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ABSTRACT 
Bioelectrocatalytic systems are based on biological entities, such as enzymes, 
whole cells, parts of cells or tissues, which catalyse electrochemical processes that 
involve the interaction between chemical change and electrical energy. In all cases, 
enzymes, isolated or residing inside cells or part of cells, implement biocatalysis. 
Electron transfer phenomena, within the protein molecules and between biological 
redox systems and electronics, enable the development of various 
bioelectrocatalytic systems, which can be used both for fundamental investigations 
of enzymatic biological processes by electrochemical methods and for applied 
purposes, such as power generation, bioremediation, chemical synthesis and 
biosensing. 

Electrical communication between the biocatalysts redox centre and an electrode 
is essential for the functioning of the system. This can be established using two 
main mechanisms: indirect electron transfer and direct electron transfer. The 
efficiency of the electron transfer influences important parameters such as the 
turnover rate of the biocatalyst, the generated current density and partially the 
stability of the system. These in turn determine the response time, sensitivity, 
detection limit and operational stability of biosensors or the power densities and 
current output of biofuel cells, and hence they should be carefully considered when 
designing bioelectrocatalytic systems.  

This thesis focuses on approaches that facilitate electron transfer in 
bioelectrocatalytic systems based on mediated and direct electron transfer 
mechanisms. Both fundamental aspects of electron transfer in bioelectrocatalytic 
systems and applications of such systems for biosensing and power generation are 
considered. First, a new hydrophobic mediator for oxidases, unsubstituted 
phenothiazine, and its improved electron transfer properties in comparison with 
commonly used mediators are discussed. Application of the mediator in 
electrochemical biosensors is demonstrated by glucose, lactate and cholesterol 
sensing. Utilisation of mediated biocatalytic cholesterol oxidation as the anodic 
reaction for the construction of a biofuel cell, acting as a power supply and an 
analytical device at the same time, is investigated as a “self-powered” biosensor. 
In addition, the enhancement of mediated bioelectrocatalysis by the employment 
of microelectrodes as a transducer is examined. The effect of surface roughness on 
the current response of the microelectrodes under conditions of convergent 
diffusion is considered. The applicability of the laccase-based system for total 
phenol analysis of weakly supported water is demonstrated. Finally, a new 
electrochemical approach derived from collision-based electrochemistry 
applicable for the examination of the electron transfer process of a single enzyme 
molecule is described.  
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Overall, the results presented in this thesis contribute to the solution of the 
“electronic coupling problem”, arising when interfacing biomolecules with 
electronics and limiting the performance of bioelectrocatalytic systems in practical 
applications. The developed methods to facilitate electron transfer will hopefully 
promote future biosensing devices and biofuel cells. I believe that the new 
approach for investigation of electron transfer processes at a single enzyme 
molecule will complement existing single molecule techniques, giving further 
insights into enzymatic electron transfer mechanisms at the molecular level and 
filling the gap between fundamental understanding of biocatalytic processes and 
their potential for bioenergy production. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

Bioelektrokatalytiska system bygger på biologiska enheter, såsom enzymer, hela 
celler, delar av celler eller vävnader, som katalyserar elektrokemiska processer. 
Biokatalysen utförs av enzymer, isolerade eller inuti celler eller delar av celler. 
Elektronöverföringsfenomen, inom proteinmolekyler och mellan biologiska 
system och elektronik, möjliggör utvecklingen av olika bioelektrokatalytiska 
system, som kan användas både för grundläggande undersökningar av enzymatiska 
biologiska processer genom elektrokemiska metoder och för tillämpade ändamål, 
såsom elproduktion, bioremediering, kemisk syntes och biosensing. 

Elektrisk kommunikation mellan redoxcentrum hos en biokatalysatorer och en 
elektrod är avgörande för systemets funktion. Denna kan etableras med hjälp av 
två huvudmekanismer: indirekt respektive direkt elektronöverföring. 
Elektronöverföringens effektivitet påverkar viktiga parametrar som 
biokatalysatorns omsättningstakt, den genererade strömtätheten och stabiliteten i 
systemet, vilket i sin tur bestämmer svarstid, känslighet, detektionsgräns och 
driftstabilitet hos en biosensor eller effekttäthet och levererbar ström hos 
biobränsleceller, och elektronöverföringen bör därför övervägas noga när man 
utformar bioelektrokatalytiska system. 

Denna avhandling fokuserar på strategier som underlättar elektronöverföring i 
bioelektrokatalytiska system som är baserade på medierade (förmedlade) och 
direkta elektronöverföringsmekanismer. Både grundläggande aspekter av 
elektronöverföring i bioelektrokatalytiska system och tillämpningar av sådana 
system för biosensing och strömgenerering beaktas. Först undersöks osubstituerad 
fentiazin, en ny hydrofob mediator (”elektronförmedlare”) för oxidaser, och dess 
förbättrade elektronmedieringsegenskaper i jämförelse med vanligt 
förekommande mediatorer. Tillämpning av mediatorn för biosensing 
exemplifieras med detektion av glukos, laktat och kolesterol. En självdriven 
biosensor för detektion av kolesterol är en annan tillämpning som undersöks. 
Användandet av mikroelektroder för att förbättra biosensorer undersöks med 
glukosoxidas- och lackasbaserade system som exempel. Möjligheten att använda 
ett lackasbaserat system för att detektera fenoler i lågkonduktivt vatten 
demonstreras. Slutligen beskrivs en ny elektrokemisk metod för undersökning av 
elektronöverföringsprocessen hos enstaka enzymmolekyler. 

Sammantaget presenteras i denna avhandling resultat som bidrar till lösningen av 
det ”elektroniska kopplingsproblem" som uppstår när biomolekyler ska kopplas 
till elektronik och som begränsar prestandan hos bioelektrokatalytiska system. De 
utvecklade metoderna kommer förhoppningsvis främja framtida biosensorenheter 
och biobränsleceller. Den nya metoden för undersökning av 
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elektronmedieringsprocesser hos enstaka enzymmolekyler kommer 
förhoppningsvis att komplettera befintliga molekylära tekniker, vilket ger 
ytterligare inblickar i enzymatiska elektronöverföringsmekanismer på molekylär 
nivå och kan hjälpa till att fylla gapet mellan grundläggande förståelse av 
biokatalytiska processer och deras potential för bioenergiproduktion. 
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INTRODUCTION 

1.1 Electron transfer in bioelectrocatalytic systems  
Bioelectrocatalytic systems are based on biological entities, such as enzymes, 
whole cells, parts of cells or tissues interfaced with electronics. In all cases, 
enzymes, isolated or residing inside of cells, implement biocatalysis. Electron 
transfer phenomena within the protein molecules and between biological redox 
systems and electronics enable the development of various bioelectrocatalytic 
systems, which can be used both for fundamental investigations of enzymatic 
biological processes by electrochemical methods and for applied purposes, such as 
power generation, bioremediation, chemical synthesis and biosensors. Electrical 
contact between the biocatalyst’s redox centre and the electronics is essential for 
the functioning of bioelectrocatalytic systems. Therefore, the question is “How 
can we establish effective electron communication in a bioelectrocatalytic 
system?” 

In general, electron transfer in bioelectrocatalytic systems can be established by 
two main mechanisms (Fig. 1.1): indirect electron transfer (IET) and direct 
electron transfer (DET).1,2 Ostensibly, DET represents the easiest way of electron 
communication. However, redox proteins usually lack direct contact with the 
electrode due to an inactive shell covering their catalytically active centre, that can 
be explained by the Marcus theory.3 The active centre and the electrode can be 
considered as a donor-acceptor pair and the electron transfer rate constant (ket) 
between them depends on the distance between them, and can be written in 
simplified form as: 3  

𝑘𝑘𝑒𝑒𝑒𝑒 = 𝑘𝑘0𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝛥𝛥𝐺𝐺≠

𝑅𝑅𝑅𝑅
�, where  𝑘𝑘0 = 1013𝑒𝑒𝑒𝑒𝑒𝑒{−𝛽𝛽(𝑟𝑟 − 𝑟𝑟0)}      (1.1) 

where: ΔG≠ is the activation energy for electron transfer, R is the gas constant, 
T is the absolute temperature, β is the electron-coupling constant, r is the distance 
between the donor and the acceptor and r0 is the van der Waals distance.  

The equation predicts exponential decay of the electron transfer rate with the 
distance between the electrode and enzyme’s active centre, thus, making DET 
possible only for a limited number of enzymes having their active centres close 
(up to 15 Å)4 to the molecule’s surface.5  
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Since the redox  centre is embedded in a substantial number of  bioelectrocatalytic 
redox  enzymes, additional electron carriers are needed in order to establish 
electrochemical communication (Fig. 1.1a). In some systems the natural co-
substrates of  the enzyme, the second substrate of  the enzymatic reaction, operate 
as a natural electron shuttle, which could transf er electrons between the active 
centre of  the enzyme and an electrode.6 Alternatively, artif icial electron shuttles, 
commonly ref erred to as “ mediators” , can be introduced into the system and 
replace the natural co-substrate in the reaction.7-9 The process of  indirect electron 
transf er utilising artif icial electron shuttles is termed mediated electron transfer 
(MET).  

F igure 1.1.  Schematic illustrations of  electron transf er mechanisms in bioelectrocatalytic 
systems: a. Indirect and Mediated electron transf er;  b. Direct electron transf er. The 
substrate is a molecule that the biocatalyst acts upon to f orm the product. Reprinted with 
permission f rom 10. Copyright ©  2015 Elsevier B.V.  

1 . 2  Aim  an d  o u t l in e o f  t h e t h es is
The ef f iciency of  the electron transf er (ET) inf luences important parameters of  the 
bioelectrocatalytic system, such as the turnover rate of  the biocatalyst, the 
generated current density and partially the stability of  the system. These in turn 
determine the response time, sensitivity, detection limit and operational stability 
of  biosensing devices or the power densities and current output of  biof uel cells, 
and hence should be caref ully considered when designing bioelectrocatalytic 
systems. Theref ore, the aim of  this thesis is to contribute to the solution of  the 
“ electronic coupling problem” , i.e. the problem associated with the electrical 
connection between the electrode and the enzyme’ s active site, arising when 
interf acing biomolecules with electronics, and thus limiting the perf ormance of  
bioelectrocatalytic systems in applications.  

In order to reach this aim, several new approaches to control the ET in 
bioelectrocatalytic systems based on mediated and direct electron transf er 
mechanisms are suggested in the thesis. The thesis starts with some introductory 
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information about biocatalysis, the biocatalysts used in the work and possible 
applications of bioelectrocatalytic systems for biosensing and power generation in 
Chapters 2 and 3. Chapter 4 gives an overview of mediated bioelectrocatalytic 
systems and describes suggested approaches to facilitate ET. First, by using a new 
hydrophobic mediator and a new protocol for the enzyme and mediator co-
immobilisation into a sol-gel matrix from water-organic mixtures with a high 
content of organic solvent, which increases the stability of the system and at the 
same time, establishes effective electron communication. Secondly, Chapter 4 
details the use of microband arrays as signal transducers in a substrate recycling 
system that supports effective ET due to convergent diffusion of a substrate acting 
as a mediator in the system. Chapter 5 overviews ways to enhance direct ET in 
bioelectrocatalytic systems. It also depicts electrochemical methods for the 
investigation of direct ET, such as protein-film voltammetry and a new approach 
based on single enzyme collisions with a microelectrode. Chapter 6 includes 
information about the experimental methods used in the thesis. Finally, a summary 
of the work and future perspectives are given in Chapters 7 and 8. 
. 
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BIOCATALYSIS 

The enzyme is an essential part of any bioelectrocatalytic system and determines 
its catalytic activity. To investigate ET in bioelectrocatalytic systems and 
parameters influencing its efficiency, knowledge of the enzyme’s working 
principles and kinetics are necessary. This chapter contains basic information 
about enzymes, principles of enzymatic catalysis and details about catalytic 
specificity, activity and ET mechanisms of enzymes used in the work presented in 
this thesis. 

2.1 Principles 
Enzymes are (typically) proteins, which have the ability to significantly increase 
reaction rates (in the order of 106 to 1018) of their substrates. The word ‘enzyme’ 
(en=in, zyme=yeast) was invented by the German physiologist Wilhem Kuhne in 
1877.11 

2.1.1 Chemical nature of enzymes 
Since 1926, when the American biochemist James Sumner crystalised urease,12 it 
has been known that most of the enzymes are proteins. Enzymes are mainly 
globular proteins i.e. protein molecules where the tertiary structure has given the 
molecule a generally rounded shape (enzyme globule).  

Enzyme molecules usually consist of an apoenzyme (a protein part) and a cofactor 
(non-protein part required for enzyme catalytic activity). The entire active complex 
is called the holoenzyme. Enzyme cofactors can be divided in two groups: 

1. Organic cofactors: 
a) Coenzymes – organic substances loosely attached to the protein part; 
b) Prosthetic groups – organic substances strongly attached to the protein 

part; 
2. Inorganic cofactors – metal ions.  

The enzyme molecule contains one or more active sites, where the substrate 
molecule binds and the reaction occurs. The active site occupies a small portion of 
the enzyme molecule and has a well-defined 3D structure. The active site has two 
tasks: catalytic action and specificity.11 
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2. 1. 2 Enzyme specificity 
One of  the properties of  enzymes, that make them widely used in various 
applications, is their specif icity f or the catalysed reaction. Enzyme specif icities f or 
their substrates vary f rom biomolecule to biomolecule.11 There are enzymes with 
rather wide specif icity catalysing reactions of  some group of  compounds, as f or 
ex ample laccase catalysing ox idation of  phenols, diamines and also some 
inorganic ions.13 Many enzymes are very specif ic showing even stereochemical 
specif icity, as f or instance lactate ox idase.  

There are two main theories that describe enzyme specif icity: the lock-and-key 
model and the induced f it model (Fig. 2.1). The lock-and-key theory was proposed 
in the 1890s by Fisher.14 According to this theory, the active site has a rigid 
structure similar to a lock. A substrate has a complementary structure as a key. 
According to another theory proposed in 1958 by Koshland, structures of  the active 
site and the substrate are not complementary.15 The binding of  the substrate to the 
active site induces changes in the 3-D structure of  the active site to make it f it to 
the substrate structure. Af ter release of  the products of  the reaction, the active site 
returns to its initial conf iguration. The specif icity of  enzymes with single substrates 
can be ex plained using the lock-and-key model. However, not all ex perimental 
f acts f or more complicated enzymes can be ex plained using this theory. In such 
cases, the induced f it model is more appropriate. 

