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SUMMARY 
 

In the present work, gas diffusion electrode (GDE)-based electro-enzymatic syntheses were 

investigated using the enzymes chloroperoxidase from Caldariomyces fumago (CfuCPO) and 

an evolved version of the unspecific peroxygenase from Agrocybe aegerita (AaeUPO PaDaI). 

Both enzymes use H2O2 as the reduction equivalent which, however, leads to their irreversible 

inactivation at elevated concentrations. Electrochemical in situ H2O2 supply can minimize this 

inactivation.  

In the first part of this work, this effect was studied with the electro-enzymatic hydroxylation 

of ethylbenzene to 1-phenyl ethanol using AaeUPO PaDaI. As a first step, a suitable glass 

reactor was developed, which allows for easy handling at an as small as possible volume. 

Furthermore, after first tests, it was determined that in all further experiments a fresh GDE 

from pressed VulcanXC72 with 50 % PTFE should be used. Also, it was investigated which 

reaction media would offer the best compromise for the electrochemical as well as the 

enzymatic reaction. Further experiments were finally performed in 100 mM KPi with 3 % vol 

acetone at pH 7. Current densities between -5 and -30 mA cm-2 were tested, whereby the 

current efficiency relating to H2O2 reached 65 % to 78 %. At -10 mA cm-2 the highest total 

turnover number (TTN) of 401,916 molproduct molAaeUPO
-1 with a corresponding space time yield 

(STY) of 13.2 g L-1 d-1 was reached. At -25 mA cm-2 the highest STY of 26 g L-1 d-1 with a 

corresponding TTN of 266,234 molproduct molAaeUPO
-1 was reached. These values do not exceed 

the literature-reported benchmarks, nevertheless, they come very close. The combination of 

high TTNs and STYs has not been reported in literature to date. 

In the second part of this work, a continuous electro-enzymatic system was investigated with 

the chlorination of monochlorodimedone (MCD) to dichlorodimedone (DCD) using CfuCPO. 

Investigations with a PET fabric-based CfuCPO immobilisate were not continued due to high 

enzyme leaching. In further experiments, enzyme retention using a dialysis tube was 

implemented. The continuous conversion was performed at a flow rate of 0.5 mL min-1 and 

current densities of -0.55 mA cm-2 and 1.1 mA cm-2. Under those conditions, a STY of 1.2 mg L-

1 h-1 and 1.06 mg L-1 h-1 was reached, respectively. These yields are less than 1 % of the yields 

reached with a comparable literature-reported batch system. 
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1. INTRODUCTION 

1.1  Biotechnology and Biocatalysis 

This work can be classified as a biotechnological work. So, what is biotechnology? According 

to the OECD, biotechnology is  

“[…] the application of science and technology to living organisms, as well as parts, products 
and models thereof, to alter living or non-living materials for the production of knowledge, 

goods and services.” [1] 

As this is a very wide definition, the use of a colour code has been established for the 

description of the different fields of biotechnology. The four most known colours are [2]: 

 Blue Biotechnology: Technologies related to marine and aquatic processes.  

 Green Biotechnology: Technologies related to agriculture processes.  

 Red Biotechnology: Research and processes related to medicine and medical 

processes.  

 White Biotechnology: Technology related to industrial processes.  

The present work is located in the field of white biotechnology (also referred to as industrial 

biotechnology). White biotechnology uses enzymes and microorganisms to make bio-based 

products in sectors such as chemicals, food and feed, detergents, paper and pulp, textiles and 

bioenergy [3].  

Using enzymes in industrial production is not a recent development. In fact, already around 

the year 5000 B.C., the protease chymosin (found in the stomach of unweaned calves) was 

unwittingly used for the production of cheese [4]. In the 7000 years to follow, scientific 

discoveries – ranging from the first observation and description of bacteria (A. van 

Leeuwenhoek, 1675 [5]) via the first discovery and isolation of an enzyme (amylase, A. Payen, 

1833 [6]) to initial attempts to describe the mechanism of enzymatic catalysis (E.H. Fischer, 

1894) – paved the way for the rational use of enzymes in industry.  

At the beginning of the 20th century, Otto Röhm patented the first industrial application of an 

enzyme. He used porcine pancreatic trypsin as an ingredient of a novel leather bating agent 

[7]. The subsequently founded „Röhm company“ also produced the first laundry detergent 
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with enzymatic constituents (“Burnus”, 1913-1915) [8]. In 1960, Novo Industry started the first 

large-scale production of proteases for laundry detergents [9].  

Scientific discoveries in the field of genetic engineering (e.g. invention of PCR – K.B. Mullis, 

1988 [10]) created new opportunities for the application of enzymes – such as the conversion 

of non-natural substrates or enhanced stability under process conditions. Starting in the mid 

and late 1990s, further advancement in protein and genetic engineering, like directed 

evolution, gene synthesis, bioinformatics tools and computer modelling, are now again lifting 

protein engineering to a completely new level.  

Nowadays there are manifold industrially relevant substances that are produced by 

biocatalysis with isolated enzymes (Table 1).  

 

Table 1. Examples of biocatalysis with isolated enzymes on industrial scale [8]. IMER = immobilized 
enzyme reactor; tpy = tons per year. 

Production 
scale [tpy] 

Product Enzyme Reactor Company 

     

> 1 000 000 High-fructose corn syrup 
 

Glucose 
isomerase 

Fixed-bed, 
IMER 

Various 

> 100 000 Lactose-free milk Lactase Fixed-bed, 
IMER 

Various 

> 10 000 Acrylamide Nitrilase Batch 
reactor 

Nitto Co. 

> 1 000 (S)-Chloropropionic acid Lipase 3-Stage 
batch 

Dow Chemical 

 L-Aspartate Aspartase Fixed-bed, 
IMER 

Various 

 D-Pantothenic acid Aldono-
lactonase 

3-Stage 
batch 

Fuji 
Pharmaceuticals 

> 100 Ampicillin Penicillin 
amidase 

Stirred 
IMER 

DSM-Gist 
Brocades 

 (S)-Methoxyisopropylamine Lipase Repeated 
batch 

BASF 

 (R)-Mandelic acid Nitrilase Batch 
reactor 

BASF 
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The utilization of enzymes offers many advantages over the classical chemical synthesis. Table 

2 lists some typical properties of enzymes or biocatalytic processes and points out the 

advantages resulting thereof.  

 

Table 2. Properties of enzymes or biocatalytic processes and the related advantages resulting 
thereof [8]. 

Property Advantage 
  

High selectivity 
 regioselectivity 
 stereoselectivity 

 

 low amount of by-products  
 easier downstream processing 
 allows for specific transformation of complex 

substrates with polyfunctional groups  
(e.g. carbohydrates) 
 

Usually mild reaction conditions 
 ambient temperature 
 atmospheric pressure 
 neutral pH 
 aqueous reaction medium 

 

 low energy consumption 
 safer handling  
 easier disposal 

 

Biodegradability  easier disposal 

Non-toxicity  safer handling 
 easier disposal 

 

The biggest advantage is certainly the often unsurpassed regio- and stereoselectivity of 

enzymes. But also, the ecological benefits arising from the usually mild reaction conditions 

and the avoidance of toxic metals and hazardous solvents are extremely convincing arguments 

pleading for the advantageousness of biocatalytic processes over chemical synthesis.  

Despite all the advantages, biocatalysis is still facing challenges (Table 3). The biggest issues 

are the need for increased catalyst stability and selectivity as well as substrate range. But those 

challenges are sure to be overcome in the future, as the scientific community is continuously 

working on solutions, approaching the problems from two sides: the protein- as well as the 

process engineering side.  
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Table 3. Challenges that biocatalysts are still facing and examples for some solution approaches.   

Challenge Solution approaches (account for all challenges) 
  

Often inactivated by 
 high temperatures 
 extreme pH 
 high salt concentration 
 (polar) organic solvents 
 gas-liquid interface 
 covalent interactions 

 

Protein engineering e.g. 
 distinct point mutations 
 random mutagenesis 
 directed evolution 

 
Process engineering e.g. 

 in situ substrate production 
 in situ product removal 
 cofactor recycling/replacement Often inhibited by 

 substrate 
 product  

 
Often cofactor needed 

1.2  Application of Gas Diffusion Electrodes in Bioelectrochemical Syntheses  

In order to reduce material and energy consumption in biocatalytic processes, an increase in 

efficiency and flexibility of the existing production routes is necessary. The integration of 

biotechnological and electrochemical reaction steps allows for novel processes with improved 

performances. In general, electrochemistry deals with the interaction of electrical current or 

voltage and chemical reactions. Electrical energy is applied to either drive a desired chemical 

reaction (electrolysis, ΔG > 0) or the other way around: a chemical reaction takes place and 

chemical energy is converted into electrical energy (galvanic cell, ΔG < 0).  

