG/TC) mode or 

tip-generation substrate-collection (TG/SC) (Bard et al., 1989; Engstrom et al., 

1989), redox competition (RC) (Eckhard et al., 2006), direct mode (Wuu, 1989) and 

potentiometric mode are schematically shown in Figure 8. Experiments in any of 

the generation/collection modes can be performed either in potentiometric or 

amperometric mode. Either SG/TC or TG/SC mode can be used to determine the 
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chemical flux or concentration profile from a substrate to the tip or vice versa, which 

is often used for corrosion or enzymatic studies (Sorriano et al., 2013; Wittstock, 

2001). In SG/TC (Figure 8a), the electroactive species (O) is produced at the 

substrate and collected at the biased tip (O + ne- → R). Both tip and substrate 

currents are measured simultaneously using a bipotentiostat. 

 

Figure 8. Schemes of various SECM operational modes. a) SG/TC mode, b) TG/SC 

mode, c) redox competition mode, d) direct mode (grey field indicates the restricted 

area under the UME where the electric field is present. 

 

Surface catalytic activity and corrosion processes can also be mapped in the redox 

competition mode, shown schematically in Figure 8c. The two electrodes compete 

for the redox-active species and currents are measured at the SECM tip to e.g. 

map catalytic spots and correlate substrate activity with obtained currents. 

In the direct mode of the SECM (Figure 8d), the UME serves as counter electrode 

and the substrate as working electrode. If the UME is in close proximity to the 

surface, the electric field is restricted between tip and substrate. In this 

arrangement, localized depositions can be performed, e.g. with conductive 

polymers or metals (Meltzer, 1995; Wuu, 1989). 

 

2.2.2 Current-Distance Curves 

When the UME is in close proximity to the substrate surface, the measured tip 

current increases (conductor) or decreases (insulator) due to enhanced or hindered 

diffusion of an artificially added redox mediator. Besides approaching the UME to 

position the probe before a scanning experiment, approach curves can also be 

used to determine finite reaction rates. If the reaction rate is small, only negligible 

regeneration of the redox species in solution occurs and the substrate acts like an 
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insulating material with hindered diffusion. With increasing reaction rate, positive 

feedback occurs with an earlier onset of the increasing current. If the substrate 

reaction is fast enough, the approach curves shows full positive feedback without 

being dependent of the reaction rate (mass-transfer control). To determine the finite 

reaction rate, an approach curve is recorded, normalized and fitted to an 

appropriate model. Pure negative and pure positive feedback can be calculated 

according to equations 9 and 10, respectively. 

𝐼(𝐿) = (𝑘1 +
𝑘2

𝐿
+ 𝑘3 ∙ 𝑒

𝑘4
𝐿⁄ )

−1

    (9) 

𝐼(𝐿) = 𝑘1 +
𝑘2

𝐿
+ 𝑘3 ∙ 𝑒

𝑘4
𝐿⁄      (10) 

k1, k2, k3,and k4 are constants, which depend on the RG value and can be fitted 

according to the model of Amphlett and Denuault (Amphlett et al., 1998). Figure 9a 

shows different simulated approach curves for pure negative feedback according 

to varying RG values. For higher RG values, hindered diffusion for redox-active 

molecules increases, resulting in an earlier onset of the decreasing current, 

whereas for smaller RG values, the electrode can be approached closer to the 

sample surface until the decrease in current starts, as the hindered diffusion 

towards the probe is less with a smaller diameter of the glass shielding. For positive 

feedback (Figure 9b) the trend is the same as for smaller RG values the onset of 

the increasing current occurs at closer distances, however not as pronounced as 

for negative feedback. The distance (x-axis) in approach curve experiments is 

expressed as L (z-position (d) divided by the radius a of the UME). 

 

Figure 9. Simulated approach curves for a) negative feedback and b) positive 

feedback in relation to RG values calculated using equations 9 and 10, 

respectively. 
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To determine heterogeneous electron transfer rate constants, an analytical function 

with L, keff and RG as variables was introduced (equation 11) and is therefore useful 

for almost all SECM experiments (Mirkin et al., 1993). Experimental data can be 

fitted by Lefrou’s approach (Cornut et al., 2008). 

For a RG value of 10, the equation 11 simplifies to equation 12 and current-distance 

curves for irreversible heterogeneous reaction occurring at the substrate can be 

calculated. 

 𝐼(𝐿) = 𝐼𝑇
ins(𝐿) +  𝐼𝑆

kin(𝐿) (1 −
𝐼𝑇

ins(𝐿)

𝐼𝑇
con(𝐿)

)   (11) 

𝐼𝑠
kin(𝐿) =

0.78377

𝐿(1+
1

𝜅∙𝐿
)

+
0.68+0.3315𝑒

(
−1.0672

𝐿
)

1+
11

𝜅∙𝐿⁄ +7.3

110−40𝐿

  (12) 

𝐼T
ins and  𝐼T

con  are normalized currents related to the insulating substrate and the 

diffusion-controlled regeneration of the redox species, respectively. 𝐼s
kin(𝐿) is the 

kinetically controlled substrate current, κ is a dimensionless rate constant (κ = 

keff·rT/D) where D is the diffusion coefficient of the redox mediator and keff is the 

apparent first-order heterogeneous reaction rate constant. To determine the 

dimensionless rate constant κ in a SECM experiment, analytical approximations 

are carried out and fitted to the experimental data as demonstrated in Paper III. 

Figure 10 shows simulated approach curves for different rate constants κ. 

,  

Figure 10. Simulated approach curves for different limited reaction rates with 

κ =10-5 to κ =4. 
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At small L, the mass transport is significantly enhanced, and this effect becomes 

more pronounced at high κ. 

 

2.3 AFM-SECM 

In a conventional SECM experiment, electrochemical activity, but also 

topographical information can be detected by changes in the current signal. As the 

resulting current consists of topographical and electrochemical information, this 

might lead to an erroneous interpretation of electrochemical properties of the 

sample, when highly localized measurements with sub-micrometer or nanometer-

sized electrodes are carried out. To overcome the convolution of current response 

and topography, several approaches were developed to obtain a current-

independent topographical signal. Shear-force dependent detection derived from 

scanning near field optical microscopy was introduced as current independent 

positioning of the SECM tip (James et al., 1998; Ludwig et al., 1995). Efforts have 

been dedicated to combined scanning probe techniques with SECM (Kranz, 2014). 

One strategy is the integration of an electrode into an AFM tip and thus combining 

the capabilities of AFM and SECM. AFM-SECM, introduced in 2000 (Macpherson 

et al., 2000) counts more than 70 publications (Web of Science search (date 

03/2020) for the topic AFM-SECM). Since the first publications, significant 

advancements in probe design and fabrication have been reported. Nowadays, 

many different probe designs exist, recently summarized by Patel and Kranz (A. N. 

Patel et al., 2018) and Shi et al. (Shi et al., 2020). Available probes can be grouped 

according to their geometry in conical (Gullo et al., 2006; Macpherson et al., 2000), 

triangular (Dobson et al., 2005, 2006), spherical (Abbou et al., 2004; Daboss et al., 

2019; Dobson et al., 2006; K. Huang et al., 2013; Knittel et al., 2016c; Rodriguez 

et al., 2011), ring (Shin et al., 2007, 2008; Smirnov et al., 2011), disc (Salomo et 

al., 2010; Velmurugan et al., 2017; Wiedemair et al., 2010), recessed disc (Davoodi 

et al., 2005; Knittel et al., 2016a) and frame electrodes (Eifert et al., 2015; Kranz et 

al., 2001). 

The first AFM-SECM probe consisted of an etched, bent and insulated platinum 

microwire, with an exposed conical electrode (Jones et al.,1999). When using such 

a probe, the electrode is in direct contact with the sample surface, which is 
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problematic for several reasons. Metal tips are softer compared to silicon or silicon 

nitride AFM tips and more susceptible to tip wear. When operated in contact mode, 

contamination of the AFM tip always plays a role (surface fouling of the electrode) 

and when measuring with protruding electrodes, the electrochemical response may 

be significantly altered during the experiment. Biased conductive substrates are not 

accessible using such probes in contact mode, as short-circuits may occur. To 

overcome this problem, different approaches have been pursued. After imaging an 

area of interest in contact mode, the tip can be retracted, and the same area can 

be re-scanned in a fixed distance to the sample surface to obtain the 

electrochemical information. Another possibility is the so-called lift mode, where 

after scanning a line in contact mode, the same line is rescanned with the tip being 

retracted from the surface (Davoodi et al., 2005, 2007; Dobson et al., 2005; Z. 

