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Abstract 

 

Adenosine triphosphate (ATP), as an important macroergic substance in all living cells, 

plays an important role in various vital biological processes [1]. For example, ATP is 

released by eukaryotic cells and functions as autocrine and paracrine signaling molecule. 

Amperometric microbiosensors are an attractive tool in selectively monitoring ATP. In 

order to detect ATP release at biologically relevant entities such as living cells in response 

to chemical or mechanical stimulation, robust microbiosensors for ATP with high 

sensitivity and selectivity are required. Therefore, within this thesis microbiosensors were 

developed and improved for ATP detection under physiological conditions.  

 

The first part of this thesis is related to the immobilization of glucose oxidase (GOx) and 

hexokinase (HEX) into poly(benzoxazine) films in order to improve the sensitivity and 

signal-to-noise ratio for detecting ATP levels. Electropolymerized poly(benzoxazine) films 

at platinum ultramicroelectrodes (UMEs) based on a recently presented approach by 

Andronescu et al. [2] was evaluated as immobilization matrix for ATP biosensing. Not only 

an improved mechanical stability, but also a significantly improved sensitivity in 

comparison to electrophoretic paint entrapment could be achieved. For the determination 

of ATP, a sensitivity of 48.47 ± 5.12 pA/µM, and a signal-to-noise ratio of 40 at 

physiological pH values were obtained. Within this thesis, modification of the 

ultramicroelectrodes with platinum nanoparticles (Pt NPs) via pulse deposition prior to the 

immobilization of the enzymes was also investigated. It could be shown that the steady 

state current recorded at a Pt NP-modified microelectrode increased by 3.5 nA, which 

corresponds to an increase in electroactive surface area of approx. 54%. For ATP 

detection, an increased sensitivity of 45% (10.8 ± 3.25 pA/µM, n=3) was achieved with Pt 

NPs-modified microbiosensor. 
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In the next chapter, ATP measurements at biomedically/biologically relevant samples 

using the polybenoxazine-based microbiosensors are presented. ATP measurements 

were performed at bone cells exposed to mechanical strain. In addition, also the ATP level 

at inverted vesicle from E. coli TK2309 or Pseudomonas putida were determined. The 

measurements were performed in a scanning electrochemical microscopy (SECM) setup 

in combination with a dual microelectrode assembly, where one electrode is modified with 

the enzyme containing layer and the other bare microelectrode is used for positioning the 

microelectrode assembly. During the mechanical stimulation of PTPRζ osteoblastic cells, 

with the microbiosensor positioned at a distance of 30.89 ± 1 µm (n = 25) above the 

confluent cell monolayer, an ATP release of 4.77 ± 3.10 µM after 4.55% stretching, and 

1.41 ± 1.42 µM after 6.22% stretching (n = 5) was determined. The applicability of these 

ATP biosensors was also demonstrated with monitoring ATP release levels from vesicles. 

Inverted vesicles prepared from E. coli cells or Pseudomonas putida provide all 

requirements for an in vitro ATP-synthesis and offer an easy accessibility to synthesis ATP. 

ATP-synthases act as nano-machine, which catalyze ATP synthesis from ADP and 

inorganic phosphate (Pi) driven by a transmembrane H
+
-gradient that is generated by 

NADH-dehydrogenase complexes present in the vesicle membrane. By catalyzing the 

conversion of NADH to NAD
+
 protons are pumped across the vesicle membrane. For 

studying the ATP production at inverted vesicles, experimentally, the vesicles were 

separated from the biosensor compartment using a porous polycarbonate membrane with 

pores, significantly smaller than the inverted vesicles to avoid adsorption effects, and 

hence fouling of the microbiosensor. In addition, control experiments were performed to 

evaluate the obtained results. Compared to the bioluminescence-based assays, 

electrochemical biosensors in combination with SECM approach not only provide high 

selectivity, but also record ATP release concentration without an additional sampling step.  

 

However, during the deposition process, this electrochemical poly(benzoxazine) film also 

occurred at the surface of insulating glass sheath surrounding the electroactive disc 

electrode when the number deposition cycles was increased. To overcome the issue with 

overgrowth, the next chapter of this thesis is dedicated to polydopamine (PDA), which was 
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evaluated as immobilization matrix for enzymes due to the plethora of active groups such 

as catechol, amino and imin groups. These groups are not only responsible for the strong 

adhesion of this material but may also be advantageous for entrapment of enzymes. 

Typically, PDA is formed by a dip coating process. However, due to the redox potential of 

dopamine, PDA can also be formed by electrochemical deposition. First approaches to 

deposit PDA electrochemically were perfomed via cyclic voltammetry from deoxygenated 

dopamine solution at pH > 8 [3,4]. However, this applied deposition approach resulted in 

inhomogeneous films and rough surface structures. Within this thesis, pulse deposition 

was investigated to form PDA films using direct mode of SECM with the substrate as 

working electrode and the microelectrode as the counter electrode. Microstructured 

deposition of PDA using pulsed electrochemical deposition allowed to control film 

uniformity and thickness. The deposition process was controlled by multi-potential steps 

and the formation of PDA microspots was investigated in dependence on the pulse 

numbers, the distance between substrate and microelectrode, as well as the RG value 

(ratio of the radius of the insulating sheath and the active electrode radius) of the 

microelectrode. The obtained spots were characterized by atomic force microscopy (AFM) 

in respect to morphology and film thickness and also by SECM in respect to electron 

transfer properties. 

 

In the last experimental chapter, the potential of PDA films as immobilization matrix for 

various enzymes was evaluated. From the perspective of the electrochemical reactivity, 

PDA has the ability to provide a microenvironment for enzymes that improves maintaining 

the activity of the enzymes. Microbiosensors with PDA as immobilization matrix for ATP 

detection, glucose detection, and H2O2 detection were obtained by the same pulsed 

electrochemical deposition in presence of the biological recognition element. An improved 

long-term stability of the sensors could be achieved. In general, polydopamine as 

immobilization matrix for enzymes is a promising approach in biosensor research. 
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Chapter 1:  Theory and State of the Art  

 

 

1.1 Signaling Molecules 

 

From the simple bacteria to complex multicellular plants and animals, signaling molecules 

such as nitric monoxid (NO), ATP and reactive oxygen species (ROS) are involved in 

cellular processes like growth, differentiation, progression, and cell death. As a chemical 

species group, ROS not only include at least one oxygen atom in each molecule but are 

also characterized by their high reactivity compared to molecular oxygen. Typical ROS 

species are superoxide (∙O2
-
), and hydroxyl radical (∙OH), but also nonradical species such 

as hydrogen peroxide (H2O2) formed by the partial reduction of oxygen [5]. ROS can be 

regarded as host defending molecule for destructing exogenous pathogens. For example, 

with increasing oxidative stress, glutathione will be significant oxidased and the overall 

potential of the cell will be altered, the level of ROS including H2O2 will be increase to aid in 

host defense against pathogens [6].  

 

ATP is another important signaling molecule. ATP-releasing cells influence neighboring 

cells through the process of paracrine signaling or induce autocrine signaling within the 

releasing cell [7]. In addition, ATP as a complex organic chemical species provides energy 

for all biological activities in living cells, such as muscle contraction, metabolic process, 

and neurotransmission [8]. In almost all eukaryotic cells, extracellular ATP and adenosine 

levels can activate plasma membrane – localized P2X and P2Y receptors and thereby 

modulate the cellular function [9]. During bone formation and resorption, ATP released 

from SaOS-2 osteoblastic cells [10] can be stimulated by mechanical stretching [11], and 

thereby govern skeletal remodeling and bone regeneration (see Chapter 2). ATP release 

also can occur by exocytosis i.e. vesicle respiration. Synthetic or natural membrane 

vesicles (liposomes) are involved in many transport process such as cellular bioenergetics, 
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transport processes, or ion homeostasis [12–16]. During the vesicle respiration of 

eukaryotic cells, ATP can be generated from ADP and inorganic phosphate (Pi) driven by a 

transmembrane H
+
-gradient via ATP-synthases by membrane vesicles [17–19] (see 

Chapter 3).  

 

1.1.1 Challenges of ATP Detection 

 

As stated in Chapter 1.1, ATP release occurs in almost all eukaryotic cell types. Reliable 

and reproducible detection of the ATP release level is crucial and may contribute to 

understanding the mechanisms of cellular processes. Many researchers have made 

efforts to develop ATP detection methods, such as chromatography [20], colorimetry [21], 

spectrofluorimetry [22], and the luciferin/luciferase-based bioluminescence assay [23]. 

However, quantification of ATP levels with an accurate, sensitive, and reliable method still 

has many challenges. First of all, the intracellular ATP level is very high (3–10 mM) [8], and 

the extracellular concentration is considerably lower (400–700 nM), for example in 4ml 

whole blood [24]. Second, when ATP is released from the mitochondria, the lifetime is 

limited to a few seconds due to the surrounding hydrolytic activities [25]. Third, some 

interference in ATP detection such as adenosine diphosphate (ADP) or adenosine 

monophosphate (AMP) should be excluded or at least eliminated by control 

measurements.  

 

1.1.2 ATP Detection  

 

To fulfill all the requirements as discussed above, a suitable, accurate, localized, and 

real-time method for extracellular ATP detection is a prerequisite. To date, a number of 

detection schemes for ATP as discussed in the following are available.  

 

ATP can be detected by high-performance liquid chromatography (HPLC) using anion 

exchange resins [26] or reversed phases combined with ion-pairing reagents [27]. 

Inherently, HPLC methods are suitable for low concentrations, complex mixtures, and 
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small-volume samples. Thus, HPLC methods have been applied for ATP detection of 

biological samples [28–30]. For example, Papen et al. [30] detected the secretion of ATP 

from human and mouse platelets by HPLC assay, and proved HPLC was a reliable 

quantification method even in the presence of other interferences. However, HPLC - or 

UPLC - based assays can be costly, as they require expensive columns, and chemicals 

such as solvents. In addition, the HPLC detection only analyze the ATP average 

concentration from the supernatant solution which makes time resolved measurements of 

ATP release challenging.  

 

The firefly luciferin–luciferase assay for ATP detection is well known. In 1947, McElroy 

discovered the enzymatic conversion when studying the glowing of fireflies [31]. 

Measurements are performed in a luminometer solution to reduce the emission 

background. The bioluminescence reaction for ATP quantification is as follows: 

 

Luciferase + Luciferin + ATP → Luciferase-luciferyl-AMP + Pyrophosphate         (1) 

Luciferase-luciferyl-AMP + O2 → Luciferase + Oxyluciferin + AMP + CO2 + h        (2) 

 

The detection limit of this luciferin-luciferase assay is in the low picomolar range [32] and 

the linear range is up to 10 µM (reported by distributor Invitrogen, Ltd., Paisley, UK). 

However, this assay is only suitable for measurement of ATP in solution, and also the 

assay is not suitable for time-resolved measurements [33].  

 

Alternatively, fluorescence microscopy [34–36] as a frequently used approach to detect 

extracellular ATP concentration was shown by Corriden et al. [34]. They detected the ATP 

concentration from human Jurkat T cell line based on the fluorescence properties of 

NADPH with a filter set consisting of a 340-nm band-pass exciter (width of 30 nm), a 450 

-nm band-pass emitter and a 400-nm dichroic mirror. UV illumination was generated using 

a 100-W short-arc mercury lamp. Hexokinase catalyzes the reaction of glucose with ATP 

to form glucose-6 phosphate, which then reacts with reduced nicotinamide adenine 

dinucleotide (NADP) to form NADPH catalyzed by glucose-6 phosphate dehydrogenase 
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as represented in Figure 1. If ATP is present in solution, the fluorescence product, NADPH, 

can be locally detected by fluorescence microscopy at λmax = 450 nm. The detection limit of 

ATP is below 1 µM [34]. The Jurkat T cells stimulated with anti-CD3/CD28 antibodies 

bound to microbeads, which can activate the receptors for T cells, results to an ATP 

concentration of 80 µM in the extracellular space. Even though ATP release concentration 

from cells can be quantified, the pathway of ATP release and the eliciting physiological 

stimulus are still not completely clear [36]. To explore the pathway of ATP release, 

Sorensen et al. [36] showed a new design based on luciferin fluorescence as a measure 

method for ATP release by single acini and found that pancreatic acini release ATP related 

to several stimuli. The more ATP was released, the more P2X and P2Y purinergic 

receptors were activated on the pancreatic ducts. The images of luciferin fluorescence are 

shown in Figure 2. 

 

 

 

Figure 1. The enzyme catalyzed reaction resulting in the formation of fluorescent product 

NADPH. Reprinted from Ref. [34]; Copyright 2007, with the permission from the American 

Physiological Society. 
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Figure 2. Images of luciferin fluorescence, carbachol decreases luciferin intensity around 

pancreatic acini indicating ATP release; (A) optical image without acini. (B-D) The 

transmission image of the same acini at 30 s, 210 s, 350 s, respectively. Adapted from Ref. 

[36]; Copyright 2001, with the permission from American Society for Biochemistry & 

Molecular Biology.    

 

 

These methods allow to visualize the ATP release. Recently, approaches have been 

developed that allow to determine ATP close to the cells’ surface, such as immobilizing 

biotinylated fused firefly luciferase proteins on 1 µm beads and then attach the beads to 

the cell surface [37,38]. But binding the luciferase to the cell surface could influence the cell 

behavior and signal pathways. Blum et al. [39] developed a new approach with the 

drawback of binding the luciferase and oxidoreductase to the Nylon membranes which 

placed in close contact with the tip of a bundle of optical glass fibers [39]. According to equ 

(1)(2), luciferase can catalyze the oxidation of luciferin by oxygen in the presence of ATP 

and thereby ATP concentration is directly related to light intensity.  

 

Requirements in Localized ATP Detection 

 

The traditional method to quantifiy ATP concentration only determines an average value, 

but in localized measurement, ATP biosensor can be positioned close to the cell’s surface 

(A) 

(B) 

(C) 

(D) 
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and actually estimate the local ATP concentration. For example, during the exocytosis 

process, vesicles consist of zeptoliter (10
–21

 L) volumes releasing solutions of millimolar to 

molar ATP concentration [40,41]. A large concentration gradient of released ATP is 

observed showing relatively high ATP concentrations directly at the release site [42]. The 

occurring concentration gradient is one of the crucial factors explaining the divergence of 

reported ATP levels, which range from nano- [43,44] to mid-micromolar [37,45] ATP 

concentrations. If the detection assembly can be placed at micrometer distances to the 

cells, the detected ATP concentration reflects more the actually present ATP 

concentration. 

 

The electrochemical ATP biosensor is thereby a highly attractive approach, being easy to 

prepare, highly sensitive, economic, reliable, can be miniaturized, and enables local 

detection of ATP close to the cell surface when ATP microbiosensors are used in 

combination with scanning electrochemical microscopy (SECM) [46]. The different 

schemes of electrochemical ATP biosensors will be discussed in Chapter 1.2.4.  

 

1.2   Biosensor  

 

1.2.1 Introduction and Principle  

 

According to the International Union of Pure and Applied Chemistry (IUPAC; 

http://www.iupac.org), “the biosensor is a device that uses biochemical reactions mediated 

by isolated enzymes, organelles, or whole cells to detect the concentration of chemical 

compounds by electrical, thermal or optical signals” [47]. A biosensor is usually composed 

of a biological recognition element, which is in direct contact with the signal transduction 

unit. Signals are usually amplified via a processing unit as shown in Figure 3. Biological 

recognition elements (bioreceptors) include enzymes, organelles, proteins, cells, and 

antibodies, which specifically detect an analyte from the surrounding environment typically 

through catalyzing a reaction or through a (bio) chemical reaction. Different transducers 

http://www.iupac.org/
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such as electrodes, optical and mass-sensitive transducers, etc. convert the obtained 

response into a physical signal, which can be converted into an electrical signal that is then 

processed by the signal unit. An ideal biosensor should fulfill the following requirements: 

highly specific biocatalyst, accurate and reproducible response over the concentration 

range of interest, no inactivation or proteolysis of the recognition element, and no toxic or 

antigenic effects in case of clinical studies and real-time analysis. One advantage over 

traditional methods is the fairly low costs of biosensors. Traditional analysis methods are 

limited because of low specificity and sensitivity and the costs of analysis (e.g., for gas 

chromatography and high-performance liquid chromatography coupled with mass 

spectrometry) are higher due to sophisticated instruments [48], expensive reagents, and 

time-consuming sample pretreatment. Therefore, biosensors as a promising tool have 

been developed for a wide range of applications such as drug discovery, clinical assay, 

disease diagnostics, quality control of food, and environmental monitoring [49]. Among the 

different transduction principles, electrochemical biosensors, which may be divided into 

two classes, biocatalytic devices and affinity sensors [50], with the latter being the most 

used biosensors [51]. 
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Figure 3. Schematic diagram, which represents the components of a biosensor. 

 

 

1.2.2 Electrochemical Biosensor  

 

Electrochemical biosensor can be divided into two main categories, namely, biocatalytic 

devices and affinity sensors [50]. Among the electrochemical methods, potentiometry, 

electrochemical impedance measurements, and voltammetric methods are mainly used in 

electrochemical biosensors [51]. Potentiometric sensors are based on the potential 

measurement between two electrodes (a reference electrode and in case of a biosensor, 

the sensing electrode), where the dependence of the measured potential in respect to the 

concentrations is given by the Nernst equation. Among the first example for potentiometric 

biosensing is the detection of urea based on the change of pH through the urease 

catalyzed reaction [52]. Ion-selective field effect transistors (ISFETS) [53] in combination 

with a biological recognition element have the advantage of low costs and that they can 

easily be miniaturized, however they may suffer from problems such as non-specific 
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adsorption [54]. Electrochemical impedance spectroscopy (EIS) is a highly sensitive 

technique to characterize functionalized electrodes and is frequently used in biosensing. 

EIS allows to measure resistive and capacitive components of an electrode by imposing a 

small-amplitude sinusoidal AC excitation signal of 2–10 mV at equilibrium [55]. The 

resulting AC current signal and corresponding resistance as response of this potential can 

then be analyzed providing information of charge transport resistance, capacitive 

components and Warburg impedance that is related to diffusional processes. Typically, the 

interactions between a biological receptor, which is immobilized at the electrode surface 

and the target analyte is detected via changes of the charge-transfer resistance (Rct) 

reflecting the interfacial electron transfer kinetics between a redox probe in solution and 

the electrode surface. Impedance measurements are predominantly used for DNA sensing 

[56] and for immunosensing determining the binding events between antibodies (Ab) and 

antigens (Ag) [57]. Although, detection limits down to the 0.1 pM were demonstrated, 

similar to ISFETS, non-specific adsorption may be an issue for measurements in real 

samples. Among the voltammetric sensings approaches all voltammetric techniques such 

as amperometry, cyclic voltammetry, and pulsed techniques (normal and differential pulse 

voltammetry, square wave voltammetry) have been used in biosensing. 

 

Voltammetric biosensor 

 

Voltammetric/amperometric sensors are based on applying a potential to the working 

electrode vs. a reference electrode and measuring the current. The change in current at 

the working electrode is related to the reduction or oxidation of electroactive species, which 

may be the by-product of an enzyme-catalyzed reaction or the product of a biochemical 

reaction [58].  

 

In amperometric detection, electrochemical oxidation or reduction generate the changes 

in current while a constant potential is applied to the working electrode vs. a reference 

electrode [51]. If the working electrode is placed into flow systems, the mass transport to 
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the electrode surface can be significantly enhanced [59]. Applying a constant potential to 

the working electrode results in reduced charging current [60], which also minimizes the 

background current that adversely affects the detection limit [59]. Amperometry is 

commonly used to detect the analyte concentration. For example, oxygen and H2O2 as 

co-substrates or as products of the enzymatic conversion are often detected by 

amperometric sensors. 

Within this thesis only amperometric enzyme-based biosensors were investigated. Hence 

the following chapters are focused on this topic. In literature, enzyme-based biosensors 

are divided into three generations. Initially, oxygen was used as electron acceptor, which 

reflects the first-generation of biosensors, the second-generation biosensors used 

free-diffusing mediators. The third-generation biosensors are based on directly “wire” 

enzymes into redox polymers. In the following, these three approaches will be discussed, 

predominantly focusing on amperometric biosensor.  

 

1.2.2.1 First-Generation Biosensors  

 

Most of the first-generation biosensors were based on glucose oxidase (GOx, EC 1.1.3.4) 

which is a readily available, highly stable enzyme using oxygen as co-substrate for 

catalyzing the oxidation of glucose. The basic biosensor design is presented in Figure 4. 
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Figure 4. A schematic of the first-generation electrochemical biosensor using glucose 

oxidase in amperometric detection. 

 

 

The detection principle of first-generation biosensors is either determining the increase of 

enzymatically generated products or the decrease of the (co)substrate of the redox 

enzyme. The first demonstration of glucose sensing goes back to the pioneering work by 

Clark and Lyons [61], who immobilized GOx on a permselective membrane that covers the 

Clark oxygen electrode (Pt-electrode). The determination of glucose concentration is 

based on measurements of oxygen consumption by the enzymatic reaction: 

 

Glucose oxidase: Glucose + Oxygen → Gluconic acid + Hydrogen peroxide    (3) 

 

Soon, Updike and Hicks [62] constructed a biosensor for glucose based on Clark’ s 

approach. In 1973, Guilbault and Lubrano [63] described an enzyme electrode 

immobilizing GOx at a platinum electrode to determine the blood glucose concentration by 

directly oxidizing the by-product (hydrogen peroxide) of the enzymatic conversion, at the 

electrode surface:  

 

H2O2 →  O2 + 2H
+
+2e

-
                          (4) 
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Because these oxidase-based biosensors use oxygen as the electron acceptor, the 

fluctuation of the oxygen pressure and the stoichiometric limitation of oxygen [64] may 

influence the electrochemical signal of the biosensor. Several routes have been used to 

overcome this oxygen limitation. Some researchers focused on using mass-transport 

limiting films such as polycarbonate and polyurethane to adjust the flux of glucose and 

oxygen, and thus increase the permeability ratio of oxygen and glucose [65]. The most 

attractive strategy is the two-dimensional biosensor which was designed by Gough’s group 

[66], the oxygen can diffuse into the enzyme region from two directions, and the glucose 

only from one, which is shown in Figure 5. 

 

 

 

Figure 5. (A) Glucose and oxygen diffuse in the same direction in the planar sensor design. 

(B) The two-dimensional biosensor design, oxygen not only diffuses to the electrode in the 

axial direction but also from the side. 

 

 

Ideally, a direct electron transfer between the active redox center of the oxidoreductase 

and the electrode surface should be achieved. Although intensively discussed in literature, 

only for a few examples of direct electron transfer could be shown [67,68] as usually direct 

electron transfer is hindered by several factors: denaturation of the enzyme, when directly 

(A) (B) 
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adsorbed at the electrode surface and a buried active center within the enzyme’s tertiary 

protein structure [69]. 