 

F igure 2.1.  Illustration of  the two theories of  enzyme binding. 
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2. 1. 3  Classification 
There are six  main classes of  enzymes distinguished according to the reaction they 
catalyse:16  

 Ox idoreductases –  catalyse redox  reactions;  
 Transf erases –  catalyse transf er of  f unctional groups;  
 Hydrolases –  catalyse hydrolysis of  substrates;  
 Lyases –  catalyse removal of  groups other than hydrox yl;  
 Isomerases –  catalyse inter-molecular rearrangements;  
 Ligases –  catalyse the union of  two molecules. 

Each enzyme is represented by 4 numbers in the Enzyme Commission (EC) 
database. The f irst number indicates the class, the second number the subclass, the 
third number the sub-subclass and the f ourth number the serial number in the sub-
subclass.  

The ox idases used in P apers I -I V  and V I ,  V I I  are ox idoreductases that catalyse 
redox  reactions involving molecular ox ygen, O2. 

2 . 2  En zym at ic  ca t al ysi s  
2. 2. 1 P rinciples of enzyme catalysis 
The enzymatic reaction can be described as proposed by Arrhenius in 1888: 

                   (2.1) 
where E is the enzyme, S is the substrate, P is the product and ES is the enzyme-
substrate complex . The enzyme, being a catalyst, speeds up the reaction without 
being consumed by the process. It lowers the Gibbs energy of  activation (Fig. 2.2) 
by changing the reaction mechanism.11 

 

F igure 2. 2.  Gibbs energy change f or a catalysed reaction.  
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2. 2. 2 Eq uations of enzyme kinetics 
In enzyme kinetics, the initial rate (V 0 ) of  the enzymatic reaction is the most 
important parameter, which corresponds to a known f ix ed substrate concentration 
(Fig. 2.3). In 1913, Michaelis and Menten proposed a mechanism to ex plain the 
dependence of  the initial rate of  enzyme-catalysed reactions on concentration, 
giving rise to what is now known as the Michaelis-Menten equation:17  

SK
SVV

M
max0                       (2.2) 

where V max  is the max imum rate of  the reaction at saturating substrate 
concentrations, [ S ]  is the concentration of  the substrate and K M  is the Michaelis 
constant, def ined as:17  

1

21

k
kkK M              (2.3) 

 

 

F igure 2.3.  Enzymatic kinetics. a. Plot of  the initial rate of  the enzyme catalysed reaction 
vs concentration. b. Lineweaver-Burk plot. 

Equation (2.2) is a f undamental equation of  enzyme kinetics. When  

SKVV Mmax0 2
1             (2.4) 

Both parameters, V max  and K M  can be determined f rom Fig. 2.3a. However, there 
is an easier way to determine these parameters f rom the equation suggested by 
Lineweaver and Burk:18  

maxmax0

11
VSV

K
V

M             (2.5) 

As Fig. 2.3b shows, V max  and K M   can be obtained f rom the intercepts and the slope 
of  the straight line.  
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KM varies from one enzyme to another and from substrate to substrate for the same 
enzyme. It depends on the enzyme source, temperature, pH, ionic strengths and 
other reaction conditions. KM is a measure of the affinity between the enzyme and 
substrate. High KM values mean weak affinity and low KM values equate to strong 
affinity. In bioelectrocatalytic systems, KM values signify the efficiency of an 
immobilisation technique. Comparison between KM values of enzymes in solution 
and immobilised enzyme, or between different immobilisation techniques, allows 
conclusions about the suitability of a chosen means of immobilisation. 

Vmax is the maximum rate of an enzymatic reaction, corresponding to a situation 
where all enzyme molecules have formed the enzyme-substrate complex: 

[ ]02max EkV =              (2.6) 

If the initial concentration of the enzyme [E0] is known, then from values of Vmax 
we can obtain values of k2 (eq. 2.2, 2.3 and 2.6). k2 is the turnover number also 
known as kcat – the catalytic constant. It is the maximum number of molecules of 
the substrate that can be converted to the product per catalytic site in unit time. 
Another way to characterise the activity of the enzyme, especially in the case 
where the purity of the enzyme or the number of active sites per molecule is 
unknown, is to calculate the activity as units per milligram of protein (specific 
activity). One unit is defined as the amount of enzyme that produces one 
micromole of product per minute.19 

2.2.3 Factors affecting enzyme activity 
Several factors affect the rate of a biocatalytic reaction: temperature, pH, enzyme 
concentration and presence of inhibitors or activators. 

The rate of an enzyme catalysed reaction, like the rate of most chemical reactions, 
increases with increasing temperature. Since most enzymes are proteins, they 
denature at temperatures of 40-60 °C. Therefore the dependence of the enzyme 
activity on temperature has a maximum, the optimum temperature (Fig. 2.4a).16 In 
order to optimise the performance of a bioelectrocatalytic system, it is necessary 
to know the temperature dependence of the enzyme activity and to work at 
temperatures close to the optimum. 

The pH dependence curve of the enzyme activity has a similar shape (Fig. 2.4b). 
The pH at the maximum height of the curve is the pH optimum. Most enzymes 
have an effective pH range from 4.0 to 9.0.16 To obtain the best performance it is 
important to work in buffered solutions at the pH optimum for the enzymatic 
catalytic activity. 
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F igure 2.4.  Illustration of  the dependence of  enzyme activity on: a. temperature;  b. pH.  

Inhibitors are compounds that decrease the rate of  enzymatic catalytic reactions. 
Inhibitors can be reversible or irreversible. Michaelis-Menten kinetics is applicable 
only to reversible inhibition and this type of  inhibition is the more common in 
bioelectrocatalytic systems. 

2 . 3  B io c at al y s t s  u s ed  in  t h is  wo rk  
For detailed inf ormation about enzyme inhibitors, temperature and pH max ima, 
the online database http://www.brenda-enzymes.org/ was used. For each enzyme 
described in the thesis a link to the corresponding page of  the database is inserted. 

2. 3 . 1 G lucose oxidase 
Glucose ox idase (GOx , EC 1.1.3.4) is an ox idoreductase with high specif icity. It 
catalyses the ox idation of  β-D-glucose to hydrogen perox ide and D-glucono-δ-
lactone which af terwards hydrolyses spontaneously to gluconic acid:20 

222 OHacidgluconicOglucose G O x         (2.7) 

GOx  is a rigid glycoprotein composed of  two subunits;  each subunit has one 
molecule of  a non-covalently bound coenzyme, f lavin adenine dinucleotide 
(FAD), which are f acing each other.21 (Fig. 2.5a). FAD transf ers electrons and 
protons at the active site of  the enzyme. It ex ists in two redox  f orms due to the 
presence of  f lavin in the structure:22 Enzymes having FAD in the active centre are 
ref erred to as flavoenzymes.  

     (2.8) 

Since the active site of  the GOx  is buried inside of  the enzyme globule ~ 20 Å  f rom 
the surf ace, direct ET between FAD in the active centre of  the enzyme and an 
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electrode surface should be impossible due to the rapid decay of ET rates with the 
distance according to Marcus theory.3 In bioelectrocatalytic systems, 
communication between the enzyme and the electrode can be established via IET 
mechanisms. 

GOx extracted from Aspergillus niger  is the most commonly used enzyme in 
bioelectrocatalysis as it is easy to obtain, cheap and can retain its activity at more 
extreme pHs, ionic strengths and temperatures than many other enzymes, thus 
allowing it to be used as a standard enzyme for studies of the principle of 
bioelectrocatalytic systems.21 KM values reported for the enzyme in solution are 
33 – 110 mM.23 Facilitation of mediated bioelectrocatalysis of GOx from A. niger, 
was studied in Papers I, II and IV.  

2.3.2 Lactate oxidase 
Lactate 2-monooxygenase (EC 1.13.13.4) or the synonym: lactate oxidase- LOx 
(EC 1.1.3.2) is an enzyme that catalyses the chemical reaction:24  

OHCOacetateOHpyruvateOlactateL LOx
22222 ++→+→+−      (2.9) 

The structure of the active site of lactate oxidase is not yet well known, as it always 
has different number of cofactors and water molecules in the structure and it is 
difficult to stabilise the holoenzyme biomolecule. It is known that the active site 
contains flavin mononucleotide (FMN).25 The redox activity of the active site is 
provided by flavin, as in the case of GOx (eq. 2.8). FAD in the active centre of 
LOx is located deep inside of the protein globule resulting in inability of the 
enzyme to communicate directly with an electrode. IET pathways are used to 
interface LOx and electronics.  

Lactate, the LOx substrate, is the major metabolite of the anaerobic glycolytic 
pathway. It can exist in two enantiomeric forms: L-(+) and D-(-). L-(+) enantiomer 
is the normal intermediate in mammalian metabolism, whereas the D-(-) form is 
usually produced by microorganisms and algae.26 L-lactate concentration in blood 
is related to various serious symptoms such as shock, metabolic disorders, 
respiratory insufficiency and heart failure.26 Lactate monitoring in blood or sweat 
is used in sports medicine for control of training programs and athlete efficiency.27 
In the food industry, L-lactate determination is used for control of fermentation 
and for quality control of several products such as tomato sauces, fruits, juices, 
milk and wine.28,29  

In order to achieve low detection times at low costs, L-lactate oxidase from 
Pediococcus species has been used by many laboratories in the construction of 
lactate oxidase-based bioelectrocatalytic systems.30 The enzyme has the advantage 
of high specificity over other enzymes used for lactate determination. Facilitation 
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of  mediated bioelectrocatalysis by L-lactate ox idase f rom P ediococcus sp.  by the 
application of  a new mediator was investigated in P aper I I . 

2. 3 . 3  Cholesterol oxidase 
Cholesterol ox idase (ChOx , EC 1.1.3.6) is a FAD-containing enzyme with 
absolute specif icity. In the presence of  ox ygen, ChOx  catalyses two reactions: 
ox idation of  cholesterol to cholest-5-en-3-one and, subsequently, isomerisation to 
cholest-4-en-3-one:31  

222 34 OHoneencholestOlcholestero ChO x     (2.10) 

The most commonly used ChOx ’ s are isolated f rom S treptomyces hydroscopicus 
or Brevibacterium sterolicum.  The ChOx  f rom S treptomyces sp.  contains non-
covalently bound FAD (coenzyme), whereas ChOx  f rom Brevibacterium sp.  has 
covalently linked FAD (prosthetic group).32 However, enzymes f rom both sources 
have similar structure, consisting of  two domains: a FAD-binding domain and a 
substrate-binding domain. The active site lies at the interf ace of  these domains and 
is unavailable f or the direct communication with an electrode,33 similar to GOx  
and LOx . (Fig. 2.5b). The distinctive f eature of  ChOx  compared to the discussed 
f lavoenzymes, is the hydrophobic surrounding of  the enzyme active centre, which 
f avours ChOx  specif icity to a hydrophobic substrate –  cholesterol.  

 

F igure 2.5.  Structure of  f lavoenzymes used in the work: a Glucose oxi dase f rom 
A.  niger;  b. Cholesterol oxi dase f rom Brevibacterium sp.   

The cholesterol level in blood is related to patient health status and is theref ore 
very important in clinical diagnosis. A high cholesterol level in the blood increases 
the risk of  clinical disorders such as hypertension, stroke, myocardial inf arction, 
cerebral thrombosis, coronary and peripheral vascular diseases.34  

Despite the higher stability of  ChOx  with covalently linked FAD, ChOx  f rom 
S treptomyces sp.  was used in P aper I I  and I I I  as it has much higher activity 
compared to ChOx  f rom Brevibacterium sp.  By manipulation of  the enzyme 
environment, we f acilitated ET f rom the enzyme molecule to the electrode via 
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indirect and mediated ET pathways, which allowed the development of a new 
bioelectrocatalytic system – a single enzyme based self-powered biosensor, 
described in Paper III. 

2.3.4 Laccase 
Laccase (EC 1.10.3.2) is a multinuclear copper-containing oxidase with a broad 
specificity towards various phenolic compounds, such as o-, p- and some m-
diphenols, aminophenols, polyphenols, as well as phenol.35 Laccase specifically 
catalyses the four-electron reduction of molecular oxygen to water concomitant 
with the one-electron oxidation of various substrates:36  

OHquinonespmoOsbenzendiolpmo laccase
22 ,,2

1,, +− →+−    (2.11) 

The active site of the enzyme molecule is formed by four copper ions. Substrates 
are oxidised near the solvent accessible mononuclear type 1 Cu site (T1), which is 
located about 7 Å below the enzyme surface. Then electrons are transferred 
through the protein in a process of the intramolecular ET over a distance of ~13 Å 
to a trinuclear Cu cluster, consisting of one T2 Cu and two T3 Cu sites, where the 
four-electron reduction of oxygen occurs.37 Such a structure (Fig. 2.6) promotes 
the establishment of an efficient direct ET between the enzyme’s active centre and 
an electrode.38 In the case of direct communication, the electrode acts as a reducing 
substrate.  

Laccase has an important application as an efficient biocatalyst for oxygen 
reduction in biofuel cells, due to the remarkably small overpotential required for 
the catalytic reaction.39 Laccases isolated from fungi demonstrate the highest 
potential, close to the equilibrium potential of oxygen reduction (0.82 V).2 For 
biofuel cell construction, direct and mediated ET mechanisms are used to interface 
the enzyme with the electrodes. Another important application of laccases in 
bioelectrocatalytic systems originates from their specificity in the oxidation of 
phenols. Laccase-based biosensors are widely applied for the detection of phenolic 
compounds.40 Monitoring of phenolic compounds is of great importance for 
environmental and food quality control.41 In laccase-based biosensors, a phenolic 
compound is both the enzyme’s substrate and acts at the same time as a mediator, 
which transfers electrons between the active site of the enzyme and the electrode, 
resulting in the formation of a so called substrate recycling system (see 
section 4.2).  

Laccases can be obtained from different sources, including plants, fungi, some 
bacteria and insects.38 In this work we used fungal laccase from Trametes 
versicolor, since it is a cheap enzyme with a well-characterised structure 42 
(Fig. 2.6). In Paper VI we obtained a significant signal enhancement in the 
laccase-based substrate recycling system due to the utilisation of microelectrodes 
and demonstrated the application of the system for water analysis. In Paper VII, 
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we investigated the DET mechanism at a single enzyme molecule using a new 
approach of  collision-based electrochemistry (see section 5 . 2. 2).   