Huang et al., 2016; Macpherson et al., 2001; Nellist et al., 2017; Wain et al., 2014). 

Nowadays, probes for usage in lift-mode are commercial available (e.g. Bruker 

PeakForce SECM probe, Bruker, Germany). Another probe design was presented 

by Kranz et al. with a recessed electrode integrated into the AFM tip using FIB 

microfabrication (Kranz et al., 2001). Microfabricated silicon nitride probes with a 

frame electrode recessed from a sharp thorn are used in this approach, enabling 

contact mode measurements prevent the electrode from contamination or short-

circuiting without the need of a second imaging pass. It was also demonstrated that 

intermittent mode can be combined with AFM-SECM and is beneficial as compared 

to lift mode, only one pass is necessary and due to the only periodically touching 

with the surface, tip wear and electrode fouling are reduced (Knittel et al., 2016b; 

Kueng et al., 2003b, 2003a; Rodriguez et al., 2011). 

2.3.1 Fabrication 

AFM-SECM probes can be either microfabricated by electron beam, 

photolithography or focused ion beam, or bench-top fabricated by chemical etching 

or spark etching. Additionally, different electrode materials can be used ranging 

from gold, platinum to BDD. For the AFM-SECM studies carried out in this thesis, 

spherical AFM-SECM probes were fabricated. Therefore, conductive colloids were 

electrically connected to a tipless AFM-SECM probe. 
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The fabrication of such spherical AFM-SECM probes will be discussed in detail as 

colloidal probes (gold and BDD coated spheres with diameters of 2.5 – 9.8 µm) 

have been fabricated within this PhD thesis as summarized in Figure 11.  

 

Figure 11. Modification examples of colloidal AFM-SECM probes for sensing and 

advanced electrochemical force spectroscopy. 

 

The fabrication of colloidal AFM-SECM probes presented in this thesis involves FIB 

processing. Based on complex phenomena of incident ions accelerated to the 

surface such as sputtering of neutral surface atoms or displacement of atoms in 

the solid, FIB processing can be used for four basic functions involving milling, 

deposition, implantation, and imaging (Kim et al., 2012). The flow chart of the 

fabrication sequence for colloidal AFM-SECM probes is shown in Figure 12. The 

AFM probe fabrication starts with the microfabrication of tipless probes by 

photolithography. Alternatively probes are also commercially available, however 

commercial AFM probes come along with a reflective coating. To use such probes 

for further modification, wet etching in aqua regia and subsequent cleaning with 

isopropyl alcohol and ultra-pure water is required to remove the reflective coating. 

To remove any organic contaminants and to ensure oxygen surface termination for 

good adhesion of the evaporated gold layer using a shadow mask (step 3), the 

probes are plasma-treated prior to evaporation. Bare gold coated AFM probes are 

then insulated using mixed silicon oxide/ silicon nitride layers with a total thickness 

of the insulating layer of 1 µm, except for a contact pad for later electrical contact 

of the spherical electrode. Disc electrodes are then exposed using insulator 

enhanced etching (IEE) by XeF2 assisted FIB milling, which shows enhanced 

etching rates and provides smooth top milling for silicon and silicon-based 

substrates (Nakamura et al., 1992). The size of the disc electrodes and position 
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can be readily altered, and the milling process can be monitored and stopped 

precisely to remove solely the insulating layer with the desired size to expose the 

conductive gold layer. An additional thin layer of gold can be electrochemically 

deposited on the exposed area to facilitate the attachment of the colloid. 

Micrometer-sized conductive spheres (gold or BDD) are attached to the disc 

electrode using UV-curable glue and a home-built micromanipulator assembly 

combined with an inverted microscope. Finally, the AFM chip is electrically 

connected to an electrode lead and fully insulated using UV-curable glue. As the 

whole cantilever including AFM chip are immersed into solution, insulation is crucial 

to avoid leakage currents. Electrochemical modification of the spherical electrode 

can then be performed e.g. via electrodeposition. The quality of the insulation, and 

subsequent fabrication steps, which involve tip modification are monitored by cyclic 

voltammetry. 

 

Figure 12. Flow chart for fabricating colloidal AFM-SECM probes. Electrochemical 

characterization is performed at steps indicated by ★. 

 

Using this protocol, differently sized disc and colloidal AFM-SECM probes were 

readily fabricated and characterized as exemplary shown in Figure 13 and in Figure 

14, respectively. The obtained steady-state currents are in agreement with 

theoretical calculations using equations 7 and 8. 
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Figure 13. a) SEM images of FIB-milled disc-shaped AFM-SECM probes with 

varying diameters, b) corresponding CVs in 10 mM [Ru(NH3)6]Cl3/0.1 M KCl, scan 

rate: 0.1 V s-1. 

 

 

Figure 14. a) SEM images of gold-coated colloidal AFM-SECM probes with varying 

diameters, b) corresponding CVs in 10 mM [Ru(NH3)6]Cl3/0.1 M KCl, scan rate: 

0.1 V s-1. 

 

2.4 Amperometric Sensors for Transducer Molecule Detection 

Electrochemical (bio)sensors translate (bio)logical information into an electrical 

signal by the use of electrodes as transducing element to e.g. monitor analyte 

concentrations or biological activity related to the analyte production or 
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consumption. They are composed of a biological recognition element, generally, 

biomolecules (e.g. enzyme, antibody, receptor, microorganism) to react with a 

targeted analyte molecule, an electrochemical transducer (electrodes) to detect the 

reaction and a read-out system. For electrochemical biosensors, the signal 

transduction can be e.g. potentiometric (reviewed in Koncki, 2007), , impedimetric 

(reviewed in Guan et al., 2004), voltammetric (reviewed in A. Chen & Shah, 2013) 

or amperometric ( reviewed in J. Wang, 1999). For biosensors, the recognition 

element is within or in close proximity to the electrode surface (e.g. by 

immobilization). Amperometric biosensors monitor the faradaic current at a fixed 

voltage. The working electrode of the sensor is usually a noble metal, such as gold 

or platinum, or a carbon material and current changes are related and proportional 

to the concentration of the target analyte species. Biosensors are required to have 

fast response times, wide dynamic ranges, inexpensive fabrication as well as high 

selectivity and sensitivity. Within the scope of this thesis, modified microelectrodes 

and enzyme-based microbiosensors were investigated and are discussed in more 

detail. The Clark oxygen electrode paved the way for the first biosensor of any type 

in 1962 (Clark et al., 1962). The first biosensor based on an enzyme-modified 

electrode was shortly after introduced in 1967 (Updike et al., 1967), by using 

glucose oxidase. 

Electrochemical enzyme-based biosensors are divided into three generations. 

Within the scope of the thesis only first generation biosensors were used which are 

briefly summarized. First generation biosensors measure the concentration of the 

substrate analyte or the products of an enzymatic reaction. The enzymatic reaction 

involves the consumption of molecular oxygen present in the solvent, which is 

directly detected by the decrease of oxygen or the increase of produced hydrogen 

peroxide. Electrons are transferred to dissolved molecular oxygen and either the 

decrease in oxygen concentration or the increase in the produced hydrogen 

peroxide can be measured. 

As it is required for a biosensor that the biological recognition element is in within 

or in close proximity to the transducer, immobilization by e.g. physical or chemical 

adsorption, cross-linking, covalent-coupling, entrapment or based on affinity. For 

enzyme-based biosensors these immobilization strategies have been reviewed in 

detail (Sassolas et al., 2012). Within the scope of the thesis entrapment-based 

electrochemical polymerization was performed to immobilize GOx and GOx/HEX 
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on the electrode surface as shown in Paper III. It is an attractive approach that can 

be adapted for controlled immobilization on miniaturized sensors where it is not 

possible to dropcast am enzyme/polymer mixture on the transducer surface. The 

enzymes are then in immediate vicinity of the transducer within the polymeric 

network while the thickness of the sensing layer can be controlled by e.g. number 

of applied pulse cycles (for pulsed deposition) or number of cycles (if cyclic 

voltammetry is chosen as deposition method. 