 

1.2.2.2 Second-Generation Biosensors 

 

The second-generation biosensors use artificial, soluble redox mediators that undergo 

reversible redox reactions [70]. For example, redox mediators with fast electron transfer 

kinetics replaced the O2 molecules in glucose biosensors as electron shuttle between the 

redox active center of the enzyme as shown exemplarily for glucose oxidase in eqn. (6). 

The redox mediator can be re-oxidized at the electrode surface biased at a sufficient 

potential (eqn. (7)). The observed current at the working electrode is then proportional to 

the glucose concentration (eqn. (5)). 

 

                GOxox + Glucose → GOxred + Gluconic acid                     (5)          

GOxred + 2Mediatorox → GOxox + 2Mediatorred + 2H
+
                   (6) 

2Mred → 2Mox + 2e
-
                                   (7) 

 

The use of artificial redox mediators eliminates the O2 dependence [69]. However, these 

mediators have to fulfill some requirements: they should be nontoxic, be soluble in 

aqueous medium, be independent of pH, show good chemical stability in the reduced and 

oxidized forms, and not react with oxygen [69]. Many organic compounds can act as 

redox mediators in enzymatic sensors, such as quinone compounds [71], organic 

conducting salts [72], ferrocene [73] and ferricyanide derivatives [74], ruthenium 

complexes [75], phenothiazine and phenoxazine compounds [76], and dyes [77]. Usually, 

mediators with low redox potential are chosen to minimize the interferences from possible 

components present in solution such as ascorbate, urate, and paracetamol [78]. As an 

example, Weber et al. [79] showed an ATP biosensor by immobilization of 

pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) and 

hexokinase using electrophoretic (Resydrol, AY498w/35WA) films. Several redox 
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mediators were tested: free-diffusing N-methylphenazonium methyl sulfate (PMS) and 

ferrocenemethanol, and an immobilized chromium hexa-cyanoferrate. The highest 

sensitivity for glucose and ATP of 1.4 ± 0.4 nA/mM and 290 pA/µM were obtained for the 

free-diffusing ferrocenemethanol.  

A schematic of the ATP biosensor is shown in Figure 6. 

  

 

 

Figure 6. The schematic of an ATP biosensor based on hexokinase and PQQ-GDH, using 

ferrocenemethanol as redox mediator. 

 

 

Second-generation biosensors using redox mediators have also been realized with other 

enzymes such as peroxidases and dehydrogenases, thereby expanding the list of possible 

target analytes [51], and also with mediators that can decrease the required potential, 

which can minimize the influence from easily oxidizable interfering compounds possibly 

present in real-world samples [80]. 

 

1.2.2.3 Third-Generation Biosensors    
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The third-generation biosensors rely on bioelectrocatalysis [81], which is based on direct 

electron transfer (DET) by immobilized enzymes and immobilized mediators within 

conducting polymers or “writing” the enzymes into a redox polymer at the surface of the 

electrode as shown in Figure 7. Heller et al. [82,83] first described a glucose biosensor 

that immobilized GOx into a redox polymer (redox gel or [Os(bpy)2Cl]
+/2+

 complexed 

poly(1-vinylimidazole) film). This technique significantly improved the electron transfer rate 

between the enzyme’s active site and the electrode surface and led to high current 

densities as such redox polymers can be considered as an array of rapid electron relays 

[50]. A third-generation ATP biosensor was presented by Yarman et al. [84]. The signal 

was generated by a DET reaction of a glucose-converting enzyme — a mutated cellobiose 

dehydrogenase (CDH) — and the electrode surface. The reaction was coupled with the 

hexokinase catalyzed competition for glucose in the presence of ATP. Pyruvate kinase (PK) 

was co-immobilized to recycle ADP by the phosphoenolpyruvate (PEP)-driven reaction to 

enhance the ATP signal output.  

           

 

 

Figure 7. Third-generation electrochemical biosensor containing the enzyme in a 

conducting redox polymer. 

 

 

To improve the rate of ET, nanomaterials with excellent conductivity and good 

electrochemical properties are widely used in the third-generation biosensor. The high 
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surface-to-volume ratio allows a high loading for enzymes, which is also advantageous. 

Nanomaterial monolayers can also minimize the distance between the electrode surface 

and the enzymes’ electrochemically active centers [85]. Taking these advantages into 

account, many enzymes such as laccase, hexokinase, GOx, and horseradish peroxidase 

(HRP) combined with Pt-NPs, Au-NPs, and other nanomaterials were used in biosensor 

approaches within the last decade [49]. 

   

1.2.3 Immobilization Strategies 

 

Immobilization strategies for enzyme-based biosensors have been extensively studied 

using various chemical and physical strategies. A multitude of publications appeared on 

the topic ‘enzyme immobilization’, which has been reviewed in detailed [22,46,86–88]. 

Figure 8 gives a general overview on the used immobilization strategies such as 

adsorption [89], covalent immobilization [90], cross-linking [91], affinity [92], entrapment of 

the enzymes into a matrix film [46]. Moreover, the different types of immobilization 

strategies also drastically affect the accuracy of the measurements, the reproducibility of 

the biosensors and lifetime operation [93]. The main objective is to build an intimate 

contact between the electrode surface and the enzymes without drastically inactivating the 

activity and altering the protein structure of the enzymes or blocking the active site of the 

proteins. To prevent inactivation by e.g., change of the protein structure, combination of 

several immobilization methods have been proposed [93]. For example, some enzymes 

can be precoated on the surface of beads or nanoparticles (NPs) and then modified into a 

porous polymer at the electrode surface. The advantages and disadvantages of the 

individual immobilization strategies are summarized in Table 1. The immobilization of 

enzymes should meet the requirements below: 

 

1. Provide a sufficiently strong and good mechanically stable film that allows permeation 

of enzyme into this cross-linked network. 

2. Provide sufficiently soft character film to free and form the optimal structure of the 
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enzyme, which is crucial for maintaining sufficient enzyme activity [94]. 

 

Figure 8. Schematic of different enzyme immobilization strategies. 

 

 

Table 1. Advantages and disadvantages of the different immobilization strategies. 

 

 Binding Advantages Disadvantages 

Adsorption Adhesion of molecules 

and ions to the surface. 

Simplicity, low cost; 

 

Non-specific 

adsorption; 

loss due to weak 

interaction. 

Covalent 

binding 

Chemical binding 

between the supporter 

and the enzyme active 

group.
 

Stable; 

easy to lose the activity 

of enzymes; 

no diffusion barrier. 

Difficult to regenerate 

the matrix film; 

toxic. 

Affinity Interaction between a 

functional group of the 

transducer or affinity tags 

and a protein sequence. 

Controlled 

immobilization;  

Need affinity tags, such 

as glutathione 

S-transferase; 

 

Cross-linking Bond between enzyme / 

cross-linker (e.g. 

Simplicity, low cost Lower sensitivity due to 

high enzyme loss. 
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glutaraldehyde) / inert 

molecule (e.g. BSA). 

Entrapment Entrapment of enzymes 

within a conducting or 

insulating polymer. 

No chemical reaction 

between the enzymes 

and monomer; 

different enzymes can be 

entrapped by the same 

polymer. 

Diffusion barrier; 

Leakage of entrapped 

enzyme; 

Need polymerization to 

entrap the enzymes. 

 

Over the last 10 years, the design of nanomaterials (such as conductive polymer 

nanowires, noble metal NPs and carbon nanomaterials) has had a significant impact in 

biosensing. The promising properties of nanomaterials are due to small particle size and 

the high reactive surface area [95], which can significantly improve the physical and 

chemical properties of the biosensors. For enzyme immobilization process, directly coating 

the enzymes on the metal surfaces always results in denaturation of the protein and loss of 

activity of enzymes [93], which can be avoided by immobilizing enzymes at nanomaterials 

before being electrodeposited on the surface of the electrode [96].  

  

1.2.3.1 Adsorption 

 

Adsorption is an easy method for enzyme immobilization at the electrode surface. If an 

electrode is placed into an enzyme containing solution for a fixed time period [93], van der 

Waals’ force, electrostatic, and hydrophobic interactions are the main mechanisms for 

adsorption. However, because of possible changes in temperature, pH, and ionic strength 

during the adsorption period, and during measurements may lead to desorption. In addition, 

nonspecific adsorption is another drawback which limits the application of this method. 

Physical adsorption, electrostatic interaction, and retention in a lipidic microenvironment 

are the main interactions in adsorption of enzymes. 

 

As an example, the first dual-enzyme layer biosensors were developed by Schubert et al. 

[97], which were prepared by immersing the polypropylene membrane and a dialysis 

membrane into enzyme-containing solution to form a sandwich structure for 
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glucose-6-phosphate (G-6-P) dehydrogenase and HEX. ATP concentration with a rather 

limited detection range (1–3 mM) were reported for this approach [97]. Recently, a 

disposable third-generation hydrogen peroxide (H2O2) amperometric biosensor was 

described by Wang et al. [98], who immersed the Au-NP-modified indium tin oxide (ITO) 

electrode into L-cysteine (Cys) and HRP solution. The response of H2O2 showed an 

extended linear range from 8 × 10
−6

 M to 3 × 10
−3

 M with a detection limit of 2 × 10
−6

 M. 

 

Enzymes also can be immobilized onto a surface by electrostatic interaction due to the 

lower isoelectric point of enzymes, which can be negatively charged to a positively charged 

substrate [93]. Layer-by-layer deposition and electrochemical doping are the two main 

techniques based on electrostatic adsorption that are widely used in electrochemical 

biosensors [99,100].  

    

1.2.3.2 Covalent Immobilization  

 

Covalent immobilization, coupling of the enzyme functional groups to the surface is 

another strategy for biosensor modification. The substrate can be inorganic, metal, and 

synthetic materials (for example, commercial membranes such as Immunodyne and 

Ultra-bind, which are already preactivated). Compagnone et al. [101] used a commercial 

Immunodyne membrane binding HEX and GOx to develop an amperometric ATP 

biosensor. A linear range of 0.05–0.5 mM with a detection limit of 0.01 mM for ATP was 

achieved. Recently, an aptamer sensor based on covalently binding graphene oxide with 

fluorescent aptamer for detection of intracellular ATP concentration from SMMC-7720 cells 

was developed by Liu et al. [102]. Glutaraldehyde can also be applied in ATP biosensors 

as described by Cui et al. [103]. Salicylate hydroxylase (SHL), glucose-6-phosphate 

dehydrogenase (G-6-PDH) and HEX were covalently bound with 1% glutaraldehyde using 

a Clark-type oxygen electrode [103]. HEX transfers the phosphate group from ATP to 

glucose to form G-6-P. G-6-PDH catalyzes the specific dehydrogenation of G-6-P by 

consuming NAD
+ 

[103]. The current signal is related to consumption of dissolved oxygen 

and generate catechol in presence of NADH, which initiates the irreversible 

https://www.sciencedirect.com/topics/chemistry/salicylate
https://www.sciencedirect.com/topics/engineering/dehydrogenases
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decarboxylation and hydroxylation of salicylate by SHL. The biosensor showed a linear 

range from 0.1 mM to 8 mM with a detection limit of 0.03 mM for ATP [103].  

 

1.2.3.3 Affinity 

 

The affinity immobilization strategy is based on affinity bonds between an activated 

substrates (e.g. with lectin, avidin, metal chelates) and a specific group (a tag) of the 

protein sequence (e.g. carbohydrate residue, biotin, histidine) [93]. The biggest advantage 

of this method is that the biomolecule orientation can be controlled, thereby preventing 

deactivation of the enzymes and hindrance of the active site. It is not only through metal 

ion–chelator, lectin–carbohydrate affinity, and biotin–streptavidin that affinity strategy is 

built up but also using the affinity tags attached to a special sequence of a protein by 

genetic engineering such as site-directed mutagenesis and protein fusion technology [104]. 

For example, Andreescu et al. [105] first used affinity immobilization to link Ni complexed 

nitrilotriacetic acid (NTA) chelate and the hexahistidine residue onto a graphite electrode 

surface to develop an amperometric acetylthiocholine biosensor. However, in this method, 

acetylcholinesterase (AChE) containing a His tag needed to be genetically engineered 

before the enzyme could be immobilized at the surface of the electrode [105].      

 

1.2.3.4 Cross-linking  

 

Cross-linking is a well-known approach which can immobilize enzymes with bifunctional 

agents such as glutaraldehyde, glyoxal, and hexamethylenediamine. Because of 

easy-to-prepare and strong bonds between molecules, this approach is attractive. 

However, the active enzyme can be distorted and the chemical structure of the enzymes 

may be altered during the cross-linking process, thereby the sensitivity of the biosensor 

may be decreased [106].  

 

The combination of bovine serum albumin (BSA) and glutaraldehyde was used in 

numerous gentle fixations of enzymes for biosensor applications [107]. Compagnone et al. 
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[101] used BSA and glutaraldehyde as support for GOx and HEX to improve the 

characteristics of the ATP biosensor in comparison with Scheller and Pfeiffer’s approach 

[108]. Liu et al. [88] developed a new “three-dimension vesicle sol–gel structure” for 

immobilization of GOx and HEX for ATP detection. This approach exhibited good 

performance characteristics including high sensitivity (10.8 µA cm
−2

 mM
−1

), fast response, 

and good stability [88]. In addition, this new sol–gel matrix provided a good biocompatibility 

not only for GOx and HEX but also for other enzymes and other bioactive molecules. A 

needle-type biosensor was developed by Yonemori et al. [109] for continuous estimation of 

the blood glucose concentration in fish. Glutaraldehyde was added into solution to induce 

cross-linking between GOx and bovine serum albumin (BSA) to build up a microbiosensor. 

Continuous glucose concentration was recorded by implanting this needle-type biosensor 

into the fish eyeball scleral interstitial fluid, a blood glucose range of 70–420 mg/dl was 

determined. 

 

1.2.3.5 Entrapment  

 

Enzyme may also be entrapped into a three-dimensional polymer network such as 

polydimethylsiloxane, polypyrrole, polybenzoxazine, polysaccharide [93]. As an easy 

immobilization strategy, enzyme, mediator, and additives can be simultaneously deposited 

into the same layer [110]. The entrapment process does not require modification of the 

enzyme so that the activity of the enzyme may be preserved. However, during the 

measurement, the leakage of enzymes and the formation of the diffusion barrier can 

restrict the performance of the biosensors [93]. 

 

Electropolymerization       

 

Electropolymerization is a simple and one-step method to immobilize enzymes on the 

electrode surface. The electrode is immersed in a solution that contains enzymes and 

monomer molecules. By applying the appropriate potential (potentiostatic) or current 

(galvanostatic), the enzymes are physically incorporated into the polymer that is formed on 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/interstitials
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/liquid
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the surface of the electrode. A significant advantage of the electropolymerization process 

is that the thickness of the polymer films can be controlled. Most of the electropolymerized 

films used for enzyme immobilization are nonconducting polymers such as polyphenylene 

oxide, poly(o-aminophenol) [111] and conducting polymers such as polypyrrole and 

polyaniline [112]. However, nonconducting polymers have an attractive matrix structure for 

immobilization of the enzyme due to the self-limiting film thickness during the polymer 

formation [113]. Compared with the conducting film, the thickness of the nonconducting 

film is thinner (around 10–100 nm [114,115]). In addition, most nonconducting polymers 

are permselective films [113], which prevent interferences from electroactive species. For 

example, using poly(1, 4-diaminobenzene) as immobilization matrix for glucose biosensor, 

there is no discernible signal after adding lactose, sucrose and urea above the 

background current [116]. Yuqing et al. [113] discussed the fast response and higher 

sensitivity of nonconducting films such as poly(o-aminophenol)-, and 

poly(o-phenylenediamine)-based biosensors. More recently, poly(benzoxazine) was also 

used as immobilization matrix in ATP biosensors. Ziller et al. [46] developed an ATP 

microbiosensor by pulsed electropolymerization of nonconducting poly(benzoxazine), 

which contained GOx and HEX. A high sensitivity of 48.47 ± 5.12 pA/µM could be achieved 

with this approach. The modification of the electrode surface with Pt-NPs prior to the 

immobilization of enzymes, resulted in an increase of sensitivity of 45% due to the 

increased surface area. More details will be discussed in Chapter 2. 

 

Other approaches such as sol-gel process were also used to immobilize enzymes. Liu and 

Sun [88] described an amperometric ATP biosensor by co-immobilization of GOx and HEX 

into silica hybrid sol–gel film on the surface of the glassy carbon electrode. The sol–gel 

approach will not be described further within this thesis as electropolymerization was the 

choice of method for immobilization of enzymes.              
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1.2.4 ATP Sensing 

 

The most used approach for ATP detection is the firefly luciferin-luciferase assay (see eqn. 

(1) and (2)), which was first described by McElroy [31]. However in past decades, 

electrochemical biosensors for ATP detection rapidly developed into important tools in 

biomedical research with improved design and applications in clinical diagnosis [117].  

 

One approach to detect ATP is by using Na
+
-, K

+
-ATPase in solution for potentiometric 

ATP measurements. The basic principle is utilization of the hydrolysis energy of ATP to 

transport Na
+
 and K

+
 by Na

+
-, K

+
-ATPase across a bilayer membrane in the presence of 

Mg
2+

 and generate a transmembrane potential change [118].   

 

As just discussed in Chapter 1.2, the recognition elements of biosensors are not limited to 

enzymes but also so-called aptamers (artificial DNA (deoxyribonucleic acid) or RNA 

(ribonucleic acid) strands are used. Several aptamer ATP biosensors were reported in 

recent years [92,119–121]. The basic principle is the complexation of ATP by the aptamer 

that induces a cascade of binding and breaking events of DNA or RNA strands (i.e. 

ferrocene and thiol group can be labeled onto the cDNA, this labeled cDNA are hybridized 

with ATP- and thrombin-binding aptamers to form double-stranded DNA [122]), which 

changed structure can be detected with chronocoulometry [120], square-wave 

voltammetry [92], and EIS [121]. Lack of continuous measurements and complicated data 

recording (such as electrochemical impedance) may be considered as drawbacks of 

aptasensors.  

 

Enzymes are most frequently used as biological recognition elements in biosensors, as 

they offer high selectivity towards the targeted analyte. Therefore, this enzyme-based 

biosensor can be applied in vivo and in vitro experiments. The first amperometric 

enzyme-based ATP biosensor was reported by Scheller and Pfeiffer [108] in 1980, which 

principle is shown in Figure 12 (A), presenting a competitive bienzymatic biosensor with 

HEX and GOx to detect ATP concentrations in a blood sample. This concept of competitive 
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enzyme assay for the detection of ATP has been adopted by several researchers [46,123]. 

Another concept to construct an ATP biosensor was presented by Llaudet et al. [124]. In 

brief, glycerol kinase and glycerol-3-phosphate oxidase were immobilized into sol–gel films 

on the platinum electrode surface [124] as shown in Figure 12 (B). In the presence of 

glycerol, glycerol kinase catalyzes the conversion of glycerol to glycerol-3-phosphate, 

which is then in a consecutive reaction via glycerol-3-phosphate oxidase transformed to 

H2O2 and glycerone phosphate. The ATP concentration is proportional to the concentration 

of H2O2 and can be easily followed by measuring the H2O2 production. The concept was 

applied for measuring the ATP release during the spinal motor activity in the tadpole [124]. 

Another ATP biosensor using salicylate hydroxylase (SHL), glucose-6-phosphate 

dehydrogenase (G-6-PDH), and HEX on a Clark-type oxygen electrode was reported by 

Cui et al. [103]. The determination principle is presented in Figure 12 (C). The phosphate 

group is transferred from ATP to glucose forming glucose-6-phosphate by the hexokinase 

catalyzed reaction. In presence of NAD
+
 the dehydrogenation of glucose-6-phosphate is 

catalyzed by G-6-PDH, which is then via SHL irreversible decarboxylated and 

hydroxylated in presence of salicylate and NADH to generate catechol and consume the 

dissolved oxygen. 

 

Since the early 2000s, the biosensor field has moved towards miniaturization of the 

transducer resulting in microbiosensors [125]. A microbiosensor offers various advantages 

for cell biology, clinical, and biomedical applications. Microbiosensor due to their small 

dimensions in the micrometer or nanometer range reduces the costs of biological agents 

and noble metals and allow measurements in small volumes. In addition, the response 

time is improved due to the enhanced mass transport. For microfluidic systems, the 

smaller volume of the sample, the shorter reaction time, simultaneously measuring 

different types of analytes on the same device, with reproducibility and high resolution of 

imaging are also the advantages of microbiosensor. Moreover, a micro/nanobiosensor 

has other advantages of enhanced electrochemical signals. 
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Therefore, significant contributions have been recently reported in ATP microbiosensors. 

Patel et al. [86] immobilized glucose oxidase (GOx) and hexokinase (HEX) into a 

polyphenol film on the surface of a Pt microelectrode for long-term ATP detection in tissue. 

It could be shown that ATP releasing concentration from the mucosal surface was higher 

than from the colon in the ileum [86]. To miniaturize the ATP biosensor, Schneider et al. 

[126] investigated an atomic force microscope (AFM) tip modified with ATPase-containing 

S1 myosin fragment to detect the ATP concentration in living cells using the deflection 

signal of the cantilever. 

 

An ATP microbiosensor using Pt microelectrodes (radius: 12.5 µm) was first reported by 

Kueng et al. based on immobilization of GOx and HEX in electrophoretic paints [123]. In 

brief, the ATP concentration can be detected by the following competitive enzyme 

reactions, which require glucose as substrate:     

           

Glucose oxidase: Glucose + O2 → Gluconic acid + H2O2             (8) 

Hexokinase: Glucose + ATP → Glucose-6-P + ADP                (9) 

 

Based on these competitive reactions, the decrease in current signal is proportional to the 

ATP concentration. A typical response curve of the current for such an amperometric 

measurement is shown in Figure 9. This biosensor exhibited excellent sensitivity and 

recovery behavior, improved response time, and sufficient long-term stability [123]. Within 

this thesis, the amperometric biosensor for ATP detection will be further developed and 

discussed below. 
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Figure 9. A typical current vs. time response of an ATP biosensor to glucose (6 mM), ATP 

(0.2-9.0 µM) and glucose (3 mM) measured in phosphate buffer (0.1 M, 5 mM MgCl2, pH 

7.4) at 700 mV vs. Ag/AgCl. The electrode (50 µm diameter) was modified by entrapping 

GOx and HEX within a polymer film.  

 

 

For localized ATP detection, microbiosensors may be combined with SECM, which 

facilitates positioning of the sensor close to the sample surface and allows to monitoring 

the signal of the enzymatic reactions continuously in a time-resolved manner. Kueng et al. 