 

F igure 2.6.  Structure of  T rametes versicolor laccase.  
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B IO EL EC T RO C AT AL Y T IC  S Y S T EM S  

Bioelectrocatalytic systems based on chemically-modif ied electrodes have 
important applications in biosensors and biof uel cells. In this chapter, a brief  
overview of  these two possible applications is given.  

3 . 1  El ec t ro c h em ic al  b io s en s o rs  
3 . 1. 1 P rinciples  
A biosensor is a device incorporating a biological sensing element and a transducer 
(Fig. 3.1) and providing real-time reliable inf ormation about the chemical 
composition of  its surrounding environment.43 In case of  electrochemical sensors 
the electrode is used as a transducer. Enzymes, antibodies, receptors or whole cells 
can be used as a bio-recognition element in biosensors. Enzymes were historically 
the f irst biorecognition elements used in biosensors.6 Enzyme electrodes were 
constructed by attaching an enzyme layer to the electrode surf ace. Such a device 
could monitor the electrochemical signal resulting f rom the biocatalytic reaction.   

 

F igure 3 . 1.  Scheme of  a biosensor.  

Electrochemical biosensors are based on potentiometric, voltammetric, or 
conductivity measurements. Voltammetric sensors depend on the recording of  
current-potential prof iles. A special case of  voltammetric sensors is amperometric 
sensors. Amperometric sensors, that this thesis deals with, are based on the 
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monitoring of  currents produced by electroactive species involved in the electrode 
process. The potential of  the working electrode is maintained at a f ix ed value 
(relative to a ref erence electrode) and the current is monitored as a f unction of  
time. The resulting current is a direct measure of  the rate of  the ET reaction driven 
by the applied potential and it is proportional to the concentration of  the target 
analyte.44 In potentiometric sensors, the analytical inf ormation is obtained f rom 
the monitoring of  a potential dif f erence at equilibrium related to the electrode 
process. The signal is proportional to the concentration of  species generated or 
consumed in the recognition event. U sually potentiometric sensors are slower than 
amperometric.44 In conductometric sensors, changes in conductivity are 
monitored. A drawback of  the conductometric transducer is the strong dependence 
of  the response on buf f er capacity and on the number of  ions present in the 
solution.44 

3 . 1. 2 Analytical performance  
Ef f iciency and applicability of  the sensor in dif f erent areas is determined by its 
analytical perf ormance, which strongly depends on the ef f iciency of  the ET. There 
are many parameters to describe sensor’ s perf ormance but I would like to discuss 
only those used f or amperometic biosensor characterisation in this thesis, i.e. 
calibration graph (curve), sensitivity, detection limit, linear and dynamic range 
(Fig. 3.2). 

 

F igure 3 . 2.  Illustration of  determination of  analytical perf ormance f rom amperometric 
sensor response.  

Calibration graph 

To obtain quantitative inf ormation about the concentration of  the analyte of  
interest one should know the dependence of  the current signal on the concentration 
of  the analyte in the same system that would be used f or a test sample analysis. 
The results are used to plot a calibration graph (or calibration plot, or calibration 
curve) which is then used to determine the analyte concentrations in test samples 
by interpolation.45 
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Sensitivity 

In analytical techniques, sensitivity is defined as the slope of the calibration 
graph.46 If the curve is not linear then sensitivity will be a function of analyte 
concentration (or amount). Sensitivity must depend only on the process of the 
measurement and not upon the scale factors in order to be a comparable and 
universal performance characteristic of a biosensor.   

Detection limit 

Detection limit (or limit of detection) is a theoretical term that may be described 
as the concentration of the analyte that gives an analytical signal significantly 
higher than the background noise. There is still not full agreement between 
researchers how to calculate the detection limit. In all my publications included in 
the thesis I have calculated detection limit as the standard deviation of the baseline 
current multiplied by three and divided by the sensitivity.47 

Linear and dynamic range 

The linear range is the range of concentrations of the analyte within the working 
range where the measured current is directly proportional to the concentration. The 
dynamic range is the range of analyte concentrations over which there is a 
measurable sensitivity to the analyte.48 

3.2.3 Electron transfer in biosensors 
Amperometric biosensors depending on the ET mechanism can be classified 
according to three so-called 'generations' 49 (Fig. 3.3), which will be illustrated by 
oxidases.  

“First-generation” biosensors 

In first-generation biosensors electron communication is established by means of 
a natural enzyme’s co-substrate, which shuttles electrons. In first generation 
biosensors either the increase of a product of an enzymatic reaction or the decrease 
of the enzyme substrate is detected as an analytical signal. Changes in 
concentration of a natural enzyme substrate participating in an enzymatic reaction 
can be also monitored. In all these cases, it is necessary that the measured 
compound is electrochemically active. The first invented biosensor, reported in 
1962 by Clark and Lyons, was a first generation biosensor using GOx as a bio-
recognition element.6 In this biosensor GOx had been immobilised onto an 
oxygen-sensitive detector (known now as the Clark electrode) via a semi-
permeable membrane. As a result of enzymatic oxidation of glucose, catalysed by 
GOx, the concentration of oxygen in the solution decreases, which can then be 
monitored by the Clark electrode. Oxidase-based first generation biosensors 
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measure the concentrations of oxygen as a natural oxidising substrate or hydrogen 
peroxide as a product:50 

productenzumeenzymesubstrate redox +→+         (3.1) 

222 OHenzymeOenzyme oxred +→+          (3.2) 

Here, the increasing concentration of H2O2 or the decrease in O2 concentrations 
can be detected electrochemically in order to monitor analyte concentration.  

First-generation biosensors have several drawbacks. Firstly, the amperometric 
measurements of hydrogen peroxide and oxygen require application of relatively 
high potentials at which the impact of interferences present in biological or 
environmental samples is significant. Secondly, since this type of oxidase-based 
biosensor uses oxygen as a natural electron acceptor, their response depend on 
oxygen concentrations, which can fluctuate giving rise to errors.49 

“Second-generation” biosensors 

The mentioned drawbacks of the first-generation biosensors can be partially 
overcome by replacing oxygen with a synthetic electron acceptor – a mediator. The 
mediator transfers electrons, generated or consumed during the enzymatic reaction 
between the enzyme and the electrode in the process of MET. This type of 
biosensor, also called “mediated biosensors”, is now the most commonly used 
configuration. This technological and commercial success started from the 
application of ferrocene as a mediator for amperometric glucose sensing in whole 
blood.9 Mediated biosensors will be discussed in detail in Chapter 4 of the thesis. 

“Third-generation” biosensors 

Third-generation biosensors are based on direct ET between the enzyme and the 
electrode surface. The absence of a mediator is the main advantage of such 
biosensors, thus providing high efficiency and simple design. However, only a 
limited number of enzymes are available that undergo direct ET and the efficiency 
of the DET depends not only on the distance between the active site of the enzyme 
and the electrode, but also on the properties of the electrode material and on the 
immobilisation technique. Even if the enzyme molecule is immobilised on the 
electrode surface, it can be oriented in such a way that direct ET is not possible 
due to a longer distance between the active site and the electrode compared to the 
ideal orientation.49 Thus, although third-generation biosensors are advantageous 
compared to the two other generations, they are still not widely used due to 
aforementioned problems. DET transfer in biocatalytic systems will be overviewed 
in Chapter 5 of the thesis.  
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F igure 3. 3 .  Representation of  three amperometric biosensor generations.  

3 . 2  B io f u el  c el l s  
3 . 2. 1 P rinciples   
Biof uel cells (BFCs) based on enzymes have been known since 1964.51 However, 
they have received revived attention during the last decade as a new energy 
conversion technology af ter Willner and co-workers published work on a 
membraneless enzymatic BFC.52 

BFCs transf orm the energy of  a biological catalytic reaction into electricity by 
ox idising a f uel at the anode and reducing an ox idant at the cathode.53 They are 
categorised according to the biological catalyst used f or the f uel ox idation. 
Microbial BFCs use living cells or organelles as catalysts.54 In enzymatic BFCs 
enzymes are used as a catalyst f or f uel ox idation. To understand the working 
principle of  an enzymatic BFC one can consider it as a combination of  two enzyme 
electrodes (Fig. 3.4). These two electrodes can be mediated biosensors as 
presented in Fig. 3.4 as well as any other possible combination of  enzyme 
biosensors of  dif f erent generations. Cells in which the reaction at only one 
electrode is catalysed by an enzyme and the other is a noble metal catalyst are also 
considered as enzymatic BFCs.55 
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F igure 3 . 4.  Schematic illustration of  an enzymatic biof uel cell. 

3 . 2. 2 P ower,  cell voltage and current  
The power output is one of  the main characteristics of  biof uel cell perf ormance. It 
depends on the current detected at dif f erent cell voltages (Fig. 3.5) and is 
determined by the ET ef f iciency. One ex treme of  this dependence is the so called 
open circuit potential (OCP), which is a measure of  the max imum voltage 
provided by a f uel cell. It is determined as the dif f erence between the f ormal redox  
potentials of  the f uel/product and ox idant/reduced ox idant couples. At the other 
ex treme we have the short circuit current. This occurs when the anode and 
cathode are electrically connected (i.e. no voltage applied). U sef ul power appears 
at current and voltage values between OCP and short circuit potential.55  

Cell voltages depend on the f uel and ox idant, the rate of  ET, the current f lowing, 
resistance within the cell and mass transport processes.53 

The value of  the current is determined by the slowest electrocatalytic reaction 
(anodic or cathodic). The max imum electrocatalytic current that can be achieved 
at the anode or cathode depends on the density of  catalytically active sites and the 
rate of  catalysis per active site. The rate in turn depends on the ef f iciency of  the 
ET between the active centre and the electrode.55 
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Figure 3.5. Illustration of factors that determine fuel cell performance. a. Open circuit 
potential. b. Maximum cell current. c. Maximum power. Reprinted with permission 
from  55. Copyright © 2008 American Chemical Society. 

3.2.3 Electron transfer in biofuel cells 
ET in biofuel cells is usually implemented via DET and/or MET mechanisms on 
cathodic and anodic enzymatic electrodes. To achieve effective DET the enzyme 
should be immobilised on the electrode surface in such a way that the active centre 
lies close to the electrode surface (Fig. 3.6).4 The problem of such a design for the 
construction of biofuel cells is that only one layer of the enzyme will be located 
within the electron’s tunnelling distance from the electrode, resulting in low 
current densities due to the low density of catalytic sites. One way to overcome 
this problem is by the use of 3D electrodes, which provide high enzyme loading.2 
Another way utilised also for enzymes which lack ability of DET, is application of 
electron mediators. 

 

Figure 3.6. Cartoon diagram of an enzyme molecule immobilised on an electrode surface. 
Reprinted with permission from 55. Copyright © 2008 American Chemical Society. 
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However, the choice of  possible redox  mediators f or biof uel cells is limited to 
those that have their redox  potential close to the redox  potential of  the enzyme 
active centre.2 The reversible potential of  a mediated bioelectrocatalytic electrode 
is mainly controlled by the mediator redox  reaction. Thus, the open-circuit 
potential of  a biof uel cell f ormed by two mediated enzyme electrodes as shown in 
Fig. 3.7 depends on the potential dif f erence of  the two mediator couples. At the 
same time, the potential dif f erence between the enzyme’ s substrate and the 
mediator must be non-zero to drive ET. In Fig. 3.7, this statement is considered f or 
the ex ample of  the glucose-ox ygen biof uel cell.  

 

F igure 3 . 7 .  Potential schematic f or a mediated biof uel cell. Reprinted with permission 
f rom 2. Copyright ©  2004 American Chemical Society. 

The ex perimentally observed open-circuit potential is lower compared to a 
theoretical max imum, determined by the f ormal potential dif f erence between the 
f uel and ox idant, due to the application of  mediators. 
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MEDIATED ELECTRON TRANSFER 

Bioelectrocatalytic systems based on MET implemented by artificial redox 
mediators nowadays find broad applications in biosensors, biosensing devices and 
biofuel cells. This chapter focuses on a discussion of ways to facilitate mediated 
ET between the biocatalyst and the electrode. An analysis of the enhanced 
mediated bioelectrocatalytic systems described in this thesis, in comparison with 
those reported in the literature, and their application in bioelectronics will be given. 
More detailed information on mediated ET together with an up-to-date overview 
of its application in bioelectrocatalytic systems can be found in the Review Paper. 

4.1 Flavoenzyme-based mediated systems  

4.1.1. General electron transfer mechanism  
A mediator acts as an artificial enzyme substrate in an enzymatic redox reaction 
and shuttles electrons between the active site of the enzyme and the electrode. In 
a catalytic reaction, the mediator first reacts with the enzyme active site and then 
participates in rapid ET with the electrode.  

Mediated catalytic reactions can, in the case of GOx, be described as follows:56 

22 FADHacidgluconicOHFADglucose +→++       (4.1) 
+++→+ HMFADMFADH red

k
ox

s 22        (4.2) 

oxred MMelectrodeAt →:            (4.3) 

where M is the mediator. In order to provide effective ET, the redox potential of 
the mediator should maintain a potential gradient between the active site of the 
enzyme and the electrode. Thus, the redox potential of the mediator should be more 
positive than the redox potential of the active centre of the enzyme in the case of 
oxidative bioelectrocatalysis and vice versa for reductive bioelectrocatalysis.57 At 
the same time, the redox potential of the mediator should be small enough to avoid 
interfering with the electrochemical reactions and both the oxidised and reduced 
forms of the mediator should be sufficiently stable. In the catalytic reaction, the 
mediator competes with the enzyme’s natural substrate (e.g. oxygen) for the 
electron flow. Thus, to promote ET in the system the mediator should possess a 
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high ET rate constant between the mediator and the enzyme, ks (eq. 4.2).58 The 
overall efficiency of ET depends not only on the mediator properties, but also on 
the whole design of the system.57  

Mediated bioelectrocatalysis includes both homogeneous and heterogeneous 
mediation. In the homogeneous reaction, both the enzyme and the mediator are 
located in the solution. In order to characterise the efficiency of homogeneous ET, 
cyclic voltammetry59,60 is often used (see section 6.2.3). In the heterogeneous 
system, the enzyme is immobilised on the electrode surface and the mediator can 
either be in the solution or also immobilised on the electrode surface. In the latter 
case, a so-called “reagentless architecture” of the bioelectrocatalytic system is 
realised. To estimate the efficiency of the ET in heterogeneous systems, rotating 
disk voltammetry,61,62, cyclic voltammetry63,64 or chronoamperometry65,66 can be 
used (sections 6.2.6, 6.2.3 and 6.2.5, respectively).  