For example, water-soluble pre-formed benzoxazines (e.g. BA-TEPA) can be used 

for electropolymerization enabling the entrapment of enzymes for application as 

biosensor (Andronescu et al., 2014). Recently, it was demonstrated that ATP 

biosensors based on poly(benzoxazine) immobilization exhibit high sensitivities 

along with high reproducibility (Ziller et al., 2017). It should also be noted that PDA 

films obtained by electrodeposition as shown in Paper II and III are also attractive 

as immobilization matrix for enzymes as the electrodeposition leads to PDA films 

restricted to the electrode surface allowing precise film control and entrapment of 

enzymes. 

 

2.4.1 Hydrogen Peroxide 

The detection of H2O2 concentrations plays a pivotal role in various fields ranging 

from environmental to clinical applications (Anglada et al., 2002; Camci-Unal et al., 

2013; Gunz et al., 1990). It is involved in a wide range of biological redox 

processes, and it is essential in biosensors research, as H2O2 is a side product of 

oxidoreductase catalyzed reactions. 

H2O2 is also an endogenous reactive oxygen species, which belongs to a group of 

destructive molecules that can lead to oxidative stress, protein oxidation, lipid 

peroxidation, and DNA damage in biological systems (P. R. Patel et al., 2015). The 

regulation of ROS levels is crucial, as at low concentrations, ROS are maintaining 

cellular processes and are involved in cell differentiation, proliferation and 

supporting viability. H2O2 is regulating kinase-driven pathways as an intracellular 

signaling molecule (Gough et al., 2011). Elevated levels of ROS are reported in 

traumatic brain injury, which causes disability and high numbers of deaths 

worldwide (Angeloni et al., 2015). Moreover, oxidative stress produced by elevated 
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ROS levels is recognized as a key factor in cancer cell growth (Liou et al., 2010) 

and inflammation (Mittal et al., 2014). Various methods are employed for the 

detection of H2O2 in biomedical research, including fluorimetry (Lee et al., 1990), 

titrimetry (Klassen et al., 1994), surface plasmon resonance (SPR) (Filippo et al., 

2009), chemiluminescence (Hanaoka et al., 2001), fluorescence (Gomes et al., 

2005) and spectrophotometry (Nogueira et al., 2005). Besides different 

electrochemical sensing strategies exist involving potentiometric, amperometric or 

impedimetric approaches (W. Chen et al., 2012). Localized measurements 

targeted at the cellular level or with low sample volumes, require miniaturized 

detection schemes. As already discussed in the previous chapter, H2O2 oxidation 

or reduction at platinum electrodes can be detected amperometrically, by applying 

a cathodic or anodic potential, respectively. However, high oxidation potential may 

cause false responses due to the co-oxidization of substances such as ascorbic 

acid or catecholamines, which may be present in biological samples (Zhang et al., 

1994). 

To overcome this problem, modified microelectrodes, which require lower detection 

potential and with detection limits in the nM region, can be used for the quantitative 

detection of H2O2. Two concepts, which were used in the scope of this thesis, are 

discussed in the following. 

The modification with Pt-black (Ikariyama et al., 1987) shows enhanced sensitivity 

for H2O2 oxidation and reduction. Compared to bare platinum electrodes, the 

required oxidation potential is reduced to 0.3 V vs. Ag/AgCl, which is significantly 

lower compared to bare Pt electrodes, however, it still may lead to co-oxidation of 

interfering compounds in complex biological samples. Pt-black is formed by 

electrodeposition from chloroplatinic acid or potassium chloroplatinic acid in the 

presence of lead species (e.g. lead acetate or lead nitrate at -60 mV vs. Ag/AgCl, 

as it promotes the formation of a highly dispersed porous structure). Moreover, it is 

advantageous, as it possesses a very large surface area and high catalytic activity, 

resulting in significantly increased oxidation currents compared to bare platinum 

electrodes (Y. Li et al., 2013). Pt-black-modified (nano)electrodes were already 

shown to be suitable for the detection of ROS and RNS in macrophages (Y. Wang 

et al., 2012). 
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The modification of the working electrode surface with Prussian blue (PB, 

FeIII
4[FeII(CN)6]3) results in sensors with a high activity in H2O2 reduction and 1,000-

times higher electrochemical rate constants in comparison to bare Pt electrodes 

(Karyakin, 2001; Karyakin et al., 2009). 

PB forms a face-center-cubic structure with iron(II) and iron(III) ions in the network 

of the complex (Keggin et al., 1936). In literature, it is commonly depicted with the 

older terminology “soluble” (KFeII[FeIII(CN)6]) and “insoluble” (FeIII
4[FeII(CN)6]3) 

form. However, these terms don’t refer to solubility as such, but to the ability to form 

a colloidal suspension (Karyakin et al., 2001). 

In contrast to Pt-black-modified electrodes, PB-modified electrodes require a low 

detection potential of -0.05 V vs. Ag/AgCl for H2O2 reduction, omitting co-oxidation 

of possible interfering analytes in real-world samples. PB can be either oxidized to 

Berlin green or reduced to Prussian white (PW) as shown in Figure 15 and depicted 

in equation 13. 

 

FeIII[FeIII(CN)6]+K++e−⇌ KFeIII[FeII(CN)6]+K++e−⇌ K2FeII[FeII(CN)6]   (13) 

Berlin green ⇌ PB ⇌ PW 

 

PB films can be readily obtained, e.g. by cyclic voltammetry in ferric ferricyanide 

solution (Neff, 1978). A drawback of this approach is the limited operational stability 

of PB films, especially in high concentrations of H2O2 or in neutral or alkaline media. 

During the reduction reaction, OH- ions are produced leading to a local increase in 

pH, affecting the film stability. Co-deposition of polymers or nickel hexacyanoferrate 

to obtain mixed iron-nickel hexacyanoferrate (HCF) sensing layers have been 

demonstrated to enhance the stability (Karpova et al., 2016; Sitnikova et al., 2011). 

Nevertheless, PB is to date the most advantageous electrocatalytic transducer for 

H2O2 reduction, due to its high catalytic activity and selectivity (Karyakin et al., 

2000). 
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Figure 15. Typical cyclic voltammogram of a PB-modified macroscopic glassy 

carbon electrode (d = 2 mm) recorded in 0.1 M KCl, scan rate: 40 mV·s-1. 

 

2.4.2 Adenosine Triphosphate 

ATP is not only the main intracellular energy source of all living organisms, but also 

an important extracellular signaling molecule in many biological processes, such 

as cellular metabolism and signal transduction (Burnstock, 2007). 

ATP also plays a crucial role in lung inflammation, cystic fibrosis, acute respiratory 

distress syndrome and activates lamellar body (LB) fusion with the plasma 

membrane for release of surfactant in alveolar type two (ATII) cells (Fois et al., 

2018). Measurements of ATP using miniaturized biosensors enable the localized 

detection at single cells (Hecht et al., 2013). 

Next to amperometric detection using enzyme electrodes (Hecht et al., 2013; 

Kucherenko et al., 2014; Llaudet et al., 2005; Ziller et al., 2017) electrochemical 

detection schemes have been reported involving aptamer-based biosensors using 

specific aptamers (e.g. peptide or oligonucleotide) to capture ATP. (W. Li et al., 

2009), also electrochemical impedance spectroscopy (EIS) (Du et al., 2008) or 

different voltammetric techniques such as square-wave (SWV) (Zuo et al., 2007) 

or differential pulse voltammetry (DPV) (Xiao et al., 2019) have been used for 

quantitative ATP detection. The following concept for measuring ATP is based on 

an enzymatic competitive assay, which is discussed in detail. 
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In a bioenzymatic approach, as firstly demonstrated by Scheller and Pfeiffer, 

macroscopic biosensors using two enzymes, namely GOx and HEX immobilized in 

a polymeric matrix were used for the detection of ATP (Pfeiffer et al., 1980). 

GOx and HEX compete for the substrate glucose. The competitive assay for the 

detection of ATP is shown in equations (14) and (15). The concentration of H2O2 is 

then monitored amperometrically by oxidation at a bare platinum electrode biased 

at +0.7 V vs. Ag/AgCl. 