[127] developed a dual microelectrode (as shown in Figure 10) assembly by 

immobilization of GOx and HEX on one Pt microelectrode, while the second bare electrode 

was used for positioning the assembly. With this approach, diffusion of ATP through a 

track-etched membrane was imaged [127]. This dual microelectrode assembly was also 

used for locally detecting ATP release in response to a variety of stimuli-response (such as 

high potassium concentrations, during normoxic hypercapnia and during hypoxia) at 

superfused carotid body [45]. It is an excellent tool for biomedical researchers to explore 

the molecule signaling processes and open up a new route of clinically relevant studies. 

 

Since this GOx/HEX competitive assay needs oxygen as electron acceptor in the 

oxidase-catalyzed reaction, Weber et al. [79] presented a novel approach for an ATP 

Glucose 

Glucose 

ATP 
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biosensor based on pyrroloquinoline quinone-dependent glucose dehydrogenase 

(PQQ-GDH) and HEX with the advantage that only require a potential of 100 mV vs. 

Ag/AgCl, however, require the addition of a redox mediator.  
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Figure 10. Pt dual micro-disk electrodes with one electrode (W1) working as SECM 

positioning tip, and the second electrode (W2) acted as ATP microbiosensor for imaging 

ATP membrane transport. (A) Schematic diagram of the ATP microbiosensor including the 

electrode reactions, (B) and (D) horizontal, and (C) and (E) vertical microscope images of a 

dual micro-disk electrode before (B) and (C) and after (D) and (E) selective modification of 

working electrode W2 with an enzyme containing polymer layer. Adapted from Ref. [127], 

Copyright 2004, with permission from Elsevier B.V. 

 

(A) 

(B) (D) 

(C) (E) 
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Recently, Hecht et al. [42] immobilized GOx and HEX into anodic electrophoretic 

deposition paint (Canguard, BASF, Germany) to fabricate ATP microbiosensor and 

recorded the ATP release level from stretched osteoblastic cells (MC3T3-E1). In brief, a 

dual-ATP microbiosensor was positioned at a distance of 30–40 µm above the cell surface, 

and ATP concentration was determined after applying mechanical forces to the MC3T3-E1 

cells. The scheme of this first-generation cell stretching device used in such studies is 

shown in Figure 11. For ATP release measurements at osteoplastic cells surface during 

mechanical stimulation, an improved ATP microbiosensor was presented by entrapment 

the GOx and HEX into poly(benzoxazine) films [46]. A significant advantage of this 

biosensor is its improved sensitivity (48.47 ± 5.12 pA/µM) compared to other polymer 

entrapments. In this study, Pt nanoparticles were deposited at the electrode surface prior 

to enzyme immobilization in order to further enhance the sensitivity [46].   

 

In alveolar type II (ATII) cells, extracellular ATP triggers fusion-activated cation entry 

(FACE) via P2X4 receptors following the fusion of lamellar bodies (LBs) with the plasma 

membrane [128]. To quantify ATP release concentration from single lamellar body (LB) 

upon exocytosis, ATP biosensor was positioned at a distance of 30 µm above the ATII cells 

surface. Using 300 nM PMA to stimulate the LB exocytosis [129,130], an ATP release 

concentration of 3.40 ± 0.81 amol ATP per LB fusion was detected and this could correlate 

to a mean concentration of 1.92 ± 0.45 mM ATP inside a single LB [131] (assumed LB 

diameter of 1.5 µm). Within this study, ATP release concentration from fused LBs of ATII 

cells was firstly quantified [131].  

 

With this combined method, two advantages can be achieved. First, the distance between 

biosensor and sample surface can be evaluated by a current–distance approach curve 

recorded with the bare microelectrode. Second, it can provide spatial resolution for 

imaging of ATP release.    
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Figure 11. Cell stretching device. Scheme of the setup, which enables x,y,z-positioning of 

the electrode assembly above living osteoblastic cells. The sliding brackets clamping the 

PDMS (polydimethylsiloxane) sheet is moved in opposite directions using a micrometer 

screw resulting in a controlled stretch of the PDMS membrane, and thus, a controlled 

stretching force imposed onto the adherent cells. The observation window allows the 

inspection of the cells and the dual-UME assembly from below via an inverted optical 

microscope. Reprinted from [42]; Copyright 2013, with the permission from Elsevier B.V. 

 

 

This combination setup based on SECM and a dual ATP microbiosensor will be further 

improved and evaluated within the scope of this thesis. 
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Figure 12. Schemes of different ATP biosensor design. (A)-(D) showed representative 

amperometric ATP biosensor by various immobilized enzymes [79,84,103,132]. (E) 

Optical biosensor based on immobilization of luciferase on the fiber-optics probe [39].  

 

 

 

 

 

 

(A) (B) 

(C) (D) 

(E) 
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1.3   Electrochemistry  

 

1.3.1 Microelectrodes 

  

In recent years, (bio)electroanalytical chemistry using micro- and nanoelectrodes has 

gained importance for in-vivo measurements of neurotransmitters [133] and for analyzing 

the real-time probing of dynamic processes in single cells [50].   

 

A microelectrode frequently also termed ultramicroelectrode usually has dimensions in the 

micrometer or nanometer range (electrodes with radii smaller than 50 µm down to several 

nanometers) [134,135]. During oxidation and reduction processes, a heterogeneous 

charge transfer will occur at the metal/liquid interface in the electrolytic solution and 

thereby the concentration of the electroactive species will change at the electrode surface, 

inducing diffusive mass transport. Due to the microsized dimensions, the diffusion layer 

exceeds the radius of the electrode at relatively short times, resulting in an enhanced mass 

transport and a steady state current as shown eqn. (10)  

 

δ = (πDt)1/2                                   (10) 

 

with δ: diffusion layer; D: diffusion coefficient of the redox active species and t: time.  

 

For a potential step experiment, this enhanced mass transport leads to a modified Cottrell 

equation for hemispherical microelectrodes (Figure 13 (B)) shown in eqn. (11) and for disc 

electrodes at longer times to steady state current expressed in eqn. (12).   

 

i = 
nFAD0

1/2
C0

*

π1/2t
1/2 + 

nFAD0C0
*

r0
                          (11) 

 

iT, ∞= 4nFDCr0                                (12) 
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With i: current; n: number of electrons transferred in the redox reaction; F: Faraday 

constant; A: the geometric electrode area; C0
*
 (or C): concentration of a redox-active 

species; r0: radius of the electrode; t: time; D: diffusion coefficient of the redox active 

species.  

 

In dependence of the electrode radius, the steady state current can be reached in 

microsecond or nanosecond timescale as shown by Shoup and Szabo [136]. Due to the 

reduced current in the nA to pA range, “ohmic drop” is significantly reduced compared to a 

macroscopic disc electrode, which opens the possibility to perform measurements in 

viscous solutions [137]. Also, a reduced capacitive current (𝑖𝑐) as shown in equ. (13) is 

observed at microelectrodes due to the reduced surface area, which results in small RC 

time constants as shown in equ.(14).  

 

𝑖𝑐  =  
∆𝐸

𝑅
𝑒𝑥𝑝(−

𝑡

𝑅𝐶
)                              (13) 

 

  𝑅𝐶 =
𝜋𝑟0𝐶

4𝜅
                                     (14) 

 

C= πr0
2Cd                                    (15) 

 

Where ∆𝐸 is the magnitude of the potential step, R is the cell resistance (Ω), C is the total 

interfacial capacitance (F), r0 is the electrode radius (cm) and κ is the conductivity of the 

solution, Cd is the specific double-layer capacitance of the electrode. UME is a useful tool 

for fast kinetic studies because of the diminished capacitance of these small probes (as 

shown in equ. (15) [138]). For study transient measurements such as ATP release from 

bone cells [42], by using small r0 and then minimize the cell time constant is an important 

objective [138].    
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Microelectrodes with different geometries are employed as shown in Figure 13 (A) 

microdisc; (B) hemisphere; (C) sphere; (D) cylinder; (E) ring. In terms of materials, most 

experiments are performed with platinum, gold, carbon fiber, and mercury electrodes.  

 

  

 

Figure 13. Representatives of the common microelectrode geometries and their diffusion 

directions. 

 

 

1.3.2 Cyclic Voltammetry  

 

Cyclic Voltammetry (CV) is one of the most used electrochemical techniques as it provides 

not only quantitative data based on the measured Faradaic current, but also gives access 

to reaction mechanisms and kinetic data. In principle, cyclic voltammetry is a linear sweep 

experiments, where the potential at the working electrode is swept in a triangular form with 

a defined scan rate (v = dE/dt) from a starting potential to a switching potential and back, 

which is then repeated several times. The obtained data are plotted as current versus 

(A) (B) (C) 

(D) (E) 
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potential diagrams termed cyclic voltammogram [139]. A number of characteristics such as 

the features of the reduction and oxidation process, the diffusive or adsorptive nature of the 

electrode process, the kinetic and thermodynamic parameters, as well as the existence 

and characteristics of coupled homogeneous chemical reactions [139,140] can be 

determined. However, undesirable effects caused by ohmic drop or double-layer 

capacitance may be present [140]. The position of the anodic and cathodic peaks on the 

voltage axis can be used to identify the compound, the midpoint between these two 

positions can be identified as a fundamental thermodynamic quantity. 

 

Voltammetry responses of disc microelectrodes are significantly different compared with 

the conventional disc macroelectrodes, which is associated with the enhanced mass 

transport due to hemispherical diffusion towards the microsized electrode. A time 

independence of the currents can be obtained [141] (at moderate scan rates), which 

means that the shape of cyclic voltammetric is no longer peak-shaped but sigmoidal. 

 

Cyclic voltammograms for a fast electron transfer reaction (mass transport limited) 

recorded at a planar macroelectrode and microelectrode along with the current vs. time 

plots are shown in Figure 14. 
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Figure 14. Cyclic voltammograms for macroelectrode (radius: 1.5 mm) and microelectrode 

(radius: 5 µm) recorded in 5 mM [Ru(NH3)6]
3+

/0.1 M KCl at scan rate of 100 mV/s. Adapted 

from Ref.[140]; Copyright 2013, with the permission from World Scientific Publishing 

Co.Pte.Ltd.   

 

 

Electron Transfer Kinetics  

 

The empirical Butler–Volmer (BV) relation is widely used in electrochemistry to quantify the 

constant of the heterogeneous electron transfer rate (ET kinetics) of the electrochemical 

process. According to the CV data, the standard rate constants 𝜅0 of forward and reverse 

process depend on the applied potential according to the following equ. (16)-(18): 

 

κox
BV = 𝜅0 exp[-αf(E-E

0')]                             (16) 

κred
BV  = 𝜅0exp [(1-α)f(E-E

0'
)]                            (17) 

𝑓=F/RT                                      (18) 
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α is the charge transfer coefficient, which is in the theoretical range of 0 to 1, but typically 

between 0.3 to 0.7); 𝑓 = F/RT; E
0'

 is the equilibrium potential; E is electrode potential; T is 

absolute temperature; F is the Faraday constant; R is the universal gas constant. 

  



Chapter 1                                                                

63 
 

1.4   Scanning Electrochemical Microscopy 

 

1.4.1 Introduction  

 

Scanning electrochemical microscopy (SECM), which was introduced by Bard and 

coworkers [142]
 
is an electroanalytical scanning probe technique, in which a small 

electrode typically a UME is positioned close to the sample surface and then raster scan 

the surface while recording the current response. This current response not only depends 

on the surface topography but also relates to the substrate electrochemical activity. Even 

though SECM was initially introduced to study materials, it has attracted more and more 

attention for biological applications and for studying living organisms [42,143]. SECM for 

bio-applications involving cells has been demonstrated for measurements such as (i) 

spatially resolved detection of molecules that are released from cells [144]; (ii) studying 

redox processes close to the surface of the cells or inside the cells [145]; (iii) mapping 

oxygen consumption of live cells [146].    

 

1.4.1.1 Principles of SECM 

 

The SECM set-up consists of the following components as shown in Figure 15: The 

electrochemical cell comprises a three or four electrode setup: the SECM tip, a reference 

and counter electrode, and the sample at the bottom of the cell, which may serve as the 

second working electrode. As SECM tip mostly microsized disc electrodes (see Chapter 

1.2.) are used although recently a number of publication demonstrated SECM with 

nanosized electrodes [147,148]. SECM experiments are mostly performed using 

amperometry [149]. The reasons for a fewer number of potentiometric experiments may be 

related to the slow response times, and difficulty in positioning of the potentiometric SECM 

tips in comparison with microelectrodes. The second component is a (bi)potentiostat with 

current ranges down to the pico-ampere regime, which can control and record the current 

and potential of the tip and the substrate. The third component is a positioning system that 
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allows the movement of the SECM tip and/or sample in x,y,z direction. The last 

component is the software and computer to control the instrument and for recording and 

analysis of the data. In addition, some experiments may require additional components 

such as an optical microscope.  

 

 

 

 

Figure 15. Schematic of SECM set-up, Reprinted from Ref. [149]; Copyright 2016, with the 

permission from American Chemical Society. 

 

 

1.4.2 Operation Modes  

 

Bard and coworkers introduced the first operation modes including feedback mode [142], 

generation/collection mode [150], and direct mode [151]. Nowadays a multitude of imaging 

modes and positioning modes are available in SECM [149], however as they were not 

used in the experiments presented in this thesis, only feedback, generation-collection and 

direct mode will be discussed here. 
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1.4.2.1 Feedback Mode 

 

The basic principle of feedback operation is that the species O artificially added to solution 

at a concentration c* and with a diffusion coefficient, D, is reduced to species R in an 

n-electron reaction at the tip. The Faraday current measured at the tip is a function of the 

mass transport of O to the tip. When the tip is far away from the substrate, for an ideal 

disc-shaped microelectrode, the steady-state current is given by: 

 

i = 4r0nFD𝑐∗                                 (19)   

                  

n is the number of electrons transferred, F is the Faraday constant (96 485 A s mol
−1

), D 

is the diffusion coefficient of the redox species O in solution (cm
2
 s

−1
), c*  is the 

concentration of the oxidized species (O), r0 is the radius of the UME [152]. 

 

When the SECM tip is near to a conductive substrate, the reduced R diffuses to the 

substrate, where it is re-oxidized to O, so that in the small volume between SECM tip and 

conductive substrate, the concentration of O is increased. This results in an increase of the 

tip current iT compared to the steady-state current (iT > iT, ∞), which is termed “positive 

feedback”. However, when the tip is near to an insulating substrate, the diffusion of O is 

blocked and thereby iT is smaller than the steady-state current (iT < iT, ∞), this is termed 

“negative feedback”. The feedback mode principle along with approach curves 

(distance-current curves) are shown in Figure 16 (A) and (B).  

 

Approach curves are an important component of a SECM experiment as typically, the 

SECM tip is positioned close to the sample surface by recording approach curves. The 

distance were the recorded tip current is sensitive to the presence of the sample is given as 

current response versus the tip-to-substrate distance (plot of iT vs. d). In order to compare 

data, typically, the normalized data iT/iTinf versus L (d/r) are plotted. The normalized 

approach curves of positive and negative feedback are shown in Figure 16 (C) and (D). 
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The positive and negative approach curves of a UME (RG = 10) can be expressed by equ. 

(20) and (21) [153], respectively: 

 

i tip

i tip,∞

 = 0.68 + 
0.7838

L
 + 0.3315exp (

-1.0672

L
)           (20) 

 

i tip

i tip,∞

 = 
1

[0.292 + 
1.151

L
 + 0.6533exp  (

-2.4035

L
)]
                  (21) 

 

With L = d/r; itip and i tip, ∞ are respectively the tip current at a given tip-substrate distance d 

and in the bulk. 

 

RG is defined as the ratio between the radius of the insulating sheath and the radius of the 

embedded electroactive wire [134]. Most SECM experiments are performed with an RG of 

10, as the RG value has a strong influence for approach curves on insulating samples (less 

on conductive samples) and equ. (20) (21) fits well for an RG value of 10 [153].    

  

Several analytical expressions to describe theoretical approach curves have been 

published and were reviewed by Lefrou and Cornut [154]. Numerical simulations for other 

tip geometries such as cone-shaped and spherical tips have also been presented 

[154,155]. Approach curve are not only used to determine the tip-to-substrate distance but 

also allow to obtaining apparent rate constants; more details will be discussed below. 

 

Overall, in both feedback modes, the current response highly depends on the 

tip-to-substrate distance. Obviously, decreasing the distance can increase the sensitivity 

[156].  
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Figure 16. Schematic of SECM feedback mode. (A) Positive feedback mode recorded at a 

conductive substrate. (B) Negative feedback mode recorded at an insulating substrate. (C), 

(D) Approach curves over the conductive and insulative substrate, respectively. The solid 

lines are theoretical data based on equ. (20) and (21). Reproduced from Ref. [157]; 

Copyright 2015, with the permission from Electrochemical Society, Inc.   

 

 

1.4.2.2 Generation/Collection Mode 

 

The generation/collection (GC) mode can be performed either in amperometric mode or in 

potentiometric mode. GC mode can be divided into two types: tip generation/substrate 

collection (TG/SC) as shown in Figure 17 (A) and substrate generation/tip collection 

(SG/TC) as shown in Figure 17 (B). 

 

 

(A) (B) 

(C) (D) 
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Figure 17. (A) Tip-generation/substrate-collection (TG/SC) mode; (B) 

substrate-generation/tip-collection (SG/TC) mode. Reprinted from Ref. [158]; Copyright 

2007, with the permission from PCCP Owner Societies. 

 

 

Tip-Generation/Substrate-Collection (TG/SC) Mode 

 

In tip-generation/substrate-collection (TG/SC) mode (Figure 17 (A)), the tip generates an 

electroactive species, which is collected at the substrate. The tip and substrate currents 

can be measured simultaneously. In TG/SC mode, the collection efficiency is almost 100% 

and is dependent on L (the distance to radius ratio). At a steady state current, iS/iT is over 

0.99 for L ≤ 2; for L = 5, iS/iT is around 0.8 [159]. Most TG/SC mode studies are used to 

investigate reaction kinetics [149]. 

 

Substrate Generation/Tip Collection (SG/TC) Mode 

 

In the SG/TC mode (Figure 17 (B)), an electroactive species is generated at or evolves 

from the substrate and is collected at the SECM tip biased at the appropriate potential. The 

analyte concentration or the chemical flux from the substrate can be measured by this 

mode. The signal in SG/TC mode is dependent on the tip size (r) and the substrate size (rs). 

(A) (B) 
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However, the SG/TC mode has some disadvantages: (i) in case of amperometric 

measurements, the moving tip disturbs the diffusion layer at the substrate. (ii) The 

collection efficiency is small due to a large generator and a microsized collector. 

Nonetheless, this mode is frequently used for measurements as presented within this 

thesis, where a species such as ATP is detected by the SECM tip, which in this case is an 

enzyme-modified microelectrode. 

 

1.4.2.3 Direct Mode 

 

Direct mode SECM enables surface modifications like etching or/and patterning processes 

e.g., deposition of conducting polymers [160], etching of semiconductors [161], and 

structured deposition of metals [162], etc. In direct mode, the substrate is the working 

electrode and the SECM tip serves as the counter electrode. The small tip-to-substrate 

distance allows for higher patterning resolution as shown in Figure 18. In 1993, Sugimura 

et al. [163] achieved a high-resolution topography image of Prussian Blue film (in solution) 

with SECM direct mode. Since then, this method shows promise for direct electrochemical 

modification of conductive surfaces.   
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Figure 18. Schematic representation of direct mode.  

 

 

1.4.3 Approach Curves  

 

SECM approach curves contain the information of the kinetics of mediator regeneration at 

the sample surface. The finite reaction rate is represented by a specific approach curve, 

which lies between the two limiting cases of pure positive or pure negative feedback as 

shown in Figure 16 (C) and (D)) with the normalized current I=i/iinf [i is the current at the tip 

electrode (radius r)] localized at a distance (d) from the substrate, and iinf is the 

steady-state current when the tip is at an infinite distance from the substrate [164] and the 

normalized distance L=d/r.  

 

A typical diagram of SECM heterogeneous ET reactions at the tip and the substrate 

electrode coupled by mass transport of the redox species is shown in Figure 19. 

 

 

 

Figure 19. The schematic of SECM heterogeneous ET reactions at the tip and the 

substrate electrode coupled with the redox species mass transport. mo is the mass 

transport, k f,s is the rate constant for reduction at the substrate, k f,T is the rate constant for 
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reduction at the tip, k b,s is the rate constant for oxidation at the substrate, k b,T is the rate 

constant for oxidation at the tip. Adapted from Ref. [165]. Copyright 2012, with the 

permission from CRC Press.  

 

 

Basically, ET kinetic rates can be controlled by applying the potential to the tip and 

substrate independently [142]. For first-order rate law reactions at the substrate, an 

analytical approximation as presented in eqn. (22) and eqn. (23) is frequently used to 

determine the dimensionless kinetic value (𝜅). This approximation holds valid for RG = 10 

and normalized distances 0.1 < L < 1.5 [166]. 

 

        IT (L)= 
iT

iT,∞
= IT

ins
 (L)+ Is

kin
 (L)(1-

IT
ins

 (L)

IT
cond

 (L)
 )                     (22) 

 

Is
kin

 (L, keff)= 
0.78377

L (1 + 
1

𝜅 L
 )

+ 
0.68+0.3315 exp (

-1.0672

L
)

1+ 
7.3+ 

11
𝜅L

110-40 L

                    (23) 

 

Where Is is the substrate current, kf is the heterogeneous rate (cm s
-1

).  

 

One can see from equ. (22-23), with a short tip-to-substrate distance, the mass transport 

can be significantly increased.  

 

Thus, when the tip-to-substrate distance is small (L < 2), the macroscopic substrate 

behaves like a virtual UME and allows measurement of the kinetic value at a small part of 

the macrosize substrate with all the advantages of microelectrode measurements 

[153,156]. 

 

Wittstock and Zhao [167] investigated the kinetics of immobilized PQQ-dependent glucose 

dehydrogenase on magnetic microbeads with SECM feedback and generation-collection 

mode using four mediators, namely, ferrocenemethanol, ferrocenecarboxylic acid, 
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p-aminophenol, and ferricyanide. In the feedback mode as shown in Figure 20 (A), the 

different mediators were used and then the approach curves as shown in Figure 20 (C) of 

a kinetically controlled substrate current vs. normalized distance were evaluated [167]. 

With GC mode detection as shown in Figure 20 (B), a high concentration of glucose that 

followed zero-order kinetics was used.  

    

 

 

Figure 20. Schematics of the SECM feedback (A) and generation-collection (B) principle; 

(C) shows approach curves of kinetically controlled substrate current vs. normalized 

distance recorded at d/rT = 0.96, rT = 12.5 µm at the conditions of 20 mM HEPES buffer, 50 

mM D-glucose, and c*(FcCH2OH) of (a) 0.05 mM, (b) 0.5 mM, and (c) 2 mM. Reprinted 

from Ref. [167]; Copyright 2004, with permission from the American Chemical Society. 