It is noteworthy that electrochemical reactions in aqueous systems (as it is usually the case in 

bioelectrochemical systems) always take place in the “window” between H2- and  

O2-development – the classical water electrolysis.  

cathodic:  4 H3O+ + 4 e− → 2 H2 + 4 H2O  

anodic:  4 OH− → O2 + 2 H2O + 4 e−  

In bioelectrochemical systems, a biocatalyst is involved in the reaction cascade. The catalyst 

could be a complete living microorganism or an isolated enzyme. Like in conventional 

electrochemical systems, in bioelectrochemical systems electrolysis and galvanic cells can be 

realized, too. Biofuel cells generate current from biocatalytic reactions, but also the inverse 

approach exists – when valuable products are synthesized by the combination of electro- and 
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biochemistry. An overview of the various bioelectrochemical devices using a special electrode 

type, namely gas diffusion electrodes (GDEs), which is also the focus of this work, is given in 

Figure 1. 

 

Figure 1.  Overview of the different bioelectrochemical application fields for GDEs. The most typical 
application method of GDEs is described for the different fields, respectively.  

 

Combining bio- and electrochemistry is quite attractive since the advantages of the two fields 

allow for energy and resource efficient process design. Electrochemical processes are atom 

efficient. Since electrons are provided as redox equivalents at the electrodes instead of 

chemicals, no unnecessary side products are formed. To date, one limiting factor for industrial 

implementation of bioelectrochemical systems is their low productivity. A reason for this is 

that electrode reactions are heterogeneous processes and their productivity is directly 

proportional to the electrochemically active surface area. The main requirements for the 

technical use of bioelectrochemical processes are: an adequate electrode surface-to-volume 

ratio, biocompatible surfaces, scalable systems, low-cost and long-term stability of all 

components and the absence or reduction of consumables [11]. 
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Figure 2. Exemplary microscopic scheme of a GDE with distinct catalytic and diffusion layer. Note that 
there exist several types of structural arrangements for GDEs such as woven textiles, nonwoven felt, 
foam or carbon paper and in many cases, there is no distinction of catalytic and diffusion layer.  

 

This chapter focuses on the use of GDEs in bioelectrochemical systems. GDEs are typically used 

in non-biological alkaline and proton exchange membrane fuel cells, but it is noteworthy that 

today, GDEs are not only used in fuel cells but also in other processes like e.g. the 

chloroalkaline electrolysis [12]. A fuel cell consists of an electrolyte layer in contact with two 

electrodes on either side. On the anodic side, hydrogen from a gas reservoir is decomposed 

into protons and electrons. At the cathode, dioxygen is reduced to form water. Sir William 

Robert Grove – a pioneer in the development of fuel cells – already observed in 1839 that 

there is need for a large reaction surface between the three phases: gas, electrolyte and 

electrode [13]. So, in the course of time, GDEs have been developed and established in fuel 

cells. The electrodes are installed in a way that one side is facing the electrolyte and the other 

side is facing the gas phase. GDEs have a porous structure into which the electrolyte can float 

from one side and the desired gas can diffuse into the electrode from the other side. This 

setting leads to a big three phase boundary between the solid catalyst, electrolyte and gas 

phase (Figure 2).  

Crucial parameters for GDE performance are porosity and hydrophobicity of the electrode 

material as well as the used catalyst. To my knowledge, in all bioelectrochemical applications, 

GDEs with carbon as basic electrode material have been used. Like in non-biological 

electrochemistry, the material of choice is usually carbon fibre paper or cloth but also pressed 

carbon black is frequently used as electrode material.  
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In general, GDEs are of advantage in cases when either a component from the gas phase is 

involved in the electrochemical reaction or when a desired gaseous component is developed 

at the electrode. The first situation occurs when oxygen reduction reaction (ORR) is the 

desired cathodic reaction. Since this reaction is the most usual reaction happening at a GDE, 

they are sometimes referred to as “air-breathing cathode”. 

Molecular oxygen shows very poor solubility in aqueous electrolytes (around 0.25 mM at room 

temperature and atmospheric pressure), thus it is quite common to find that the diffusion of 

oxygen into the electrolyte and towards the electrode becomes the bottleneck of a reaction. 

By using a GDE, problems concerning mass transfer of oxygen are reduced. Additionally, 

energy for aeration of the electrolyte can be saved. ORR in aqueous solutions occurs mainly 

by two pathways: the direct 4-electron reduction pathway from O2 to H2O and the 2-electron 

reduction pathway from O2 to hydrogen peroxide (H2O2): 

ORR 2-electron reduction (acidic aqueous solution):  O2 + 2 H+ + 2 e-  H2O2 

ORR 2-electron reduction (alkaline aqueous solution):  O2 + 2 H2O + 2 e-  H2O2 + 2 OH- 

In non-aqueous aprotic solvents and/or in alkaline solutions, a 1-electron reduction pathway 

from O2 to superoxide (O2
-) can also occur [14].  

The second situation, a gaseous compound that is produced at the GDE, usually occurs, when 

hydrogen is the desired product. Electrons from the cathode reduce protons and molecular 

hydrogen is formed. The gas can directly diffuse through the pores of the GDE and can be 

collected in an adjacent reservoir.  

As already stated in this chapter, GDEs are not only reserved for classical fuel cells and non-

biological electrochemistry but can also be considered as an option in bioelectrochemical 

systems. Figure 3 shows the basic principles of GDE-based biofuel cells, microbial electrolysis 

cells as well as electro-enzymatic synthesis.  
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Figure 3. Principle of A: Microbial fuel cell (MFC) – microorganisms oxidize organic substrates (S), 
electrons from this reaction reduce the anode. At the cathode, oxygen reduction reaction takes place. 
In this case, 4 electrons are transferred per molecule of dioxygen. No input in form of electricity is 
needed but energy is harvested as electrical energy. B:  Enzymatic fuel cell (EFC) – enzymes oxidize 
organic substrates (S) at the anode and transfer electrons to the electrode. At the cathode, oxidases 
catalyze the oxygen reduction reaction to water at the cathode. Thus, biochemical energy is converted 
to electrical energy. C: Microbial electrolysis cell (MEC) – microorganisms transfer electrons to the 
anode and by extra input of electrical energy, in this case hydrogen evolution reaction takes place at 
the cathode. D: Electro-enzymatic synthesis – oxygen is reduced at the cathode to form hydrogen 
peroxide. This substance is used as co-substrate for an enzymatic oxidation or halogenation (anodic 
reaction not shown). [BC = biocatalyst] 
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1.2.1 GDEs in Biofuel Cells  

In the broadest sense, biofuel cells are devices capable of directly transforming chemical to 

electrical energy via electrochemical reactions involving biochemical pathways [15]. The 

biochemical part can either be performed by whole organisms (microbial fuel cell) or by 

purified enzymes (enzymatic fuel cells).  

In microbial fuel cells (MFCs), microorganisms oxidize organic matter and transfer electrons 

from those reactions to the anode. The electrons flow from anode to cathode via an external 

circuit and at the cathode a reduction reaction takes places (Figure 3 A). Through this process, 

chemical energy from the substrates is converted into electricity. While efficiency of anodic 

reactions in MFCs are increasing, the relatively less recognized cathode side of MFCs has 

gradually become a bottleneck for MFC development due to slow reaction kinetics resulting 

into overpotentials [16]. As for the above-named reasons, especially for ORR, the use of GDEs 

in MFCs is attractive. 

As mentioned before, apart from utilizing living microorganisms as catalyst for the ORR, 

isolated enzymes can directly act as biocatalyst for this electrochemical reaction, too. 

Enzymatic fuel cells (EFCs) use redox enzymes for the oxidation of organic compounds at the 

anode and the reduction of oxygen or hydrogen peroxide at the cathode in order to generate 

electric power. The main potential application of enzymatic fuel cells is the use in devices of 

which the power and size will allow for their use as portable source of energy. But EFCs can 

also potentially be used in vivo for e.g. pacemakers. GDEs are often used as cathodes in 

enzymatic fuel cells, since in most cases, oxygen is used as electron acceptor at the cathode. 

Usually, multi-copper oxidases like laccases or bilirubin oxidase, are the enzymes of choice for 

an enzymatic cathode, as they are capable of a four-electron reduction of O2 to water and 

have a high specificity towards this reaction [17].  