GOx: glucose + O2 → gluconic acid + H2O2   (14) 

HEX: glucose + ATP →glucose-6-phosphate + ADP   (15) 

 

An increased concentration of ATP is correlated with a decreased H2O2 

concentration and hence reduced current value due to the hexokinase catalyzed 

reaction of glucose with ATP. Thus, the ATP concentration is inverse proportional 

to the obtained faradaic current. Poly(benzoxazine) derivatives can be used as 

immobilization matrix for biosensors using water-soluble benzoxazine precursors 

(Andronescu et al., 2014). This approach can be readily transferred to UMEs to 

locally measure extracellular ATP with spatial and temporal resolution under 

physiological conditions (Ziller et al., 2017). Combined with SECM and dual 

microelectrodes (one electrode remains unmodified for positioning of the SECM 

probe), monitoring of released ATP determined in close proximity to cells is feasible 

allowing time-resolved continuous monitoring of ATP. 

 

2.5 Boron-Doped Diamond 

Among all electrode materials, BDD offers several unique properties, such as low 

background signal or a broad potential window, making it a remarkable material for 

electroanalytical research. Next to other diamond-based electrode materials, such 

as nitrogen-doped, phosphor-doped (Goss et al., 2008), BDD is to date unmatched 

in terms of electrocatalytic activity (e.g. O- or H terminated BDD or modified with 

NPs (Kleijn et al., 2014)), electrical resistivity, long-term stability and reproducibility 

in the growth process (Goss et al., 2008). Outstanding physical and chemical 

properties like hardness (~90 GPa), wide transparency range in the 

electromagnetic spectrum (from deep ultraviolet to far infrared), thermal 
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conductivity (2600 W·m-1·K-1), chemical stability (incl. exhibiting resistance to 

chemical corrosion), biocompatibility make BDD a highly attractive electrode 

material. The most beneficial properties of BDD for electrochemistry are related to 

the high overpotential for oxygen and hydrogen evolution in both, aqueous and 

organic solvents (Yoshimura et al., 2002) compared to other electrode materials, 

e.g. platinum. Compared to noble metal electrodes, the potential window 

(approximately -1.0 V to +2.0 V vs. Ag/AgCl) is almost twice as large. Low 

background (capacitive) currents, low double layer capacity and high resistance to 

fouling of the electrode surface are also attractive properties of BDD  (D. Shin et 

al., 2005). Traditional noble metal electrode materials or forms of sp2-hybridized 

carbon materials (e.g. carbon fiber, pyrolytic graphite or glassy carbon) suffer from 

fouling processes due to adsorption of intermediates (Trouillon et al., 2010). In 

aqueous solution, BDD has a potential window (determined by the onset of 

hydrogen evolution in the cathodic regime and oxygen evolution in the anodic 

regime) exceeding the standard Nernst potential for water splitting (1.23 V at 25°C) 

enabling the detection of redox-active compounds with higher redox potentials, 

such as histamine or gentamicin (1.40 V vs Ag/AgCl) (Abt et al., 2016; Sarada et 

al., 2000). This can be explained by the lack of binding sites in BDD to mediate the 

electron transfer from a water molecule to the electrode. Water molecules require 

to be adsorbed in order be decomposed. The sp3–hybridized orbital overlap 

present in BDD, which forms covalent bonds between the carbon atoms in a face-

centered cubic crystal structure, makes BDD resistant to biofouling and 

biocompatible with organisms and allows for in vivo real-time detection of e.g. 

anticancer reagents or antiepileptic drugs (Ogata et al., 2017). 

In particular, sensing of neurotransmitters, such as dopamine, in the presence of 

ascorbic acid can be achieved with BDD electrodes by DPV (Suzuki et al., 2007) 

or SWV, showing a completely separated oxidation peak of dopamine from 

ascorbic acid (Medeiros et al., 2012). 

BDD can be oxygen- or hydrogen-terminated (e.g. by oxygen/hydrogen plasma or 

anodic/cathodic treatment, respectively), resulting in different properties, as O-

terminated BDD surfaces are hydrophilic and H-terminated surfaces hydrophobic. 

BDD electrodes can be readily miniaturized, which was exploited in the PhD thesis 

for force spectroscopic and sensing investigations with colloidal BDD AFM-SECM 

probes (Paper I).  
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3. Results and Conclusion 

3.1 Unpublished Results 

3.1.1 Colloidal PB-modified AFM-SECM Probes 

PB-modified colloidal AFM-SECM probes, a new type of microsensors, which take 

advantage of the electrocatalytic properties of PB and bifunctional AFM-SECM 

probes are described in the following.  

H2O2 can be reduced at PB-modified electrodes at moderate electrochemical 

conditions (-0.05 V vs. Ag/AgCl) (see chapter 2.4.1), which significantly improves 

the selectivity, as described elsewhere in detail (Sitnikova et al., 2011; Voronin et 

al., 2012). 

Colloidal AFM-SECM probes with a conductive sphere (d = 2.8 µm) were modified 

with PB by cyclic voltammetry in a mixture 1.25 mM K3[Fe(CN)6] / FeCl3 in 0.1 M 

HCl/KCl vs. Ag/AgCl (6 cycles) and a scan rate of 20 mV·s-1. After deposition, films 

were dried at 80°C for two hours. Then, PB films were activated by cyclic 

voltammetry in the same supporting electrolyte solution, which was used for 

deposition (0.1 M HCl/KCl vs. Ag/AgCl, scan rate: 100 mV·s-1; 6 cycles). Figure 16 

shows the corresponding CVs. 

 

 

Figure 16. a) CV of the deposition of PB films on a colloidal AFM-SECM probe (d 

= 2.8 µm), b) CV of the subsequent activation.  

 

After deposition of the PB film, the probe was characterized by SEM and EDS to 

confirm successful film deposition on the electrode surface as shown in Figure 17. 
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Figure 17. SEM images of the PB-modified colloidal AFM-SECM probe a) before 

and b) after FIB cross sectioning, c) corresponding EDS spectrum, recorded on the 

marked area (10 kV, 8 nA, 200 s sampling time). 

 

The iron signal is indicative for successful deposition of PB. The same deposition 

protocol was used to modify a Pt UME (d = 25 µm). AFM imaging in air and FIB 

cross-sectioning was performed to determine the film thickness. A film thickness of 

approx. 250 nm was obtained for six deposition cycles.  

PB-modified colloidal AFM-SECM probes were characterized in terms of H2O2 

response in physiological conditions (PBS, pH = 7.4) as summarized in Figure 18. 

The deposition of PB is highly reproducible, what can be seen in the small standard 

deviation (error bars) in the calibration curve reflecting three different PB-modified 

colloidal probes. The sensors exhibits a linear range in physiologically relevant 

concentrations enabling their application in biomedical studies. 

 

 

Figure 18. a) Response of the colloidal microsensor biased at -0.05 V vs. Ag/AgCl 

in phosphate buffer solution at pH 7.4, b) calibration curve of PB-modified colloidal 

AFM-SECM probes (error bars reflect measurements at 3 different probes).  
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3.1.2 Colloidal Pt-black modified AFM-SECM Probes 

In addition to the PB-modified probes, also Pt-black modification for the detection 

of H2O2 (as described in Paper IV) was evaluated for colloidal AFM-SECM probes. 

As previously described (Ikariyama et al., 1987 and Paper IV), Pt-black was 

deposited by chrono-amperometry at -0.06 V vs. Ag/AgCl, reducing 

hexachloroplatinate in the presence of lead acetate. 

SEM images and corresponding cyclic voltammograms of the probe during different 

fabrication steps are shown in Figure 19a-d. After electrodeposition of Pt-black, the 

effective electroactive area was significantly increased, yielding in a highly porous 

structure (Figure 19c). Accordingly, the current in the CV increased and the AFM-

SECM probe exhibits a higher capacitive current compared with the bare Au AFM-

SECM probe. The calibration curve of H2O2 in 10 mM RPMI medium is shown in 

Figure 19e. 

 

 

Figure 19. SEM images of an AFM-SECM probe after a) focused ion beam milling, 

b) gold colloid attachment (d = 5.0 µm), c) Pt-black modification. d) CVs recorded 

in 10 mM [Ru(NH3)6]Cl3/0.1 M KCl vs. Ag/AgCl for the individual processing steps, 

scan rate: 0.1 V·s-1, e) calibration curve of Pt-black modified colloidal AFM-SECM 

probes for H2O2 in 10 mM RPMI at pH 7.4 and the probe held at 0.3 V vs. Ag/AgCl 

(error bars reflect three measurements with the same probe. The error is small and 

within the squares). 