 

  

1.4.4 Applications of SECM 

 

Nowadays, SECM is used in a broad range of applications such as energy related topics, 

catalysis, corrosion science, biomedical studies, and surface modifications [149,168]. In 

biomedical studies, frequently microbiosensors are used as imaging probes to ensure high 

selectivity. The first examples of using microbiosensors in SECM experiments have been 

(A) (B) 

(C) 
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shown by Bard and coworkers [150]. Kranz and coworkers [42,46,127] used a dual 

microbiosensor approach based on the competitive ATP assay in combination with SECM 

e.g., to monitor the release of ATP at bone cells after positioning the probe close to the cell 

surface [42] as discussed in Chapter 1.2.4.  

 

Ciobanu et al. [169] developed enzyme-based microbiosensors to image the glucose and 

lactate concentration above living cells via SECM. Takahashi et al. [170] used 

voltage-switching mode SECM to acquire high-quality topographical images of boar sperm 

cells. SECM can also be applied for in vitro measurements of individual nerve and 

endocrine cells, and record the real-time changes in chemical composition induced by 

metabolic cell processes [171]. For example, extra-synaptic exocytosis processes as 

important component of cellular communication can be detected by nano-immiscible 

electrolyte solutions (ITIES) electrodes [172]. The nano-ITIES-electrode was positioned 

140 nm away from the release sites at the soma by using SECM and then the acetylcholine 

release concentration during somatic exocytosis was quantified. In future, SECM may be 

applied for the design of drugs and pharmaceutical targets, especially in cooperation with 

complementary analytical methods and techniques [143].  

  



Chapter 1                                                                

74 
 

1.5   Atomic Force Microscopy (AFM)  

 

1.5.1 Introduction and Principle  

 

Atomic Force Microscopy (AFM) was introduced by Binnig et al. [173] in 1986. AFM is used 

to measure the local force interaction (van der Waals forces, electrostatic forces, chemical 

forces, Born force etc.) between a sharp tip located at the end of a cantilever and 

conductive, semiconductive or non-conductive samples [174]. As a simple model, the 

interaction between the AFM tip and the sample can be described like a spring, which 

applies a force to the sample surface given by Hooke’s law [175]: 

 

F = -k×D                               (24) 

 

Where F is the force (N), k is the probe force constant (N/m), and D is the deflection 

distance (m).   

 

AFM experiments are performed in contact mode or dynamic mode [176], which is either 

amplitude-modulated (AM-AFM) or frequency-modulated (FM-AFM). FM-AFM is typically 

performed in high-vacuum and due to the absence of capillary forces provides atomic 

resolution [174]. Within this thesis, only contact mode measurements were performed, so 

only this mode will be described in more detail. AFM is predominantly used for 

characterizing the morphology of samples, which can be achieved in ambient condition, 

high vacuum and in solution such as physiological relevant conditions. Imaging in buffered 

solution renders AFM highly suitable for studying biological entities such as cells [177] and 

even monitor biological reaction [178,179]. In AFM, the deflection due to long-range and 

short range force interactions between the sample and the sharp tip is detected using an 

optical read-out system (laser and four-spilt photodiode) [134,180]. For movement of the 

sample or the cantilever in the x, y, and z directions, piezoelectric tube scanners are used 

with typical resolutions of approx. 1Å in lateral and 0.1Å in vertical direction. Most 
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experiments are performed in constant force mode, keeping the force between the sample 

and the tip constant. AFM is often combined with an optical (fluorescence) microscope for 

studying biological samples [181]. A typical AFM set-up is shown in Figure 21. 

 

 

 

Figure 21. Schematic image of the AFM set-up. Reprinted from Ref.[263]; this is an open 

access article distributed under the Creative Commons Attribution License (CC BY-NC-SA 

3.0, https://creativecommons.org/licenses/by-nc-sa/3.0/). 

 

 

 

1.5.2 AFM Contact Mode   

 

AFM measurements can be performed using a large number of operation modes, 

according to Friedbacher’s report [182]; at least 20 different AFM operation modes have 

been described until now. Contact mode was the first described mode for AFM 

measurements [173]. A schematic for contact mode measurements is shown in Figure 22 

(A). AFM contact mode works in the repulsive regime of the force curve (see Figure 22 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/
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(B)). High resolution imaging of the surface topography can be achieved. In constant force 

mode, a force setpoint is chosen and the error signal (difference between the setpoint and 

the actual force) is used via an electronic feedback loop as an input signal for the piezo 

scanner to move the probe or sample in z-direction, keeping a constant value of the beam 

deflection. The recorded piezo voltage (deflection image) as a function of the x- and 

y-positions multiplitude by the scanner calibration data is displayed as the topography 

image [173]. A typical force–distance curve is illustrated in Figure 22 (B). Force curves can 

be quantitatively evaluated by using appropriate mathematical approaches such as the 

Derjaguin-Muller-Toporov model [183] to determine adhesion forces, energy dissipation or 

Young’s modulus.  

 

 

 

Figure 22. (A) Schematic image of contact mode AFM. (B) Typical force-distance curve, 

which shows the different regimes for measurements. Figure 22 (B) was reproduced from 

Ref.[180]; Copyright 2004, with permission from Elsevier Ltd. 

 

 

(A) (B) 
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Contact mode AFM is predominantly used for characterizing “hard” samples, however, 

contact mode has also be used to image living cells using “low-force” contact mode 

[181,184], using an applied force down to the pN range. For example, Hecht et al. [185] 

used low force contact mode AFM to investigate morphology changes associated with 

cellular processes at glutaraldehyde fixed and living alveolar type II cells. Later, Hecht et 

al. [181] and Thompson et al. [186] also demonstrated combined AFM−fluorescence 

microscopy (FM) to investigate the slow exocytosis of surfactant from LBs at primary rat 

lung epithelial cells (ATII cells) induced by ATP and phorbol 12-myristate 13-acetate (PMA) 

or uridine-5’-triphosphate (UTP) and phorbol 12-myristate 13-acetate (PMA) as shown in 

Figure 23. Stimulation with ATP, which binds to P2X4 receptors resulted in a cation influx 

that induces a temporary increase in cell height/volume. Whereas, UTP also induces the 

fusion of the LB with the membrane but does not lead to an increase in cell height/volume. 

FM was used to detect the sites of exocytic events.   

 

 

 

 

Figure 23. AFM images of ATP/PMA stimulated ATII cells. (A) Deflection images of the 

time serious. The scan speed was 0.30 in/s (calculated force: 4 nN). (B) Overlay of bright 

field optical image with the fluorescence image after stimulation. Two fluorescence spots 

are visible (marked with a circle in the scanned area), indicating that fusion occurred, and 
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probably correspond to the lamellar bodies (LBs), which are imaged by AFM. (C) Scheme 

of the postulated fusion mechanism. Reprinted from Ref. [181]; Copyright 2012, with 

permission from the American Chemical Society. 
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Chapter 2: Poly(benzoxazine) as Immobilization Matrix 

for ATP Microbiosensor 

 

 

Parts of this chapter have been already published in reference [46] “Ziller C, Lin J, Knittel 

P, Friedrich L, Andronescu C, Pöller S, Schuhmann W, Kranz C, Poly(benzoxazine) as an 

immobilization matrix for miniaturized ATP and glucose biosensors. ChemElectroChem, 

2017, 4(4): 864-871.” Copyright 2017, with permission from Wiley.  

 

 

2.1   Introduction  

 

Detection of the small biomedically relevant molecules in the micro/nano molar range is 

critically important for understanding cell signaling mechanisms elucidating pathogenesis, 

which may improve pharmacological treatments. For example, detection of molecules e.g., 

at live cells requires frequently in situ measurements with high selectivity and sensitivity 

but at the same time providing high spatial resolution. To achieve high spatial resolution, 

miniaturized transducers require non-manual entrapment of the biological entity at the 

electrode surface. In general, immobilization strategies such as adsorption, covalent 

attachment, polymer entrapment, and cross-linking have been used to immobilize 

enzymes as described in Chapter 1.2.3. The advantages and disadvantages of each 

immobilization strategies are listed in Table 1. However, the reproducible immobilization 

strategy of enzymes on the electrode surface while retaining enzyme activity is still 

ongoing focus in research. Entrapment of the enzymes by electro-polymerization into a 

three-dimensional matrix is particularly attractive. Enzymes, mediators and the other 

additional molecules can be deposited simultaneously in the same polymer layer by one 

step [93]. Electrochemical entrapment of enzymes into conductive polymers such as



Chapter 2  

80 

 

polyaniline and polypyrrole [187] or electrophoretic paints at the surface of the electrode 

has been successfully applied [188]. In respect to the development of ATP 

microbiosensors, Kranz and coworkers used electrophoretic paint such as Canguard 

(BASF) and Resydrol (Cytec) for electrochemically induced immobilization of HEX and 

GOx. An issue with the electrophoretic paint was the insufficient mechanical stability of the 

polymer at the micro-sized electrode surface.  

 

Poly(benzoxazine) is a class of phenolic resins exhibiting high thermal stability, near zero 

shrinkage volume in the process of curing and very low water absorption. Andronescu et al. 

[2] synthesized water-soluble benzoxazine oligomers using bisphenol A, 

tetraethylenepentamine and formaldehyde, and then this pre-formed benzoxazine 

oligomers can be further electropolymerized via pulse deposition to form a 

poly(benzoxazine) film on the electrode surface. Such poly(benzoxazine) matrix has high 

potential in biofuel applications [189] and as immobilization matrix for enzymatic 

biosensors [2]. For example, co-deposited poly(benzoxazine) and Os-complex modified 

polymethacrylate layers can significant improve the sensitivity and increase the stability of 

glucose oxidase biosensor [190]. 

 

In this chapter, the potential of poly(benzoxazine) as immobilization matrix for ATP 

microbiosensor was explored with the aim to obtain biosensors with high sensitivity and 

more importantly high reproducibility and mechanical stability.  

 

2.2   Result and Discussion  

 

2.2.1 Modification Process 

 

Non-conducting polymers such as poly(phenylene oxide) and chitosan have been used for 

immobilization of enzymes due to the high resistivity and the self-limiting growth of the 

polymer during formation [113]. The thickness of these films are thinner (around 10-100 



Chapter 2                                                                

81 
 

nm [114,115]) compared to conducting polymer films. Also, non-conducting polymers such 

as Nafion are frequently used as permselective membranes [113], which prevent  

interfering species from diffusing to the electrode surface. Typically, non-conductive 

polymer films are obtained by dip coating. However, films such as poly(phenylene oxide) 

and poly(benzoxazine) can be obtained via electrodeposition. For example, Andronescu et 

al. [2] presented an electrochemical glucose biosensor by entrapment of GOx into 

poly(benzoxazine) film deposited on a glassy carbon electrode surface. The polymer film in 

presence of the enzyme was deposited via cyclic voltammetry. The thickness of the 

obtained poly(benzoxazine) film was dependent of the number of deposition cycles. The 

authors proposed a deposition mechanism, which is based on the formation of the 

benzoxazine radical cation that undergoes further reactions resulting in a full surface 

blocking after 60 deposition cycles. Within this chapter, pulse deposition was evaluated  

 

The response towards to ATP detection was investigated in respect to applied pulse cycles. 

A mixture of BA-TEPA and GOx/HEX at a ratio of 1 : 2.5 w/w was used for the 

electrodeposition on microelectrodes with various sizes (radius: 25 µm, 12.5 µm, and 5 µm, 

respectively) applying an optimum deposition number of 14 pulse cycles. The deposition 

steps were applied with a potential pulse sequence of 1.7 V/0.05 s, 0.0 V/0.5 s. The highest 

sensitivities for microelectrodes with radii of 25 µm (56.07 ± 12.86 pA/µM) were obtained 

with seven deposition pulses, however with a fairly high standard deviation. An improved 

reproducibility could be obtained when the number of deposition pulses was increased to 

14 cycles, which was accompanied with a slightly decreased sensitivity (48.47 ± 5.12 

pA/µM) [46].  

 

2.2.2 Characterization of Enzyme-Modified Electrodes  

 

Figure 24 shows the response behavior of the ATP microbiosensor towards addition of 

ATP aliquots (cATP = 1 mM). After adding glucose to solution, the current increased due to 
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the formation of H2O2, the addition of ATP then led to a decrease of the current signal due 

to the competitive enzymatic reactions (see equ. (8) (9)). The decrease of H2O2, which is 

oxidized at the electrode by applying constant potential at 0.7 vs. Ag/AgCl is proportional to 

the concentration of ATP. All electrochemical measurements were performed at a pH of 

7.4 in PBS containing 5 mmol I
-1

 MgCl2 as co-factor required for the hexokinase catalyzed 

reaction [101]. The obtained limit of detection was 0.58 ± 0.14 µM for ATP microbiosensors 

[46]. The stability of the ATP biosensors was also investigated; the results revealed a 

decrease in sensitivity of 57% within the first day. The loss is obviously associated by the 

decrease in enzyme activity [2].  
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Figure 24. (A) Chronoamperometric response of biosensor (radius: 25 µm) reflecting the 

addition of aliquots of 1 mM ATP. (B) Calibration curve of ATP biosensor (radius: 25 µm) 

obtained with 14 deposition cycles (n=3, repetitive measurements). ATP injections range 

from 0.2 to 23.5 µM. Electrochemical measurements were performed in PBS (containing 5 

mmol l
−1

 MgCl2, pH 7.4) at 700 mV vs. Ag/AgCl.    

 

 

2.2.3 Modification of Microelectrodes with Pt Nanoparticles 

 

Miniaturization of ATP biosensor is a promising topic for the applications of biosensor at 

living cells. In a next step, modification of the microelectrode surface with Pt nanoparticles 

(Pt-NPs) was investigated in respect to increase the sensitivity. The modification of the 

microelectrode surface with Pt NPs leads to an increase of surface area but maintains 

almost the same geometric dimension of the microelectrode. This increase in surface area 

allows an increase in enzyme immobilization and thereby an increased response to ATP.  

 

The Pt nanoparticle deposition was performed in 0.4 mM aqueous hexachloroplatinic 

solution with a pulse deposition sequence of 1.0 V/0.2 s; 0.0 V/1 s and 100 repetitions for 

microelectrodes with radius of 5 µm. The SEM image revealed a uniform coating of the 

surface with Pt nanoparticles as shown in Figure 25. The change in electrode area was 

characterized by cyclic voltammograms in 5 mM [Ru(NH3)6]Cl3/KCl solution. Figure 26 (A) 

shows that the steady current of the Pt NP-modified microelectrode (radius: 5 µm) 

increased by 3.5 nA, which corresponds to an increase in electroactive surface area of 

approx. 54% [46]. Also, the capacitive current increased by 1.2 nA after Pt NPs 

modification due to the increased electroactive area. Figure 26 (A) shows the shape of 

voltammogram is not pure sigmoidal after Pt-NP modification. The ratio of capacitive to 

steady state faradaic current increased by 10.1%.  

 

A comparison of exemplary current responses of ATP microbiosensors (blue curve: 

without Pt NPs layer prior to enzyme immobilization; black curve: with Pt NPs layer prior to 

(B) 
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enzyme immobilization) are shown in Figure 26 (B). Obviously, a significant increase in 

current response of approx. 47% was achieved, which resulted from Pt NP modification 

that provided a high surface-to-volume ratio allowing higher amounts of enzymes to be 

immobilized. This is particularly interesting for imaging applications in combination with 

SECM as the signal-to-noise ratio can be improved by maintaining the achievable lateral 

resolution of the modified electrode.   

 

 

    

 

Figure 25. (A) SEM images of a bare microelectrode (radius: 5 µm) revealing some 

polishing marks and (B) after deposition of Pt NPs. Images were recorded with an 

acceleration voltage of 5 kV and a beam current of 23.7 pA. 

 

 

A comparison of the achieved sensitivities of ATP biosensors with and without Pt NPs prior 

to enzymes layer is shown in Figure 26 (C). For ATP microbiosensors (radius: 5 µm) 

without Pt NPs, a sensitivity of 5.69 ± 1.67 pA/µM (n=3) was determined. For the 

modification with Pt NPs prior to enzyme immobilization, an increased sensitivity of 10.8 ± 

3.25 pA/µM (n=3) was obtained, which reflected an increase of the sensitivity by 45%. The 

LOD values for ATP microbiosensors without and with Pt NP modification are 2.73 ± 0.46 

pA/µM and 8.89 ± 1.69 pA/µM, respectively [46].  

 

 

(A) (B) 
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Figure 26. (A) Cyclic voltammograms recorded in 5 mM [Ru(NH3)6]
3+

 and 0.5 M KCl as 

supporting electrolyte at a bare Pt electrode with a radius of 5 µm (blue), after pulse 

deposition of Pt NPs (100 pulses, black) with 7 deposition cycles (2.0 V/0.01 s; 0 V/0.5 s) 

scan rate: 100 mV/s. (B) Exemplary current versus time curve reflecting the addition of 8 

mM glucose and 0.2, 0.6, 1.4 µM ATP, respectively, recorded at a microbiosensor without 

(blue) and with Pt NPs modification (black) prior to depositing the enzyme-containing layer. 

(C) Sensitivity of ATP microbiosensors (n = 3) with and without Pt NPs modification. 

Reprinted from Ref. [46]; Copyright 2017, with the permission from WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.  

 

2.2.4 Mechanically Induced ATP Release at Osteoblastic Cells 

 

Osteoblasts and osteoclasts are involved in bone formation but also in removal of bone 

material, which is associated to mechanotransduction. Liedert et al. [11] showed that ATP 

is involved in the mechanotransduction processes acting via specific purinergic receptors 

at the cell membrane. Mechanical strain induces molecular signaling pathways, which 

involves the growth factor midkine (Mdk) that is a component of the 

receptor-protein-tyrosine-phosphatase-zeta (PTPRz) at osteoblastic cells [11]. Mdk 

expression was investigated via induced ATP release. ATP microbiosensors were used to 

(A) (B) (C) 
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measure ATP at two different genotypes of mice (with PTPRz osteoblastic cells and 

correspondingly deficient mutants), which were seeded onto a PDMS membrane, forming 

a confluent monolayer with a cell density of approximately 1,500 cells/cm
2
. The cells were 

exposed to mechanical strain using a cell stretching device, which was implemented in the 

SECM setup. The cells were exposed to strain by stretching the PDMS membrane by 

applying steps from 1 to 100. Stretch levels of 6 to 18% have an impact on osteoblastic 

cells inducing cellular responses and initiate the release of ATP. An ATP release of 4.77 ± 

3.10 µM after applying 4.55% strain and 1.41 ± 1.42 µM after applying a strain of 6.22% (n 

= 5) was determined based on the calibration performed for the biosensor prior to the cell 

measurements. The reduced ATP release level at the second applied strain may be 

associated with the fact that the first already induced the signaling cascade such that 

further mechanical stimulation leads to a reduced ATP release. It should be noted that the 

mean standard deviations are very high, this may be associated with a limited 

reproducibility when stretching the membranes. It could also be shown that for deficient 

mutants with suppressed expression of the receptor molecule Mdk, the amount of released 

ATP is reduced to about 60% compared to the wild type cells.  

 

2.2.5 Long-term Stability 

 

The long-term stability of the ATP biosensors was also investigated within the course of 

this thesis. For example, early studies reported an excellent long-term stability over 11 

days for glucose biosensors [188]. The response for glucose only decreased by 25% in the 

first 2 days [188]. Long term studies were also conducted by Kueng et al. [123] and Ziller et 

al. [46] for ATP microbiosensors. For ATP detection, a decrease in response of 57% during 

the first 2 days was reported for the poly(benzoxazine) based biosensor [46] and a 

decrease of 50% for biosensors using electrophoretic paint as immobilization matrix [123]. 

Within this thesis, the response behavior of ATP microbiosensors was evaluated over 

several days. The sensitivity of microbiosensors modified with and without Pt NPs was 

investigated as shown in Figure 27. Within a time period of two days, the sensitivity 

decreased to approximately 50% of the initial value for ATP biosensor without Pt NPs layer, 



Chapter 2                                                                

87 
 

which is in accordance with previous studies [46,123]. However, within the same period, Pt 

NPs modified biosensors had no significant change in response to ATP. A decrease to 

approx. 50% in sensitivity was observed on the fourth day. This difference between 

“without” and “with” Pt NP-modified biosensors is partly attributed to the nanomaterial film, 

which provide a higher surface area to load higher amounts of enzymes and a more porous 

structure (which may increase the water content and therefore maintain the enzyme 

activities).   

        

 

 

 

Figure 27. (A) Bar diagrams of the ATP sensitivity change over a time period of 5 days and 

(B) the change in sensitivity reflected in percentage. The measurements were performed 

in 0.1 M (pH 7.4) PBS. Between measurements, the microbiosensors were stored at 4℃. 

Error bars reflect three individual measurements (n=3). 
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2.3   Conclusion  

 

In this chapter, an ATP microbiosensor is presented using poly(phenoxazine) as 

immobilization matrix based on entrapment of GOx and HEX. The microbiosensors 

exhibited an excellent mechanical stability, an improved sensitivity and a long-time stability 

compared to previously used electrophoretic paints. A significant advantage of this 

immobilization matrix is improved mechanical stability, which is associated with the thin 

films for enzymes entrapment. Previous studies showed a relative low sensitivity of 

approximately 5 pA/µM with a linear range up to 40 µM for ATP microbiosensors using 

electrophoretic paint [42]. The achieved sensitivity here is 48.47 ± 5.12 pA/µM with a linear 

range of 0.3–8.0 µM. The limited linear range may be associated with local pH changes 

within the polymer due to the enzymatic conversion and a change in the cross linking 

influencing the diffusional behavior of the analyte. The stability of poly(benoxazine) based 

ATP biosensor over several days revealed that microbiosensors without modification of the 

electrode surface of Pt NPs showed a loss of current response for ATP of approx. 50% 

within the first 2 days. Modification with Pt NPs prior to immobilizing the enzymes resulted 

in a high surface-to-volume ratio and overall in an increased current response of approx. 

47%. In respect to stability, after 1 day no significant change in response was observed for 

Pt NP-modified microbiosensors. A decrease of approx. 50% was observed at day 4. This 

further miniaturization of the transducer using Pt NPs could be applied for single cells 

experiments in the future.  
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Chapter 3: Time-resolved ATP Measurements during 

Vesicle Respiration 

 

 

Parts of this chapter have been already published in reference [191] “Lin J, Weixler D , 

Daboss S, Seibold G.M, Andronescu C, Schuhmann W, Kranz C, Time-resolved ATP 

measurements during vesicle respiration. Talanta 205: 120083, 2019” 

(https://doi.org/10.1016/j.talanta.2019.06.083), copyright 2019, with the permission from 

Elsevier B.V. 