1.2.2 GDEs in Microbial Electrolysis Cells (MECs) 

MECs basically work on the principle of MFCs. Microbes oxidize organic compounds at the 

anode and substances are electrochemically reduced at the cathode, which in combination 

leads to a flow of electrons from anode to cathode via an external circuit. If – unlike in MFCs 

– the electron flow is driven by an external power supply, such cells are designated microbial 

electrolysis cells (MECs, ΔG > 0, Figure 3 B). Cathodic reactions in an MEC include hydrogen 
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evolution reaction (HER) and several hydrocarbon synthesis processes. Thus, in an MEC, 

energy is harvested in form of chemical fuels like H2, CH4 or ethanol. Especially for single 

chamber hydrogen producing MECs, GDEs are very useful. As already discussed, GDEs 

facilitate fast removal of hydrogen formed at the cathode and thus, minimize losses due to 

the activity of hydrogenophilic methanogens.  

As the microbial electrolysis process is quite new, MEC experiments are typically conducted in 

laboratory scale. In a ground-breaking study, the scale-up of a GDE-based MEC by increasing 

the anodic compartment up to 10 L was studied [18]. The 10 L MEC consisted of two 5 L MECs 

in series with 7 layers of carbon felt as the anode and a 3 024 cm2 carbon paper GDE with Ni-

catalyst as cathode. A polyester cloth was used to separate the electrodes. The inoculum was 

taken from the effluent of a smaller-scale MEC, the microbes originally stemming from 

homogenized anaerobic mesophilic sludge. The maximum hydrogen production rate reached 

with this system was 0.04 LSTP/(LAd), with the off gas containing approx. 50-52 % hydrogen.  

1.2.3 GDEs in Biosensors 

Electrochemical sensors usually show fast response times and a good sensitivity with relatively 

low detection limits. A weak point of such sensors is often the selectivity. Enzyme biosensors 

can in principle achieve a better selectivity due to the substrate specificity of enzymes. For 

operating principles that require either dioxygen for the enzymatic or electrochemical 

reaction or for the analysis of compounds from the gas phase, gas diffusion electrodes have 

proven to be an appropriate tool. For example Kaisheva and co-workers [19] advanced the 

well-established principle of glucose/lactate biosensors by immobilizing glucose/lactate 

oxidase on the catalytic layer of a gas diffusion electrode. The measuring principle is based on 

the enzymatic oxidation of a substrate (in this case glucose or lactate) together with dioxygen. 

The reaction yields the oxidized substrate and as a side-product hydrogen peroxide, which is 

electrochemically oxidized and results in an electric signal that is proportional to the substrate 

concentration. The enzymatic reaction requires dioxygen, which is usually considered to be 

present in sufficient concentration to reach maximal reaction rates. In oxygen-depleted media 

(e.g. in fermentation) this is not the case. By utilizing a GDE, oxygen is supplied from the air. 

The authors show that with a GDE-based glucose/lactate sensor, measurement can be 

conducted independent of the dissolved oxygen concentration in the electrolyte.  
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1.2.4 Electro-Enzymatic Synthesis in GDE-based Systems 

The usually high selectivity of enzymes and their catalytic performance makes them 

interesting for syntheses of fine and bulk chemicals. So, in general, electro-enzymatic 

processes are promising systems as they combine the advantages of enzymes and 

electrochemical steps [20]. Krieg et al. evaluated a GDE-based electro-enzymatic system [21]. 

In order to avoid the irreversible inactivation of the used enzyme CfuCPO (chloroperoxidase 

from the fungus Caldariomyces fumago), hydrogen peroxide can be generated 

electrochemically on a low, but sufficient level for catalytic activity (Figure 3 C). In the case of 

the electrochemical H2O2 production, no additional chemicals are required, so there is only 

need for electricity, which is readily available. The current efficiency, as an important 

parameter that determines how much energy is consumed to produce hydrogen peroxide as 

opposed to the formation of side products, was up to 88 %. The H2O2 production rates show 

a linear relation to the applied current densities. Finally, the electrochemical H2O2 dosage was 

successfully combined with the chlorination of monochlorodimedone (MCD), the 

sulfoxidation of thioanisole and the oxidation of indole by CfuCPO. Getrey et al. used the GDE-

based system to convert phenolic monoterpenes like thymol into antimicrobial components 

[22]. In a further study, the operational stability of CfuCPO in this system was investigated – 

the chlorination of MCD served as the model reaction [23]. Due to the adjusted and 

continuous electro-generation of H2O2, a total turnover number (TTN) of up to 1 150 000 was 

achieved - which is the highest TTN ever reported for CfuCPO. Furthermore, space time yields 

up to 52 g/(Ld) were measured in this system.  

Further opportunities for electro-enzymatic oxyfunctionalizations will be highlighted in 

chapter 1.3.3. 

1.3  Enzymatic Oxyfunctionalization 

As mentioned before, biocatalysis with isolated enzymes is – for its many advantages – seen 

as a valuable future alternative for organic synthesis. Organic synthesis relies on the 

transformation of functional groups or chemically reactive structural features. However, the 

current raw material in the chemical industry are alkanes, derived from crude oil or petroleum 

gas. Alkanes are saturated hydrocarbons, exhibiting exclusively C-C- and C-H-bonds. C-H bonds 

are not generally viewed as functional groups in this context. Thus, insertion of a new bond 
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requires the presence of either unsaturation or the presence of a heteroatom such as oxygen 

[24] – which makes oxyfunctionalizations a very important group of reactions. The energy of 

a non-activated C-H-bond approaches 400 kJ mol−1 and finding a catalyst that is able to break 

such a strong bond is challenging [25]. According to Bordeaux et al. [26], an ideal catalyst for 

C-H-bond oxyfunctionalization should… 

… be conveniently produced from cheap, renewable sources,  

… enable large turnover numbers,  

… be operative under “mild” conditions,  

… allow an atom economical process that produces a minimal amount of (non-toxic) waste.  

In chemical C-H-bond functionalization, usually elevated temperatures, transition metals as 

catalysts and plenty of organic solvents are used. Also, the selectivity drops with the increase 

of C-H-bonds or functional groups in the educt [27]. Due to the low selectivity, partial 

turnovers are often accepted in industrial processes. This, in turn, necessitates laborious and 

energy-intensive separation processes and raw material recycling. However, there are already 

biocatalysts that provide an opportunity to functionalize non-activated C-H-bonds under mild 

conditions [28]. Moreover, the use of usually highly selective biocatalysts avoids the necessity 

of protection groups and reduces by-product formation (for more advantages of biocatalysts 

in general see Table 2).  

Indeed, biocatalytic C-H-bond oxyfunctionalization is applied in industrially relevant 

processes, but to date those are almost exclusively performed in whole cell systems, e.g. the 

transformation of progesterone to cortisone in Rhizopus sp, that was originally established by 

the company Pharmacia & Upjohn (now Pfizer Inc.) [29,30]. The utilization of isolated enzymes 

for oxyfunctionalizations in a medium- or large-scale process is not settled, yet. The reasons 

for that situation are diverse. The lack of biocatalysts with the required selectivity or, to be 

precise, the commercial availability of such a catalyst and its compatibility with the harsh 

process conditions poses a problem. Also, many of the interesting substrates are poorly 

soluble in water and allow thus only for low space time yields or necessitate the addition of a 

co-solvent (again harsh conditions), which usually decreases the process stability of the 

biocatalyst. Enzymes from the class of monooxygenases (E.C. 1.13), dioxygenases (E.C. 1.14) 

and peroxygenases (E.C. 1.11.2) [31] are considered as promising candidates for industrially 
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relevant biocatalytic oxyfunctionalizations [32,33]. For a long time, a lot of research has been 

done on the “taming” of cytochrome P450 monooxygenases and methane monooxygenases 

(MMOs) for this purpose, but those have distinct drawbacks. P450 monooxygenases are – due 

to their naturally intracellular occurrence –  rather unstable and moreover use expensive 

nicotinamide cofactors combined with low coupling efficiencies [34]. Methane 

monooxygenases are multicomponent und thus extremely difficult to produce [35]. 

Moreover, they have been shown to be quite unstable in in vitro applications [36].  