 

The Pt-black modified colloidal probe was used for an exemplary imaging of 

localized H2O2 flux. The flux through pores serves as surrogate for extracellular 
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H2O2 detection at the single cell level. The colloidal AFM-SECM probe should be 

capable to measure extracellular H2O2 at the single cancer cell level as their size 

is larger than the size of the used model pore, e.g. A549 cancer cells are approx. 

22 µm and HeLa cells 16 µm in diameter (Shashni et al., 2018). The lower 

compartment was filled with 10 µM H2O2, which diffuses through a track-etched 

membrane (pore size d = 2 µm), while the upper compartment contained 10 mM 

PBS at pH 7.4. The potential of the colloidal AFM-SECM probe was held at +0.3 V 

vs. Ag/AgCl to oxidize H2O2. Figure 20 shows the AFM-SECM measurement. Even 

though the size of the spherical probe is much larger than the sample feature, the 

topography of the pores can be mapped, although imaging artefacts given by the 

probe geometry are visible similar to results described in Paper I topographical 

imaging with BDD-AFM-SECM probes. Simultaneously the flux of H2O2 can be 

clearly imaged using such bifunctional probes. 

 

 

Figure 20. Scheme of AFM-SECM imaging. b) Topography (top) and tip-current 

(bottom), c) extracted single line scans as indicated with the dashed lines in b). The 

Pt-black modified AFM-SECM probe was biased at +0.3 V vs. Ag/AgCl. Images 

were recorded with a scan speed of 0.3 ln/s. 

 

A higher current is measured on top of the pore due to H2O2 oxidation. For a 

concentration of 10 µM H2O2, the expected current is approx. 50 pA, which is in 

agreement with the measured current of 45 pA on the center of the pore. This study 

showed that localized scanning experiments to detect H2O2 are feasible using 

colloidal Pt-black modified AFM-SECM probes. The probe is able to image features 

which are smaller than the size of the modified colloid which has a diameter of 

~7 µm. It can be concluded that the mechanical stability of the porous Pt-black film 

is sufficient to map a track-etched membrane in contact-mode.   
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3.1.3 Imaging of H2O2 Diffusion Profile with Colloidal AFM-SECM 

Probes 

An unmodified gold-coated colloidal AFM-SECM probe (d = 2.8 µm) was used in a 

scanning experiment to detect H2O2. As model sample, a Pt UME (d = 50 µm) 

biased at -0.4 V vs. Ag/AgCl to produce H2O2 was imaged. The results are 

summarized in Figure 21. 

 

Figure 21. Schematic of the AFM-SECM experiment carried out in 0.1 M KCl and 

the probe biased at 0.6 V vs. Ag/AgCl along with AFM topography (top) and current 

image (bottom). Images were recorded with a scan speed of 0.3 ln/s. b) Extracted 

single line scans of the topography and current as indicated with the dashed lines 

in a). 

 

As the probe is scanning over the UME, a higher current due to local oxidation of 

H2O2 is observed. In Figure 21a in the bottom image the measured current on the 

insulating glass is approx. 150 pA less compared to the measured current over the 

active electrode area and relates to the background current. Darker areas 

correspond to lower oxidation currents what can also be seen in the corresponding 

single line scan in Figure 21b (bottom). A small part of the colloidal probe is in direct 

contact with the UME blocking the H2O2 generation. As this blocked area is small 
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compared to the total electroactive surface and due to radial diffusion of H2O2 

towards the colloid, the change in the overall current signal is neglectable. This 

application demonstrates that colloidal AFM-SECM probes can also be used for 

imaging. 

 

 

3.1.4 PB-modified Biosensors for Glucose Detection 

PB-modified colloidal AFM-SECM probes can be further modified with an enzyme 

layer electrochemically immobilized in poly(benzoxazine) as shown exemplarily for 

glucose oxidase. The functionalized probes were characterized in terms of stability 

and sensitivity towards glucose. The fabrication process is shown schematically in 

Figure 22. 

 

Figure 22. Schematic illustration of the preparation of GOx/poly(benzoxazine) 

coated colloidal probes. 

 

The underlying mechanism of the glucose detection and catalytic H2O2 reduction 

is shown in Figure 23. 

 

 

Figure 23. Reaction scheme of the detection of glucose using the GOx/ 

poly(benzoxazine)-coated colloidal probe. Glucose is enzymatically converted and 

H2O2 as side product of the enzymatic reaction is detected. 
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SEM images of the fabrication of such biosensors are depicted in Figure 24. 

 

Figure 24. SEM images of the fabrication of the GOx/poly(benzoxazine)/PB-

modified colloidal AFM-SECM probes. AFM cantilever after a) Au deposition and 

subsequent insulation, b) XeF2-assisted FIB milling, c) electrochemical Au 

deposition, d) colloid attachment, e) deposition of PB, f) deposition of the enzymatic 

biosensing layer. 

 

The modification with the biosensing layer was carried out according to the protocol 

described by Ziller et al. using 20 pulse cycles (Ziller et al., 2017). 

To ensure that poly(benzoxazine) can be readily deposited on top of the PB layer, 

infrared reflection absorption spectroscopy (IRRAS) was carried out on a 

macroelectrode, coated with PB and poly(benzoxazine). The spectra along with 

spectra of the individual pure compounds are shown in Figure 25.  
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Figure 25. a) IRRAS spectra before and after BA-TEPA polymerization on PB, b) 

magnification of the marked area in a). 

Characteristic bands of BA-TEPA are the C-O-C vibration at 1266 cm-1, which is 

present in the poly(benzoxazine)-modified PB sample, along with the, C-N-C 

vibration at 1120 cm-1, and the 1,2,4-substituted benzene vibration 830 cm-1 

(Ghosh et al., 2007). Characteristic bands for PB are vibration at 982 cm-1 and the 

CN stretching vibration at 2070 cm-1 (Kulesza et al., 1996). These results 

demonstrate the successful deposition of poly(benzoxazine) on the PB-modified 

electrode. After modification with poly(benzoxazine), a significant higher carbon 

content was measured with EDS as shown in Figure 26. 

 

 

Figure 26. EDS analysis of a GOx/poly(benzoxazine)/PB-modified colloidal AFM-

SECM probe (5 kV, 8 nA, 200 s sampling time). 
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In a first study, PB-modified Pt UMEs (d = 25 µm) were modified with enzyme-free 

poly(benzoxazine) and tested towards operational stability in quite high 

concentration of H2O2 (1 mM). Therefore, consecutive cyclic voltammograms of PB 

and poly(benzoxazine)/PB-modified UMEs were recorded in PBS pH 7.3 

containing 0.1 M KCl and 1.0 mM H2O2 at 20 mV·s-1. The results are shown in 

Figure 27 and clearly indicate superior PB film stability for the poly(benzoxazine)-

coated UME. The overall sensitivity towards H2O2 detection is significantly 

decreased of the poly(benzoxazine)/PB-modified UME, which may be related to 

hindered diffusion of H2O2 through the poly(benzoxazine) film. However, at this 

high concentrations of H2O2, the current response for the PB-modified UME 

decreased almost linearly with the scan number to zero (Figure 14a), which 

indicates that the PB film is not stable in such high concentrations. In contrast, for 

the BA-TEPA/PB-modified UME peak currents decreased less than 8% (from 

2.48 nA to 2.30 nA) after cycling 20 times, which indicates good stability of the 

microsensor. 

 

 

Figure 27. Stability of modified sensors investigated in presence of 1 mM H2O2 

during cycling in PBS pH 7.3 containing 0.1 M KCl at 20 mV·s-1. Peak currents of 

the a) PB-modified probe, b) poly(benzoxazine)/PB-modified probe. Insets show 

the corresponding CVs. c) Comparison of peak currents of the two modified UMEs. 

 

Figure 28 shows the calibration curves for H2O2 reduction of the BA-TEPA/PB-

modified probes with a high linear range (0-1 mM). The microsensors showed good 

reproducibility with a sensitivity of 193 pA/mM ± 17 pA/mM (n = 3), which is 

approximately 25 times less than reported for the microsensors described in 

Paper IV, however here the sensors were exposed to much higher H2O2 
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concentration. Poly(benzoxazine)-modified sensors show no significant decrease 

in high concentration of H2O2 as shown in Figure 28. 

 

 

Figure 28. Calibration curves of the poly(benzoxazine)/PB-modified UMEs for 

H2O2. a) Three different sensors, b) one sensors calibrated three times. 