4.1.2 Commonly used mediated systems 
Despite several attempts to use quiones, azines and metal complexes7,8 as 
mediators in the 1970s, the wider application of mediated systems did not begin 
until the discovery of the possibility to use the ferricinium ion (oxidised ferrocene) 
as a mediator for GOx in 1984.67 

Ferrocene and its derivatives, ferri/ferrocyanide complexes of transition metals 
such as osmium and ruthenium as well as redox organic dyes (mainly azines) are 
widely used redox mediators for oxidases. Ferri/ferrocyanide is one of the most 
commonly used and most efficient soluble inorganic mediators.68-70 However due 
to its small size and high solubility, it easily diffuses away from the electrode 
surface into the bulk solution, which reduces the long-term operational stability 
and hampers its application in both continuous laboratory analysers and 
implantable probes. The less soluble ferrocene derivatives provide a partial 
solution to this problem and have achieved considerable success in commercial 
home-use devices, but the ferrocinium ion is still soluble.9 Tertrathiafulvalene has 
been proposed as one alternative to ferrocene derivatives as an insoluble mediator 
for amperometric biosensors.71-73 In spite of their high efficiency in mediating the 
ET of oxidases, osmium and ruthenium complexes74,75 have essential drawbacks 
due to their high toxicity.  

The reagentless bioelectrocatalytic system is the most widely used architecture for 
a variety of applications. There are four main methods to immobilise the 
biocatalyst on the electrode surface: physical adsorption on the electrode surface, 
covalent bonding to the electrode, cross-linking of the biocatalyst and entrapment 
of the biocatalyst in membranes or polymeric matrixes76 (see section 6.1). An 
effective retention of the mediator on the electrode surface can be achieved by its 
covalent attachment to an electrode, a biocatalyst or the bonding between the 
mediator groups and the matrix-formed polymer or gel used for enzyme 
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entrapment. The best known ex amples, which have also had a remarkable 
commercial success in home blood glucose tests, are biosensors with the 
membrane f ormed by poly(vinylpyridine)77 and poly(vinylimidazole)74,78 with Os 
complex es as the mediator. For more details about systems with covalently 
attached mediators, see the Review P aper. Systems with covalently attached 
mediators are usually more complicated and less ef f icient than systems with 
dif f usional mediators due to problems with electron communication and a need to 
design ET pathways to achieve high ET rate constants. Two such ET pathways that 
are commonly used are illustrated in Fig. 4. The f irst approach is based on 
shortening of  the ET distance by dividing the process in a series of  electron 
hopping reactions between several mediator molecules attached covalently to a 
membrane (Fig. 4.1a).1 To provide ef f ective electron communication, the process 
of  the electron ex change between the mediator molecules should be f aster than the 
ET between the active group of  the enzyme and the mediator. The second approach 
is based on covalent attachment of  a redox  mediator either to the electrode surf ace 
or to the enzyme globule, so called “ electroenzymes” , via long and f lex ible space 
chains (Fig. 4.1b).1 The ET process in such systems is usually not ef f icient due to 
a small concentration of  redox  molecules available f or the establishment of  the 
electron communication. 

 

F igure 4.1.  ET pathways in systems with a covalently attached mediator. a. Electron-
hopping pathway. b. Mediators bound to an enzyme via a f lexi ble chain. Reprinted with 
modif ications f rom 1. Copyright ©  Springer-Verlag Berlin Heidelberg. 

Dif f usional mobility of  the redox  mediator f acilitates ef f ective ET. The mediator 
can be retained on the surf ace by electrostatic interactions, f or ex ample in 
polyelectrolyte membranes79 or due to hydrophobic-hydrophilic interactions in 
polymer matrices.80 For more inf ormation on mediated bioelectrocatalytic systems 
with dif f usional mediators see the Review P aper. Despite the productivity of  ET 
processes in bioelectrocatalytic systems utilising soluble dif f usional electron 
mediators, they suf f er f rom an inherent drawback: the mediating species can easily 
dif f use away f rom the electrode surf ace into the bulk solution and that causes 
sample contamination and low long-term operational stability of  the system.  
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4. 1. 3  Bioelectrocatalysis with a hydrophobic mediator 
In order to f acilitate MET, we suggested f or the f irst time in Papers I-III to use 
water insoluble azines as dif f usional mediators f or ox idases. The hydrophobicity 
of  the mediator allowed us to overcome the stability problem, since it prevents the 
mediator f rom dif f using away f rom the electrode surf ace. The use of  a dif f usional 
mediator enables ET and simplif ies the system design compared to systems with a 
covalently attached mediator (Fig. 4.1). 

Azines are one of  the widely used mediators f or ox idases. Azines are a class of  
organic compounds that can be considered as derivatives of  phenazine. Some 
ex amples are shown in Fig. 4.2. Azines are aromatic structures with pronounced 
redox  properties (Fig. 4.3).81 The main advantage of  azines compared to f errocene9 
and tertrathiaf ulvalene71-73, commonly used hydrophobic mediators, is that at open 
circuit potential they occur in the ox idised f orm, i.e. in a f orm that is ready to react 
with the active site of  an enzyme. Historically, methylene blue, one of  the 
representatives of  the azines, was the f irst artif icial redox  acceptor of  GOx .82 
Several azines such as methylene green,83 methylene blue,84 meldola blue,85 

celestine blue,86 phenazine,87,88 thionine,89 azure B,90 toluidine blue91 can be used 
as ET mediators f or ox idases when immobilised on the electrode surf ace. 
However, all previously used azines were hydrophilic.  

 

F igure 4.2.  Structures of  investigated water insoluble azines. a. Phenothiazine (PTZ). 
b. Phenoxa zine. c. Polyphenothiazine. d. Polyphenoxa zine. 

In P aper I  we have evaluated the possibility to eliminate mediator leakage by 
using water-insoluble azines as mediators f or ox idases. We tested unsubstituted 
phenothiazine (PTZ), phenox azine and their oligomers as possible mediators f or 
ox idases (Fig. 4.2). Among them, only the enzyme containing membrane with 
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phenothiazine demonstrated catalytic response in the presence of  the enzyme 
substrate. We note that since it is water-insoluble, phenothiazine was previously 
unknown as a mediator f or ox idases. 

 

F igure 4. 3 .  Suggested two-electron redox r eaction of  phenothiazine.  

We suggested a two electron mechanism of  the PTZ redox  process based on a 
literature review and the dependence of  the common peak potentials on solution 
pH, which pointed to a two-electron, two-proton reaction (Fig. 4.3). In P aper I I  
we have scrutinised the kinetics of  this reaction using cyclic voltammetry, rotating-
disk electrode measurements and chronoamperometry (see section 6. 2) and 
evaluated the ET ef f iciency of  the mediator in comparison with commonly used 
systems. The observed characteristics place this new mediator among the best 
organic mediators f or ox idases and opens up possibilities to construct novel 
reagentless biosensors and biological f uel cells, which was demonstrated in 
P apers I I ,  I I I . 

Hydrophobicity of  the mediator improves stability of  the system and provides high 
loading of  the membrane with the mediator. However, the establishment of  
ef f ective electron communication between the hydrophobic mediator and the 
hydrophilic enzyme is challenging. The use of  polymeric membranes, having 
hydrophobic and hydrophilic domains in the structure92 suitable f or the retention 
of  the mediator and the enzyme molecules, respectively, enables ef f ective ET. In 
P apers I -I I I  we used a new protocol f or enzyme-mediator co-immobilisation, 
which allowed us to increase the stability of  the system and at the same time to 
establish ef f ective ET. The proposed protocol is based on the well-known sol-gel 
process;  however, the immobilisation was carried out f rom a medium with a high 
content of  organic solvent.  

S ol- gel process  

The sol-gel process is a low temperature method f or trapping enzymes in inorganic 
glasses. The application of  the sol-gel process f or enzymes was f irst demonstrated 
in 1990, by Braun and co-workers, and has developed apace since that time.93 
During the sol– gel process, alkox ide monomers undergo hydrolysis to f orm 
silanols. Condensation of  silanols with subsequent aging and drying processes 
under ambient atmosphere, leads to the f ormation of  porous sol– gel matrices. The 
chemistry of  such a process is:94  
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      (4.4) 

The most widely used monomers f or the sol-gel process are tetramethox ysilane 
(TMOS) and tetraethox ysilane (TEOS). However, the introduction of  various 
organic f unctional groups into the monomers leads to organically modified sol– gel 
glasses, or ormosils. Ormosils have several advantages compared to inorganic sol–
gels including the:94 

 possibility of  specif ic binding of  a biomolecule to the matrix ;  
 possibility to incorporate a mediator in the same matrix  as the enzyme;  
 possibility to tune the wettability of  the matrix , by controlling the ratio of  

hydrophilic to hydrophobic monomers; 95,96 
 possibility to control thickness and porosity of  the biocatalytic layer.97,98 

There are f our dif f erent approaches f or enzyme immobilisation in a sol-gel matrix  
(Fig. 4.4):94 

 enzyme entrapment in the matrix ; 99 
 enzyme attachment on the surf ace of  an ormosil; 100 
 enzyme immobilisation in a sandwich conf iguration; 101 
 enzyme immobilisation in a bilayer conf iguration.102 

 

F igure 4. 4.  Schematic illustration of  dif f erent approaches of  enzyme immobilisation in a 
sol-gel: a. Entrapment;  b. enzyme attachment on the surf ace of  an ormosil;  c. sandwich 
conf iguration;  d. bilayer conf iguration. Reprinted with permission f rom 94. 
Copyright ©  2005 Elsevier B.V. 

The choice of  immobilisation approach depends on the convenience, stability and 
sensitivity required f or the bioelectrocatalytic system. In P apers I ,  I I  and partially 
I I I ,  enzyme entrapment in the sol-gel matrix  together with the mediator was 
applied. In P aper I I I  the bilayer conf iguration was also used;  ChOx  in a sol-gel 
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matrix  was immobilised on top of  the electrode covered by Prussian blue (f erric 
f erricyanide). In Papers I -I I I , we used 3-aminopropyl-triethox ysilane (APTEOS) 
as a monomer f or f ormation of  the gel matrix  (Fig. 4.5). In P aper I ,  two additional 
silox anes were tested as a matrix  f or enzyme immobilisation, vinyl- and phenyl- 
triethox ysilanes, however biosensors based on APTEOS showed better operational 
stability. The organic structure in the APTEOS provides a strong cage f or the 
enzyme molecules and solves the enzyme leaching problem. The presence of  
amino groups in the ormosil creates a hydrophilic microenvironment benef icial f or 
biomolecules.103 

 

F igure 4. 5 .  Structural f ormulas of  a. vinyl-, b. phenyl, c. 3-aminopropiyl-
triethoxys ilane. 

I mmobilisation f rom organic solvent 

Preparation of  gel membranes with unif ormly distributed hydrophobic PTZ 
requires media with a high content of  organic solvent. Such an immobilisation 
procedure allows a stable membrane to be obtained with a well-distributed 
mediator providing ef f ective ET between the redox  enzyme and the electrode. As 
a unif orm membrane can be obtained only f rom a diluted solution of  monomers 
(1-3 % ) and f or hydrolysis of  one molecule of  the monomer 3 to 4 molecules of  
water are needed, the concentration of  water in the solution should not ex ceed 
15 % . Higher concentrations of  water lead to spontaneous hydrolysis and 
condensation and theref ore to a heterogeneous membrane.104  

In P apers I -I I I , we used the concept of  enzyme immobilisation f rom water-
organic mix tures with a high content of  organic solvent, based on the knowledge 
that enzymes can retain their activity af ter being ex posed to such media.105,106 It 
has been shown previously that the dependence of  the enzyme catalytic activity in 
a water-organic mix ture on the organic solvent concentration has three regions.107 
There is no signif icant decrease in enzyme activity at low content of  organic 
solvent (0-20 % ). At concentrations higher than a critical value (“ threshold 
value” ),108 the enzyme undergoes conf ormational changes and completely loses its 
activity. In concentrated organic solutions with a water content less than 10-15 %  
the enzyme activity reappears. The reasons f or this phenomenon are still not clear. 
One suggestion is that the enzyme becomes insoluble in such media and that the 
presence of  colloid particles prevents the biomolecules f rom inactivation by the 
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organic solvent.105 Fig. 4.6 represents our investigation of  the enzyme (GOx ) 
activity in water-isopropanol mix tures that we used f or sol-gel immobilisation of  
biomolecules in P apers I -I I I .  As can be seen, the max imum of  the remaining 
activity occurs at 15 %  of  water. This mix ture was used f or immobilisation of  
biomolecules in our work. 

 

F igure 4. 6.  Remaining activity of  glucose oxi dase af ter 10 min of  expos ure to water-
isopropanol mixt ures. 

The f inding of  a novel water insoluble mediator with improved properties 
combined with a new protocol f or its co-immobilisation with the biocatalyst 
resulted in the development of  new mediated bioelectrocatalytic systems with 
improved ET properties. In P aper I I  we demonstrated the applicability of  the 
developed strategy f or construction of  glucose, lactate and cholesterol biosensors, 
based on the mediated bioelectrocatalysis of  GOx , LOx  and ChOx , respectively. 
As a result of  the development of  the bioelectrocatalytic systems developed in 
P apers I  and I I ,  we presented two complementing platf orms of  bioelectrocatalysis 
that have been combined f or the f abrication of  a self -powered biosensor in P aper 
I I I .   