 

 

3.1   Introduction  

 

ATP is one of the most important signaling molecule and serves as energy resource within 

biochemical reactions in all living organisms. The regeneration of the energy-rich ATP from 

ADP is catalyzed e.g., by ATP-synthases [192]. The ATP-synthases act as nano-machines 

cooperated within membranes, through ADP and inorganic phosphate (Pi) driven by a 

transmembrane H
+
-gradient [17–19] to catalyze the ATP synthesis. These transmembrane 

proteins responsible for ATP generation are located in the inner membrane of the 

mitochondria of eukaryotic cells and cell membranes of bacteria and archaea [19]. 

Therefore, synthetic or natural membrane vesicles (liposomes) have proved to be an 

extremely useful model to characterize membrane proteins involved in transport processes, 

especially in cellular bioenergetics, or ion homeostasis [12–16]. To enable an in vitro ATP 

synthesis, all required membrane-enzymes can be reconstituted in natural or synthetic 

membrane vesicles [13,193]. The reconstitution of membrane proteins into membrane 

vesicles, so called inverted (or everted) membrane vesicles e.g., from E. coli, cells can be 

prepared by single passage through a French pressure cell [194–196]. Thereby vesicles 

contain membrane proteins in a now “inside-out” inverted orientation [196] and readily 

https://doi.org/10.1016/j.talanta.2019.06.083
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provide access to the present membrane proteins, which were formed from cells. If all 

compounds necessary for ATP-synthesis can be added to the solution, the inverted vesicle 

system is suitable for in vitro ATP-synthesis.  

 

The proton gradient required for the ATP synthesis is produced by addition of NADH, 

which can be converted in the vesicle membrane by the 

NADH-dehydrogenase-ubiquinone complex. This complex is naturally involved in the 

respiratory chain of E. coli and pumps protons across the vesicle membrane generating a 

proton gradient [197]. The ATP synthase uses this induced proton gradient to catalyze 

ATP synthesis from ADP and Pi [17]. The schematic overview of inverted E. coli membrane 

vesicles producing ATP is shown in Figure 28.  

 

Within this chapter, the determination of ATP at inverted membrane vesicles is presented, 

which again uses SECM in combination with the ATP microbiosensors as described in 

Chapter 2. For measuring ATP, a two-compartment SECM liquid cell was constructed 

using a track-etched membrane to prevent electrode fouling in the presence of the vesicles. 

The data are compared to measurements using the luciferase assay along with inhibition 

experiments demonstrating that ATP is produced by the inverted vesicles. 

 

 

 

Figure 28. (A) Overview of inverted E. coli membrane vesicles producing ATP via 

ATP-synthase after a proton gradient is generated by NADH addition. (B) ATP synthesis 

(A) (B) 
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can be inhibited by the ATP-synthase/ATPase inhibitor Venturicidin A, highlighted in red. 

Adapted from Ref. [191]; copyright 2019, with the permission from Elsevier B.V. 

  

 

3.2   Result and Discussion 

 

3.2.1 Visualization of inverted E. coli Vesicles 

 

In a first step, the presence of inverted vesicles was investigated using Nile red stained 

fluorescence images. To visualize and proof the presence of inverted E. coli vesicles, 

Nile-red staining was performed. The fluorophore Nile-red was used in previous studies to 

stain membrane vesicles as it binds specifically to lipid structures. Fluorescence 

microscopic imaging after Nile-red staining clearly indicates the presence of membrane 

vesicles as shown in Figure 29 (A)-(C). In comparison to the inverted vesicle sample, the 

aggregates visible in the control sample without vesicles did not show any fluorescence as 

shown in Figure 29 (D)-(F). This further confirmed that the aggregates evident in the 

vesicle samples are not just Nile-red aggregates, but specifically stained membrane 

vesicles. Furthermore, based on this fluorescence microscopy data, the size of the 

vesicles could be determined to be in the range of several micrometers, which is important 

for the ATP measurements using the two-compartment cell.  
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Figure 29. Fluorescence microscopic images of E. coli inverted membrane vesicles or 

control samples after Nile-red staining. Afterwards vesicle solution was concentrated after 

centrifugation. (A); (D): Bright field images. (B); (E): Nile-red fluorescence images. (C); (F): 

Overlay of bright field and Nile-red fluorescence images. Exposure time was equivalently 

for vesicle and control sample. For comparable background, black and white colour signal 

was set to equivalent numbers using Zen-lite software (Zeiss). Figure 29 (C) (D) were 

reprinted from Ref. [191]; copyright 2019, with the permission from Elsevier B.V. 

 

 

3.2.2 The Optical Enzyme Assay and Luminescence Assay 

 

Respiration of inverted E. coli vesicles and resulting ATP quantification was analyzed by 

an enzymatic in vitro assay (as shown in Figure 30). The enzymatic reaction is discussed 

in Chapter 1.1.2. Glucose-6-phosphat (G-6-P) was produced by HEX reaction in presence 

of ATP (equ. (9)). Glucose-6-phosphate dehydrogenase catalysing the oxidation of G-6-P 

to gluconolactone-6-phosphate, with NADP
+
 simultaneously accepting hydrogen to form 

NADPH. The ATP concentration can be calculated from a NADPH standard calibration by 

the netto difference after NADH addition as shown in Figure 30 (B). The experiment 

details is described in Chapter 6.2.7. 

 

The most common way to measure ATP is using the bioluminescence assay based on 

(A) (B) 

) 

(C) 

(D) (E) (F) 
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luciferin/luciferase as described in Chapter 1.1.2. However, the bioluminescence assay is 

not suitable, if the evolvement of ATP should be determined over time or if measurements 

should be performed under additional illumination. The bioluminescence-based 

experiments were conducted using the buffered vesicle solution containing ADP and Pi 

mixed with a luminal/luciferase (Invitrogen) solution. The addition of NADH (500 µM) to 

solution is generating a proton gradient and thereby ATP concentration can be determined 

via absorbance read out at 340 nm after conversion of glucose-6-pohosphat by 

glucose-6-phosphate dehydrogenase in presence of glucose in PBS as shown in Figure 

30. Control experiments as indicated in the diagram in Figure 31 using the 

bioluminescence assay showed that a significant rate of ATP production was only 

observed in presence of all components necessary for ATP synthesis. As expected for 

measurements lacking either vesicles, NADH or both, the ATP synthesis rate dropped to 

almost zero. In addition, control experiments were conducted adding the inhibitor 

Venturicidin A to solution (see Figure 28 (B) marked in red). Venturicidin A specifically 

inhibits the ATP-synthase/ATPase acting on the FO subunit [198]. As shown in Figure 31, 

the ATP synthesis rate dropped to approx. 30% of the initial rate when 1 mM of Venturicidin 

A (final concentration: 1 µM) was added to solution and basically to zero when the final 

inhibitor concentration was 2 µM. These experiments support that the ATP synthesis from 

the inverted vesicles prepared from E. coli requires the proton gradient generation by 

NADH. Also, these inhibition experiments using Venturicidin A confirm that this respiratory 

chain enzyme complex is responsible for ATP generation for E. coli derived inverted 

vesicles.  
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Figure 30. Enzymatic in vitro assay to quantify ATP levels. (A) Determined ATP 

concentration resulting from E. coli vesicle respiration after NADH addition. Produced ATP 

was coupled to glucose via hexokinase reaction. Quantification of ATP was done by via 

absorbance read out at 340 nm after conversion of glucose-6-pohosphat by 

glucose-6-phosphate dehydrogenase. (B) ATP levels are calculated based on a NADPH 

standard calibration. Adapted from Ref. [191]; copyright 2019, with the permission from 

Elsevier B.V. 

 

 

 

 

Figure 31. Vesicle characterization by bioluminescence measurements. Synthesis rate 

(increase of luminescence) was analyzed under different control conditions either in 

absence of vesicles, NADH or both. Additionally, relative ATP levels were determined in 

presence of respective concentrations of the ATPase inhibitor Venturicidin A (error bars 
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reflect 3 individual measurements). Reprinted from Ref. [191]; copyright 2019, with the 

permission from Elsevier B.V. 

 

 

3.2.3 ATP Microbiosensors 

 

In order to determine the ATP produced by the inverted vesicles using ATP 

microbiosensors, SECM experiments using a two compartment cells have been employed.  

Preliminary experiments performing ATP measurements in inverted vesicle solutions 

resulted in blocking of the electrode surface by the vesicles and prevented direct 

measurements in vesicles solutions. To circumvent this problem, a custom-build two 

compartment cell was developed, where an upper and lower compartment were separated 

by a track-etched membrane as shown schematically in Figure 32. The solution in the 

lower compartment contained the vesicle solution. When NADH was added to solution, the 

produced ATP diffused through the pores (100 nm in diameter) of the polycarbonate 

membrane to the upper compartment where the microbiosensor was positioned in close 

proximity to the membrane surface as shown in Figure 32 (A). The porous polycarbonate 

membrane was clamped into the separator assembly, which is integrated in SECM liquid 

cell as shown in Figure 32 (B) and (C), respectively.  
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Figure 32. (A) Schematic overview of the SECM experimental set-up and the custom-built 

separator assembly used to detect ATP diffusion through a polycarbonate track-etched 

membrane. (B) Top view and (C) bottom view of the custom-built separator assembly 

integrated in the SECM liquid cell. An inlet tube is connected with a plastic tube for injection 

of NADH, ADP, glucose, and vesicle solution. Figure 32 (A) was adapted from Ref. [191]; 

copyright 2019, with the permission from Elsevier B.V. 

 

 

In order to position the microbiosensor (which part of the dual electrode assembly is as 

described in Chapter 2), i-t curves were recorded while approaching to the membrane 

surface. The bare electrode (W1) was biased at -700 mV vs. Ag/AgCl to reduce oxygen 

dissolved in the buffered solution. Due to the insulating nature of the membrane, the 

(A) 

(B) (C) 
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diffusion of oxygen towards W1 was blocked and the recorded current decreased as 

shown in Figure 33 (A). The experimental approach curve is in excellent agreement with 

the theoretical approach curve (Figure 33 (A)). The distance of the microelectrode 

assembly to the surface was determined using the following equation [153] for a RG value 

(the ratio between the insulating sheath and the electroactive core) of 10.2:  

 

Eq: 
iW1

iW1,∞
= 1/[0.4047 + 

1.6018

L
 + 0.5883 exp

(- 
2.3729

L
)
]               (25) 

 

A distance of 30 ± 8.7 µm was used for the presented ATP measurements. After 

positioning, W1 was disconnected and W2 (ATP microbiosensor) was biased at +700 mV 

vs. Ag/AgCl. Calibration of the ATP microbiosensors was performed as described in the 

experimental section (Chapter 6.2.8). An exemplary hydrodynamic response curve to ATP 

addition is shown in Figure 33 (B). The calibration graph is shown in Figure 33 (C). ATP 

concentrations ranging from 0.2 µM to 9.0 µM were determined with a correlation 

coefficient R
2
 = 0.9925 and a sensitivity of 53.89 ± 11.77 pA /µM (n=3). The obtained 

calibration range of 0.2 - 9.0 µM for ATP is related to the relative thin film as described in 

Chapter 2 and reference [46].  

 

 

 

(A) (B) 
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Figure 33. (A) Approach curve using the bare UME of the dual electrode assembly 

(squares: experimental data, solid line: theoretical approach curve. Experimental data 

reflect the diffusion-limited current for O2 reduction at -700 mV vs. Ag/AgCl in PBS (pH 7.4). 

Scan velocity: 1 µm/s. (B) A typical current vs. time curve for ATP; aliquots of 1 mM were 

added to solution. (C) ATP calibration graph recorded at the ATP microbiosensor (radius of 

25 µm) (n=3). Reprinted from Ref. [191]; copyright 2019, with the permission from Elsevier 

B.V. 

 

 

3.2.4 Interference Study 

 

One of the challenging disadvantages of enzyme-based biosensors is that chemicals 

presented in the sample matrix may influence the sensor signal [199]. Although, HEX 

specifically catalyzes the de-phosphorylation of ATP [200], interference studies have been 

performed to ensure that the measured current changes are solely related to the synthesis 

of ATP by the inverted vesicles. Interferences have been tested by injecting ADP and 

NADH into PBS solution (pH 7.4) through the tube that is connecting the lower part of the 

electrochemical cell (Figure 32 (A)). Aliquots of (a) 10 mM ADP, (b) 10 mM NADH were 

added respectively to the PBS solution. As expected, when aliquots of glucose were added 

to solution, the current increased. A typical current response for adding glucose in the 

range of 0.5 mM to 20 mM is shown in Figure 34 (A). However, by adding ADP into 

solution as shown in Figure 34 (B), the recorded current response was not significantly 

altered, and the recorded current signal was 989 ± 25 pA (n = 3) as shown in Figure 34 (B). 
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This value reflects the current signal of the microbiosensor responding to 6 mM glucose in 

absence of ATP, which is in agreement with the sensor response for the exemplary 

measurements shown in Figure 36 (A) prior to the addition of vesicles. Also, NADH 

aliquots were added to exclude interferences by this species. Again, the current response 

is in the range of 978 ± 37 pA for the addition of NADH with a final concentration of 500 µM, 

which is in agreement with the current response of the microbiosensors towards 6 mM of 

glucose added to the sample solution as shown in Figure 34 (C). As summarized in Figure 

34 (D), no significant current changes for ADP and NADH addition were observed.  

 

 

 

Figure 34. Interference studies show the current vs. time response in respect to the 

addition of aliquots of (A) 0.2 M glucose, (B) 10 mM ADP and (C) 10 mM NADH, 

respectively. (D) Histogram of current changes for ATP biosensor reflecting the addition of 

aliquots of 10 mM ADP and NADH, respectively (n = 3). Figure 34 (B) (D) were reprinted 

from Ref. [191]; copyright 2019, with the permission from Elsevier B.V. 
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3.2.5 Quantification of ATP Produced by Inverted Membrane Vesicles 

  

Different inverted vesicles have been investigated in respect to ATP production. The 

experiments were performed as described in Chapter 6.2.8. After positioning of the 

dual-microelectrode assembly approximately 30 µm above the track-etched membrane, 

two times 20 µl of vesicle solution (total protein concentration was 22 mg /ml) was injected 

into the donor compartment, a decreased current was observed as shown in Figure 36 (A). 

Then 2 mM of glucose were injected to confirm the functionality of the ATP microbiosensor. 

The visible noise in the hydrodynamic response is caused by the events of addition of 

vesicles or glucose, respectively. As shown in Figure 36 (A) and (B), an ATP value of 

0.29 ± 0.03 µM/µl was evaluated for the addition of E. coli TK2309 vesicles with a total 

protein concentration of 22 mg/ml, which is in agreement with a preliminary performed 

enzymatic readout assay (Figure 30 (A) (B)). Based on amounts of vesicles, which were 

used in the bioluminescence assay, a comparable ATP concentration could be calculated 

(approx. 13 µM ATP per 40 µl of vesicles). Similar to the inhibition experiments with 

Venturicidin A as shown in Figure 30 for the bioluminescence assay above, inhibition 

experiments were also performed in combination with ATP measurements using the 

microbiosensors. Only insignificant change in current signal of 12 ± 4 pA was observed, 

when 1 mM Venturicidin A (final concentration is 2 µM) was added into PBS solution prior 

to the vesicles solution addition as shown in Figure 35. In addition to E. coli TK2309 

vesicles, experiments were also conducted with inverted vesicles originating from 

Pseudomonas putida cells. At similar experimental conditions (i.e., distance of the 

microbiosensor assembly to the track-etched membrane of 30-40 µm and same 

concentrations for ADP and NADH), an ATP value of 0.48 ± 0.02 µM/µl at a total protein 

concentration of 25.2 mg/ml of vesicles could be determined with a sensitivity of the used 

microbiosensor of 54.86 pA/µM. The higher ATP values obtained for Pseudomonas putida 

may be explained with a higher total protein content of these vesicles compared to E. coli 

vesicles. These additional experiments revealed potential of electrochemical ATP 

measurements for various types of vesicles. As shown in Figure 33 (C), an average 
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sensitivity of 53.9 ± 11.8 pA/µM (n = 3) was obtained for all the microbiosensors used in the 

experiments herein.  

 

 

 

Figure 35. (A) Typical hydrodynamic response of ATP biosensors by injecting 3×20 µl of 

the E. coli vesicle solution (protein concentration: 22 mg/ml) into PBS solution without 
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(black curve) and with 2 µM Venturicidin A (blue curve). (B) Bar diagram of ATP release 

from E. coli vesicle solution in presence and in the absence of Venturicidin A (n=3).  

 

 

 

Figure 36. (A) Representative hydrodynamic response to vesicle addition from E. coli in 

PBS (pH 7.4, containing 100 µM ADP and 500 µM NADH). Two times 20 µl of E. coli 

vesicle solution was injected. After the measurement, 2 mM of glucose were injected to 

confirm the functionality of the ATP microbiosensor. (B) ATP quantification derived from E. 

coli TK2309 and Pseudomonas putida inverted vesicles, respectively. Error bars reflect 3 

independent measurements (n=3). Figure 36 (A) was adapted from Ref. [191]; copyright 

2019, with the permission from Elsevier B.V. 

 

3.3   Conclusion and Outlook 

 

The quantitative determination of ATP produced by E. coli and Pseudomonas putida 

inverted vesicles in phosphate buffer solution (pH 7.4) was shown using a microbiosensor 

in combination with an electrochemical separator cell measurements. The microbiosensor 

and the bioluminescence assay measurements clearly showed that adding Venturicidin A 

as inhibitor to solution that the respiratory chain enzyme complex is responsible for ATP 
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generation. This electrochemical approach has several advantages vs. luminescence 

assays for ATP determination including that no sampling is required, and that no 

illumination is needed as for the luciferin/luciferase assay. The presented approach may 

readily be combined with the simultaneous determination of additional compounds of 

membrane vesicles or liposomes during respiration reactions. In contrast to other ATP 

read-out systems, the ATP biosensor is light independent, which offers also attractive 

applications for the general work with membrane vesicles. For example, monitoring of 

gradient formation across the vesicle membrane, which is necessary for an ATP synthesis, 

is often followed by fluorescence-based approaches. Such measurements cannot be 

combined with a light-dependent readout for ATP as required for bioluminescence assays.  

 

Hence, the strategy showed herein enables following ATP synthesis in situ at inverted 

vesicles. Future approaches will adapt the developed sensing strategy for the in vitro 

determination of glucose, gluconic acid, and acetylcholine via appropriate enzyme-based 

microbiosensors [201–203], as gradient monitoring and simultaneous ATP readout 

enables unprecedentedly detailed insight into these relevant vesicular respiration 

processes.  
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Chapter 4: Polydopamine (PDA) as Interface in 

Biomedical Research 

 

 

Parts of this chapter have been already published in reference [204] “Lin J, Daboss S, 

Blaimer D, Kranz C, Micro-Structured Polydopamine Films via Pulsed Electrochemical 

Deposition” Nanomaterials, 2019, 9(2): 242.” This is an open access article distributed 

under the Creative Commons Attribution License (CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/). 

 

 

4.1   Introduction 

 

Dopamine (DA) is an important member of the excitatory chemical neurotransmitters [205] 

that plays a key role in the functioning of central nervous, cardiovascular, renal, and 

hormonal system [206], as well as in drug addiction, schizophrenia, and Parkinson’s 

disease [207,208]. It is an electroactive molecule, which can be chemically or 

electrochemically oxidized forming polydopamine (PDA). PDA has obtained increased 

attention due to its excellent adhesion properties and its functional groups such as 

catechol, imine and amino groups. PDA can be formed by a simple dipping process 

resulting in a coating on almost any kind of surfaces ranging from inorganic to organic 

including superhydrophobic surfaces, and is used as protection films in corrosion science, 

and as coatings for adsorption purposes [4,209–211].  

 

Dip coating was first reported by Lee et al. in 2007 [212]. Their research was inspired by 

mussels, which express adhesive proteins for attachment to surfaces. These adhesive 

proteins are rich in 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine amino acids [213]. 

Catechol moieties and the oxidized o-quinone forms may be responsible for the stronger 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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adhesive ability through hydrogen binding, cross-link via metal chelating and aryl-aryl 

coupling [214].  

 

Several models of the final polymer structure and the mechanism of polymerization are 

discussed in literature [212,215,216]. Messersmith’s group [212] proposed a mechanism 

for the PDA formation, which involved the oxidation of dopamine in a first step to 

dopaminequinone, which further reacts via intramolecular cyclization to 

leucodopaminechrome. Further oxidation leads to the formation of 5,6-dihydroxyindole 

(DHI). DHI can be further oxidized by inter-molecular cross-linking to form PDA polymer 

which structure is similar to the bio-pigment melanin [212]. Another proposed mechanism 

is an open-chain polycatechol/quinone structure based on linear sequences of 

catecholamine units, which are linked through biphenyl-type bonds [215]. The proposed 

structure is a supramolecular structure of PDA built up by (DHI)2/PCA (pyrrolecarboxylic 

acid) trimer complex (m/z 402). Ding et al. [216] proposed that PDA formation occurs in two 

distinct steps: In the initial step, the monomer − monomer and/or monomer − low oligomer 

reacts by covalent interaction to form a large amount of low oligomers such as 

5,6-dihydroxyindole (DHI) and pyrrolecarboxylic acid (PCA). In the second step, these low 

oligomers ((DHI)2/PCA trimer complexes) form rapidly small entities by noncovalent 

interactions and then gradually proceed to the large supramolecular aggregates [216]. 

Despite the multitude of publications focusing on the mechanism of PDA formation and 

PDA structure, this is still under debate and some theoretical models are not supported by 

unambiguous experimental evidence [215]. The synthesis of PDA film is also dependent 

on the experimental conditions (including solution pH, oxidant employed, and dopamine 

concentration) and the deposition method. Usually, PDA films are obtained by a simple 

one step dipping procedure in oxygen-containing alkaline dopamine solution or in 

presence of oxidants such as Cu(II), Ni(II) ions, and ammonium persulfate in phosphate 

buffered, TRIS buffered or hydrogencarbonate buffered solutions. Recently, Ball et al. [217] 

reported that the PDA film thickness is strongly dependent on initial dopamine 

concentration and immersion time. Films with thickness of 40 nm can be obtained by the 

increased dopamine concentration through a long-time self-assembly process at pH 8.5. 
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However, the morphology of the surface still tends to be very inhomogeneous, caused by 

the aforementioned agglomerate deposition and inhomogeneous stacking of the deposited 

molecules [217–219]. To achieve a highly uniform and smooth PDA film, Kim et al. [220] 

demonstrated that high O2 concentrations in the dopamine solution lead to a highly 

homogeneous and thin PDA layer on various materials in short times. 

 

More recently, electrochemical deposition to form PDA films has been demonstrated. 