 

In a next step, the GOx/poly(benzoxazine)/PB-modified UMEs were calibrated with 

glucose in PBS buffered solution. As poly(benzoxazine)/PB-modified sensors were 

shown to be stable, PB-modified UMEs and colloidal probes were modified with a 

GOx/BA-TEPA layer and calibrated for glucose. The results are shown in Figure 

29. 

 

 

Figure 29. Calibration curves for glucose of a) three GOx/poly(benzoxazine)/PB-

modified UMEs, b) a colloidal microbiosensor, biased at -0.05 V vs. Ag/AgCl in PBS 

at pH 7.3. Inset in b) shows the I-t curve of the calibration. 
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The sensitivity for the UMEs is 49 pA/mM ± 2 pA/mM (n = 3), for the colloidal probe 

it 7 pA/mM and show a linear response from 0-20 mM glucose. So far repetitive 

measurements for the colloidal probes have not yet been made. 

 

3.1.5 ATP Microbiosensor based on Colloidal AFM-SECM 

Probes 

Poly(benzoxazine) is attractive as immobilization matrix in miniaturized biosensors, 

as it allows reproducible deposition and is a stable matrix for the entrapment of 

enzymes resulting in biosensors with high sensitivities. This approach was recently 

adapted to obtain an ATP microbiosensor for the entrapment of GOx and HEX at 

Pt UMEs (Ziller et al., 2017). These ATP microsensors show enhanced sensitivity 

and excellent mechanical stability. 

Preliminary results showing that this concept can be transferred using conductive 

colloidal AFM probes for miniaturized biosensors is described in the following. The 

gold-coated colloid electrode was modified by electrodeposition (20 pulse cycles: -

1.0 V/0.2 s, 0.0 V/1.0 s in 0.4 mM K2PtCl6) with platinum, as preliminary work on 

UMEs showed that adhesion of poly(benzoxazine) on gold is poor. Then an 

enzyme-containing layer using the described poly(benzoxazine)-based entrapment 

of GOx and HEX was carried out according to Ziller et al. (Ziller et al., 2017). In 

brief, a mixture of BA-TEPA and GOx/HEX at a ratio of 1:2.5 w/w was used, where 

the activity ratio of both enzymes was 1:1. A pulsed deposition with 14 pulses 

(1.7 V/0.05 s; 0.0 V/0.5 s) was carried out using a 10 mM BA-TEPA solution in 

1.0% v/v CH3COOH in H2O in a two electrode setup. A 96-well gold plate served 

as reference and counter electrode. Given the large surface area of the spherical 

electrode, which is comparable to microelectrodes with a diameter of 20 μm, 

achieved sensitivities of the colloidal-based microbiosensor are expected to be 

sufficient in respect to signal-to-noise ratio, but at the same time providing high 

lateral resolution enabling single cell measurements. Figure 30 shows a schematic 

of the sensor and Figure 31 the chronoamperometric detection of ATP. 
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Figure 30. Schematic enzyme-modified colloidal AFM-SECM probe for ATP 

sensing. 

 

 

Figure 31. Response of the colloidal microbiosensor biased at 0.7 V vs. Ag/AgCl in 

10 mM PBS (pH 7.4). ATP (0.2 µM, 2.0 µM, 20.0 µM) and glucose (0.20 M, 0.22 M, 

0.24 M) were added to solution. 

As described in chapter 2.4.2, a decrease in current is indicative for the presence 

of ATP and the increase corresponds to higher concentrations of glucose. 
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The trend shows correct behavior, however results were not reproducible, most 

likely as the deposition of BA-TEPA is not restricted to the colloidal electrode, but 

also deposited on the silicon nitride insulated cantilever, leading to microbiosensors 

with variable sizes. Initial studies using parylene-C as insulation layer showed that 

poly(benzoxazine) is less deposited on parylene-C, as the poymers seem to not 

adhere to this surface, and solely modification of the electrode is achieved. 

SEM images of the colloidal AFM-SECM probe which was insulated with Si3N4/SiO2 

after the different modification steps are shown in Figure 32. 

 

 

Figure 32. SEM images of a) an attached colloid, b) after subsequent platinization, 

c) after deposition of the enzyme containing poly(benzoxazine) layer. 

 

In conclusion, for further studies the local deposition of BA-TEPA on an AFM-

SECM probe requires an insulation, which is not oxygen-terminated, as otherwise 

the polymer will adhere to the insulation material. An attractive material for 

insulation of AFM-SECM probes is parylene-C (Derylo et al., 2011; Heintz et al., 

2001). Another approach is using PDA as immobilization matrix. In this case, the 

deposition is solely restricted to the electrode surface, which was shown for 

modification of UMEs resulting in a PDA-based microbiosensor.  

Regarding other publications presented within this thesis (Paper II and III), it should 

also be noted that PDA films obtained by electrodeposition are also attractive as 

immobilization matrix for enzymes as the electrodeposition leads to PDA films 

restricted to the electrode surface allowing precise entrapment of enzymes. 
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3.2 Peer Reviewed Publications 

Innovative advances in the development of scanning electrochemical probes were 

introduced in the present thesis. AFM-SECM probes were developed and 

characterized for advanced electrochemical force spectroscopy or miniaturized 

(bio)sensors were optimized to investigate and quantify the release of signaling 

molecules at life sciences samples. The obtained results along with the individual 

conclusions are discussed in detail in each of the publications, listed in chapter 6. 

In the following, a summary of the most relevant results achieved within the scope 

of this work is presented. 

 

In the first article, “Multifunctional Boron-Doped Diamond Colloidal AFM 

Probes” (Paper I) a novel AFM-SECM probe consisting of BDD as working 

electrode is introduced. In literature, increasing interest in BDD as electrode 

material is observed, due to its outstanding properties discussed in detail in chapter 

2.5. However, in combination with AFM probes, only a few approaches have been 

published using BDD as electrode material and spherical BDD-AFM-SECM have 

been successfully fabricated and used for measurements for the first time. Within 

this publication a full range of different sophisticated SPM experiments were 

demonstrated using the same BDD-AFM-SECM probe. The probe can be operated 

in air to perform c-AFM even at hard samples or force spectroscopy experiments, 

where the impact of surface termination of the probe (and/or sample) can be easily 

determined in the measured adhesion forces. Depending on the surface 

termination of the spherical BDD probe, its nature is more hydrophilic or 

hydrophobic, thus influencing the capillary forces, respectively. Due to the sp3-

hybridized structure of the colloidal BDD electrode, the probe is resistant to 

biofouling and can be used for the determination of dopamine and ascorbic acid, 

whereas traditional used noble metal electrodes are prone to fouling. Simultaneous 

determination of dopamine and ascorbic acid can be performed, whereas at other 

mainly sp²-carbon based materials (e.g. glassy carbon electrodes (Han et al., 

2010)) no peak separation of the analytes is observed when using SWV or DPV. 

Besides c-AFM, force spectroscopy and electrochemical force spectroscopy and 

tip-integrated sensing also AFM-SECM scanning experiments can be performed 

probing the faradaic current generated by diffusional processes towards the BDD 
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probe. Although the size of the colloids is in the µm range, the probe can be used 

in topographical measurements at samples lacking high aspect ratio features such 

as trenches and with similar surface roughness as the colloidal probe. Future 

studies may focus on reducing the dimensions of the BDD spheres enabling 

improved resolutions in both electrochemistry and topography. Besides, application 

in electrochemical force spectroscopy for studying electrode/electrolyte interfaces 

and further tip modification by FIB milling is conceivable. 

 

The potential use of PDA in advanced electrochemical force spectroscopy and 

further characterization of the films are presented in Paper II. The conducted 

research was summarized in “Redox Switchable Polydopamine-Modified AFM-

SECM Probes: A Novel Probe for Electrochemical Force Spectroscopy” 

(Paper II). 