Unspecific peroxygenases (UPOs, E.C. 1.11.2.1) are probably the most promising biocatalysts 

for oxyfunctionalization reactions of industrial interest [26]. Over 300 substrates are identified 

for this enzyme type [38]. The secreted fungal enzyme type belongs to the superfamily of 

heme-thiolate peroxidases (HTP) as it contains heme as prosthetic group, which is linked via 

the iron to an exposed cysteine (-PCP- motif) as axial ligand. Similar to P450 monooxygenases 

and Chloroperoxidases [39,40], UPOs show a characteristic UV-vis spectrum with the Soret 

band at 445-450 nm and are highly glycosylated proteins (10 – 40 %) [41]. UPOs catalyze 

numerous oxidations including 1- or 2-electron oxygenation and selective 

oxyfunctionalizations, which make them most significant in organic syntheses. They are even 

capable of the above-mentioned “dream reaction” – oxygenation of “non-activated C-H-

bonds” [42]. Due to their natural extracellular occurrence, they are rather stable and as they 

directly use inexpensive H2O2 as final electron acceptor as well as main oxygen source [43], 

their reactions are considerably more atom economical than those of e.g. P450 

monooxygenases. Even though UPOs are heme-thiolate proteins like P450 monooxygenases, 

they do not share any sequence homology.  The UPO from the mushroom Agrocybe aegerita 

(AaeUPO) was the first UPO to be isolated and characterized [44], followed by the UPO from 

Coprinus radians (CraUPO) [45] and Marasmius rotula (MroUPO) [46]. Another UPO-gene 

from the organism Coprinopsis cinerea has not been fully characterized to date but has been 

heterologously expressed and successfully been used for the oxyfunctionlization of aliphatic 

compounds [47].  Figure 4 shows a brief history of fungal UPOs. UPOs are classified into two 

categories: Group-I (short sequences) with an average mass of 29 kDa, e.g. MroUPO and 

Group-II (long sequences) with an average mass of 44 kDa, e.g. CraUPO and AaeUPO [48]. 

Homology searches in sequence databases show more than 2000 putative UPO sequences 

[43]– so there is great potential in finding new interesting properties of new UPOs. 



 

 

 

 

 

Figure 4. Milestones in the history of fungal unspecific peroxygenases [41,44,45,49–58].
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1.3.1 Unspecific Peroxygenase from Agrocybe aegerita 

The UPO from the basidiomycete Agrocybe aegerita (AaeUPO) [54] is the best-described 

enzyme of fungal unspecific peroxygenases so far [42,43]. Figure 5 summarizes some basic 

information on the enzyme. 

 

Figure 5. The unspecific peroxygenase of Agrocybe aegerita – basic data and crystal structure [44]. 1 

molecular weight estimated from amino acid composition [59]  

 

To date, AaeUPO appears to be the closest to the above-described conditions of an ideal 

catalyst for C-H-bond oxyfunctionalization of short- and medium-chain alkanes [26], also it is 

the best-characterized UPO so far. It is further also capable of catalysing a great number of 

other reactions such as the epoxidation of C=C-bonds, aromatic hydroxylation or N-oxidation 

(Table 4). 

It is worth mentioning that due to this catalytic versatility, AaeUPO is not only considered a 

useful catalyst for the synthesis of desired compounds but also as a relevant tool for 

biocatalytic detoxification and biodegradation [60]. 

The great potential of AaeUPO mirrors in the development of its appearance in peer reviewed 

publications and patents (Figure 6). A Google Scholar search for the combined key words 

“Agrocybe aegerita” and “unspecific peroxygenase” results in exactly 0 entries for the year 

2010. In 2011, when the enzyme class EC 1.11.2.1 - “unspecific peroxygenases” was created, 

the first publications concerning this subject were published.  
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Table 4. Examples of oxyfunctionalizations catalyzed by AaeUPO. TN = turnover number [molesproduct 
molesAaeUPO

-1], TNs according to [32] and own calculations.  

Reaction Substrate to Product TN Reference 
    

Epoxidation cis-β-Methylstyrene to cis-β-Methylstyrene Oxide 5 000 [61] 

 
 

Aromatic 
hydroxylation 

Quercetin to Quercetin Oxide 10 600 [62] 

 
 

Aromatic 
hydroxylation 
 

Acetanilide to Acetaminophen 13 526 [63] 

 
Alkane 
hydroxylation 

n-Hexane to Hexanol 2 770 [64] 

 
 

N-oxidation Pyridine to Pyridine N-oxide 1 882 [65] 
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A big jump in publication numbers was made in 2014/2015 – after a study about a more stable 

AaeUPO mutant [58] and another study about a heterologous expression system for large 

scale production of AaeUPO [59] were published. Those findings opened the door for further 

engineering of the enzyme.  Since then, the number of publications remains more or less on 

the same level. 

 

Figure 6. Number of publications/patents containing the key words Agrocybe aegerita and “unspecific 
peroxygenase” – according to Google Scholar, starting at 0 in 2010. Since the establishment of the 
enzyme class EC 1.11.2.1 “unspecific peroxygenase”, numbers of publications with the named key 
words clearly increased.  

 

The authors of the above named two studies subjected the Agrocybe aegerita UPO1-encoding 

gene to directed evolution [58] -  a technique that was originally developed by Frances Arnold 

[66] and in 2018 awarded with the Nobel Prize in Chemistry. Mutagenic PCR was used to 

produce a functionally expressed and secreted mutant in Saccharomyces cerevisiae. The 

evolved variant – further referred to as the “AaeUPO PaDaI” – was expressed in S. cerevisiae 

up to 8 mg L-1. This variant is carrying four mutations in the signal peptide that directs secretion 

in A. aegerita and five more in the mature protein. The glycosylation increased to 30 % (from 

22 % in the wild type) and – probably resulting thereof – thermal stability T50 increased to 

55 °C (from 53 °C in the wild type). Also, the authors evaluated the activity and stability of 

both the wild type AaeUPO and AaeUPO PaDaI with organic co-solvents. For both enzymes, 

activity decreased in the presence of increasing concentrations of co-solvents in the order: 

ethanol > DMSO > acetonitrile > methanol > acetone. So, the highest activity was measured 

with acetone as co-solvent and the lowest with ethanol. In terms of stability, both enzymes 
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showed a half-life of > 48 h with all co-solvents at 50 % vol. Going even another step forward, 

the same group expressed this AaeUPO PaDaI mutant in the yeast Pichia pastoris and 

increased the production in fed-batch up to 217 mg L-1 [59]. The mutant expressed in P. 

pastoris maintained similar properties like the one expressed in S. cerevisiae in terms of 

catalytic constants, glycosylation (also 30 %), pH activity profiles and thermostability (52.3 °C 

in P. pastoris compared to 54.8 °C in S. cerevisiae).  

The described developments of the enzyme itself and its accessibility for engineering is indeed 

a good first step for further systematic development of mutants. For example, in 2018 AaeUPO 

PaDaI served as a starting point for further directed evolution in order to design a UPO variant 

for the synthesis of 5’-hydroxypropanolol from propranolol [67]. This reaction is very relevant 

as propranolol is a widely used beta-locker, which is further metabolized in the human liver 

into equipotent hydroxylated human drug metabolites (HDMs). It is important to evaluate the 

toxicity of HDMs but to date their synthesis involves severe conditions and shows poor yields. 

The AaeUPO SoLo mutant developed in the named study shows the highest regioselectivity 

and TTN for the synthesis of 5’-hydroxypropanolol reported so far. Thus, AaeUPO is moving 

fast forward towards industrial application.  

In terms of industrial use of AaeUPO, one of the main issues that remains pending is the 

coexistence of peroxygenative (O-transferring 2-electron oxidation) and peroxidative (one-

electron oxidation) activities at the same time (Figure 7). One problem arising thereof is that 

the products of the peroxygenation become again substrates for AaeUPO – now for 

peroxidation. This leads to the formation of a complex mixture of products and lowers the 

yield of the actually desired product. This issue can be addressed by further enzyme 

engineering, shifting the peroxygenase activity to peroxidase activity ratio in the direction of 

peroxygenation or – as long as this is not achieved – with process engineering methods like in 

situ product removal [68].  

Another obstacle on the path to industrial application of AaeUPO is its “relation” to its co-

substrate H2O2. Although the use of H2O2 has the advantage of being cheaper and less complex 

than the use of nicotinamide cofactors, at the same time it is one of the disadvantages. One 

main reason is that at excess concentrations of  H2O2, the rate of the enyzme’s catalase activity 

increases – which is a competing reaction of the actually desired peroxygenation reaction [69]. 
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Figure 7. Mechanisms of peroxygenation and peroxidation by AaeUPO. In both cases, heme reacts with 
one molecule of H2O2 to form compound I. In the peroxygenase cycle, compound I is used for one H-
atom abstraction and fast recombination forming a new C–O-bond within the enzyme’s active site. In 
the peroxidase cycle, the enzyme returns into the resting state by two successive H-atom abstraction 
reactions. The produced radicals mostly react further outside of the enzyme’s active site.  