Stöckle et al. [4] used cyclic voltammetry to deposit PDA films on gold substrates from 

buffered solution containing dopamine hydrochloride (sweep range: -0.5 V to +0.5 V or -0.6 

V to +0.5 V) at slightly basic pH values. The films were characterized by AFM and a film 

thickness of 59 nm was determined. Compared to chemical oxidation, electrochemical 

deposition via cyclic voltammetry achieved an enhanced deposition rate resulting in higher 

thickness and fairly smooth film on the substrate surface [4]. 

 

Within this chapter, electrochemical pulse deposition for the formation of PDA is explored. 

Scanning electrochemical microscopy (SECM) was used for microstructuring PDA films, 

which enables screening experiments in respect to the relation of pulse cycle numbers with 

film thickness and surface morphology [204]. This deposition process via multi-potential 

steps in direct mode SECM (see Chapter 1.4) was investigated in dependence on the 

pulse cycle numbers, the distance between substrate and microelectrode, as well as the 

RG value of the microelectrode. Furthermore, within this chapter also AFM 

characterization in respect to morphology and SECM studies in respect to electron transfer 

properties will be presented. 
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4.2   Result and Discussion  

 

4.2.1 Optimization of the Deposition Process  

 

Pulse deposition as a simple and attractive electrochemical technique can be used to 

control the morphology and thickness of the formed films. The presented depositions were 

all performed in dopamine solution with a concentration of 1 mg/ml dissolved in 10 mM 

PBS (pH 7.4). For all depositions, the dopamine solution was purged for 30 mins with 

argon to remove oxygen from solution prior to use to avoid auto-oxidation. At a distance of 

160 µm between sample surface and UME (as shown in Figure 38 (A)), the pulse profile 

(as shown in Figure 38 (B)) of 0.5 V/0.5 s; 0.0 V/2 s, -0.3 V/0.5 s and 0.0 V/0.3 s was 

applied to form the PDA film on the gold substrate. The advantage of pulse deposition is 

associated with the high amount of oxidized species, which can be generated at the 

electrode surface within the first pulse. Dopamine oxidation follows an ECE mechanism 

involving the formation of dopaminequinone at the first step. Keeping the potential at a low 

value of 0.0 V for 2 seconds allows monomers to diffuse into the gap between the counter 

microelectrode and the working electrode. Dopaminequinone is undergoing a cyclization 

step (chemical step) resulting in leucodopaminechrome. This component is then in an 

electrochemical step at -0.3 V vs. Ag/AgCl oxidized to dopaminechrome, which can further 

undergo electrochemical steps leading to the formation of 5,6-dihydroxyindole that 

undergoes further oxidation steps to finally form PDA. The electrochemical steps to form 

the 5,6-dihydroyindole is illustrated in Figure 37. If the resting time for 0.0 V potential was 

shorter than 2 s, non-homogenous polymer distribution was observed.   
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Figure 37. Electrochemical formation of 5,6-dihydroyindole. The oxidation of dopamine is 

generally agreed on an ECE mechanism leading to the formation of dopaminechrome, 

which further leads to the formation of 5,6-dihydroyindole. 5,6-dihydroyindole leads 

through further oxidation steps and reactions to the formation of PDA. Adapted from Ref. 

[164]; Copyright 2018, with the permission from American Chemical Society. 

 

 

The electropolymerization was done in SECM direct mode (see Chapter 1.4.2.3) as shown 

in Figure 38 (A). An average diameter of PDA microspots of approximately 400 µm were 

obtained for experiments where the microcounter electrode is positioned at a distance of 

160 µm from the substrate surface. A strong influence on the distance was observed, 

which is associated with the electrical field distribution and the hindrance of diffusion 

towards the gap between the micro-counterelectrode and the sample. Hindrance of 

diffusion into the gap between the counter microelectrode and the sample surface is also 

influenced by the RG value of the UME. Using otherwise the same conditions, when the 

distance was smaller than 160 µm, a polymer ring rather than a spot was observed (see 

Figure 39). Therefore, all electrochemical depositions of PDA microspots were obtained at 

a distance of 160 µm and an RG value of 5 to ensure compatibility of the deposited films. 

With the chosen pulse sequence and the SECM experimental conditions, uniform 

microspots with different thicknesses could be obtained.     
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Figure 38. (A) Scheme of the SECM direct mode approach for microstructured PDA 

deposition. (B) Potential pulse profile for electropolymerization of dopamine. (C) 3D SECM 

image of PDA microspot deposited with 30 pulse cycles. The image is obtained in 5 mM 

ferrocenedimethanol/0.1 M KCl with a Pt UME (12.5 µm radius); scan velocity 10 µm/s. 

Reprinted from Ref. [204]; This figure is distributed under the Creative Commons 

Attribution License (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

 

 

(A) 

(B) 
(C) 
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Figure 39. Optical images of polydopamine microspots in dependence of the distance 

between sample surface and counter microelectrode, (A) 100 µm; (B) 120 µm; (C) 140 µm; 

(D) 160 µm.  

 

 

4.2.2 Characterization of the PDA Films  

 

4.2.2.1 SEM Images 

 

For many applications, uniform PDA films with low surface roughness values in the 

nanometer range are required. SEM and AFM were used to characterize the pulse 

deposited PDA films in respect to the film morphology and the thickness of the PDA film in 

dependence of the applied numbers of pulse deposition cycles. The commonly applied 

electrochemical method for PDA formation is cyclic voltammetry within the potential range 

(A) (B) 

(C) (D) 
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of -0.5 V and +0.5 V with up to 15 or 30 cycles [3,4], respectively. CV deposition typically 

results in films with surface roughness of 3.57 nm within a rather 1 µm × 1 µm scan range 

[4]. In order to compare the film morphology in dependence of the electrochemical 

deposition method, SEM images were recorded of microspots formed either with cyclic 

voltammetry or pulsed deposition in SECM direct mode. The SEM images, which are 

shown in Figure 40, clearly reveal a quite different film morphology in dependence of the 

electrochemical deposition techniques at otherwise same experimental conditions (1 

mg/ml dopamine in pH 7.4 PBS; deposited with 10 pulse cycles). Figure 40 (A) shows the 

PDA morphology deposited by pulse deposition, which reveals circular structures, which 

looks like “cracked blisters” but an otherwise smooth film, whereas the SEM image in (B) 

reveals a fairly rough PDA film morphology with “folded structure” and with less defined 

features, obtained by cyclic voltammetry [204].  

 

Figure 40. Comparison of film morphology in dependence of electrochemical deposition 

techniques. (A) SEM image of a PDA spot deposited via pulse deposition with 10 pulse 

cycles; (B) PDA spot deposited via cyclic voltammetry using 10 cycles, potential range 

-0.5V to 0.5 V vs Ag/AgCl, scan rate 20 mV/s. Adapted from Ref. [204]; This figure is 

distributed under the Creative Commons Attribution License (CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/). 

 

(A) (B) 
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SEM images (as shown in Figure 41) obtained from films deposited with a higher pulse 

cycle numbers, e.g., by applying 60 pulses (Figure 41 (B)) clearly revealed more “cracked 

blister-like” features compared to the deposition obtained with 10 pulse cycles (Figure 41 

(A)). These features may be associated with hydrogen evolution during the polymerization 

reaction that may be entrapped in the film, forming blisters [204]. 

 

 

 

Figure 41. SEM images of polymer spots obtained with (A) 10 pulses and (B) 60 pulses. 

Adapted from Ref. [204]; This figure is distributed under the Creative Commons Attribution 

License (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

 

 

4.2.2.2 AFM Characterization  

 

AFM measurements in air and solution were recorded to characterize the film morphology 

and film thickness in dependence of the number of pulse cycles. Contact mode images 

that were recorded in air are presented in Figure 42. Interestingly, by applying only 1 

pulse cycle to form a microspot, a uniform film with a surface roughness (Sa) of 1.74 nm ± 

0.09 and film thickness of 5.9 ± 0.50 nm (n = 5) was obtained as shown in Figure 42 (A) 

(D) and Figure 43, respectively. It is notable that for a single pulse deposition, the 

observed “cracked blister-like” features (see Figure 42 (A)) are absent. Films deposited 

(A) (B) 
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with 3 pulse cycles already reveal elevated features reassembling the “blister-like” 

structure, which gets strongly pronounced with increasing number of deposition cycles as 

shown in Figure 42 (B), (E), (C) ,(F), respectively. Also, the film thickness increased with 

the number of pulse cycles from 5.9 ± 0.50 nm (n = 5) for 1 pulse cycle to 9.75 ± 0.48 nm 

(n = 6) for 3 pulse cycles, 29.27 ± 3.45 nm (n = 6) for 15 pulse cycles, 55.68 ± 4.41 nm (n 

= 6) for 30 pulse cycles, 70.42 ± 4.12 nm (n = 6) for 60 pulse cycles and then reached a 

plateau at 90 pulses with an averages thickness of 75.4 nm ± 2.5 nm (n = 6) and a film 

roughness of 6.54 ± 0.52 (measurements were obtained in blister-free areas) as shown in 

Figure 43. Previous studies [4,221] to characterize the PDA film by AFM were usually 

reported for significant smaller areas such as 1 µm × 1 µm or insufficient quality of AFM 

images, so that it is difficult to compare the obtained data to literature values. As shown in 

Figure 42 and Figure 44, the images were recorded from significantly larger areas. The 

results demonstrate an almost linear growth of the film thickness with pulse cycle number 

as shown in Figure 43. A plateau in thickness was observed at 90 pulse cycles as further 

film growth was inhibited by the insulating nature of the PDA film. In other words, the 

formed PDA layer blocked the electron transfer at the gold substrate. It appears that with 

the pulsed deposition, the PDA film formation occurs through a layered formation as 

shown for example in Figure 42 (C) (F). The “cracked blister-like” features appeared at 3 

pulse cycles and increased in density and height with the number of applied pulse cycles 

as shown in Figure 42. 
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Figure 42. AFM contact mode images of PDA film deposited with different number of 

pulse cycles. Topography (A)-(C) and deflection images (D)-(F) are shown: (A) and (D) 

PDA film deposited with 1 pulse cycle; (B) and (E) PDA film deposited with 3 pulse cycles 

and (C) and (F) PDA film deposited with 30 pulse cycles. Images were recorded in contact 

mode. The displayed images are tilt corrected. Adapted from Ref. [204]; This figure is 

distributed under the Creative Commons Attribution License (CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/). 
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Figure 43. Thickness of the PDA films in dependence of number of pulse cycles. The error 

bars correspond to ±1 standard deviation over 5 thickness measurements. Reprinted from 

Ref. [204]; This figure is distributed under the Creative Commons Attribution License (CC 

BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

 

 

AFM images were also recorded in buffered solution as illustrated in Figure 44 in order to 

investigate if the deposited films are swelling in solution. A PDA film deposited with 30 

pulse cycle was investigated in air and consecutively in liquid. The AFM images 

(topography and deflection images are shown in Figure 44 (A)-(D)). The height profiles of 

the dry film (black solid line) and the film immersed in buffered solution (red solid line) are 

overlayed in Figure 44 (E). It is clearly evident that there is no significant difference in film 

height and morphology between the dry film and the immersed film, which excludes 

swelling of PDA under the chosen experimental conditions.  

 

https://creativecommons.org/licenses/by/4.0/
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Figure 44. Comparison of AFM topography (A), (C) and deflection images (B), (D) images 

of a microstructured PDA film deposited via 30 pulse cycles. (A) Topography in air, (B) 

deflection image in air, (C) topography in solution, (D) deflection image in solution. (E) 

Overlay of height profiles as indicated in (A) and by the dotted line. Adapted from Ref. [204]; 

This figure is distributed under the Creative Commons Attribution License (CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/). 

 

 

4.2.3 Electrochemical Properties  

 

Scanning electrochemical microscopy (SECM) is also highly attractive to characterize the 

electrochemical properties of the deposited films. SECM imaging in feedback mode was 

performed to image the deposited PDA spots, by switching from direct mode, where the 

microelectrode serves as the counter electrode (for deposition) to imaging mode with the 

microelectrode as working electrode. SECM images of films deposited with pulse cycles 

ranging from 15 to 60 pulse cycles are shown in Figure 45. It is clearly visible that films 

deposited with 30 pulse cycles, which have a film thickness of 55.68 ± 4.4 nm (see Figure 

43) already led to an effective blocking of the electron transfer. A negative SECM feedback 

signal is obtained with a decrease in current of 2.1 nA compared to the bulk current 

recorded in 5 mM ferrocenedimethanol/0.1 M KCl solution. Moreover, SECM is highly 

suitable to determine electron transfer rate constants using SECM approach curves. PDA 

(A) (B) 

(C) (D) 

(E) 
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films are interesting functional materials as the films contain many functional groups such 

as hydroxyl, imin and amino groups (amphiprotic groups), which reflect reversible redox 

active groups such as the o-hydroquinone/quinone couple [212,222]. The electrochemical 

properties of the PDA films was investigated via SECM by applying positive and negative 

potential to the modified substrate and employing differently charged redox mediators. 

Varying the potential of the substrate should lead to oxidation/reduction of the functional 

groups namely the o-hydroquinone/quinone couple, which should influence the electron 

transfer kinetics due to electrostatic repulsion in respect to the charge of the employed 

redox mediator. The dimensionless electron transfer kinetic parameter κ can be obtained 

from the approach curves using Lefrou’s approximations [223] based on Bard−Mirkin’s 

formalism [165]. The electron transfer kinetic κ was determined in dependence of the film 

thickness and applied potential. The approach curves were recorded at PDA microspots 

with the substrate biased at a potential of -100 mV or 500 mV vs. Ag/AgCl, respectively. 

While the PDA structure is still under debate, it is generally assumed that o-quinone and 

o-hydroquinone subunits with their semi-oxidized/semi-reduced forms are present [210]. 

Thereby, a sufficient positive or negative potential should switch the o-hydroquinone 

/quinone group of the PDA film. In an initial step, approach curves were recorded on a bare 

gold surface, where the redox species is regenerated at the conducting surface [204]. In 

Figure 46, the approach curves are shown, which were recorded at PDA modified gold 

substrates along with the theoretical approach curves for a pure insulator or pure 

conductor [224,225]. All the approach curves were fitted by Lefrou’s approximations [223] 

for determining the dimensionless rate constant ( κ=κeff
r

D
 where D  is the diffusion 

coefficient of the redox mediator, r the active radius of the microelectrode and κeff is the 

apparent heterogeneous electron transfer rate). Approach curves were recorded for a 

positively charged redox species [Ru(NH3)6
3+

] and a negatively charged redox species 

([Fe(CN)6]
4-

). The results are shown in Figure 46 and summarized in Table 2. In 

dependence of the applied substrate potential, it was expected that the oxidation state of 

the PDA groups (o-hydroquinone/quinone) influences the electron transfer behavior for the 

differently charged redox mediators, as electrostatic repulsion may be effective. 
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Interestingly, a positive feedback and highest 𝜅 values (see Table 2) can be observed for 

the PDA layers deposited with only 1 pulse cycle for both mediators independent of the 

applied potential. With the increasing number of pulse cycles, the positive feedback 

switches to negative feedback for the differently charged redox mediators due to the 

increased thickness of PDA. Obviously, by applying 60 deposition cycles the PDA film on 

the gold substrate fully blocked the electron transfer, with a negative feedback response 

similar like the one for a pure insulator. Figure 46 (A) (B) and (C) (D) shows the approach 

curves recorded at the deposited PDA microspots with different cycles in 5 mM 

[Fe(CN)6]
4−

/0.1 M KCl and 5 mM [Ru(NH3)6]
3+

/0.1 M KCl, at -100 mV and + 500 mV vs. 

Ag/AgCl, respectively.  

        

 

 

 

Figure 45．2D SECM images of PDA microspot deposited with (A) 15 cycles, (B) 30 

cycles, (C) 60 cycles. The images are obtained in 5 mM ferrocenedimethanol/0.1 M KCl 

with a Pt UME (12.5 µm radius) at a distance of 30-40 µm between PDA film and UME; 

scan velocity 10 µm/s. The PDA spots were deposited at a distance of 160 µm between 

sample surface and counter microelectrode.  

 

 

(A) (B) (C) 
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Figure 46. Approach curves recorded at PDA microspots deposited with different number 

of pulse cycles, in dependence of the applied substrate potential and redox active species. 

(A) Curves recorded in 5 mM [Fe(CN)6]
4−

 in 0.1 M KCl, E(substrate): -0.1 V; E(Tip): 0.4 V. (B) In 

5 mM [Fe(CN)6]
4−

/0.1 M KCl, E(substrate): + 0.5 V; E(Tip): 0.4 V. (C) Curves recorded in 5 mM 

[Ru(NH3)6]
3+

/0.1 M KCl, E(substrate): -0.1 V; E(Tip): -0.4 V; (D) In 5 mM [Ru(NH3)6]
3+

/0.1 M KCl, 

E(substrate): +0.5 V; E(Tip): -0.4 V. All potentials are reported vs. Ag/AgCl and all approach 

curves were recorded with a scan velocity 1 µm/s. Adapted from Ref. [204]; This figure is 

distributed under the Creative Commons Attribution License (CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/). 

 

 

Table 2. Dimensionless rate constant κ in dependence of substrate potential and redox 

species. Reprinted from Ref. [204]; This table is distributed under the Creative Commons 

Attribution License (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

(A) (B) 

(C) (D) 
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Number 

of  

pulse 

cycles 

Substrate potential vs. Ag/AgCl 

Redox mediator: [Fe(CN)6]
4-

 

Substrate potential vs. Ag/AgCl 

Redox mediator: [Ru(NH3)6]
3+

 

 −0.1 V 0.5 V −0.1 V 0.5 V 

     

1 1.4331 ± 0.0402 2.3090 ± 0.0334 2.7222 ± 0.0211 1.6197 ± 0.0274 

15 0.0257 ± 0.0034 0.0478 ± 0.0027 0.1617 ± 0.0133 0.0617 ± 0.0082 

60 0.0009 ± 0.0003 0.0012 ± 0.0002 0.0068 ± 0.0012 0.0045 ± 0.0007 

 

 

As shown in Table 2, the dimensionless rate constant κ is dependent on the substrate 

potential and redox species. It is clearly evident that depositions with 1 pulse cycle lead to 

a positive feedback (κ > 1 for both, the negatively charged redox species [Fe(CN)6]
4−

 and  

the positively charged redox species [Ru(NH3)6]
3+

, respectively) which may be explained 

by the film thickness. However, the kinetic data reflect the influence of electrostatic 

repulsion, which is clearly visible at an applied potential of -100 mV with the hydroquinone 

groups and the negatively charged redox species. Whereas for the positively charged 

redox mediator at the same potential the κ value was twice as high. For the negatively 

charged redox species [Fe(CN)6]
4−

 at the positive substrate potential, an increased 

dimensionless rate constant  κ (κ = 2.3090 ± 0.0334) was observed. For 15 pulse cycles 

the dimensionless rate constant dropped by 2 orders of magnitude in comparison to the 

bare gold electrode. For the negatively charged ferrocyanide, κ is half the value at a 

negative substrate bias (-0.1 V) with reduced hydroquinone groups compared to a 

substrate bias of +0.5 V where it is assumed that the oxidized quinone groups are present. 

The difference in the kinetic data may be explained due to electrostatic repulsion of the 

negatively charged redox mediator at a substrate potential of -0.1 V. For the positively 

charged [Ru(NH3)6]
3+

 at the negative substrate potential electrostatic attraction should lead 
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to an increased dimensionless rate constant (κ = 0.1617 ± 0.0133), which is clearly evident 

compared to the positive substrate potential, where a lower κ value of 0.0617 ± 0.0082 

was obtained [204]. For 60 pulse cycles, the dimensionless rate constant κ is significantly 

decreased for both redox mediators, which may be explained with a film thickness of 

approx. 70 nm blocking the electron transfer similar to an insulating substrate. The 

obtained kinetic values was followed the same trend as observed for 1 and 15 cycles.   

 

4.2.4 XPS Characterization  

 

XPS measurements were performed to investigate the levels of oxidation and reduction of 

surface groups after applying different potentials to the PDA modified substrates prior to 

the XPS measurements. Polydopamine films were deposited onto gold substrates from 5 

mg/ml dopamine solution (pH = 7.4) using the pulse deposition method as described in 

Chapter 4.2.1 (0.5 V for 2 s, 0 V for 2 s, -0.3 V for 2 s, 0 V for 3 s, 10 cycles). After 

modification of the substrate, the PDA-modified substrates were biased at 0.5 V for 5 min 

(oxidation of o-hydroquinone groups) and at -0.1 V for 5 min, respectively. The 

high-resolution XPS spectra of C 1s and O 1s are shown in Figure 47 and Figure 48, 

respectively. The energies and assigned chemical groups of each peak are listed in Table 

3. The obtained data are in good agreement with the previously report by Clark et al. [226].  

Three peaks at 284.8, 285.7 and 287.5 eV were obtained, which are assigned to -CH-, 

C-N/C-OH and C=O/COOH, respectively. For the non-biased PDA film, the basic peak 

shapes remain constant and the dominant peak can be attributed to CHx/C−NH2, 

C−O/C−N and C=O species as illustrated in Figure 47 (A). The ratio of CHx/C−NH2 

species is the highest. Compared with the negatively charged PDA film, there is higher 

percentage of carbonyl groups at the surface of the PDA film for the positively charged 

substrate as shown in Figure 47 (B) (C). This phenomenon may be associated to the 

formation of C=O. The ratio of CHx/C−NH2 species is the highest. This is attributed to the 

mechanism of the PDA formation process: the primary amine-containing species- 

dopamine [227] is converted into reaction intermediates and tautomers (secondary and 

tertiary amine species) [228].  
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Figure 47. High-resolution XPS spectra of C 1s regions for (A) poly-dopamine (PDA) film, 

(B) positively biased PDA film, (C) negatively biased PDA film, respectively. The PDA film 

was deposited from PBS solution containing 5 mg/ml dopamine (pH 7.4) by 10 pulse 

cycles and then bias at +0.5 V and -0.1 V for 5 min, respectively.     

 

 

(A) 

(B) 

(C) 
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The O 1s region was fitted with two peaks assigned to O-C (532.9 eV) and O=C (531.2 eV). 

Obviously, the positively biased substrate had an increase in O=C components compared 

to the negatively biased substrate. In addition, the quinone contents of O1 on the oxidized 

substrate increased to 18.90% as shown in Table 4 after applying +0.5 V and decreased 

by 14.56% for the sample that was biased at -0.1 V. The quinone group formed when the 

substrate is biased positively might also reflect that the primary o-hydroquinone group can 

be oxidized by applying a positive potential to the PDA film.             

 

 

 

(A) 

(B) 
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Figure 48．High-resolution XPS spectra of O 1s regions for (A) polydopamine (PDA) film, 

(B) positive biased PDA film prior to the measurements, (C) negative biased PDA film, 

respectively. The PDA film was deposited from PBS solution containing 5 mg/ml dopamine 

(pH 7.4) via 10 pulse cycles prior to biasing the sample at +0.5 V and -0.1 V for 5 min, 

respectively. 