A slight adjustment of the parameters for the deposition of PDA, described in Paper 

III allowed the adaption of the protocol for usage in a three-electrode setup to 

modify colloidal AFM-SECM probes. While the PDA film growth by auto-oxidation 

requires several hours, electrodeposited films with excellent thickness control are 

obtained within a few minutes. PDA is a polymer film with excellent adhesion 

properties due to a multitude of functional groups. Fabricated probes are 

characterized via SEM, EDS, force spectroscopy, Raman and cyclic voltammetry 

and redox switching of phenolic/quinone groups is confirmed via FTIR, XPS and 

electrochemical force spectroscopy. Specific interactions of surface groups present 

in PDA are probed with surfaces of different wettability (plasma-treated surfaces 

and SAM-modified surfaces). By applying an oxidative or reductive potential to the 

probe, its surface groups are switched allowing for in-situ investigations on the 

influence on adhesion forces. The maximum adhesion force of a positively 

polarized PDA-modified AFM-SECM probe on a hydrophilic OH-terminated gold 

surface was determined to be 6.2 ± 2.2 nN (n = 220), whereas a negatively 

polarized probe showed only 2.6 ± 1.1 nN (n = 220). This can be related to the 

strong quinone/OH group interaction present at the surface of the PDA film. The 

impact of surface charge on the adhesion of bacterial cells was investigated with 

P. fluorescens cultures. Adhesion forces are significantly higher at positive bias, 

indicating stronger interaction of C=O groups with the cell surface. This novel AFM-

SECM probe enables studies on different kinds of bacteria and can be further 
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developed with e.g. redox tunable polymers for advanced studies under potential 

control. Furthermore, evidence was found that electrodeposited PDA films are of 

polymeric nature, as obtained F-D curves show characteristic ruptures with contour 

lengths up to 250 nm.  

 

The third article “Micro-Structured Polydopamine Films via Pulsed 

Electrochemical Deposition” (Paper III) demonstrates the controlled formation of 

PDA thin films by pulsed electrodeposition. PDA can be used as interface in 

biomedical research, where usually thin films are obtained by a time-consuming 

dipping process. In the publication, the electrochemical pulse deposition for the 

formation of PDA films is explored and optimized. Microstructured films and spots 

were characterized regarding morphology, thickness, chemical composition and 

electron transfer kinetics. These important studies laid the foundation for follow-up 

work (e.g. Paper II). Rapid microstructuring of PDA spots on conductive surfaces 

was achieved with SECM in the direct mode using UMEs with small RG values (RG 

= 5.1). 

The electron transfer kinetics were studied in dependence of the film thickness. For 

single pulse deposited films, smooth morphology and positive feedback in redox-

mediated solution were obtained. The electron transfer is however already 

significantly hindered, when the number of pulse cycles is increased. Depending 

on the applied substrate potential and used redox mediator, at 15 cycles the 

dimensionless rate constant κ drops by two orders of magnitude (for [Fe(CN)6]4-), 

at 60 cycles it drops by four orders of magnitude. Compared to PDA films obtained 

by cyclic voltammetry, a complete different morphology was obtained. Thin films 

deposited via CV resulted in folded structures with high surface roughness, 

whereas pulse-deposited films were smooth with blister-like features 

 

In the fourth article “Electrocatalytically Modified Microelectrodes for the 

Detection of Hydrogen Peroxide at Blood Cells from Trauma Induced Swine” 

(Paper IV) electrocatalytically modified microelectrodes were used for 

amperometric H2O2 detection. Two modification strategies were investigated with 

the aim of achieve quantitative detection of H2O2 at low concentration levels at 

granulocytes and PBMCs from trauma-induced swine. The extracellular H2O2 

levels were monitored over several days, before, during and after hemorrhagic 
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shock or acute subdural hematoma, which resulted to an increased production of 

ROS, reflected by an increase in extracellular H2O2. PB and platinum black 

modified electrodes were used in combination with a two-compartment 

electrochemical cell to spatially separate cells to prevent electrode fouling. A 

homebuilt scanning setup was constructed and programmed to approach the 

modified UME to a track-etched membrane (see Appendix). Application of these 

Pt-black- and PB-modified microelectrodes to study oxidative stress in acute 

trauma and hemorrhagic shock-related scenarios was shown for the first time. 

Control experiments show high sensitivity and selectivity towards H2O2 enabling to 

monitor H2O2 in physiological scenarios like trauma conditions.  

Furthermore, simultaneous detection of catecholamines (ephedrine and 

norephedrine) using a dual microelectrode assembly and carbon fiber electrodes 

was investigated. However, PBMCs have not revealed detectable catecholamine 

levels. 

 

As already stated, Paper I devoted one chapter to tip-integrated sensing for the 

localized detection of dopamine and ascorbic acid. In Paper IV, H2O2 is detected 

with modified microelectrodes. In Paper V, “Time-resolved ATP measurements 

during vesicle respiration”, the development and optimization of micro-

biosensors is presented for ATP detection under physiological conditions. 

Therefore, enzyme-modified microelectrodes consisting of two enzymes competing 

for glucose were used to detect ATP in combination with SECM using a two-

compartment electrochemical cell. ATP levels were determined from inverted 

vesicles from E. coli and P. putida. The microbiosensors with a linear detection 

range of 0.2 – 9.9 µM is well suited to measure the ATP levels from inverted 

vesicles. As in this electrochemical approach, no light is required for the signal 

readout (in contrast to the bioluminescence assay), the ATP detection can be 

readily combined with fluorescence microscopy, e.g., for artificial photosynthesis. 

The publication shows that ATP synthesis and release can be monitored at 

membrane vesicles and liposomes. 
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Figure 1. Simplified schematic of an AFM setup. The motion of the cantilever is 

monitored by an optical read-out system through reflection of a laser beam onto a 

four-split photodiode (green: deflection, yellow: friction). 8 

 

Figure 2. Simplified Lennard-Jones potential curve indicating the force regimes for 

the different operation modes of AFM. 9 

 

Figure 3. a) Schematic of an AFM force spectroscopy experiment. An AFM probe 

is approached and retracted to and from a substrate surface. b) Corresponding F-

D curve. c) Exemplary F-D curves (only retract part is shown) indicating parameters 

that can be obtained from the retract part (adhesion force, adhesion energy 

(dissipation), or features from polymers (steps with contour lengths)). Mechanical 

information such as adhesion energy and maximum adhesion force can be 

obtained. In the lower curve, individual polymer pull-off events are shown, where 

step size of the measured forces or contour lengths can be derived from. d) F-D 

curve (only approach part) on two substrates with different hardness. 14 

 

Figure 4. Scheme of the different indentation models: a) Hertz sphere-on-a-flat 

model and DMT model using a spherical indenter, b) Sneddon cone-on-a-flat model 

using a conical indenter. 16 

 

Figure 5. Diffusion profiles at a) microelectrode (hemispherical diffusion) and b) 

macroelectrode (planar diffusion). Schemes are not in scale. c) Simulated cyclic 

voltammograms of disc-shaped electrodes with different diameters (red: d = 10 µm, 

black: d = 3 mm). Cyclic voltammograms were simulated using the following 

parameters: reaction: A → B + e-, E0 = -0.2 V, k0 = 10-3 cm s-1, α = 0.5, [A] = 5 mM, 

DA,B = 5.84·10-6 cm2s-1 using DigiElch 8 (ElchSoft Simulation Software & 

Experience, Germany). 19 

 

Figure 6. LSV showing a peak response associated with a macroelectrode in a), 

and b) a steady-state response associated with a disc microelectrode. 20 

 

Figure 7. Schemes of SECM feedback mode a) for negative feedback at an 

insulating sample, b) for positive feedback at a conducting surface. Theoretical 

approach curves for an UME with RG = 10. c) Negative feedback at an insulating 

surface and d) positive feedback for an ideal conductor. The approach curves were 

calculated following the equations 9 and 10 discussed in chapter 2.2.2. 21 
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Figure 8. Schemes of various SECM operational modes. a) SG/TC mode, b) TG/SC 

mode, c) redox competition mode, d) direct mode (grey field indicates the restricted 

area under the UME where the electric field is present. 22 

 

Figure 9. Simulated approach curves for a) negative feedback and b) positive 

feedback in relation to RG values calculated using equations 9 and 10, 

respectively. 23 

 

Figure 10. Simulated approach curves for different limited reaction rates with 

κ =10-5 to κ =4. 24 

 

Figure 11. Modification examples of colloidal AFM-SECM probes for sensing and 

advanced electrochemical force spectroscopy. 27 

 

Figure 12. Flow chart for fabricating colloidal AFM-SECM probes. Electrochemical 

characterization is performed at steps indicated by ★. 28 

 

Figure 13. a) SEM images of FIB-milled disc-shaped AFM-SECM probes with 

varying diameters, b) corresponding CVs in 10 mM [Ru(NH3)6]Cl3/0.1 M KCl, scan 

rate: 0.1 V s-1. 29 

 