 

The second reason is that an excess of H2O2 also damages the enzyme. A H2O2-related 

destabilization might take place by the oxidation of various amino acids in the apo-protein 

[70], but mainly, an excess of H2O2 can destroy the enzyme’s functionality irreversibly due to 

heme-destruction. This so-called suicide inactivation is not yet fully understood, but a 

mechanism was proposed by A. Karich and co-workers in 2016 [69]. Figure 8 summarizes the 

proposed mechanism for peroxygenation, the catalase function and the catalase malfunction 

of AaeUPO. Usually, the oxygenation of a compound by a heme peroxygenase requires one 

equivalent of H2O2 – which is used to generate compound I (the key oxoiron (IV) porphyrin 

cation radical intermediate) [57]. Compound I then either reacts with a substrate molecule or 

a second molecule of H2O2 (catalase function) to form compound II



 

 
 

 

Figure 8. Proposed mechanisms of peroxygenation, catalase function and catalase malfunction of AaeUPO. Heme reacts with one molecule of H2O2 to form 
compound I, which then either reacts with a substrate molecule (followed by oxygenation of the substrate whilst returning to the resting state) or a second 
molecule of H2O2 (catalase function) to form compound II.  At an excess of hydrogen peroxide compound II can react with another molecule of H2O2 to form 
compound III (this applies also to compound II formed after the reaction with a substrate molecule, which is not shown here for simplification). Compound III is 
an iron (III) superoxide radical complex that can further lead to heme bleaching and/or protein damage, presumably due to the release of reactive oxygen species 
after the reaction with two further molecules of H2O2. 
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This reaction is followed by oxygenation of the substrate or generation of O2 whilst heme is 

returning to the resting state.  At an excess of hydrogen peroxide, it can happen that 

compound II reacts with a further molecule of H2O2, so that compound III is formed.  

Compound III is an iron (III) superoxide radical complex that can further lead to heme 

bleaching and/or protein damage, presumably due to the release of reactive oxygen species 

after further reactions with H2O2  [69]. This challenge is currently being addressed by applying 

various versions of in situ H2O2 supply systems – which will be described in more detail in 

chapter 1.3.3. 

1.3.2 Chloroperoxidase from Caldariomyces fumago (CfuCPO) 

Another heme-thiolate enzyme, that was seen as a promising biocatalyst for industrial 

applications after its discovery in the 1960s [71], is the chloroperoxidase produced by the 

fungus Caldariomyces fumago (CfuCPO). Figure 9 summarizes some basic information on the 

enzyme.  

 

Figure 9 The chloroperoxidase of Caldariomyces fumago: basic data and crystal structure [72].  
1 molecular weight varies depending on the degree of glycosylation [73]. 

 

CfuCPO catalyzes a variety of reactions (Table 5), including unspecific halogenations [74–76] 

and peroxidations as well as hydroxylations, epoxidations, sulfoxidations and N-dealkylation 

of amines [77–80].  In the early years after its discovery, the focus was set rather on its 

characteristic halogenation reactions. For halogenations, two electrons from the ferric 

protoporphyrin IX in the enzyme’s active site (heme Fe3-) are transferred to a loosely bound 

H2O2 molecule which is cleaved heterolytically to form one molecule of water and CfuCPO 
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compound I. The unstable compound I reacts with the halide (X-) to form compound X, which 

is also unstable and decomposes to yield the resting enzyme and a halonium ion (X+). With 

OH- as the counterpart (in aqueous solution) it is thus a hypohalous acid (HOX) [79]. There has 

been a long lasting controversial discussion whether this intermediate diffuses into the 

solution and unspecifically  (chemically) halogenates organic molecules or if it remains bound 

to the active site and catalyzes selective halogenations [81,82]. According to K. M. Manoj [83], 

halogenations occur via diffusible intermediates. Hence, the overall process consists of the 

relatively slow active-site reaction to generate the diffusible species and then a nearly 

instantaneous reaction of the diffusible species with the substrate in the solution. 

Halogenations by CfuCPO require a pH lower than 3 that leads, together with the intermediate 

hypohalous acid, to rapid inactivation of the enzyme [81]. Apart from halogenations, CfuCPO 

catalyzes halide-independent 1-electron peroxidations such as ABTS-peroxidation at a 

pH optimum of approximately pH 5 [84].   

Later, the enantioselective oxygen insertion („P450-like”) reactions generated more interest. 

Like UPOs, CfuCPO catalyzes peroxygenation reactions independent from co-factors like NADH 

or NADPH and uses only H2O2 as co-substrate. Unlike UPOs, CfuCPO is not able to 

oxyfunctionalize non-activated carbons [42], but activated substrates like styrene are subject 

to CfuCPO-catalyzed peroxygenations [85]. The mechanism involves compound I and II, like 

the peroxygenation mechanism of AaeUPO (see Figure 8). 

The aspirations of being able to use CfuCPO-catalyzed oxidations in an industrial application 

have not been realised, yet. This is probably due to two main reasons:  

1. Even though CfuCPO could be recombinantly expressed in Aspergillus niger without losing 

its functionality [86], it is still difficult to access for protein engineering.  

2. CfuCPO is rather instable towards its co-substrate hydrogen peroxide – more than AaeUPO. 

Even in the presence of catalytic concentrations of H2O2, its half-life time decreases drastically, 

e.g. half-life time of 38 min at a H2O2 concentration of 50 µM [87].  

Since the protein engineering of CfuCPO seems to remain problematic in the near future, it 

appears reasonable to address the “H2O2 problem” from the process engineering perspective. 
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Table 5. Examples of various reactions catalyzed by CfuCPO. TN = turnover number [molesproduct 
molesCfuCPO

-1], TNs according to [32] and own calculations.  

Reactions Substrate to Product TN Reference 
    

Epoxidation   
 

Styrene to Styrene Oxide 840 [85] 

 

 
 

Asymmetric 
sulfoxidation 

Thioanisole to Thioanisole Sulfoxide 250 000 [88] 

 

 
 

Halogenation Thymol to Chlorothymol 164 000 [22] 

 

 
 

 

1.3.3 H2O2 Supply for Enzymatic Oxyfunctionalizations 

As mentioned in the previous chapters, peroxidases and peroxygenases circumvent the need 

for costly cofactors, because they use H2O2 as co-substrate for oxyfunctionalizations, which is 

much more convenient compared to e.g. nicotinamide cofactors. Nevertheless, the technical 

application of peroxidases/-oxygenases is limited, mainly due to heme destruction at excess 

concentrations of H2O2. This challenge can be addressed from a protein engineering as well as 
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a process engineering perspective. Because a substantial loss of enzyme activity only happens 

at excess concentrations of H2O2, from a process perspective, the key to this issue is keeping 

the H2O2 concentration constantly on a low level which is still enough for reaction speeds that 

allow for reasonable space time yields. Various approaches have been reported in the 

literature. 

Seelbach and co-workers tested different H2O2 feed methods in combination with the CfuCPO-

catalyzed oxidation of indole to oxindole to improve the total turnover number (TTN) and 

space time yield (STY) of the enzyme [89]. Under the exact same conditions – apart from the 

H2O2 addition methods – batch experiments with step-wise addition of H2O2 lead to a TTN of 

321 932 and a STY of 42.2 g L-1 d-1, continuous addition resulted in a TTN of 536 553 and the 

same STY as the step-wise feed. The sensor controlled H2O2 addition showed a TTN of 643 863 

and a STY of 112.5 g L-1 d-1. The sensor-controlled “feed on demand system” clearly resulted 

in the best TTN and STY values. 

Since a simple feed of H2O2 solution is effective, but it causes volume increase and locally high 

H2O2 concentrations, which is undesirable for an industrial process, various in situ H2O2 

formation methods have been developed. 

Van de Velde and co-workers performed first experiments with a chemical H2O2 in situ 

formation method [90]. They tested a mechanism which involved the formation of H2O2 via 

free radical autooxidation of dihydroxyfumaric acid (DHF). However, this method did not 

achieve the goal of improving the operational stability of CfuCPO, mainly due to the 

occurrence of reactive radicals (e.g. HO2
, HO) which destabilized the enzyme and, on the 

other hand, showed unwanted side reactions with the substrate.  

The currently most common approach (bench-scale) is to use glucose oxidase [91,92]. In this 

system, glucose is oxidized by glucose oxidase to obtain H2O2. Indeed, this system is functional 

at bench-scale, however, the implementation in industrial processes is improbable. Alongside 

the low atom economy (1 equivalent of H2O2 from 1 equivalent of glucose), the concomitant 

formation of gluconic acid necessitates pH-control. Furthermore, concentrated glucose 

solutions exhibit high viscosity. To circumvent the issues mentioned above, Ni and co-workers 

developed an enzymatic cascade process that employs methanol as a sacrificial electron donor 

[93]. They enhanced atom economy by achieving full oxidation of methanol to CO2. Still, this 
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system is problematic to transfer into a technical scale, since five different enzymes and the 

cofactor NAD+ are needed to reach full utilization of methanol. 