A self -powered biosensor is a type of  an enzymatic biof uel cell (BFC) where the 
power output is measured, either as an open circuit potential (OCP) or a current 
proportional to the f uel concentration.54 The main advantage of  self -powered 
biosensing devices is that they can operate without any power input to the cells, 
producing power and thus making it attractive f or the potential use in implantable 
devices109 and in inex pensive screening devices based on printed electronics.43 
Self -powered biosensors, however, produce relatively low power densities and 
have low open circuit potentials that prevent them f rom real lif e applications where 
the generated power should be suf f icient f or measurements and an analytical signal 
transmission. In order to apply self -powered devices in real lif e, the power output 
of  the BFCs should be improved. Facilitation of  ET in BFCs using DET or 
ef f ective mediators which minimise the biocatalyst overpotential is a promising 
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approach to overcome the limitations of  the self -powered biosensors in 
applications. Another possible approach is to retain the activity of  the biocatalysts 
used in the BFC construction f or a longer period. For BFC construction at least 
two enzymes are usually used. These enzymes might have dif f erent optimum 
conditions which complicates the design of  the device and reduces the activity of  
the biocatalysts. In P aper I I I ,  we introduced the new concept of  a single enzyme-
based self -powered biosensor. Anodic and cathodic counterparts of  the self -
powered biosensor were based on ChOx  immobilisation into a sol-gel matrix , as 
described below, on carbon cloth electrodes (Fig. 4.7). Mediated biocatalytic 
cholesterol ox idation provided the anodic reaction and electrocatalytic reduction 
of  hydrogen perox ide on Prussian Blue (PB) was the cathodic reaction. Due to a 
synergetic ef f ect, the characteristics of  the self -powered cholesterol biosensor 
ex ceeded the combined analytical parameters of  the single counterparts. The 
application of  the biosensor f or f ree cholesterol detection in plasma was 
demonstrated and results showed correlation with the standard method of  
colorimetric cholesterol quantif ication.  

 

F igure 4.7.  Scheme of  a single enzyme based self -powered biosensor. Reprinted f rom 110. 
Copyright ©  2014 American Chemical Society. 

4 . 2  B io el ec t ro c at al y t ic  s u b s t rat e rec y c l in g  s y s t em s  
4. 2. 1 S ubstrate recycling mechanism  
Enzymatic substrate recycling systems are based on sequential consumption and 
regeneration of  the substrate on the electrode surf ace. This process leads to a 
signif icant enhancement of  the detected signal, which in case of  biosensing devices 
means increase of  sensitivity. The electrochemical recycling can be realised in 
various ways (Fig. 4.8). 111 In the electrochemical and bioelectrocatalytic systems, 
the target analyte is recycled between the electrodes or an electrode and an enzyme 
active centre. In the biocatalytic approach, a substrate and a product are recycled 
between a couple of  enzymes. Here we will consider bioelectrocatalytic substrate 
recycling systems.  
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F igure 4. 8 .  Illustration of  the principles of  substrate recycling electrodes. O –  oxi dised 
species, P –  reduced species, S –  substrate, P –  product. 

The f irst bioelectrocatalytic substrate recycling system was demonstrated in 1984 
by Wasa, and was based on laccase.112 Since then other enzymatic systems, 
utilising various copper containing ox idases113,114, f lavoenzymes115,116 and 
dehydrogenases117,118 have been investigated. For the realisation of  substrate 
recycling, the biosensor reaction should be reversible. Catechols (benzenediols) 
represent one of  the most commonly used substrates in such systems119-121 due to 
reversibility of  the redox  reaction of  the phenolic ring and due to the relevance of  
their determination with high sensitivity f or medical, f ood saf ety and 
environmental applications. In Fig. 4.9, the mechanism of  the bioelectrocatalytic 
recycling of  catechol using the laccase-based enzymatic electrode is presented. For 
conversion of  the analyte, which in this case acts also as the enzyme mediator, the 
electrode should be polarised to a reduction potential relative to the standard redox  
potential of  the analyte, in order to regenerate the reduced f orm of  catechol which 
is ox idised in the enzymatic reaction.  

 

F igure 4. 9 .  Scheme of  the bioelectrocatalytic recycling system based on laccase.  

Enzyme electrodes under optimised conditions can detect substrate concentrations 
of  the order of  10-6 M. Application of  substrate recycling allows analysis to be 
perf ormed in the nanomolar range, which is especially relevant f or the detection 
of  pollutants in the environment and in f ood products. In P aper V I ,  we applied a 
laccase-based recycling system described previously122 f or the detection of  
phenols in wastewaters and in tap water. However, in order to promote ET in the 
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system by improving the dif f usion of  the analyte and to be able to perf orm analysis 
in a weakly supported media, we applied microelectrode arrays as transducers. 

4. 2. 2 M icroelectrodes as a transducer 
Microelectrodes are electrodes that have at least one dimension smaller than 
100 μm and theref ore have special characteristics, directly related to their size. 
Reduction of  size leads to lower capacitive currents and to convergent dif f usion 
(Fig. 4.10) instead of  the planar dif f usion observed at macroelectrodes. This allows 
steady-state currents to be attained within a shorter time f or the microelectrode.  

 

F igure 4. 10.  Illustration of  planar dif f usion on a macroelectrode vs convergent dif f usion 
on a microelectrode. 

In recent years, microelectrodes have been widely applied in analytical and 
physiological studies due to their benef icial properties. These include their small 
size, allowing smaller sample volumes to be used, and making possible their 
application f or in vivo measurements, low background currents due to the reduced 
surf ace area, and high current density resulting f rom enhanced mass transport to 
the electrode surf ace.123 However, single microelectrodes produce small currents, 
which are dif f icult to detect with conventional electrochemical equipment. This 
problem can be solved by using an assembly of  microelectrodes, with each 
microelectrode independent of  its neighbours. With appropriate design, such an 
assembly may show all the usef ul properties of  a single microelectrode while 
generating higher currents.124 Application of  micro- and nanoelectrode arrays f or 
the construction of  bioelectrocatalytic systems is discussed in detail in the Review 
P aper.  

In P aper I V  we f abricated arrays of  graphite microelectrodes using screen printing 
technology. Screen-printing is a standard technology f or cost-ef f ective production 
of  electrochemical devices.125 However, since the minimum f eature size in screen-
printing is about 50-100 µ m, which is not small enough f or ef f icient f abrication of  
microelectrodes in the lateral dimension, a strategy of  cross-cutting has been 
adapted f or the f abrication of  microelectrodes with microband geometries.126 A 
microband design of  the microelectrodes combines convergent mass transport due 
to the microscale width and high output currents due to the macroscopic length 
(Fig. 4.11).  
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F igure 4. 11.  Schematic illustration of  the microband geometry of  a microband electrode.  

We produced monolayer microband arrays with dif f erent band lengths and 
multilayer arrays by screen-printing f ollowed by scissor crosscutting. One of  the 
distinguishing f eatures of  microelectrodes is the small currents lying typically in 
the pA range, but with high current densities due to the small electrode size.127 
Theref ore, even small errors in the determination of  the real surf ace area of  the 
microelectrode have a huge impact on current density calculations. Since electrode 
reaction rates and most double layer parameters are dependent on the area of  the 
interf ace, knowledge of  the real surf ace area of  an electrode is needed f or correct 
calculations of  various parameters of  electrochemical processes in 
bioelectrocatalytic systems.128 The real surf ace area, ref erred to in electrochemistry 
as an electrochemically active surface area (EASA), is in many cases dif f erent 
f rom the geometrical surf ace area determined by microelectrode boundaries. The 
ratio of  the EASA to the geometrical surf ace area is characterised by the 
“ electrochemical roughness” .129 In P aper V ,  we considered the ef f ect of  the 
surf ace roughness on the electrochemically active surf ace area of  the 
microelectrodes under conditions of  convergent dif f usion. We have shown that the 
current response obtained under Faradaic conditions (current generated because of  
a redox  reaction) is almost insensitive to the roughness of  the microelectrodes, 
which is introduced in the process of  crosscutting.  

The microelectrode array developed and characterised in P apers I V  and V ,  was 
utilised as a platf orm f or the development of  the substrate recycling 
bioelectrocatalytic system in P aper V I . To achieve rapid heterogeneous ET in the 
substrate recycling system, the enzyme and the electrode should be in close 
contact.111 To provide the contact we attached the enzyme covalently to the 
microelectrode array activated by anodisation (see section 6. 1). Mediated laccase 
bioelectrocatalytic ox idation of  phenols was studied on the f abricated 
microelectrode arrays in comparison with macroscale graphite electrodes. The 
reduction of  the dimensions of  the transducer led to a signif icant improvement of  
the perf ormance of  the bioelectrocatalytic system due to an increase in the signal-
to-noise ratio and the contribution of  convergent dif f usion of  the analyte.  
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4.2.3 Diffusion-controlled vs kinetic controlled currents 
Nonlinear diffusion of redox species on microelectrode disks results in a steady-
state current according to:127 

𝑖𝑖𝑠𝑠𝑠𝑠 = 4𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑟𝑟0            (4.5) 

where iss is the steady-state current, n is the number of transferred electrons per 
single redox reaction, F is the Faraday constant, D is the diffusion coefficient, C is 
the bulk concentration of the redox species and r0 is the microelectrode radius.  

In bioelectrocatalytic systems a steady-state current is achieved when the mass 
transfer due to the substrate diffusion is in equilibrium with the rate of the 
enzymatic reaction.130 In case of bioelectrocatalytic systems based on 
microelectrodes these two mechanisms compete with each other. However, when 
the enzymatic reaction is fast, the steady-state current is controlled by the substrate 
diffusion and the current becomes independent of enzyme activity.131 The rate of 
the mediated reaction for the laccase-based substrate recycling system described 
in Paper VI, depends on the diffusion rate of the enzyme substrates – phenols.  

Thus, we demonstrated that application of microelectrode arrays as a transducer in 
a bioelectrocatalytic system is useful for the construction of amperometric 
biosensors, since it leads to improved analytical performances of the biosensor due 
to nonlinear diffusion, which results in enhancement of the ET in the system. 
Moreover, the utilisation of microelectrodes allows analysis to be performed in 
weakly supported media without additions of an electrolyte, and this is especially 
advantageous for water analysis. The microbiosensor developed in Paper VI 
showed fast responses towards catechol additions to tap water, a weakly supported 
medium. This enhanced laccase-based microsensor was used for water quality 
monitoring and its performance for total phenol analysis of wastewater samples 
from different stages of the cleaning process was compared with the results of a 
reference method (gas chromatography tandem mass-spectrometry – GC-
MS/MS). 
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5 

DIRECT ELECTRON TRANSFER 

A limited number of enzymes are able to transfer electrons directly between the 
active site and an electrode surface.132 Among them are copper oxidases (laccases, 
tyrosinase, billirubin oxidase), heme-containing enzymes (cytochrome C 
peroxidase, fructose dehydrogenase, cellobiose dehydrogenase) and some iron–
sulphur cluster containing hydrogenases.133 However, even for these enzymes a 
proper orientation of the biomolecule on the suitable electrode surface is necessary 
for the establishment of effective ET. In this chapter, approaches to the design of 
suitable surfaces facilitating DET using new materials and various surface 
functionalisation techniques will be overviewed. More details on the strategies 
applied to provide effective direct electron communication in bioelectrocatalytic 
systems can be found in the Review Paper. Further research on ET mechanisms 
in enzymes are required to modulate ET for the design and development of 
effective biosensors and biofuel cells based on direct bioelectrocatalysis and for 
fundamental understanding of ET processes in biological systems. A new 
electrochemical approach derived from collision-based electrochemistry 
applicable for an examination of the ET process at a single enzyme molecule, 
together with standard electrochemical techniques used for investigation of ET 
mechanisms will be discussed. 

5.1 Surface functionalisation and new electrode 
materials 
Surface functionalisation with self-assembled monolayers (SAMs) is one approach 
for anisotropic and oriented immobilisation of enzymes. Use of SAMs for oriented 
immobilisation of enzymes was proposed by Hill and co-workers in 1980, and has 
since then become arguably the most commonly used technique to facilitate direct 
bioelectrocatalysis.134 SAMs with a proper composition according to the enzyme 
utilised, can promote orientation of protein molecules in such a way that the active 
site is directed towards the electrode surface to facilitate DET according to Marcus 
theory.3 In Fig. 5.1, this approach is demonstrated for the example of nitride 
reductase, a copper containing enzyme. Composition of the SAM influences the 
enzyme orientation on the gold electrode. When copper in the active site of the 
enzyme is oriented towards the electrode surface DET is observed.  
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F igure 5.1.  Illustration of  the oriented immobilisation of  the enzyme molecule on self -
assembled monolayers. On the lef t the electroactive, bottom-on, enzyme orientation on 
the electrode, f or which DET occurs f rom the modif ied gold to copper centres within the 
enzyme molecules, is shown. On the right the electroinactive, top-on, orientation of  the 
enzyme on SAM electrodes, f or which direct ET cannot occur because of  a lack of  
electrical coupling between the gold and the redox centres, is presented. Red parts of  the 
SAM on the lef t scheme demonstrate dif f erence in the composition of  the layer. Reprinted 
with the permission f rom 135. Copyright ©  2011 American Chemical Society. 

Another popular approach f or DET modulation is the entrapment of  enzymes in a 
conducting material, such as sol-gel composites with graphitic nanomaterials136,137 
or conducting polymers.138,139 The conducting matrix  acts as a “ virtual”  electrode 
surf ace providing an electrical contact f or the active centre of  the enzyme. This is 
illustrated in Fig. 5.2 f or the ex ample of  laccase immobilised into a well-designed 
conducting polymer poly(3,4-ethylenediox ythiophene) (PEDOT).139 The polymer 
chains are located close to the copper in the active site of  the enzyme ensuring 
ef f ective electron communication.  

F igure 5 . 2.  Illustration of  the ET in the dual-layer-architecture of  conducting PEDOT 
with encapsulated enzyme molecules. Reprinted with modif ications f rom 139. 
Copyright ©  2011 American Chemical Society. 

Application of  nanomaterials such as nanoparticles, carbon nanotubes and 
graphene-related materials f or electrode f unctionalisation has attracted the interest 
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of researches over recent decades as a promising way to establish effective DET.140 
The nanodimensions of these new materials permit them to approach the enzyme’s 
active site and support fast and effective ET. One example of DET enhancement 
on a nanomaterial-functionalised electrode is illustrated in Fig. 5.3 with nitrite 
reductase.141 Nitrite reductase is an enzyme catalysing the reduction of nitrite to 
ammonia and having a catalytic centre placed close to a hydrophobic domain in 
the enzyme structure. The hydrophobic domain promotes enzyme adsorption on 
the hydrophobic carbon nanotubes in an orientation that supports effective electron 
communication.  

Figure 5.3. Illustration of DET facilitation due to the oriented immobilisation of nitrite 
reductase on carbon nanotubes via hydrophobic interactions between the enzyme and the 
carbon nanotube surface. Reprinted with the permission from 140. Copyright © 2014 
Holzinger, Le Goff and Cosnier. 