 

 

Table 3. XPS peak binding energy distribution 
a
. 

 

Functional group Binding energy (eV) 

CHx , C-NH2 284.8 ± 0.02 

C-O, C-N 285.7 ± 0.03 

C=O 287.5 ± 0.02 

O=C 531.2 ± 0.01 

O-C 532.9 ± 0.01 

a
 Uncertainties were calculated as 1 standard deviation of at least three replicates.

           

 

 

The o-hydroquinone/quinone redox couple in dependence of the sample bias is reflected, 

as the elements percentage in Table 4. Compared to the PDA sample, which was not 

additionally biased after deposition, an increased oxygen content and a decreased carbon 

content were detected for the positively biased PDA substrate. In contrast, applying -0.1 V 

(C) 
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to the PDA film, which should lead to reduced surface groups, a decrease in oxygen 

content was observed.  

    

 

Table 4. Atomic concentration (%) of various PDA modified substrates obtained by 

XPS measurement. 

 

 PDA substrate 

without additional 

bias 

Positively biased 

PDA-modified substrate 

Negatively biased 

PDA-modified substrate 

C 76.33 ± 0.23 73.54 ± 0.24 74.96 ± 0.29 

N 4.17 ± 0.11 5.12 ± 0.28 5.21 ± 0.45 

O 14.98 ± 0.35 18.90 ± 0.48 14.56 ± 0.34 

Au 4.52 ± 0.40 2.34 ± 0.08 5.27 ± 0.36 

  

 

4.2.5 IR Microspectroscopy 

 

IR microspectroscopy in reflection mode was performed to confirm the presence of 

o-hydroquinone or quinone groups in dependence of the oxidation state. Several IR 

studies of PDA films in dependence of the deposition mode, deposition time and substrate 

have been reported [229,230]. Figure 49 shows reflection mode IR data of the unmodified 

gold electrode, and an oxidized and reduced film of a PDA spot deposited with 30 pulse 

cycles. Characteristic features associated with functional groups at 1250 cm
-1

 (C-OH 

stretching), at 1652 cm
-1

 (C=N stretching imine/oxime or N-H bending), and the band at 

1736 cm
-1

 associated with the quinone C=O group were evaluated. In dependence of the 

applied potential, a significant change of the band at 1736 cm
-1

 was observed, which 

indicates the presence of oxidized quinone groups. 
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Figure 49. IR reflection spectra of the bare gold electrode (black), the oxidized PDA film 

polarized for 5 minutes at 0.5 V and the reduced PDA film polarized for 5 min at -0.1 V vs. 

Ag/AgCl. Reprinted from Ref. [204]; This figure is distributed under the Creative Commons 

Attribution License (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). 

 

 

4.3   Conclusion and Outlook  

 

The deposition of polydopamine (PDA) microspots using pulsed deposition in SECM direct 

mode was shown in this chapter. The obtained thickness of the obtained PDA films can be 

precisely controlled by the number of applied pulse cycles. AFM images revealed the 

morphology of the deposited films, which is influenced by the number of deposition pulses 

and is significantly different from films deposited via cyclic voltammetry. The electron 

transfer kinetic value can be determined by SECM approach curves immediately after PDA 

film deposition. Interestingly, positive feedback was observed on thin PDA films deposited 

by only 1 pulse cycle. The electron transfer was hindered already at PDA films deposited 

with 15 pulse cycles, which corresponds to a film thickness of 29.27 ± 3.45 nm.  

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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The presence of o-hydroquinone or quinone groups at the PDA films was investigated 

using different redox mediators and biasing the substrate at positive and negative 

potentials, respectively. The obtained kinetic data were supported by XPS and IR 

measurements. These switchable PDA films are interesting for biological applications. For 

example, Tan et al. [221] demonstrated quinone groups on PDA greatly enhanced the 

spreading and proliferation of pre-osteoblasts MC3T3-E1 cells, whereas phenolic groups 

enhanced the induction of differentiation of the MC3T3-E1 cells.  

 

From the biosensor perspective, PDA may have advantages due to the breath of functional 

groups as immobilization matrix for enzymes to retain their activity. Approaches using PDA 

as immobilization matrix for microbiosensors will be described in next chapter.    
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Chapter 5: Polydopamine (PDA) as Immobilization 

Material for Biosensors 

 

 

5.1   Introduction  

 

Immobilization of biological entities at the surface of transducers is still a focus in biosensor 

research. In particular, the immobilization of enzymes still suffers from issues such as loss 

of enzyme activity and limited long-term stability. Among all the different materials used as 

immobilization matrix in electrochemical biosensors, recently polydopamine has sparked 

some interest. Polydopamine has strong adhesive properties and can be easily deposited 

on virtually all types of substrates including noble metals, oxides, polymers, 

semiconductors and ceramics [211,212]. In addition, the chemical structure of PDA 

contains many functional groups such as catechol, amine and imine groups. These 

functional groups may serve as anchoring points for immobilization of biologically active 

molecules (enzymes or antibodies) [231]. Given the strong adhesive properties and the 

breath of functional groups, PDA is used in a wide range of biomedical relevant 

applications [232], sensing applications [233,234] and as substrate for cell adhesion [235].  

 

In respect to sensing applications, PDA-modified surfaces have been used in enzyme 

based biosensors [236–238]. For example, Wang et al. [239] used PDA modified carbon 

nanotube composites to immobilize glucose oxidase (GOx) on glassy carbon electrodes. 

In order to facilitate the electron transfer between the immobilized GOx and the underlying 

electrode, Ag nanoparticles were also decorated onto the PDA-modified CNTs, which 

improved the charge transport. In a different sensing system, Fu and coworkers [240] 

demonstrated a polymer/enzyme/metallic nanoparticle composite film for glucose and 

galactose detection in blood serum samples. A clear advantage of this approach is the 

one-step synthesis. The authors could demonstrate in a clinical study that the obtained 
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results were in good agreement with those obtained by an automatic Biochemical Analyzer 

(Mindray BS-300) based on the GOx-peroxidase spectrophotometric method [241]. Hence, 

the PDA-based biosensor may have potential for clinically use in future work. PDA has 

been used so far for immobilization of enzymes [236–238], antibodies [242,243], and DNA 

[244,245] via covalent bonds with amino, imidazole and thiol residues on the electrode 

surface.    

 

In Chapter 4 of this thesis, a new method was introduced to deposit PDA, which gives 

good control over surface morphology and film thickness [204]. This pulsed deposition 

technique was further evaluated for the immobilization of enzymes. Therefore, direct 

encapsulation of various enzymes such as glucose oxidase (GOx) and hexokinase (HEX), 

PQQ-dependent glucose dehydrogenase (PQQ-GDH), superoxide dismutase (SOD) 

during the polymerization of dopamine were evaluated in respect to sensors sensitivity and 

long-term stability. All experiments shown in this chapter have been conducted with 

microelectrodes, as such miniaturized biosensors should be used in future for cell 

measurements.    

    

5.2   Result and Discussion  

 

5.2.1  Optimization of Immobilization Process of Enzymes  

 

The immobilization process of enzymes is the key factor to obtain sensitive and stable 

enzymatic biosensors. As shown in the previous chapter, polymerization of dopamine 

leads to the formation of insulating PDA microspots when more than 10 pulse cycles were 

applied in direct mode SECM [204]. In order to use the polymer film as matrix for 

immobilizing enzymes, it has to be ensured that the analyte and co-products of the 

enzymatic conversion can diffuse into the film and also to the electrode surface. In a first 

step, the pulse deposition sequence was optimized by increasing the times (from 0.5 s to 2 

s in increments of 0.5) at high and low potentials, which resulted in an optimized film for 
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immobilization of enzymes at microelectrodes with a potential pulse sequence of 0.5 V/2 s; 

0.0 V/2 s; -0.3 V/2 s; 0.0 V/3 s. The increased times at high and low potentials promote the 

further oxidation of dopamine and leucodopaminechrome in accordance with the reaction 

sequence (ECE mechanism). The deposition process for PDA films was also optimized 

with respect to the numbers of the pulse deposition cycles and the concentration of the 

monomer solution. A free-diffusing redox mediator ([Ru(NH3)6]
3+

) was used to investigate 

the coverage and hence blocking of the electron transfer in dependence of the number of 

deposition pulse cycles. The decreased steady current determined via cyclic voltammetry 

indicates blocking of the surface by the deposited PDA film preventing electron transfer at 

the electrode surface. As shown in Figure 50, an almost complete blocking of the electron 

transfer for the reduction of ([Ru(NH3)6]
3+

) was obtained with a PDA film, which was 

deposited using 100 deposition cycles. The current decreased by 95.1%. For deposition 

pulse cycle numbers ranging between 1 and 10 (1,3,5,10 cycles), no significant change of 

the steady state current was observed. The current changed only by 0.5 – 10.6%.  

 

 

 

Figure 50. Cyclic voltammograms of a PDA-modified Pt-microelectrode (radius: 12.5 µm) 

in dependence of the number of pulse cycles. CVs were recorded in 5 mM [Ru(NH3)6]
3+

/ 
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0.1 M KCl with a scan rate of 100 mV/s. Potential sequence of PDA deposition was 0.5 V/2 

s; 0.0 V/2 s; -0.3 V/2 s; 0.0 V/3 s vs. Ag/AgCl. 

 

 

To evaluate the applicability of pulse deposited PDA films as immobilization matrix for 

different enzymes, in a first step GOx and HEX as model enzymes were entrapped into the 

electrochemically generated PDA films. To optimize the response towards ATP, the mass 

ratio of polymer vs. enzymes of 1:1 w/w, 1:2.5 w/w, and 1:3 w/w, was evaluated 

respectively. In analogy to the poly(benzoxazine)/ATP biosensor, the optimum ratio of 

polymer vs. enzymes was determined at 1:2.5 w/w. A total deposition pulse number of 100 

cycles was selected to immobilize sufficient amounts of enzymes. The schematic 

illustration of the immobilization process of two different enzymes, for example, as required 

for the ATP biosensor described in this thesis is shown for a UME in Figure 51.  

 

5.2.2  Entrapment the Glucose Oxidase and Hexokinase into PDA Film 

 

Based on the optimized PDA formation process (potential sequence: 0.5 V/2 s; 0.0 V/2 s; 

-0.3 V/2 s; 0.0 V/3 s with 100 repetitive cycles), the entrapment of GOx and HEX into PDA 

film was investigated. The immobilization of GOx and HEX was performed in a layered 

fashion. In a first step, GOx was mixed with dopamine and the enzyme-containing film was 

deposited using 50 cycles. In a second step, the procedure was repeated now mixing HEX 

and dopamine for polymerization. A typical hydrodynamic response of PDA/GOx/HEX 

microbiosensor to glucose injection followed by several ATP injections is shown in Figure 

52 (A). Aliquots of 1 mM ATP standard solution were added to the buffered solution (final 

concentration of ATP: 0.2 - 42.9 µM), which resulted in a decreased current response 

caused by glucose consumption by HEX catalyzed reaction. The obtained ATP biosensor 

calibration curve reflecting three consecutive measurements revealed a sensitivity of 29.07 

± 5.02 pA/µM for ATP detection as shown in Figure 52 (B). The PDA/GOx/HEX biosensor 

stability was also evaluated with three individual biosensors over a period of three days. In 

between the measurements, the biosensors were stored in 0.1 M PBS (pH 7.4) solution at 
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4 C. A decrease of 50% in analytical response for Canguard-based ATP microbiosensors 

was determined within the first 2 days [123] and a 57% decrease was obtained using 

poly(benzoxazine) as immobilization matrix [46] as discussed in Chapter 2. However, no 

statistically significant change of the response was observed within three days for the 

PDA/GOx/HEX microbiosensor. Also, the influence of the way of enzyme immobilization 

was investigated. The ATP biosensors with the layered enzyme entrapment was 

compared with an approach, by which the two enzymes were co-immobilized into the same 

layer. This co-immobilization of the enzymes into one layer resulted in a significant 

decrease of sensitivity of 7.29 ± 2.67 pA/µM (see Figure 53). An increase in sensitivity of 

72.2% could be achieved for the layered immobilization as schematically shown in Figure 

51 and Figure 53. A possible hypothesis for this effect is the agglomeration of the proteins, 

which results in collapse of the PDA film structure [211,246]. It appears that immobilization 

of both enzymes in a layered fashion avoids such agglomeration, providing more space for 

each enzyme permeating into the film.  

 

 

 

Figure 51. Schematic illustration of the enzymes entrapped into electrochemically 

generated PDA film. 
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Figure 52. (A) Current vs. time graph recorded at the PDA/GOx/HEX microbiosensor. The 

signal was obtained at a constant potential of +700 mV vs. Ag/AgCl in 0.1 M PBS (pH 7.4). 

(B) An exemplary ATP-biosensor calibration curve of a platinum microelectrode (r = 25 µm) 

modified with layered PDA/GOx, PDA/HEX film (n=3, reflects three consecutive 

measurements). (C) The long-term sensitivity values of the PDA/GOx/HEX biosensor (n=3) 

within three days. The error bars reflect 3 individual measurements. 
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Figure 53. ATP microbiosensor calibration curves of obtained by co-immobilize the GOx 

and HEX into a single PDA layer ( ) and the same PDA layer ( ), respectively. Aliquots of 

ATP were added to PBS in a range from 0.2 - 42.9 µM. (Pt UME, r = 25 µm) 

 

 

5.2.3  Entrapment the PQQ-dependent Glucose Dehydrogenase 

(PQQ-GDH) into PDA Film 

 

GOx-based biosensors are dependent on the oxygen content, serving as the electron 

acceptor in the enzyme-catalyzed reaction. However, at low oxygen concentrations such 

as under hypoxia conditions, such biosensors may give false responses [45]. Therefore, 

using PDA as immobilization matrix for a glucose biosensor based on pyrroloquinoline 

quinone-dependent glucose dehydrogenase (PQQ-GDH) was evaluated. 

PQQ-dependent glucose dehydrogenase catalyzes the oxidation of glucose using redox 

species such as 1,4-benzoquinone as electron acceptor. The detection scheme is shown 

in Figure 54. In the shown approach, the mediator is added to solution and is diffusing to 

the electrode surface where it can be generated resulting in an electrochemical signal, 

which is proportional to the glucose concentration. The characterization of the biosensors 
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was performed at constant potential of + 0.4 V vs. Ag/AgCl with respect to the used 

mediator (1,4-benzoquinone). For glucose biosensors, aliquots of 0.2 M glucose solution 

were added to 0.1 M PBS (pH = 7.4, containing 2 mM 1,4-benzoquinone). A typical 

chronoamperometric response is presented in Figure 55 (A) and a calibration curve in (B). 

Compared to the previously published studies [247–250], a significantly increased 

sensitivity of (26.34 ±  3.42) pA/mM was obtained. For three individual glucose 

biosensors, the obtained data revealed no significant decrease for the analytical response 

within three days as shown in Figure 55 (C). In comparison with an earlier performed 

study [188], which resulted in a decrease of the initial response by 25% in the first 2 days, 

PDA as immobilization matrix for enzymes showed similar to the PDA-based ATP 

biosensor a slightly improved stability. Compared to the other matrices such as hydrogel 

[251] and glutaric aldehyde [252], entrapment of PQQ-GDH into PDA film to construct a 

glucose biosensor shows a high sensitivity.     

 

 

Glucose + ox. Mediator                   Gluconolactone + red. Mediator 

 

 

                             ox. Mediator + e
- 

 

Figure 54. Detection scheme for PQQ-GDH-catalyzed reactions. 
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Figure 55. (A) Current vs. time graph recorded at the PDA/PQQ-GDH microbiosensor. 

The signal was obtained at constant potential of +400 mV vs. Ag/AgCl mediated by 2 mM 

1,4-benzoquinone in 0.1 M PBS (pH 7.4). (B) Exemplary calibration curve of the 

PDA/PQQ-GDH microbiosensor (n = 3, reflects three consecutive measurements). (C) Bar 

diagram of the obtained sensitivity values versus the days of measurement (n=3, reflect 3 

individual biosensors measurements per day).   

 

5.2.4  Entrapment of Superoxide Dismutase (SOD) into PDA Film 

 

Reactive oxygen species (ROS) are related to oxidative stress and have been recognized 

to play an important role in cell physiology [253] within the immune defense system and for 

growth, differentiation, progression, and death of the cell [5,254]. Superoxide radical (∙O2
-
) 

belongs to the active reactive ROS, which is produced as by-product during the respiratory 

chain cascade in the mitochondria [255] or through the phagocytic nicotinamide adenine 

dinucleotide phosphate oxidase (NADPH oxidase) [256].  Protein denaturation and lipid 
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peroxidation [257] are related to elevated concentration of ∙O2
-
. Due to its high reactivity 

and associated short life span and low concentration, the quantification of the production of 

∙O2
-
 is difficult to achieve.  

 

Superoxide dismutase (SOD) as a “scavenger” is responsible for the dismutation of ∙O2
-
 to 

O2 and H2O2 [258,259]. In this chapter, PDA was also evaluated as an immobilization 

matrix for SOD using the same entrapment procedure as discussed in Chapter 5.2.1.  

 

The PDA/SOD microbiosensor was tested using the xanthine-xanthine oxidase (Xa/XOD) 

reaction in solution in order to produce oxygen radical ∙O2
-
. The oxygen radical is then 

converted by SOD to H2O2, which can be detected at the electrode surface at an applied 

potential of + 0.6 V vs. Ag/AgCl as schematically shown in Figure 56. H2O2 was generated 

by adding Xa to 0.1 M PBS solution containing XOD, using oxygen as electron acceptor in 

the enzyme-catalyzed reaction [260]. Thus, the amperometric response of PDA/SOD 

biosensor is directly correlated to the current signal obtained through the oxidation of 

generated H2O2 at the electrode, which is an indirect way to evaluate the production of ∙O2
-
. 

As shown in Figure 57, different volumes of Xa were added into bulk solution, which 

resulted in a corresponding current response. However, at this point it is unclear if the 

detected H2O2 is produced within PDA/SOD film or if H2O2 is produced by natural 

disproportionation of ∙O2
-
 and then diffused into the film [260]. Therefore, a design a 

PDA/SOD biosensor based on a dialysis membrane (such as Teflon [259]) which can 

discriminate between ∙O2
-

 and endogenous hydrogen peroxide and other interfering 

compounds is needed.    
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Figure 56. Schematic representation of the xanthine oxidase producing superoxide anion, 

which is then converted to H2O2 by the PDA/SOD biosensor (radius: 25 µm). Adapted from 

[260], copyright 1999, with permission from EDP Sciences and Wiley-VCH. 

 

 

 

http://www.edpsciences.org/
http://www.wiley.com/
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Figure 57. Exemplary current vs. time graph recorded at the PDA/SOD microbiosensor. 

The signal was obtained at a constant potential of + 600 mV vs. Ag/AgCl by successive 

additions of 0.15 mg/mL Xa in 0.1 M PBS (pH 7.4, containing 60 mU/ml XOD).  

 

 

5.3  Conclusion and Outlook 

 

In summary, a new approach for the entrapment of various enzymes such as glucose 

oxidase (GOx) and hexokinase (HEX), PQQ-dependent glucose dehydrogenase 

(PQQ-GDH), and superoxide dismutase (SOD) into PDA films at the surfaces of 

microelectrodes has been tested in these initial studies. To obtain a sufficiently high 

performance of the biosensors, the ratio between enzymes and polymer solution, and the 

sequence of the electrochemical pulse deposition were optimized. For the ATP biosensor, 

a detection limit of (0.08 ± 0.02) µM and a sensitivity of (29.07 ± 5.02) pA/µM was achieved. 

Surprisingly, for measurements over several days, the sensitivity only dropped by 8.12%, 

during three days. The microbiosensors for ATP using PDA as immobilization matrix 

showed an improved stability in comparison to the microbiosensor using poly(benzoxazine) 

as entrapment matrix, which resulted in a decrease of 57% in response within the first day 

[46]. For glucose biosensors based on PQQ-GDH, using PDA as immobilization matrix, the 

sensitivity was also significantly increased (e.g. 26.34 ± 3.42 pA/mM, in comparison to e.g., 

hydrogel/PQQ-GDH biosensor [251]). Furthermore, the PDA/SOD biosensor has been 

used in combination with xanthine-xanthine oxidase to mimic the production of superoxide 

anion. However, to distinguish the H2O2 produced from the superoxide anion via the 

enzymatic conversion (SOD) or from direct disproportionation of ∙O2
-
 is still ongoing focus 

in biosensor research.  

 

Summarizing, immobilization of the different enzymes into PDA film by the same pulsed 

deposition process was firstly described within this thesis. These results show that the 

presented pulsed deposition of 0.5 V/2 s; 0.0 V/2 s; -0.3 V/2 s; 0.0 V/3 s enables 
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enzyme-based biosensors with improved stability and also offers additionally the 

advantage of immobilization by electrochemically induced polymerization. It also appears 

that the PDA-based biosensor show improved stability over several days. 
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Chapter 6: Experimental Section  

 

 

6.1  Chapter 2 

 

6.1.1  Reagents and Materials 

 

Hexokinase (HEX) from yeast (2500 IU solid) was purchased from Calbiochem (Merck, 

Darmstadt, Germany). Glucose oxidase (GOD) from Aspergillus niger (1500.000 U/g), 

adenosine-5’-triphosphate (ATP), trizmabase and hexaamineruthenium(III) chloride 

([Ru(NH3)6]Cl3) were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Also 

bisphenole A (BA), tetraethylenepentaamine (TEPA), Triton X-100 and formaldehyde were 

obtained from Sigma-Aldrich. Potassium hexachloroplatinate(IV) 99.6% was obtained from 

Riedel-de-Haën (Seelze, Germany). Propidium iodide was purchased from Thermo Fisher 

Scientific (Waltham, USA). 

 

Pt microelectrodes (MEs) and dual MEs were prepared by sealing Pt micro wires (5 µm 

and 25 µm in radius, Goodfellow, Bad Nauheim, Germany) into borosilicate glass (glass 

capillaries and theta glass capillaries for dual microelectrodes were purchased from 

Hilgenberg, Malsfeld, Germany). Disc-shaped electrodes were exposed by grinding on 

diamond lapping films (Allied High Tech Products, Rancho Dominguez, USA) and polished 

with alumina oxide suspension (particle size: 0.05 µm, purchased from Buehler, 

Düsseldorf, Germany) on Red Technotron cloth (LECO, St. Joseph, USA). A detailed 

fabrication protocol is given elsewhere [42]. For calibration, phosphate buffered saline 

(PBS) containing 348 mM Na2HPO4, 70 mM NaH2PO4, 2.74 M NaCl, 70 mM KCl, 18 mM 

MgCl2 6H2O and 18 mM CaCl2 was prepared with high purity water (18.2 MΩ cm, Elga 

Labwater; VWS Deutschland, Celle, Germany) and reagent-grade chemicals. 