Another approach with more potential to develop very atom economical systems is the 

photocatalytic reduction of ambient molecular oxygen in order to form H2O2 in situ. In 2009, 

Perez and co-workers used FMN as photocatalyst for light driven in situ H2O2 generation to 

promote CfuCPO-catalyzed sulfoxidation reactions [94]. They used both EDTA and formate as 

a sacrificial electron donor. This system already increased the operational stability of CfuCPO 

in contrast to feed methods and was further developed and tested under different conditions, 

e.g. by Churakova et al. who increased the productivity and robustness of the overall 

sulfoxidation reaction by testing this photobiocatalytic system in  a two-liquid-phase system 

[95]. 

Later, the photobiocatalytic approach was also combined with AaeUPO and the hydroxylation 

of 1-phenethyl ethanol (1-PE). Zhang and co-workers demonstrated that gold-titanium dioxide 

(Au-TiO2) is an efficient inorganic photocatalyst for the in situ generation of H2O2. Their system 

was already more atom economical than the previously described systems with CfuCPO 

because Zhang et al. used methanol (instead of EDTA or formate) as the sacrificial electron 

donor [96]. In a following publication they replaced methanol as the sacrificial electron donor 

but worked with photochemical water-oxidation in order to generate H2O2 and combined this 

with the stereoselective oxyfunctionalization of hydrocarbons [97]. This approach is a lot more 

atom economical than those reported before, however, it is in total not economical yet, as it 

falls short in terms of space time yield (STY). In general, the photobiocatalytic systems have 

some major drawbacks to date. They produce large amounts of waste (mainly coproducts) 

and the ultimate goal of using sunlight as an efficient thermodynamic driving force is not 

reached, yet, as TiO2- and flavin-based photocatalysts only use a fraction of the wavelengths 

and leave the rest unexploited [98].  

A highly atom economical variant of H2O2 in situ production, that also avoids large amounts of 

hazardous waste, is the electrochemical reduction of molecular oxygen, because only 

molecular oxygen, protons and electrons directly react at an electrode to form H2O2.  This is 

not only extremely atom economical, but also, electrons are the cheapest redox equivalents 

available. Electrochemical H2O2 in situ production has – except for this work – only been 

combined with CfuCPO, using either carbon felt [80] or a carbon-based gas diffusion electrode 
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(GDE) as working electrode [21]. From all the herein described in situ production methods of 

H2O2 for a subsequent enzymatic oxyfunctionalization, the utilization of a GDE is the only 

method which avoids solubility and diffusivity problems of molecular oxygen in the buffer. 

Since ambient air is directly consumed for the reaction, there is no need for costly aeration 

[99]. 

1.4  Continuous Processes in Biotechnology  

In the development of many industries, e.g. the oil- or paper industry, the establishment of a 

continuous production method was an important step regarding high productivity – alongside 

high quality standards, cost reduction and the simplification of processes [100]. Also, in 

biotechnology the interest in continuous processes is growing, as processes have to be 

optimized in terms of productivity and cost reduction due to growing competition. One 

important advantage of continuous processes versus batch production is the possibility to 

produce more product with smaller reactors [101]. By utilizing smaller, standardized modules, 

it is moreover possible to realize a scale-up via parallelisation instead of volume increase and 

thereby reduce the risk during technology transfer [100]. Nevertheless, most products in 

biotechnology are produced in batch processes. In the pharmaceutical industry, batch 

processes are often preferred because it is possible to analyze and validate every batch 

individually. When it comes to variation in quality, thus, only one single batch can be 

discarded, whereas such a problem could cause a much higher loss in a continuous process, 

because these are not as easy to interrupt, when problems occur [101].  

For continuous conversion, there are two fundamentally different reactor types in 

biotechnology: The continuous stirred tank reactor (CSTR) and the plug flow reactor (PFR). The 

ideal PFR is assumed to be perfectly mixed transversely to the direction of flow, while there is 

no backmixing in the direction of flow. The CSTR is basically analogous to a stirred tank 

reaction in batch-mode, and it is also assumed to be perfectly mixed in the entire volume. 

However, the stirred tank is operated continuously by adding an inlet and an outlet. Due to 

the perfect mixing in the ideal reactor, the concentration of substrate and product is the same 

all over the reactor. The concentration of a substance in the volume flow at the outlet is the 

same as the concentration inside of the reactor [101].  



Introduction 
 

27 
 

The residence time τ in both reactor types is defined as the average time that one volume 

element remains in the reactor. Assuming a constant flow rate, τ can be calculated as follows:  

𝜏 =  
𝑉

𝑄
 (1) 

τ:  residence time / h 
VR:  total volume of the reactor / L 
Q:  flow rate / L h-1 

 

A main challenge for the introduction of continuous bioprocesses is, that either a retention or 

a re-use of the biocatalyst is necessary. A continuous dosage with fresh biocatalyst is basically 

possible, too, but this is in the majority of the cases not economically viable. A retention or re-

use can be achieved by immobilising cells or enzymes on a solid matrix that can be 

mechanically retained in the reactor [102,103].  
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1.5  Aim of the Work 

Peroxidases and peroxygenases can catalyze oxidations/oxyfunctionalizations using H2O2 as 

reducing equivalent. This is a lot more atom economical than reactions of enzymes that use 

more complex reducing equivalents. Nevertheless, their use on industrial scale has been 

hindered by their instability towards an excess of the required co-substrate H2O2. In order to 

keep the H2O2 concentration on a constantly low (but still sufficient for catalytic activity) level, 

various in situ production methods have been tested. Electrochemical H2O2 generation from 

O2 and H+ is the most atom economical method. Using a GDE-type electrode is advantageous 

for oxyfunctionalization reactions, because it avoids solubility and diffusivity problems of O2 

in the buffer and there is no need for costly aeration.      

This work aimed to explore and widen the scope of GDE-based electro-enzymatic synthesis. 

Therefore, two different approaches were taken: 

1. Enhance the efficiency of the unspecific peroxygenase AaeUPO PaDaI by using 

electrochemical H2O2 supply. This should be measured via the total turnover number 

(TTN) and the space time yield (STY). The hydroxylation of ethylbenzene to 1-phenethyl 

alcohol served as model reaction. Apart from this, an “easy to use” bench scale system 

should be developed in this context. A system which can easily be used from biologists 

without expertise in electrochemistry, making the electrogeneration of H2O2 a simple 

tool for the laboratory work with peroxidases and peroxygenases. 

 

2. Demonstrate the basic feasibility of a continuous GDE-based electro-enzymatic 

synthesis. The chlorination of MCD by CfuCPO served as the model reaction. 
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2. MATERIAL AND METHODS 

2.1 Equipment 

The equipment that was used in the present work is displayed in Table 6. 

Table 6. Equipment used for the experiments. 

Equipment Model Manufacturer 

Common equipment 

 

  

Biochemistry Analyser YSI 2700 Select YSI Incorporated 

Membrane used for H2O2 in 
Biochemistry Analyser 

YSI 2701 Blank Membrane 
Kit 

YSI Incorporated 

Peroxide test 1-100 mgL-1 MQuant® Merck KGaA 

Peristaltic pump Ecoline VC MS/CAII IDEX Health & Science ISMATEC 

Balance CP2202S Sartorius AG 

High precision balance ED224S Sartorius AG 

Shaker-incubator ES-20 Biosan 

Spectrophotometer Lambda 25 UV/VIS Perkin Elmer 

Dialysis tube Spectra/Por®  MWCO 12-14 
kDa 

Spectrum Laboratories Inc. 