The mentioned approaches to establish effective DET in bioelectrocatalytic 
systems as well as current trends in their applications are discussed in detail in the 
Review Paper. 

5.2 Investigation of direct electron transfer 
mechanisms in proteins 

5.2.1 Standard electrochemical toolkit 
Understanding of the ET mechanisms in redox proteins and determination of 
parameters that promote DET can significantly contribute to the development of 
DET-based biosensors, biofuel cell and bioreactors, as well as providing 
fundamental insights into ET in biological systems. Electrochemical methods are 
of particular importance among the commonly used techniques for investigations 
of the ET mechanisms in redox proteins.  
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The so called protein film voltammetry (PFV) technique is a powerf ul technique 
based on standard voltammetric measurements (see sections 6. 2. 3 ,  6. 2. 4), which 
makes investigations of  interf acial ET kinetics and the organisation of  catalytic ET 
in redox  enzymes with multiple catalytic centres possible.142,143 In PFV the redox  
protein is immobilised on the surf ace of  a modif ied electrode as a thin f ilm, with a 
monolayer or less coverage (Fig. 5.4). The immobilisation should be perf ormed in 
such a way that the native structural and reactivity characteristics of  the protein are 
retained. By changing the electrode potential, the catalytic activity of  the enzyme 
can be monitored as a catalytic current.   

F igure 5.4 .  Illustration of  enzyme molecule adsorption on an electrode used in protein 
f ilm voltammetry measurements. Reproduced f rom 143. Copyright ©  The Royal Society 
of  Chemistry 2002.  

PFV has a number of  advantages compared to spectroscopic methods, which are 
widely used f or redox  enzyme studies, including:143 

 the direct control of  the redox  centre reactivity by the electrode potential;  
 relative simplicity of  determination of  the number of  redox  centres, their 

redox  potentials and ET rate constants;  
 the possibility to investigate properties of  enzymes in various environments 

(pH, alternative solvents) by simply changing the solution;  
 sample economy, since only a monolayer of  the enzyme is required;
 the possibility to investigate f ast reactions. 

Although PFV is widely used to study the DET mechanisms of  redox  enzymes, it 
deals with large ensembles of  enzyme molecules. Studies at the single molecule 
level can give some new insights into the mechanism of  DET and ways to f acilitate 
it. PFV can be scaled down towards single enzyme molecule investigation by 
applying nanoelectrodes with sizes comparable to the size of  the single enzyme 
molecule (Fig. 5.5). This approach, however, due to technical and instrumental 
limitations, currently only allows a resolution of  8 –  46 biomolecules.144 
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Figure 5.5. Schematic illustration showing a single redox-active enzyme molecule 
([NiFe]-hydrogenase catalysing hydrogen oxidation) adhered to a nanosized electrode . 
Reprinted with permission from 144. Copyright © 2008 American Chemical Society. 

In Paper VII, we suggest the use of collision-based electrochemistry as an 
alternative, or rather complementary, approach to study the DET mechanism at 
single molecule level.  

5.2.2 Collision-based electrochemistry 
Collision-based electrochemistry measures particle impacts on electrodes. The 
first works in this field have involved impacts that are capacitive in nature. Scholz 
was the first who studied the collisions of liposomes with a mercury electrode by 
recording current transients observed when liposomes contacted the electrode, 
burst and spread on its surface.145 Heyrovsky in 2006, demonstrated detection of 
faradaic current transients during collisions of metal colloids particles for the first 
time.146 The methodology was further developed by Bard 147 and Compton 148 
using two different approaches.   

In the approach suggested by Bard, single nanoparticle (NP) collisions driven by 
diffusion at microelectrodes, were observed via electrocatalytic amplification. The 
key aspect in this approach is the right choice of an indicator reaction. The redox 
reaction should not occur at the selected microelectrode in the absence of NPs 
under the applied potential or at the NP when not in contact with the electrode. 
When the NP collides with the electrode, the catalytic reaction occurs that leads to 
characteristic current-time transients for a particle-catalysed reaction (Fig. 5.6). 
The current transients (Fig. 5.7) can be correlated to the particle size, the particle 
residence time and the nature of the particle interaction with the electrode 
surface.147 The mechanism of the electrocatalytic amplification provides an 
indirect method for the detection of the NPs. 
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F igure 5 . 6.  Indirect method f or the detection of  nanoparticle collisions. Schematic 
illustration of  the electrocatalytic amplif ication mechanism. Reprinted with permission 
f rom 147. Copyright ©  2007 American Chemical Society. 

The current response in the mechanism of  the electrocatalytic amplif ication can 
have two dif f erent shapes, a current staircase and a current spike (or blip) response 
(Fig. 5.7). The staircase response occurs when the particle sticks to the electrode 
surf ace and remains on the surf ace during the time of  the ex periment, so the 
stepwise accumulation of  individual catalytic particles on the electrode surf ace is 
observed (Fig. 5.7a). The spike response occurs when a particle collides with the 
electrode surf ace, but does not remain on the surf ace f or a long time. Spikes can 
also be observed if  there are some processes that deactivate the electrocatalytic 
reaction are taking place (Fig. 5.7b).149  

F igure 5 . 7 .  Typical responses of  single particle collisions detected by the electrocatalytic 
amplif ication. a. Staircase response. b. Blip (spike) response. Reproduced f rom 149 with 
permission f rom the PCCP Owner Societies. Copyright ©  2011 Royal Society of  
Chemistry. 

Another approach developed by Compton uses direct detection of  a NP ox idation 
or reduction on the electrode surf ace during a collision (Fig. 5.8a).148 The charge 
passed during the spike response, calculated as the integral of  the spike current by 
time, is quantitatively related to the size of  the NP and theref ore size distributions 
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could be ex tracted f rom the amperometric measurements of  particle collisions. 
This method can be also used to study NP aggregation in time (Fig. 5.8b).  

F igure 5 . 8 . Direct method f or the detection of  nanoparticle collisions. a. Scheme of  the 
process occurring during a nanoparticle (Ag) collision. The nanoparticle is ox idised 
during the collision leading to the f ormation of  silver ions. Reproduced with permission 
f rom 150. Copyright ©  2012 Royal Society of  Chemistry. b. Determination of  the 
agglomeration state of  silver nanoparticles by calculation of  the charge per impact spike. 
Reproduced f rom 151 with permission f rom the PCCP Owner Societies. Copyright ©  2013 
Royal Society of  Chemistry. 

Collision-based electrochemistry is an important emerging f ield applied f or the 
detection and characterisation of  various single “ hard”  nanoparticles,152 detection 
of  biomolecules labelled with nanoparticles153 and f or investigation of  “ sof t”  
particles, such as micelles, emulsion droplets154 and other nanodroplets.155 In 
P aper V I I ,  we suggest f or the f irst time to apply the electrocatalytic amplif ication 
approach of  collision-based electrochemistry f or DET observation of  single 
enzyme molecules. (Fig 5.9). 

F igure 5.9.  a. Scheme of  collision-based electrochemistry applied f or the detection of  
DET f rom a single enzyme molecule b. The observed current responses f or individual 
laccase molecules. 
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Laccase was used as a model enzyme in our work. The basic idea is that if a laccase 
globule hits a gold ultramicroelectrode in the correct orientation then the electrode 
will turn over the enzyme and allow catalysis of the substrate – oxygen (Fig. 5.9). 
The observed spikes are due to DET between the enzyme active site and the 
electrode. The experimental data provides information for the calculation of 
enzyme turnover rates for single enzyme molecules and investigation of the factors 
influencing the efficiency of DET. The suggested approach can give some insights 
into the direct ET mechanisms and determine parameters that will facilitate DET 
in bioelectrocatalytic systems.  
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EXPERIMENTAL METHODS 

6.1 Immobilisation techniques 
Immobilisation in bioelectrocatalytic systems refers to biocatalyst retention in 
close proximity to the electrode surface while maintaining its catalytic activity. 
Generally, there are 4 main methods for enzyme immobilisation (Fig. 6.1): 
adsorption, entrapment, covalent bonding and cross-linking.156 Enzyme 
immobilisation on the electrode surface leads in most cases to the enhancement of 
its stability and the electron coupling between the active site and the electrode. The 
main immobilisation techniques and methods used in the thesis are briefly 
described in the following text.  

6.1.1 Main methods of immobilisation 
Adsorption 

Adsorption is the simplest and fastest way to construct a biocatalytic layer without 
significant structural changes of the enzyme globules. The enzyme globule can be 
held on the surface of the electrode via electrostatic interactions, Van der Waals 
forces or via the formation of covalent bonds.157 One of the main drawbacks of the 
adsorption method of immobilisation is the low operational stability of the 
immobilised layer due to enzyme release to the solution. To overcome this 
drawback layer-by-layer techniques are used.158 An additional protective layer that 
prevents the enzyme from leaching from the electrode surface then covers an 
enzymatic layer. However, such a layer usually decreases the biosensor sensitivity. 
Another disadvantage is the problem to establish effective electron 
communication. Direct adsorption of proteins on the electrode leads to electrode 
fouling due to a partial denaturation of the enzyme molecules and thus being 
adverse for DET.1 However, adsorption on a SAM modified electrode can improve 
direct electron communication (Fig. 5.1). In case of MET, adsorption is usually 
insufficient for the mediator immobilisation due to high mediator leakage. This 
method is used for mediated systems with the mediator in the solution or in a 
combination with other techniques for mediator immobilisation. 
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Entrapment 

Entrapment is a method of  immobilisation that ref ers to the enclosure of  enzyme 
molecules behind a membrane or in a gel or a polymer matrix . The main cons of  
this method are hindered dif f usion of  the substrate through the matrix  leading to 
reaction delay and possible loss of  bioactivity through pores in the matrix . The 
matrices commonly used include polyacrylamide, starch gels, nylon, silastic gels, 
conducting polymers, etc. The advantages of  the method are the possibility to 
include enzyme mediators in the same biocatalytic membrane 159 f or the MET 
establishment and a tuneable ion selectivity of  the membrane, which helps to avoid 
interf erences. 160 This immobilisation method is also used to support ef f icient 
DET. In this case, enzyme molecules are entrapped in conducting matrix es (Fig. 
5.2) 

Covalent bonding 

In this method, the bond occurs between a f unctional group of  the biomolecule and 
the support matrix  or the electrode. During the immobilisation, the f unctional 
groups of  the enzyme that provide catalytic activity should not be involved in the 
bonding. It requires mild conditions under which reactions are perf ormed. 
Covalent immobilisation of  biomolecules on the electrode surf ace provides high 
stability of  the biocatalytic layer .161 The main disadvantage of  the method is a high 
possibility to harm the catalytic activity of  the enzyme globule during 
immobilisation. 162 Covalent bonding to SAMs is of ten used to establish ef f ective 
DET (Fig. 5.1). Covalent attachment of  a mediator usually leads to less ef f icient 
MET than in case of  a dif f usional mediator. However, a proper design of  ET 
pathways can provide high electron transf er rates. 

F igure 6.1.  Schematic representation of  the main dif f erent methods of  enzyme 
immobilisation. E –  enzyme, P –  inert protein. Reproduced with modif ications f rom 76. 
Copyright ©  2011 Elsevier Inc.  
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Cross- link ing  

In this method, biomolecules are chemically bonded to each other or to a cross-
linking agent. The method is attractive due to its simplicity and strong stabilisation 
of  the adsorbed material. The main drawback is the possibility to lose enzymatic 
activity due to def ormation of  the enzyme at the active site. Glutaraldehyde is the 
mostly used agent f or cross-linking. The compounds used f or cross-linking could 
negatively af f ect the enzyme activity, especially at high concentrations.76 This 
method can be used only f or the enzyme immobilisation, so it should be combined 
with other methods f or the mediator immobilisation. The enzyme immobilisation 
by cross-linking is of ten combined with entrapment in carbon paste.76 

6. 1. 2 I mmobilisation methods used in the work  
S ol- gel process immobilisation f rom w ater- organic mix tures 

In P apers I -I V ,  enzyme entrapment in a sol-gel matrix  containing the hydrophobic 
mediator f rom a water-organic mix ture with a high content of  organic phase 104 
was used (see section 4. 1. 3 ). Aqueous solution of  the appropriate enzyme (GOx , 
or ChOx , or LOx ) was suspended in an isopropanol solution of  APTEOS 
containing PTZ. The resulting mix ture was applied with a syringe onto the working 
electrode to cover its entire surf ace and dried at 4° C (Fig. 6.2). 

 

F igure 6.2.  Scheme of  the sol-gel immobilisation process.  

ED C/ N H S  immobilisation 

In P aper V I ,  the enzyme laccase was covalently attached to the surf ace of  
microelectrode arrays f abricated and characterised in P apers I V ,  V  via N-ethyl-
N’ -(3-dimethylaminopropyl)carbodiimide/ N-hydrox ysulf osuccinimide 
(EDC/NHS) chemistry. EDC reacts with NHS and f orms an NHS-ester which 
allows conjugation with the amine groups on the surf ace of  the enzyme globule 
through f ormation of  the peptide bond.163 For EDC/NHS immobilisation of  
laccase, electrodes were f irst anodised to introduce ox ygen containing groups that 
can be used f or coupling with EDC (Fig. 6.3).  
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F igure 6.3.  Scheme of  the EDC/NHS immobilisation of  laccase on the surf ace of  the 
microelectrode array. 

6 . 2  El ec t ro c h em ic al  t ec h n iq u es   
Electrochemical approaches represent the basis of  the ex perimental techniques 
used in all papers and are theref ore discussed here in detail.  

6. 2. 1 Basic electrochemical principles  
At the electrode surf ace two main processes can take place: capacitive and 
Faradaic.164  

Capacitive process  

The electrode has some charge density, which occurs due to an ex cess or 
def iciency of  electrons at the electrode surf ace. In order to keep electrical neutrality 
of  the interf ace the electrolyte ions and solvent dipoles have to redistribute in such 
a way that the solution near to the electrode surf ace possesses an equal but opposite 
charge. This layer near to the interf ace is called the electrical double layer. The 
charge separation in the double layer creates a capacitor associated with a potential 
dif f erence across the interf ace and produces a capacitive current (I c): 

dt
dECI dlc              (6.1) 

where Cdl is the double layer capacitance. I c contributes to the total current 
measured in the ex periment but it is not related to the charge transf er process.164 

F aradaic process  

The f aradaic current is the result of  the electrochemical reactions on the electrode 
surf ace and heterogeneous ET at the electrode/solution interf ace. The charge 
transf er process with transf er of  electrons can be presented as f ollows: 

RneO              (6.2) 
where O is the ox idised species, R is the reduced species and n is the number of  
electrons transf erred.  