 

6.1.2  Electrochemical Measurement  
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A three-electrode set-up was used for all electrochemical measurements with the 

microelectrode, microelectrode assembly or microbiosensor serving as working electrode, 

a Pt counter electrode (CE), and an Ag/AgCl (3 M KCl) reference electrode, unless 

otherwise stated. The experiments were controlled by a CHI660A potentiostat from CH 

Instruments (Austin, Texas, USA). Pt microelectrodes with a radius of 25 µm were modified 

by electrodeposition using mixture of BA-TEPA and GOD/HEX at a ratio of 1:2.5 w/w for 

ATP-sensors, Pt microelectrodes with a radius of 25 µm were modified by 

electrodeposition using mixtures of BA-TEPA and GOD/HEX at a ratio of 1:2.5 w/w for 

ATP-sensors, respectively. The polymer precursor (BA-TEPA) was synthesized using a 

molar ratio of BA:TEPA:formaldehyde = 1:1:4. A 10 mM solution of BA-TEPA in 1.0% v/v 

CH3COOH in H2O was prepared as previously described [2]. The activity unit ratio for the 

two enzymes was 1:1. Depositions were performed with a potential pulse sequence of 1.7 

V/0.05 s; 0.0 V/0.5 s with 5 to 14 repetitions of the pulse sequence for optimizing the 

response of the obtained microbiosensors. A 96-well gold plate served as counter 

electrode (CE) and a pseudo-reference electrode (RE) was used to control the potential. 

After deposition, the modified microelectrodes were rinsed with PBS and stored at 4°C in 

0.1 M (pH = 7.4) PBS prior to measurements. Calibrations were performed in PBS at a 

potential of 0.7 V vs. Ag/AgCl (3 M KCl) by addition of either glucose or ATP aliquots. 

 

Modification of electrode surfaces (Pt disc radius 25 µm or 5 µm) with Pt nanoparticles was 

conducted using an 0.4 mM aqueous hexachloroplatinic solution, and a potential pulse 

sequence of -1.0 V/0.2 s; 0.0 V/1 s with 200 repetitions for 25 µm and 100 repetitions for 5 

µm in radius MEs. After deposition, the electrodes were rinsed with deionized water. Cyclic 

voltammograms were recorded (potential range from -0.45 V to 0.2 V at a scan rate of 100 

mV/s) in 5 mM [Ru(NH3)6]Cl3 with 0.1 M KCl in deionized water for characterizing the 

electrodeposition process, and to calculate the change in electrodes surface area. 

 

6.2  Chapter 3 
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6.2.1  Reagents and Materials 

 

Glucose oxidase (GOx) (135200 units/g), glucose, adenosine 5′-diphosphate sodium salt 

(ADP), adenosine 5′-triphosphate (ATP) disodium salt hydrate, β-nicotinamide adenine 

dinucleotide, reduced disodium salt hydrate (NADH), magnesium chloride (MgCl2), 

potassium chloride (KCl), hexaammineruthenium(III)chloride [Ru(NH3)6]Cl3, bisphenol A 

(BA), tetraethylenepentamine (TEPA), triton X-100 and formaldehyde were purchased 

from Sigma-Aldrich Chemie (Steinheim, Germany). Hexokinase (HEX) from yeast (2500 

IU) was purchased from Calbiochem (Merck, Darmstadt, Germany) and used as received. 

All solutions were prepared with high pure water (18.2 ΜΩ cm, Elga Labwater; VWS 

Deutschland, Celle, Germany). Pt microwires and borosilicate glass capillaries were 

obtained from Goodfellow (Bad Nauheim, Germany) and Hilgenberg (Malsfeld, Germany), 

respectively. 

 

6.2.2  Preparation of ATP Microbiosensors 

 

Dual Pt-microelectrodes were fabricated as previously described [127]. In brief, platinum 

wires (radius: 25 µm) were sealed into each barrel of Theta glass capillaries, and then 

exposed via grinding, followed by several polishing steps that resulted in disk-shaped dual 

platinum microelectrode assemblies. One of the Pt microelectrode (W2) was then modified 

with the enzyme containing layer via electrodeposition from a mixute of BA-TEPA and 

GOx/HEX of 1:1 w/w as previously described in detail [46] with a potential pulse sequence 

of 1.7 V for 0.05 s; 0.0 V for 0.5 s with 20 repetitive cycles. After deposition, the modified 

electrodes were rinsed with buffered solution (0.1 M PBS, pH = 7.4) and stored at 4°C in 

0.1 M PBS solution before use. Thus obtained microbiosensors were calibrated via 

constant potential amperometry using a CHI 660C potentiostat (CH Instruments, Austin, 

TX, USA) by adding 6 mM glucose and then aliquots of ATP standard solution (0.2 - 9.0 µM) 

in 0.1 M PBS (pH 7.4) with 5 mM MgCl2 as cofactor. The modified electrode W2 was set at 
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a potential of +700 mV vs. Ag/AgCl reference electrode to oxidize hydrogen peroxide, the 

byproduct of the GOx catalyzed reaction.  

 

6.2.3  Scanning Electrochemical Microscopy 

 

The SECM set-up used herein has been described elsewhere in detail [42]. To detect the 

ATP resulting from vesicle respiration, a customized vertical diffusion cell containing a 

donor (lower) and receptor (upper) compartment has been constructed serving as SECM 

liquid cell with a porous polycarbonate track-etched membrane (100 nm pore size, Infiltec, 

Speyer, Germany) as separator, which allows ATP, ADP, and NADH diffusion to the 

electrode surface. A schematic overview of the SECM setup containing the custom-built 

cell is shown in Figure 32. The bottom of the lower part is connected with a plastic tube for 

sample injection and injection of buffered solution containing 100 µM ADP and 500 µM 

NADH as substrates for vesicle respiration. ATP measurements were recorded with the 

modified microelectrode (W2) in 0.1 M PBS solution containing 5 mM MgCl2 as co-factor in 

the receptor compartment. The microelectrode assembly was positioned at the membrane 

recording approach curves, using W1 biased at a potential of -0.7 V vs. Ag/AgCl for 

recording oxygen reduction current (approach velocity: 1 µm/s). The approach curve was 

stopped at a ratio of the recorded current to the infinite current of 0.7 to 0.6, which 

corresponds to a distance (d) between the electrode surface and track-etched membrane 

of 30-40 µm, respectively. After positioning, W1 was disconnected, the W2 

(enzyme-modified microelectrode) was biased at a potential of +0.7 V vs. Ag/AgCl.  

 

6.2.4  Preparation of Inverted Membrane Vesicles 

 

Inverted vesicles were prepared from E. coli or Pseudomonas putida cells using an 

adapted protocol published by Xu et al. [261]. Vesicles were prepared by D. Weixler. In 

brief, 500 ml E. coli Tk2309 or Pseudomonas putida KT 2440 cells were cultivated 

overnight in LB medium (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl), harvested by 

centrifugation; the obtained pellets were suspended in 50 ml of TCDG buffer (10mM 
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Tris-HCl, pH 7.4; 140 mM choline chloride; 0.5 mM dithiothreitol; 10% glycerol), and 

washed three times. Afterwards, cells were resuspended in French Press buffer, which 

was prepared by adding protease inhibitor cocktail tablets (Roche,Mannheim, Germany) 

and a trace element of DNase to the TCDG buffer. Cells were broken by single passage 

through Pressure Cell SLM Amic French Press (SLM Instruments, Rochester, USA) at 

1100 psi. Cell debris was removed by centrifugation and membranes were collected by 

ultracentrifugation (200000 g; 90 min; 4 °C; Optima XPN-100, Beckmann Coulter, Brea, 

USA). Membrane pellets were resuspended in fresh TCDG buffer and stored at -80 °C 

before use. Protein content was quantified by an adapted Lowry-method [262]. 

 

6.2.5  Fluorescence Microscopy 

 

Also the fluorescence measurements and the bioluminescence measurements were 

performed by D. Weixler. To assess morphology and size of the inverted E. coli vesicles, 

fluorescence microscopy after Nile Red (Sigma Aldrich, Steinheim, Germany) staining was 

conducted. Therefore, 10 µl vesicle solution or 10 µl ddH2O (double distilled water) were 

added to 90 µl BTP-buffer (50 mM Bis-tris-propane, 140 mM choline-chloride, 5mM MgCl2, 

pH 8.0). 1 µl Nile-red was added to the solution and incubated for 15 min at room 

temperature. Afterwards the vesicle solution was washed with 0.9% (w/v) saline and 

concentrated after centrifugation (11000 g, 5 min) in 20 µl BTP buffer. Samples (10 µl) 

were pipetted on a 1% agarose pad prepared on microscope slides. Fluorescence 

microscopy was performed using an Axio Observer Z1 (Zeiss, Oberkochen, Germany) 

equipped with a filter set for recording Nile red fluorescence (excitation, 575-625 nm; 

emission, 660-710 nm). Images were acquired with a 100× objective and analyzed using 

the Zen software (Version 2.3 SP1, Zeiss).  

 

6.2.6  Luminescence Measurements 

 

In addition to the electrochemical ATP determination, luminescence-based measurements 

were conducted to analyze ATP-synthesis by inverted E. coli vesicles during control 
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experiments. Assays were done in costar
®
 white polystyrene 96x well microtiter plates 

(Corning Incorporated, Corning, USA). Assays were performed as follows: BTP buffered 

vesicle solution containing ADP (100 µM) and Pi (5 mM) was mixed with a 

luminal/luciferase solution (ATP determination kit, Thermo Fisher Scientific, Waltsham, 

USA) in a ratio of 10:1. Luminescence was measured during a kinetic cycle using Tecan 

Infinite
®
 M200 multimode plate reader (Tecan, Crailsheim, Germany). After recording 

background luminescence, ATP synthesis was initiated by injection of NADH to a final 

concentration of 500 µM. In control experiments neither NADH, nor vesicle were added. In 

further control experiments, the ATP-synthase inhibitor Venturicidin A was added to the 

vesicle containing solution in a final concentration of 1 µM or 2 µM, respectively. 

Luminescence values were analyzed and compared to each other by determining the ATP 

synthesis rate (increase of luminescence units/sec) from the linear range of the recorded 

luminescence signal.   

 

6.2.7  Enzymatic Quantification of ATP using an in vitro Assay   

 

Respiration of inverted E. coli vesicles and resulting ATP quantification was also analyzed 

by an enzymatic in vitro assay. In this assay a BTP buffered solution containing 150 µM 

ADP, 5 mM Pi and 40µl of vesicles (22 mg/ml total protein concentration) was 

supplemented with 0.5 mM α-D-glucose and hexokinase (1U). Vesicle respiration and ATP 

production was initiated by addition of NADH (400 µM). Reaction mixture was constantly 

incubated at 37 °C and samples were taken before and after NADH addition (every 10 min) 

and stored at ice until analysis. Afterwards, samples were boiled at 95 °C for 5 min and 

centrifuged at 11000 g for 20 min at 4°C. Quantification of present glucose-6-phosphat 

(G-6-P) in the supernatants was done enzymatically (assay buffer: 50 mM Tris-HCl, pH 7.5; 

5 mM NADP) by measuring the absorbance at 340 nm before and after addition of 

glucose-6-phosphate dhydrogenase (1000U). Produced ATP can be determined from a 

NADPH standard calibration by calculating the netto difference after NADH addition. 

Obtained values were compared to a control experiment without glucose.    
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6.2.8  Electrochemical Detection of ATP produced by Inverted 

Membrane Vesicles 

 

The detection of synthesized ATP was performed as follows: glucose solution at a final 

concentration of 6 mM was injected into the upper compartment containing PBS solution 

(pH 7.4), the solution was mixed for 5 s. After a stable signal was obtained, 2×20 µl of the 

vesicle solution (protein concentration: 22mg/ml) were injected via the inlet tube into the 

lower compartment, which contained 100 µM ADP and 500 µM NADH to initiate ATP 

synthesis. Dead volume of the inlet tube was filled by addition of 80 µl PBS solution. The 

Faraday current recorded at the microbiosensor was monitored continuously over time. To 

test that the microbiosensor is still functional, a final concentration of 2 mM glucose was 

added at the end of each experiment. Obtained data were evaluated using student T-test, 

differences were considered as statistically significant at P<0.05. Values are expressed as 

the mean ± standard error means (SEM). 

 

6.3  Chapter 4  

 

6.3.1  Reagents and Materials  

 

Dopamine hydrochloride was purchased from Sigma-Aldrich, (Steinheim, Germany). 

Dopamine was dissolved in 10 mM PBS buffer (pH 7.4) and purged with argon for 20 min 

before its use. Sodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate 

(NaH2PO4), sodium chloride (NaCl), potassium chloride (KCl), 

hexaammineruthenium(iii)chloride ([Ru(NH3)6]Cl3) were purchased from Merck, 

(Darmstadt, Germany). Potassium ferrocyanide was purchased from Fluka, (Buchs, 

Switzerland). All the solutions were prepared with high purity water (18.2 MΩ cm, Elga 

Labwater; VWS Deutschland, Celle, Germany). Silicon wafers coated with 5 nm Ti 

adhesion layer and 95 nm Au were used as substrates for PDA depositions. Prior to use, 

the Au-coated Si wafer was cleaned in acetone, absolute ethanol und high purity water.   
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Pt ultramicroelectrodes (UMEs) were prepared by sealing Pt microwires (12.5 µm radius, 

Goodfellow, Bad Nauheim, Germany) in borosilicate glass (glass capillaries were 

purchased from Hilgenberg, Malsfeld, Germany). In order to achieve RG values (ratio of 

radius of the insulating sheath and the electrode radius) of the microelectrodes of approx. 5, 

UMEs were pulled using a pipette puller (Narishige PC-10, Japan). Disc-shaped 

microelectrodes were exposed by grinding and polishing on diamond lapping films (Allied 

High-Tech Products, Rancho Dominguez, USA) and alumina oxide suspension (particle 

size: 0.05 µm, purchased from Buehler, Düsseldorf, Germany) on red Technotron cloth 

(LECO, St. Joseph, USA), respectively. A detailed fabrication protocol is given elsewhere 

[42]. The fabricated UMEs were characterized by cyclic voltammetry in 5 mM [Ru(NH3)6]Cl3 

/ 0.1 M KCl.  

 

6.3.2  Electrochemical Measurements 

 

A three-electrode set-up was used for characterization of the ultramicroelectrodes with a Pt 

counter electrode (CE), and an Ag/AgCl (3 M KCl) reference electrode. The experiments 

were controlled by a CHI660A potentiostat (CH Instruments (Austin, Texas, USA). 

Deposition of polydopamine was performed in direct mode of SECM as illustrated in 

Figure 38 (B) using a home-built SECM system (software: G. Wittstock, University 

Oldenburg). The UME was positioned at a distance of 160 μm recording an approach 

curve in 5 mM ferrocenedimethanol/0.1 M KCl and consecutive retracting of the UME to 

the desired distance after approach. Polydopamine spots were deposited from 

freshly-prepared, deoxygenated dopamine solution containing 1 mg mL
-1

 dopamine 

hydrochloride in 0.01 M PBS (pH 7.4), using a potential pulse sequence of 0.5 V/0.5 s; 0.0 

V/2 s; -0.3 V/0.5 s; 0.0 V/3 s with varying numbers of applied pulse cycles (1, 5, 15, 30, 60, 

90 pulse cycles). The SECM image as shown in Figure 38 (C) was obtained in feedback 

mode in 5 mM [Fe(CN)6]
4-

 /0.1 M KCl at a polydopamine spot deposited with 30 pulse 

cycles. Approach curves at spots with different thicknesses were recorded either in 5 mM 

[Ru(NH3)6]Cl3 or 5 mM K4[Fe(CN)6] solution. Kappa values were determined at different 

substrate potentials (substrate either biased at – 0.1 V or +0.5 V vs. quasi reference 
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electrode). Evaluation of the data were performed with Mira software (purchased from G. 

Wittstock, Univ. Oldenburg). 

 

6.3.3  AFM Measurements 

 

All AFM measurements were performed on a 5500 AFM/SPM microscope (Keysight 

Technologies, Tempe USA) with silicon nitride probes (OMCL-TR800PSA, Olympus 

Corporation, Japan, k = 0.15 N/m) in contact mode either in air or in buffered solution (PBS 

pH 7.4). The samples used for imaging in air were after the deposition rinsed with ultrapure 

water and dried in an argon stream. Images were recorded with a scan speed of 0.85 ln/s. 

Data were analyzed with the Picoview analysis software (Keysight Technologies). 

 

6.3.4  SEM Imaging 

 

SEM images were obtained with a dual beam system, FIB/SEM FEI Helios Nanolab 600, 

(ThermoFisher Scientific) with a through-the-lens (TLD) detector in immersion mode. 

 

6.3.5  IR Microspectroscopy 

 

IR images were obtained with a Spero QCL System (Spero-QT microscope, Daylight 

Solutions, CA) in reflection mode equipped with a 480 × 480 pixel array-based imaging 

pixel size of 1.4 × 1.4 μm. The QCL was broadly tunable from 988 - 1800 cm
-1

 with a 

resolution of 2 cm
−1

. Spectra were obtained from the bare gold substrate and from spots 

deposit with 30 pulse cycles, which were polarized at -0.1 v or 0.5 V for 5 minutes 

respectively prior to the measurements. 

 

6.3.6  Preparation PDA samples for XPS measurement 
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The XPS measurements were made on a polydopamine film, which was deposited on a 

gold substrates from 5 mg/ml dopamine solution followed the pulse deposition of a 

sequence of 0.5 V for 2 s, 0 V for 2 s, -0.3 V for 2 s, 0 V for 3 s with the number of 10 applied 

cycles. Prior to the XPS measurements,  the PDA-modified substrates were biased at 0.5 

V for 5 min to obtained quinone moities, and at -0.1 V for 5 min to obtained phenolic group. 

X-ray photoelectron spectroscopy (XPS) measurements were performed with 

monochromatized Al Kα exciting X-radiation using a PHI Quantera SXM system. The 

binding energies were calibrated based on C1s (284.8 eV). 

 

6.4  Chapter 5  

 

6.4.1  Reagents and Materials 

 

Glucose oxidase (GOx) (135200 units/g), superoxide dismutase (SOD) (30 KU) from 

bovine erythrocytes, glucose, adenosine 5′-diphosphate sodium salt (ADP), adenosine 

5′-triphosphate (ATP) disodium salt hydrate, magnesium chloride (MgCl2), potassium 

chloride (KCl), sodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate 

(NaH2PO4), sodium chloride (NaCl), hydrogen peroxide (H2O2), dopamine hydrochloride 

were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Hexokinase (HEX) 

from yeast (2500 IU) was purchased from Calbiochem (Merck, Darmstadt, Germany) and 

used as received. All solutions were prepared with high pure water (18.2 ΜΩ cm, Elga 

Labwater; VWS Deutschland, Celle, Germany). Pt microwires and borosilicate glass 

capillaries were obtained from Goodfellow (Bad Nauheim, Germany) and Hilgenberg 

(Malsfeld, Germany), respectively.   

 

6.4.2  Electrochemical Measurement 

 

Pt-microelectrode were fabricated as previously described [46]. Platinum wire (25 µm in 

radius) was sealed in borosilicate glass and then polished by grinding on diamond lapping 
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films (Allied High Tech Products, Rancho Dominguez, USA) and alumina oxide 

suspension (particle size: 0.05 µm, purchased from Buehler, Düsseldorf, Germany) on 

Red Technotron cloth (LECO, St. Joseph, USA). A disk-shape platinum microelectrode 

was achieved.  

 

A three-electrode setup was applied for all electrochemical measurement with the 

microelectrode serving as working electrode, a Pt counter electrode (CE), and an Ag/AgCl 

(3 M KCl) as reference electrode. A CHI660A potentiostat from CH Instruments (Austin, 

Texas, USA) controlled all the experiments. For biosensors requiring two enzymes such as 

the ATP biosensor, a  2-step electrochemical pulse deposition process of 0.5 V/2 s; 0.0 

V/2 s; -0.3 V/2 s; 0.0 V/3 s was used. Firstly, a layer was electrodeposited using a mixture 

of dopamine and GOx of 1 : 2.5 w/w with applied 50 pulse cycles, and then a second layer 

using a mixture of dopamine and HEX of 1 : 2.5 w/w with 50 pulse cycles was deposited. 

After deposition, the modified microelectrode was rinsed with 0.1 M PBS solution and 

stored at 4℃ for 1h before the measurement. For biosensors with only one enzyme 

immobilized such as glucose and H2O2 biosensor, the pulse deposition was performed with 

100 pulse cycles in a mixture of dopamine and enzyme of 1 : 2.5 w/w. After deposition, the 

modified biosensor was rinsed in 0.1 M PBS and stored at 4℃ for at least 1h. All 

calibrations were performed in 0.1 M PBS (pH 7.4) at a suitable potential vs. Ag/AgCl by 

addition of either ATP, glucose, or H2O2 aliquots.  
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Equations for approach curve fitting and electron transfer rate determination 

[223]. 

  

N𝑖𝑇(L, RG) = 

N𝑖𝑇
𝑐𝑜𝑛𝑑 (𝐿 +

1

Λ
, 𝑅𝐺) +

𝑁𝑖𝑇
𝑖𝑛𝑠(𝐿, 𝑅𝐺) − 1

(1 + 2.47𝑅𝐺0.31𝐿Λ)(1 + 𝐿0.006𝑅𝐺+0.113Λ−0.0236𝑅𝐺+0.91)
 

 

Equitation i 

N𝑖𝑇(L, RG) = α(RG) +
𝜋

4𝛽(𝑅𝐺)𝐴𝑟𝑐𝑇𝑎𝑛(𝐿)
+ (1 − 𝛼(𝑅𝐺) −

1

2𝛽(𝑅𝐺)
)

2

𝜋
𝐴𝑟𝑐𝑇𝑎𝑛(𝐿) 

 

Equitation ii  

L represents the normalized tip substrate distance, with the distance d divided 

by the tip radius a, Λ =
ka

D
 wherein ka is the electron transfer rate constant in m 

s-1; D is the diffusion coefficient in m2s-1  

 

N𝑖𝑇
𝑖𝑛𝑠(𝐿, 𝑅𝐺) 

=

2.08
𝑅𝐺0.358 (𝐿 −

0.145
𝑅𝐺 ) + 1.585

2.08
𝑅𝐺0.358 (𝐿 + 0.0023𝑅𝐺) + 1.57 +

ln (𝑅𝐺)
𝐿 +

2
𝜋𝑅𝐺 ln (1 +

𝜋𝑅𝐺
2𝐿 )
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