Magnetic stirrer Combimag Reo IKA 

Magnetic stirrer RCT basic IKA 

Tubes Tygon R3603, Tygon S3 E-
LFL, Tygon LMT-55 

IDEX Health and Science, 
ISMATEC 

Electrochemical Equipment 

 

 
 

Potentiostat G300TM Gamry 

Power supply EL302RD (dual) Thurlby  Thandar Instruments 
Ltd. 
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Gas diffusion electrode Pressed Vulcan XC72 on Ni-
grid, 50 % PTFE (for tests 
also 40 % and 60 % PTFE) 

Gaskatel 

Flow cell Custom DECHEMA Research Institute 
Workshop 

Half H-cell Custom Fischer Labortechnik & DECHEMA 
Research Institute Workshop 

Flange cell Custom Fischer Labortechnik 

Flow Spectrophotometer 

 

 
 

Flow through cuvette Hellma 178.710-OS  Hellma Analytics 

Light source AvaLight-DH-S-BAL Avantes 

Spectrophotometer Avantes AvaSpec-2048 Avantes 

GC  
 

  

Chromatograph GC17A with FID Shimadzu 

Column DB WAX-etr Agilent 

Injector AOC-20i Shimadzu 

HPLC 
 

  

Auto sampler SIL10A Shimadzu 

Chromatograph SCL10 Shimadzu 

Column C18 Luna 100A, 5 µ, 125x4 
mm 

Phenomenex 

Column (chiral) Chiralpak IB, 5 µ,  
250x4.6 mm 

Daicel Chemical Industries 

Column oven CTO-10AC Shimadzu 

Diode array detector SPD-M10A Shimadzu 

UV/VIS-detector SPD10A Shimadzu 
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2.2 Chemicals and Enzymes 
 
Chemicals were purchased from Sigma-Aldrich, Roth, Alfa Aesar, VWR and Merck. For the 

Biochemistry Analyser, “YSI 2357 Buffer” concentrate kit (YSI Incorporated) was used to 

prepare the buffer. All solutions were prepared in ultra-pure water with a conductivity of 

0.055 µS cm-1. Table 7  lists all enzymes that were used in the present work.  

 

Table 7. Enzymes used in the experiments.  

Enzyme Description 

CfuCPO 

EC 1.11.1.10 

The wild-type enzyme was provided by the workgroup of Dr. Klaus 
Opwis (Deutsches Textilforschungszentrum Nord-West), expressed 
in Caldariomyces fumago, immobilized on fabric and soluble, no 
further information provided, activity was determined prior to 
individual experiments (MCD assay) 

AaeUPO 

EC 1.11.2.1 

The wild-type enzyme was provided by the workgroup of Prof. 
Martin Hofrichter (TU Dresden), expressed in Agrocybe aegerita, 
stored in 10 mM Na-Acetate, pH 6.5, 81.5 U mg-1 (veratryl alcohol 
assay) 

AaeUPO PaDaI [59] 

EC 1.11.2.1 

The AaeUPO PaDaI was provided by the workgroup of PD Dr. Roland 
Ludwig (BOKU Vienna), expressed in Pichia pastoris, stored in 20 
mM Tris-HCL pH 7.0, 112 U mg-1 (veratryl alcohol assay), 149 000 nM 
(photometric measurement at 280 nm) 

 
2.3 Software 

The software that was used in the present work is specified in Table 8. 

 

Table 8. Software used in the experiments or for their analysis. 

Software Manufacturer 

AvaSoft 7.4 Avantes 

ChemSketch ACD/Labs 

LabSolutions Shimadzu 

MS Office 2013 Microsoft 
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2.4 Analytical Methods 

2.4.1 High Performance Liquid Chromatography (HPLC) 

For all HPLC analyses, the SCL10 HPLC-system equipped with the SIL10A auto sampler, the 

CTO-10AC column oven, the SPD-M10A diode array detector and the SPD10A UV/VIS-detector 

(all from Shimadzu) was used.  

2.4.1.1 Analysis of Ethylbenzene, 1-Phenethyl alcohol and Acetophenone 

The parameters for the analysis of substrate and products of the AaeUPO PaDaI-catalyzed 

ethylbenze (EB) hydroxylation 1-phenethyl alcohol (1-PE) are listed in Table 9. The applied 

gradient is described in Table 10. Throughout the entire run, a UV/VIS-spectra in the range 

between 190 nm and 600 nm was recorded. Analysis of the peak area in the software 

LabSolutions (Shimadzu) was done at a wavelength of 207 nm. 

 

Table 9. Parameters of the HPLC-analysis of EB, 1-phenethyl alcohol 1-PE and acetophenone.  

Parameter Description 

Solvent A 20 mM KH2PO4 pH 2.8 

Solvent B Acetonitrile 

Injection volume 10 µL 

Flow rate 1 mL min-1 

T (column oven) 35 °C 

Column C18 Luna 100 Å, 5 µ, 125 x 4 mm (Phenomenex) 

 

Table 10. Gradient used for the HPLC-analysis of EB, 1-PE and acetophenone. Solvent A: 20 mM 
KH2PO4; solvent B: acetonitrile. 

t / min solvent A / % vol solvent B / % vol 

0 60 40 

2 60 40 

10 5 95 

10.01 60 40 

15 60 40 
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2.4.2 Gas Chromatography (GC) 

For the analysis of EB, 1-PE and acetophenone by gas chromatography, the GC17A system 

equipped with an FID and the AOC-20i injector (all Shimadzu) were used. The parameters for 

the analysis are listed in Table 11. The applied temperature gradient is described in Table 12. 

Prior to the measurement, all samples were extracted with MTBE (1:1). 

 

Table 11. Parameters for the GC-analysis of EB, 1-PE and acetophenone. 

Parameter Description 

Carrier gas Helium 

Split 1:10 

Injection volume 1µL 

T (injection) 160 °C 

T (detector) 270 °C 

Total flow 17 mL min-1 

Column flow 1.28 mL min-1 

Linear velocity 30.1 cm s-1 

Column DB WAX-etr (Agilent) 

 

Table 12. Temperature program for the GC-analysis of EB, 1-PE and acetophenone.  

T / °C ΔT / °C min-1 hold / min 

60 15 - 

105 30 - 

240 - 2 

 

2.4.3 Photometric Analyses 

Unless otherwise described, in the enzyme activity assays, the law of Lambert-Beer (2) was 

applied to calculate volumetric enzyme activity from the linear absorbance increase 

(measurement of a product) or decrease (measurement of a substrate) at the respective 

wavelength.  
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𝐴 , =  
│𝛥𝐸│ × 𝐷𝐹

𝜀 × 𝑑
 (2) 

Aenzyme, V:  volumetric enzyme activity / U mL-1 
│ΔE│:   absolute value of absorbance increase or decrease / min-1 
DF:   dilution factor / -  
ε:  extinction coefficient / mL µmol-1 cm-1 
d:  optical path / cm 
 

2.4.3.1 Veratryl Alcohol Assay for AaeUPO Activity Measurement 

In this work, 1 U of AaeUPO activity is defined as the oxidation of 1 µmol of veratryl alcohol 

(3,4 dimethoxy benzyl alcohol) into veratraldehyde (3,4 dimethoxy benzaldehyde) within  

1 min at room temperature and pH 7.  

 

Figure 10. Reaction used as activity assay for AaeUPO in this work. AaeUPO catalyzes the oxidation of 
veratryl alcohol.  

 

Activity measurements were performed in the Lamda 25 UV/VIS spectrophotometer (Perkin 

Elmer) using 1.5 mL PMMA-cuvettes with an optical path of d = 1 cm. The absorbance of the 

product veratraldehyde was measured at 310 nm (εverald-310= 9.3 mL µmol-1 cm-1) [54].  

For the reaction, 100 µL of 50 mM veratryl alcohol and 10 µL of 100 mM H2O2 were pipetted 

into the cuvette. To start the reaction, 890 µL of AaeUPO PaDaI solution were added. 

Immediately after the enzyme addition, the absorbance at 310 nm was measured for 30-60 s. 

Only measurements that exhibited a linear absorbance increase for at least 20 s were 

considered as valid. Otherwise, the enzyme-solution was diluted with 100 mM potassium 

phosphate buffer (pH 7) and measured again.  
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2.4.3.2 Determination of Initial Activity for EB-Hydroxylation 

The initial activity of AaeUPO PaDaI for EB hydroxylation was determined in buffer of the 

respective tested condition. Reactions were started by adding H2O2 to the reaction mixture 

and stopped after 10 s, 20 s respectively by adding 50 mM NaN3. Product concentrations were 

measured by HPLC. Tests were performed in at least triplicates.  

2.4.3.3 Determination of Kinetic Constants 

EB and 1-PE kinetic constants for AaeUPO PaDaI were estimated in 100 mM KPi,pH 7, 

containing 2 mM H2O2, 3 % vol acetone and 20 nM enzyme (from stock solution described in 

Table 7). Reactions with various concentrations of EB (0.1 mM – 1.8 mM) and 1-PE (0.1 mM – 

1.2 mM), were started by adding H2O2 to the reaction mixture and stopped after 60 s by adding 

50 mM NaN3. Product concentrations were measured by HPLC. To calculate KM and kcat, a 

Hanes plot was created, and the formula of the linear trend line was produced. Tests were 

performed in triplicates. 

2.4.3.4 Measurement of the CfuCPO Concentration 

The CfuCPO concentration was measured photometrically by measuring an enzyme solution 

at 400 nm (absorbance peak of heme). The enzyme concentration can also be calculated based 

on Lambert-Beer (3). The measurements were performed in the Lambda 25 UV/VIS 

spectrophotometer (Perkin Elmer) using 1.5 mL PMMA-cuvettes. Samples that exhibited an 

absorbance higher than 1 were diluted and measured again. 