Experimental methods 
 

49 

The dependence of the electrode potential for the electrochemical reaction (6.2) on 
the activities (effective concentrations) of the oxidised (aO) and reduced (aR) 
species can be described by the Nernst equation:164 

R

O

a
a

nF
RTEE ln0 +=             (6.3) 

where R is the gas constant (8.3144621(75) J mol-1 K-1), T is the thermodynamic 
temperature, F is the Faraday constant (9.64853399(24) x 104 C mol-1). E0 is the 
standard electrode potential of the electrochemical reaction which is defined as the 
electrode potential of reaction (6.1) when a0=aR=1.164 

In electroanalytical experiments, it is usually more convenient to deal with 
concentrations (C) of the electroactive species rather than their activities, as a 
generalised quantitative parameter developed for non-ideal chemical systems. 
The activity coefficient γ relates the concentration of an ion to its activity 
according to following equation: 

Ca γ=              (6.4) 

Thus, the Nernst equation is more often used with concentrations:165  

R

O

C
C

nF
RTEE ln'0 +=              (6.5) 

where E0’ is called the formal potential. 

R

O

nF
RTEE

γ
γ

ln0'0 +=             (6.6) 

Electrode processes 

In the description of the electrode processes, it is necessary to consider the 
transport of species to the electrode surface as well as the electrode reaction itself. 
This transport can be provided by diffusion, convection or migration. In 
electroanalytical experiments, the conditions are chosen in such way that only 
transport by diffusion occurs. This leads to the scheme of electrode processes 
illustrated in Fig. 6.4. 

It is usually possible to divide electrode processes in processes controlled by 
diffusion and processes controlled by kinetics of the electrode reaction. This means 
that in the first case, the rate of mass transport to the electrode surface is the slowest 
step of the electrode processes and it determines the rate of the overall process. In 
the second case, diffusion is much faster than the electrode reaction and the rate of 
the process is determined by the electrode kinetics. Such considerations allow 
significant simplifications of the equations describing the electrode processes.  
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F igure 6. 4.  Scheme of  electrode processes.  

The electrode processes are of ten controlled by dif f usion, since the electrode 
reaction is usually very f ast compared to the dif f usion. Currents that are not 
controlled by dif f usion (steady-state currents) can be achieved with hydrodynamic 
electrodes (see section 6. 2. 6)  and with microelectrodes (see section 4. 2). 

6. 2. 2 Experimental set-up 
For all electrochemical techniques the same ex perimental set-up, described below, 
was used. 

Electrochemical cell 

The current is determined by the rate of  an electrochemical reaction at the working 
electrode. According to the law of  energy conservation, the same current must f low 
through a counter or auxiliary electrode. Thus, an electrochemical ex periment 
requires an electrochemical cell (Fig. 6.5), a vessel with electrolyte in which two 
independent electrodes are placed and linked with a measuring device through the 
ex ternal wires to f orm an electrical circuit. Thus, the chemical processes occurring 
in the cell might be studied and controlled by the measuring device. If  the redox  
reaction in the cell can occur spontaneously, the cell is called a galvanic cell. If  
the redox  reaction in the cell occurs as a result of  applied chemical energy, the cell 
is called an electrolytic cell. 

In electrochemical ex periments, the reaction on the aux iliary electrode is usually 
unknown and is not rate determining. Theref ore, the dependence of  the electrode 
potential-current on this electrode cannot be used f or determination of  
thermodynamic parameters. Hence, classical electrochemical ex periments require 
a third electrode, a reference electrode. Current is not normally allowed to f low 
through the ref erence electrode and the electrode is made in such way that its 
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potential is constant and stable. Since the potential of  the working electrode is 
always measured relative to the ref erence electrode, the electrochemical reaction 
on the ref erence electrode can theoretically be considered as a counterpart. The 
potential of  the ref erence electrode is measured relative to the standard hydrogen 
electrode (SHE) potential, which is chosen as the zero level.166  

In the simplest ex periments, the cell has a two- or a three-electrode conf iguration. 
In my work, a two-electrode conf iguration was used f or the self -powered biosensor 
characterisation in P aper I I I , as it is the standard conf iguration f or BFCs. For all 
other electrochemical measurements, a three-electrode cell was used. A 
potentiostat was used to control the applied potential and record the current on the 
working electrode. 

 

F igure 6. 5 .  Scheme of  the electrochemical cell.  

W ork ing electrodes 

The working electrodes used in this work were made of  carbon and gold (Fig. 6.6). 
Carbon is arguably the most widely used material f or construction of  
bioelectrocatalytic systems.167. Even though carbon materials have been 
ex tensively studied in the past as electrode materials in electrochemistry, recent 
innovations in material science of  carbons brought them to light again as materials 
f or biosensor construction. Screen-printed carbon macrostructures (P apers I -V I ), 
carbon microelectrodes (P aper I V -V I ) and carbon electrodes with large surf ace 
area (P aper I I I ) possess particular advantageous properties compared with the 
graphitic carbon electrodes used in the early 1990s and enabled development of  
novel bioelectrocatalytic systems. In P aper V I I  gold microelectrodes were used 
f or detection of  DET of  individual enzyme molecules since they possess low 
background noise compared to carbon electrodes, due to higher surf ace 
smoothness.  
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F igure 6. 6.  Working electrodes used in the work. a. Scheme of  the screen-printed three-
electrode system. b. Photo of  glassy carbon electrode. c. Photo of  gold microelectrode. 
d. Photo of  screen-printed graphite microband array. e. Photo of  carbon cloth electrode. 

6. 2. 3  P otential sweep techniq ues 
Potential sweep techniques are based on scanning a chosen region of  potential and 
measuring the resulting current due to the electrode processes.  

Linear-sweep voltammetry 
If  we perf orm linear-sweep voltammetry (LSV) f or investigation of  the reaction 
(6.2) and assume that this reaction is reversible (an assumption used in the 
reactions investigated in this work), the potential of  the working electrode should 
be swept f rom value E1 at which O cannot undergo reduction to a potential E2, 
where the reaction occurs rapidly. Fig. 6.7 shows the scheme of  the potential 
sweeping and the corresponding current response.  

The current response has a peak-shaped f orm. The current starts to rise when the 
potential reaches the value at which electrode reaction can occur. Due to f ast 
electrode reaction at potentials higher than this initial potential and slow dif f usion 
of  electroactive species, the current f inally decreases as a result of  depletion 
(dif f usion limitation).168 The peak current in LSV can be described by the Randles-
Sevcik equation:168  

2
1

4663.0
R T

nF vDnF ACI p            (6.7) 

where n is the number of  electrons transf erred, A is the electrode surf ace area, D  is 
the  dif f usion coef f icient of  the electroactive species, C is the  concentration of  the 
electroactive species in solution f ar f rom the electrode surf ace and v is the  scan 
rate. 
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F igure 6. 7 .  Linear sweep voltammetry. a. The potential sweep. b. Corresponding current 
response f or the reaction (2.1).  

LSV at low scan rates was applied f or the determination of  the OCP and the rate-
determining counterpart of  the self -powered biosensor in P aper I I I  (polarisation 
curve) and f or qualitative characterisation of  direct and mediated 
bioelectrocatalysis ef f ectiveness on laccase-modif ied microelectrodes in 
comparison with commonly used carbon macrostuctures in P aper V I . 

Cyclic voltammetry 
Cyclic voltammetry (CV) can be described as an ex tension of  LSV. When the 
potential reaches the value E2, the direction of  the sweep is reversed and the 
potential is scanned back to the value E1. Fig. 6.8 illustrates the potential sweeping 
and the resulting cyclic voltammogram of  the process.  

 

F igure 6. 8 .  Cyclic voltammetry. a. The potential sweep. b. Corresponding cyclic 
voltammogram f or the reaction (2.1). 

For a reversible electrode reaction, the peak current in CV can be described by the 
Randles-Sevcik equation as f or LSV, eq. (6.7). The peak currents of  the f orward 
and reverse scans have the same magnitude and the peak to peak separation is 
described by:168 

nF
R TEE red

p
ox

p 218.2             (6.8) 
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Er1/2, the half -wave potential (Fig. 6.8), i.e. the potential in the middle of  the peaks, 
is an important characteristic as it is related to the f ormal potential of  the reaction 
E0’ :164 

s

O

Rr

D
D

nF
R TEE ln'0

21             (6.9) 

where D R  and D O are the dif f usion coef f icients of  the reduced and ox idised f orms, 
respectively;  s =  1/2 f or stationary electrodes in stationary solutions, s =  1 f or 
microelectrodes, s =  2/3 f or hydrodynamic electrodes (rotating disk electrode).164  

Er1/2  of  the CV can be calculated f rom the potentials of  the peaks: 

2
21
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p
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pr EE

E           (6.10) 

CV was used f or determination of  the PTZ dif f usion coef f icient in the silox ane gel 
f rom the Randles-Sevcik equation and f or investigation of  the catalytic ef f ect in 
P aper I . In P aper I I ,  the dif f usion coef f icient of  PTZ in acetonitrile, and the 
catalytic constant f or the enzymatic reaction, k s, was calculated f rom data of  CV 
measurements using the Nicholson-Shain equation:169  

2

p

c
sf i

iaG O xkk          (6.11) 

where a= nF v/ R T , v is the scan rate, n is the number of  electrons transf erred, ic and 
ip are the catalytic and peak currents of  the mediator measured f rom CV b and a in 
Fig. 6.9, respectively. Plots of  (ic/ ip)2 = k f / a vs 1 / v f or dif f erent concentrations of  
enzyme allows determination of  k f , a pseudo-f irst-order rate constant. Finally, a 
plot of  k f  vs concentration of  the enzyme is used to calculate k s. 

 

F igure 6.9.  Typical cyclic voltammogram of  a mediator. a –  No enzymatic reaction 
occurs. b –  Mediator response as a result of  an enzymatic reaction. 
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Also in P aper I I  voltammetry was used to assess enzyme stability in a water-
acetonitrile solution. In P aper I V -V I ,  CV measurements were employed f or 
characterisation of  microelectrodes, where, in P apers I V  and V I ,  measurements 
under f aradaic and in P aper V ,  under capacitive conditions, were perf ormed.  

6. 2. 4 D ifferential pulse voltammetry 
Dif f erential pulse voltammetry can be considered as a derivative of  linear sweep 
voltammetry. In DPV the potential applied to the working electrode has a f orm as 
shown in Fig. 6.10a. DPV measures the dif f erence between the currents sampled 
bef ore and at the end of  a pulse. The current dif f erence plotted against the sweeping 
potential yields a dif f erential voltammogram f eatured with a peak-shaped response 
of  the electrode reaction (Fig. 6.10b). The potential of  the peak is related to the 
half -wave potential (see LSV):164 

22
1

EEE r
p           (6.12) 

where ΔE is the pulse amplitude. The peak current (I p) can be described as f ollows: 

1
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CnF ADI          (6.13) 
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nF           (6.14) 

where tm is the sampling time and C is the concentration of  the electroactive 
species.  

 

F igure 6. 10.  Dif f erential pulse voltammetry. a. The variation of  the applied potential. b. 
Current response. 

The dependence of  the peak current on the concentration can be used f or 
characterisation of  the analytical perf ormance of  an electrode. DPV is more 
sensitive than LSV and CV in terms of  detection of  electroactive species as it 
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allows contributions of  the capacitive current due to measurements of  current 
dif f erence to be eliminated. 

DPV was used in P aper I V  to demonstrate electroanalytical perf ormances of  the 
screen-printed microband arrays with dif f erent geometries and with ascorbic acid 
detection as an ex ample. In P aper V I ,  DPV was applied f or the detection of  
ox ygen groups introduced during anodisation of  carbon electrodes.  

6. 2. 5  P otential step chronoamperometry 
Being a complementery approach to potential sweeping techniques, 
chronoamperometry measurements, where the current is sampled while the 
potential of  the working electrode is instantly stepped between the values E1 and 
E2 f or the reaction (6.2) (Fig. 6.11a), of f er time-resolved voltammetric data. 

Immediately af ter the step, a large current is detected which f alls with time due to 
depletion of  the electroactive species near the electrode surf ace (Fig. 6.11b). The 
Cottrell equation describes the dependence of  the current response on time f or 
electrodes with planar dif f usion:168 
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where [ O ]  is the bulk concentration of  O (eq. (6.2)). 

 

F igure 6. 11.  Chronoamperometry. a. The variation of  the applied potential. b. Current 
response. 

Double step chronoamperometry is a commonly used multistep technique. In this 
case, the working electrode is f irst held at an initial potential. Then it is stepped to 
a specif ic potential f or a period of  time. Af ter the f irst step, the potential is stepped 
back to the initial potential. 

Chronoamperometry was used in P apers I I , I I I  and V I  f or evaluation of  the 
analytical perf ormances of  GOx , LOx , ChOx  based biosensors, the self -powered 
biosensor and laccase-based biosensor, respectively. Double potential step 
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chronoamperometry was employed f or the investigation of  the ET process between 
the enzyme and PTZ in P aper I I . In P aper I V  and V ,  amperometry was applied 
to calculate the surf ace area of  microelectrodes. In P aper V I I ,  chronoamperometry 
was used to observe DET between single enzyme globules and an electrode during 
collisions. 

6. 2. 6 M easurements on hydrodynamic electrodes 
Hydrodynamic electrodes are electrodes with the mass transport process 
dominated by convection. There are two common types, the rotating disk electrode 
and the wall-jet electrode. 

Rotating disk electrode  
The rotating disk electrode (RDE) used in this work is a glassy carbon disk 
electrode in a plastic cylinder which can rotate at various constant speeds. The 
Reynolds number, a parameter, which allows to judge whether the f low is turbulent 
or laminar, f or a RDE is given by168 

v
rc

2

Re            (6.15) 

where rc is the radius of  the cylinder, ω is the angular f requency and v is the 
viscosity of  the solution. If  the Reynolds number does not ex ceed 105 the f low in 
the solution is laminar (Fig. 6.12a). Laminar f low in the cell is a required condition 
f or RDE electrochemical measurements. 