Figure 14. a) SEM images of gold-coated colloidal AFM-SECM probes with varying 

diameters, b) corresponding CVs in 10 mM [Ru(NH3)6]Cl3/0.1 M KCl, scan rate: 

0.1 V s-1. 29 

 

Figure 15. Typical cyclic voltammogram of a PB-modified macroscopic glassy 

carbon electrode (d = 2 mm) recorded in 0.1 M KCl, scan rate: 40 mV·s-1. 34 

 

Figure 16. a) CV of the deposition of PB films on a colloidal AFM-SECM probe (d 

= 2.8 µm), b) CV of the subsequent activation. 37 

 

Figure 17. SEM images of the PB-modified colloidal AFM-SECM probe a) before 

and b) after FIB cross sectioning, c) corresponding EDS spectrum, recorded on the 

marked area (10 kV, 8 nA, 200 s sampling time). 38 
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Figure 18. a) Response of the colloidal microsensor biased at -0.05 V vs. Ag/AgCl 

in phosphate buffer solution at pH 7.4, b) calibration curve of PB-modified colloidal 

AFM-SECM probes (error bars reflect measurements at 3 different probes). 38 

 

Figure 19. SEM images of an AFM-SECM probe after a) focused ion beam milling, 

b) gold colloid attachment, c) Pt-black modification. d) CVs recorded in 10 mM 

[Ru(NH3)6]Cl3/0.1 M KCl vs. Ag/AgCl for the individual processing steps, scan rate: 

0.1 V·s-1, e) calibration curve of Pt-black modified colloidal AFM-SECM probes for 

H2O2 in 10 mM RPMI at pH 7.4 and the probe held at 0.3 V vs. Ag/AgCl (error bars 

reflect three measurements with the same probe. The error is small and within the 

squares). 39 

 

Figure 20. Scheme of AFM-SECM imaging. b) Topography (top) and tip-current 

(bottom), c) extracted single line scans as indicated with the dashed lines in b). The 

Pt-black modified AFM-SECM probe was biased at +0.3 V vs. Ag/AgCl. Images 

were recorded with a scan speed of 0.3 ln/s. 40 

 

Figure 21. Schematic of the AFM-SECM experiment carried out in 0.1 M KCl and 

the probe biased at 0.6 V vs. Ag/AgCl along with AFM topography (top) and current 

image (bottom). Images were recorded with a scan speed of 0.3 ln/s. b) Extracted 

single line scans of the topography and current as indicated with the dashed lines 

in a). 41 

 

Figure 22. Schematic illustration of the preparation of GOx/poly(benzoxazine) 

coated colloidal probes. 42 

 

Figure 23. Reaction scheme of the detection of glucose using the 

GOx/poly(benzoxazine) coated colloidal probe. Glucose is enzymatically converted 

and H2O2 as side product of the enzymatic reaction is detected. 42 

 

Figure 24. SEM images of the fabrication of the GOx/poly(benzoxazine)/PB-

modified colloidal AFM-SECM probes. AFM cantilever after a) Au deposition and 

subsequent insulation, b) XeF2-assisted FIB milling, c) electrochemical Au 

deposition, d) colloid attachment, e) deposition of PB, f) deposition of the enzymatic 

biosensing layer. 43 

 

Figure 25. a) IRRAS spectra before and after BA-TEPA polymerization on PB, b) 

magnification of the marked area in a). 44 
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Figure 26. EDS analysis of a GOx/poly(benzoxazine)/PB-modified colloidal AFM-

SECM probe (5 kV, 8 nA, 200 s sampling time). 44 

 

Figure 27. Stability of modified sensors investigated in presence of 1 mM H2O2 

during cycling in PBS pH 7.3 containing 0.1 M KCl at 20 mV·s-1. Peak currents of 

the a) PB-modified probe, b) poly(benzoxazine)/PB-modified probe. Insets show 

the corresponding CVs. c) Comparison of peak currents of the two modified UMEs.

 45 

 

Figure 28. Calibration curves of the poly(benzoxazine)/PB-modified UMEs for 

H2O2. a) Three different sensors, b) one sensors calibrated three times. 46 

 

Figure 29. Calibration curves for glucose of a) three GOx/poly(benzoxazine)/PB-

modified UMEs, b) a colloidal microbiosensor, biased at -0.05 V vs. Ag/AgCl in PBS 

at pH 7.3. Inset in b) shows the I-t curve of the calibration. 46 

 

Figure 30. Schematic enzyme-modified colloidal AFM-SECM probe for ATP 

sensing. 48 

 

Figure 31. Response of the colloidal microbiosensor biased at 0.7 V vs. Ag/AgCl in 

10 mM PBS (pH 7.4). ATP (0.2 µM, 2.0 µM, 20.0 µM) and glucose (0.20 M, 0.22 M, 

0.24 M) were added to solution. 48 

 

Figure 32. SEM images of a) an attached colloid, b) after subsequent platinization, 

c) after deposition of the enzyme containing poly(benzoxazine) layer. 49 

 

Figure 33. Schematic of the setup for recording approach curves (z vs. I curves).

 134 

 

Figure 34. LabVIEW block diagram of the approach software. Raw data is readily 

low-pass filtered to eliminate 50 Hz line noise and approaches can be stopped at 

the desired current threshold or after a predefined distance was traveled by the 

stepper motor. 135 

 

Figure 35. The front panel of the program. 136 
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Micro-Structured Polydopamine Films via Pulsed Electrochemical 

Deposition 

J. Lin, S. Daboss, D. Blaimer and C. Kranz 

Ulm University, Institute of Analytical and Bioanalytical Chemistry, Albert-Einstein-

Allee 11, 89081 Ulm (Germany) 

Corresponding author: christine.kranz@uni-ulm.de 

 

J. Lin, S. Daboss, D. Blaimer, C. Kranz, Micro-Structured Polydopamine Films 

via Pulsed Electrochemical Deposition, Nanomaterials 2019, 9, 242. – This article 
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7. Appendix 

 

Stepper motor controlled approach setup and software 

 

Within the scope of the thesis, a setup was built and corresponding software control 

programmed to perform current-distance curves (approach curves) to position 

microsensors at sample surfaces as shown in Paper IV (Figure 33 and Figure 34). 

The setup is also suitable to study electron transfer kinetics. 

It consists of a positioning and a data acquisition system to obtain position-

dependent electrochemical data. Any analog potential output (reflecting e.g., 

faradaic current signal) can be fed into the input module and used as feedback 

signal. After a desired travelled distance of the stepper motor (minimal travel step 

size 0.5 µm), the approach can be stopped. Alternatively, the approach can be 

stopped if a current threshold is reached. The program runs under LabVIEW 2015 

runtime engine and requires the following components: NI Carrier USB-9162 and 

NI 9215 with BNC, THORLABS apt motor MTS25/M-Z8, KDC101 motor controller 

and a PC with 2 free USB ports running Windows 7, 8 or 10. Apart from the runtime 

engine, Ni-DAQmx and NI-MAX are required. 
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Figure 33. Schematic of the setup for recording approach curves (z vs. I curves). 

 

Potentiostats communicate with a computer via USB or RS232. In this case, an 

own microprocessor performs a noise deconvolution operation independently and 

typically each data value delivered is already a result of a signal integration, which 

is not the case for analog data. The main noise component is typically the line 

frequency (50 Hz in Germany) with a period of frequency of 20 ms. If the current is 

integrated over one period of the noise frequency, line frequency noise can almost 

be completely cancelled, which was is implemented in the program (full program 

layout is depicted in Figure 34). 
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Figure 34. LabVIEW block diagram of the approach software. Raw data is readily 

low-pass filtered to eliminate 50 Hz line noise and approaches can be stopped at 

the desired current threshold or after a predefined distance was traveled by the 

stepper motor. 

 

Total distance to travel, steps per second, step size and direction along with a 

sensitivity factor and optional threshold (e.g. 0.8 to stop the approach when it 

decreased to 80% of the initial value) can be chosen by the user. After the 

approach, the data is saved as ASCII file. The front panel of the program is shown 

in Figure 35. Several indicators (traveled and remaining distance, current, current 

ratio with respect to starting current, elapsed and remaining time) keep the user 

about the approach process up-to date and the current response is displayed as 

current vs. steps as well as current vs. traveled distance. 
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Figure 35. The front panel of the program. 
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