 

F igure 6. 12.  RDE measurements. a. Illustration of  laminar f low. b. Current-potential 
curves of  PTZ recorded in acetonitrile solution at dif f erent rotating rates.  

Fig. 6.12b shows typical voltammograms obtained f or a rotating disk electrode. In 
contrast to LSV or CV measurements on stationary electrodes, no peaks are 
observed f or the RDE. The current, and theref ore the reaction rate does not 
decrease with increasing potential as there is no depletion ef f ect on the RDE. The 
current is maintained by a convective f low of  electroactive species to the electrode 
surf ace and controlled by the mass transport. This mass transport-limiting current 
is given by Levich equation:170 
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where C is the concentration of  electroactive species and v is the viscosity of  the 
solution. 

The Levich equation was used in P aper I I  f or the determination of  the dif f usion 
coef f icient of  PTZ in acetonitrile solutions. 

RDE voltammetry is a convenient tool f or kinetic studies of  electrocatalytic 
reactions. The value of  the ET rate constant, k s, f or eq. 4.2 can be determined using 
the f ollowing equation:171 
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where I cat is the limiting current measured in presence of  the catalytic reaction and 
I L  is the limiting current measured in absence of  the catalytic reaction. 

RDE voltammetry was used in P aper I I  f or the calculation of  the catalytic rate 
constant of  the mediated process f or PTZ and GOx  in acetonitrile. 

Wall-jet electrode 

The wall-jet electrode used in this work was a screen-printed electrode placed in a 
f low-injection system so that a f ine jet of  solution ran into the centre of  the 
electrode and spread out radially (Fig. 6.13a,b). As can be seen f rom Fig. 6.13a, 
only the solution f rom the incoming jet can reach the electrode surf ace. In f low 
injection systems, the analyte contacts the electrode only f or a short time af ter 
injection and this leads to a peak-shaped response (Fig. 6.13c). 

 

F igure. 6. 13 .  Wall-jet electrode measurements. a. Flow pattern. b. Scheme of  f low-
injection system. c. Current response observed in the system. 
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The flow for a wall-jet electrode is usually not completely laminar like in the case 
of the RDE, and this leads to a more complicated dependence between current and 
concentration. However, the current is proportional to the concentration of the 
electroactive species and the technique can therefore be used for electroanalysis. 

A flow injection system was used for characterisation of the analytical 
performance and stability of glucose biosensors in Paper I. 

6.2.7 Impedance spectroscopy 
Impedance spectroscopy is a powerful technique for investigation of electrical 
properties of electrode materials and interfaces of the electrodes. The impedance 
is a complex parameter of the cell when an alternating voltage is applied:166 

'''

)(
)( jZZeZ

tI
tUZ j +=== θ                        (6.18) 

where U(t)=Umsin(ωt) is an alternating voltage with amplitude Um applied to the 
electrode, I(t)=Imsin(ωt-θ) is the resulting current with amplitude Im, θ is the phase 
difference between the voltage and current, Z´ and Z´´ are the real and imaginary 
part of the impedance, respectively, and 

2
1

)1(−=j            (6.19) 
Z´ is the normal resistance while Z´´ is called the reactance. The conductance is 
the inverse of the resistance. In analogy, the admittance Y is often used in 
impedance spectroscopy and it is related to the impedance by:166 

'''1 jYY
Z

Y +==           (6.20) 

The most common way to perform impedance measurements, used in Papers III 
and V, is a frequency analysis. Signals with different frequencies are applied and 
the amplitude and phase shift, or real and imaginary parts of the response signal 
are measured. The impedance data are usually presented in the complex plane plots 
as –Z´´ vs Z´ (Nyquist diagram) (Fig. 6.14b) or Y´´ vs Y´. A plot of the frequency 
normalised admittance components Y´/ω vs Y´´/ω is frequently used for 
investigation of non-faradaic (capacitive) processes.  

Electrochemical systems can be modelled by series and parallel configurations of 
resistors and capacitors (Fig. 6.14a shows an example). The admittance of this 
particular system can be expressed as: 

)1(11
dl

ps

Cj
RR

Y ω++=          (6.21) 

where Rs and Rp are the solution and polarisation resistances, respectively, ω is the 
angular frequency and Cdl is the double layer capacitance. Parameters of the 
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equation can be determined f rom the impedance data plotted in the complex  plane 
(Fig. 6.14b). 

Impedance spectroscopy was used in P aper I I I  f or the investigation of  blood cell 
absorbance on the surf ace of  a f ilament carbon cloth electrode. It was also applied 
in P aper V  f or characterisation of  the double layer capacitance dependence on the 
applied potential. 

 

F igure. 6. 14.  Impedance spectroscopy. a. Simplest equivalent circuit, b. Nyquist diagram 
f or the circuit (reproduced with modif ications).172  

6 . 3  S pec t ro ph o t o m et ry   
Spectrophotometry is a method of  analysis based on measurements of  the 
ref lection or transmission of  U V or visible light by a sample. Transmittance, T , is 
def ined as the ratio of  the intensity of  the transmitted light, I , to the intensity of  the 
incident light, I 0 , according to: 

𝑇𝑇 = 𝐼𝐼
𝐼𝐼0

           (6.22) 

Absorbance, A, is def ined as: 

𝐴𝐴 = − lg𝑇𝑇           (6.23) 

The technique relies on the f undamental Bouguer-Lambert-Beer law: 

𝐴𝐴 = 𝜀𝜀𝜀𝜀𝜀𝜀            (6.24) 

where ε is the molar ex tinction coef f icient or molar absorptivity, which is constant 
f or a given molecule at given temperature and wavelength;  l is the light passage 
length;  c is the concentration of  absorbing molecules.165 

Spectrophotometry is a standard technique to study enzyme kinetics.19 It was 
applied in P apers I -I I I , V I  and V I I  to determine enzyme activity. To characterise 
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enzyme activity using spectrophotometry one should use some coloured 
compounds that are associated with the enzymatic reaction, for example, the 
product of the enzymatic reaction or the substrate. Spectrophotometric 
measurements are performed at a fixed wavelength – the maximum absorbance for 
this coloured compound. First, the saturation kinetics of the enzyme is examined. 
For this the enzymatic reaction is carried out using various concentration of the 
substrate at a fixed enzyme concentration to plot a Michaelis-Menton graph (see 
section 2.2.2). The plot can be used to determine KM and Vmax values. Once the KM 

value is known, the spectrophotometric experiment with a fixed concentration of 
the enzyme and a concentration of the substrate well above KM is performed. The 
obtained kinetic data of absorbance changes with time are used to calculate enzyme 
activity in units, considering that one unit is defined as the amount of enzyme that 
produces one micromole of product per minute.19 
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SUMMARY OF THE PAPERS INCLUDED 

The work presented in this thesis is focused on the development of new approaches 
to facilitate ET in bioelectrocatalytic systems based on mediated and direct ET 
mechanisms. 

Review Paper: Bioelectrocatalytic systems for health applications 
In the review article, an overview of bioelectrocatalytic systems for in vitro health 
applications is presented. Some recent trends in biosensing technology, such as 
microelectrode- and microfluidic-based devices, paper-based point-of-care 
devices and wearable sensing systems with their limitations and perspectives in 
development are discussed. The ET mechanisms in bioelectrocatalytic systems and 
approaches to facilitate it, including well-known methodologies as well as the key 
recent findings in this area, are outlined. 

Papers I-III: A new hydrophobic mediator 
Papers I-III are focused on studies of a new hydrophobic mediator for oxidases – 
unsubstituted phenothiazine. In Paper I, various hydrophobic azines were 
investigated as possible mediators for oxidases. A new co-immobilisation 
procedure to incorporate a water insoluble mediator and a hydrophilic enzyme 
molecule in the same membrane was developed. The mediator and glucose oxidase 
was immobilised in a sol-gel membrane from a water-organic mixture with a high 
content of organic solvent. Among the studied compounds, only the enzyme 
containing membrane with phenothiazine as the mediator showed catalytic 
response. In Paper II, the kinetic properties of the new mediator were studied 
using various electrochemical techniques: cyclic voltammetry, rotating disk 
electrode measurements and double-step chronoamperometry. The data revealed 
that phenothiazine functions as an efficient mediator for oxidases. Combination of 
the new mediator and the immobilisation procedure resulted in increased stability 
of the system and at the same time in the establishment of effective electron 
communication. The application of the developed strategy for the construction of 
glucose, lactate and cholesterol oxidase-based biosensors was demonstrated. The 
efficient bioelectrocatalytic technologies developed in Papers I and II have been 
utilised for the fabrication of an analytical device available for autonomous 
measurements, a self-powered biosensor, presented in Paper III. The anodic and 
cathodic counterparts of the self-powered biosensor were based on ChOx 
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immobilisation into a sol-gel matrix on carbon cloth electrodes. Mediated 
biocatalytic cholesterol oxidation was used as the anodic reaction and 
electrocatalytic reduction of hydrogen peroxide on Prussian Blue as the cathodic 
reaction. Due to a synergetic effect, the characteristics of the self-powered 
cholesterol biosensor exceeded the combined analytical parameters of the single 
counterparts. The application of the biosensor for free cholesterol detection in 
plasma was demonstrated and results showed correlation with the standard method 
of colorimetric cholesterol quantification.  

Papers IV-VI: A microband array as a transducer 
Papers IV-VI are dedicated to the development of a simple and versatile platform 
for scalable fabrication of electrochemical devices with advanced characteristics, 
including ET, due to improved diffusion of an analyte and application of the 
platform for biosensing. In Paper IV, a simple approach for the production of 
graphite microband arrays suitable for automated electrode recovery was 
developed. Arrays of microband electrodes were produced by screen-printing 
followed by scissor cutting, which enabled the realisation of microband arrays at 
the cut edge. In Paper V, the effect of the surface roughness introduced by cutting, 
on the electrochemically active surface area of the microbands under conditions of 
convergent diffusion was considered. It was shown that the current response 
obtained under Faradaic conditions was insensitive to the roughness of the 
microelectrodes. The microelectrode arrays developed and characterised in Papers 
IV and V were used as a platform for the development of the substrate recycling 
bioelectrocatalytic system in Paper VI. An enzyme, laccase, was covalently 
attached via EDC/NHS chemistry to microband arrays activated by anodisation. 
Mediated laccase bioelectrocatalytic oxidation of phenols was studied on the 
fabricated microelectrode arrays and compared with macroscale graphite 
electrodes. The reduction of the dimensions of the transducer led to improved 
analytical performance of the biosensor due to nonlinear diffusion, which resulted 
in facilitation of ET in the system. Moreover, the utilisation of microelectrodes 
allowed the analysis to be performed in weakly supported media without additions 
of an electrolyte, and this is especially advantageous for water analysis. The 
microbiosensor developed in Paper VI showed fast responses towards catechol 
additions to tap water. This enhanced laccase-based microsensor was used for 
water quality monitoring and its performance for total phenol analysis of 
wastewater samples from different stages of the cleaning process was compared 
with the results of a reference method. 

Paper VII: Investigation of direct electron transfer from a single enzyme 
molecule 

Paper VII describes a new approach for the investigation of DET and factors 
affecting its efficiency at a single enzyme molecule level. The electrocatalytic 
amplification approach of collision-based electrochemistry was applied for the 
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DET observation from single enzyme molecules. Laccase was used as a model 
enzyme. When a laccase globule collides with a gold ultramicroelectrode in the 
correct orientation, then the electrode will turn over the enzyme and allow catalysis 
of the substrate – oxygen. The observed current response in the shape of spikes 
due to DET between the active site of the enzyme and the electrode, allows the 
enzyme turnover rates for single enzyme molecules to be calculated and the factors 
influencing the efficiency of DET to be investigated. Influence of the applied 
potential and additions of inhibitor on the observed rates of DET was studied. The 
methodology is applicable to other redox enzymes with high catalytic activity and 
allows single enzyme molecules to be studied electrochemically. The suggested 
approach can give some insights into direct ET mechanisms and determine 
parameters that will facilitate DET in bioelectrocatalytic systems. 
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OUTLOOK 

I hope that some of the results from this thesis may contribute to the development 
of inexpensive integrated biosensing systems suitable for real-life applications, 
such as personal diagnostics, pharmacology, food safety and environmental 
monitoring.  

For example, the self-powered biosensor developed as a result of efficient 
bioelectrocatalytic technologies suggested in this work, having the double function 
of analytical device and a power supply, represents a promising approach for 
construction of fully integrated cheap platforms for point-of-care diagnostics in the 
format of paper-based systems or wearable biosensors. The combination of self-
powered biosensors, as an alternative or supplementary power supply, with 
electrochemical paper-based analytical devices towards fully integrated systems, 
will help to reduce the cost of such devices, thus making them attractive for 
applications in resource-limited conditions. Extension of power supplies for 
wearable biosensors to those capable of power generation directly from biological 
fluids on the wearer’s body, such as self-powered biosensors, could bring further 
development of wearable sensors towards fully autonomous devices that can be 
integrated in body sensors and biosensor networks or “electronic skin”.  

Another example of work in this thesis that may be readily applied is the simple 
platform for scalable fabrication of electrochemical microelectrode-based 
bioelectrocatalytic systems.  The improved performance demonstrated shows that 
these systems have potential for the construction of miniaturised devices for 
detection of low concentrations of analytes with high sensitivities, e.g. in water 
analysis, cell metabolism analysis or when sample volume is limited, e.g. in tears, 
saliva, sweat, etc. The combination of miniaturised biosensors with smartphone-
based analysing platforms is a rapidly growing trend in biosensor technology. Such 
systems may boost the availability and accessibility of diagnostic testing, 
especially in developing countries.  

I believe the new approach for investigation of ET processes at a single enzyme 
molecule will complement existing single molecule techniques, giving further 
insights into enzymatic ET mechanisms at the molecular level. Understanding of 
the ET pathways will help to design more efficient bioelectrocatalytic systems by 
tuning the redox potential of enzymes and their turnover rates. In addition, it will 
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introduce the basis for a future generation of electrocatalysts based on enzyme 
mimics (i.e. artificial enzymes) that possess as high turnover rates as enzymes, but 
at the same time are more stable. Moreover, it has fundamental importance in 
providing molecular level understanding of the enzyme disorder related diseases 
for development of new drug design and medical devices, since a significant 
number of drugs work as enzyme inhibitors. In order to create effective inhibitors 
with a specific effect, understanding of enzymatic electron transfer mechanisms is 
required.  
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