𝑐 =  
𝐸

𝜀 × 𝑑
 (3) 

c:   enzyme concentration / mol L-1 
E:   absorbance at 400 nm / -  
εCPO-400nm: extinction coefficient (75 300) / L µmol-1 cm-1 [87] 
d:  optical path (1) / cm 
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2.4.3.6 MCD Assay for CfuCPO Activity Measurement 

In this work, 1 U of CfuCPO activity is defined as the chlorination of 1 µmol of MCD into DCD 

within 1 min at room temperature, in citrate buffer at pH 2.75 [74]. Activity measurements 

were performed in the Lambda 25 UV/VIS spectrophotometer (Perkin Elmer) using 1.5 mL 

PMMA-cuvettes with an optical path of d = 1 cm. The absorbance of the substrate (MCD) was 

measured at 278 nm (εMCD-278nm = 12.2 mL µmol-1 cm-1) [74]. 

For the reaction 897 µL of MCD reaction solution (100 mM citrate buffer pH 2.75, 40 mM NaCl, 

0.1 mM MCD) and 100 µL of a CfuCPO solution were pipetted into a cuvette. 2.6 µL of 3 % vol 

H2O2 solution was added as the last component to start the reaction. Immediately after the 

H2O2 addition, the absorbance at 278 nm was measured for 2 min. Only measurements that 

exhibited a linear absorbance decrease for at least 20 s were considered as valid. Otherwise, 

the CfuCPO solution was diluted with citrate buffer (100 mM, pH 2.75) and the measurement 

was repeated. 

2.4.3.7 MCD Assay for Activity Measurement of the CfuCPO fabric 

The measuring principle described in 2.4.3.5 was applied for the measurement of the CfuCPO 

fabric activity with only a few changes. Instead of the CfuCPO solution, a piece of fabric with 

an approximate area of 0.5 cm2 was weighed and pinched at the bottom of a 4.5 mL PMMA-

cuvette. For the reaction 2692 µL of MCD reaction solution (100 mM citrate buffer pH 2.75, 

40 mM NaCl, 0.1 mM MCD) were pipetted into the cuvette. 7.8 µL of 3 % vol H2O2 solution 

was added as the last component to start the reaction. The measurements were conducted 

for 3 min. The specific activity (U gfabric-1) was calculated according to equation (4).  

𝐴 =  
│𝛥𝐸│ × 𝑉

𝜀 × 𝑑 × 𝑚
 (4) 

Afabric:   specific activity of the CfuCPO fabric / U gfabcric
-1 

│ΔE│:   absolute value of absorbance decrease / min-1 
V:   volume of the reaction mixture / mL 
εMCD-278nm: extinction coefficient (12.2) / mL µmol-1 cm-1 

d:  optical path (1) / cm 
 
 

  



Material and Methods 
 

37 
 

2.4.3.9 MCD Conversion in the Flow Spectrometer  

To monitor the MCD conversion by CfuCPO in the flow cell reactor in loop and 

continuousmode, MCD was measured continuously by the flow spectrometer Avantes 

AvaSpec-2048 (Avantes). Therefor the flow through cuvette 178.710-OS (Hellma Analytics) 

was used (see 2.5.1). The absorbance of MCD at 278 nm was measured throughout the entire 

test duration (settings in AvaSoft: integration time: 1.001 s; average: 100). When using the 

flow through cuvette, it is not possible to calculate the MCD concentration by Lambert-Beer’s 

law. Thus, a calibration line was established (Figure 11). Analytical standards in a range of 10 

µM – 150 µM were prepared. The absorbance at 278 nm was measured in three individual 

tests per concentration at a volumetric flow rate of 0.5 mL min-1. The mean value was used 

for the generation of the calibration line. Prior to all measurements, reference spectra against 

a solution of 100 mM citrate buffer (pH 2.75) and 40 mM NaCl were recorded.  

 

Figure 11. Calibration line for the calculation of the MCD concentration based on the absorbance at 
278 nm in the Avantes flow spectrometer. Conditions: 10, 25, 50, 75, 100 and 150 µM MCD in a solution 
of 100 mM citrate buffer (pH 2.75) and 40 mM NaCl. Volumetric flow rate = 0.5 mL min-1. Each sample 
was measured in three individual experiments. Error bars represent standard deviation.  

 

To calculate the MCD concentration of an unknown sample based on the absorbance at 

278 nm, equation (5) obtained from this calibration line was used.  

𝑐 = 185.98 × 𝐴 + 0.4289 (5) 

cMCD:   MCD concentration / µmol L-1 
A278:   absorbance at 278 nm / -  
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2.4.3.10 H2O2 Measurement 

H2O2 concentration was measured amperometrically by the biochemistry analyser YSI 2700 

select – by the electrochemical oxidation of H2O2 at a platinum anode. Therefore, the analyser 

was equipped with a blank membrane (YSI 2701). It was operated using the settings listed in  

Table 13 and the YSI-system-buffer 2357. The calibration solution (30 mg L-1) was prepared 

freshly from a 300 mg L-1 stock solution every test day and the concentration was checked by 

Merckoquant MQuantTM peroxide test sticks (Merck KGaA) prior to use.  

 

Table 13. Settings of the biochemistry analyser YSI 2700 select for the measurement of H2O2 
concentration. 

Method Unit Vsample  tmeasurement ccalibration 

Peroxide mg L-1 25 µL 30 s 30 mg L-1 

 

Table 14. Test of the YSI 2700 Select measurement precision at various concentrations. H2O2 
concentrations were prepared and measured three times. 

cH2O2 (actual) 

/ mg L-1 

ØcH2O2 (measured) 

/ mg L-1 

Standard deviation 

/ mg L-1 

Rel. standard deviation 

/ % 

300 290.7 4.0 1.4 

150 144.7 1.16 0.8 

75 72.1 0.46 0.64 

30 29.9 0.17 0.58 

10 9.997 0.02 0.15 

5 4.85 0.06 1.25 

2 1.97 0.05 2.64 

1 0.93 0.05 5.73 

0.5 0.06 0.1 173.21 

 

  

The measuring range was specified by the manufacturer as 0 – 600 mg L-1. To check the 

accuracy of the measurement especially in the lower concentration ranges, a test 

measurement with known H2O2 concentrations was conducted in triplicates Table 14. Based 
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on the results, measurements of concentrations below 1 mg L-1 will only be considered as 

approximate values. Samples with concentrations higher than 600 mg L-1 were diluted and 

measured again.  

2.4.3.11 Determination of the Current Efficiency (H2O2 Production) 

To determine the current efficiency of the electrochemical H2O2 production in the various 

setups, buffers and applied current densities, a current density was applied under the 

respective condition without the addition of an enzyme. The actually produced amount of 

H2O2 (np) was calculated after the measurement of the H2O2 concentration (2.4.3.10) and the 

current efficiency was calculated according to equation (6).  

𝜂 =
𝑛

𝑛
× 100 =

𝑛 × 𝐹 × 𝑧

𝐼 × 𝑡
 × 100 (6) 

ηH2O2:   current efficiency / % 
np:   amount of H2O2 (actual) / mol 
nht:  amount of H2O2 (theoretical) / mol 
F:  Faraday constant = 96 485 / C mol-1 

z:  charge number = 2 / -  
I:  current / A 
t:  time / s 

 
 

2.5 Operation of the various GDE Reactor Setups 

In this work, various reactor-types were used for the GDE-based electro-enzymatic reactions. 

In all the setups, the H2O2 production was conducted galvanostatically in a 2-electrode-

system, in which a GDE was used as the working electrode and operated at a cathodic current. 

As the power source, either a simple power supply (EL302RD, Thurlby Thandar Instruments 

Ltd) or a potentiostat/galvanostat (G300TM, Gamry) was utilized.  
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2.5.1 Flow Cell 

2.5.1.1 Flow Cell in Loop Mode 

In the experiments in 3.1.1 a PTFE-made flow cell was used (Figure 15 – results part). The 

middle part of the cell can be equipped with hose connections, it forms the flow channel and 

carries the steel-made devices for the electrical contacting on either side. The GDE is pinched 

between the middle part and the lid with a longish notch. The closed lid carries the counter 

electrode (Pt-wire). The assembled cell is condensed by screws. The geometrical area of the 

working electrode is AGDE = 5.5 cm2.  

The described flow cell was only used for batch processes in loop mode (Figure 15). The 

reaction media was pumped through the flow cell from bottom to top. If photometric 

measurements were made online, a flow through cuvette could be installed. The setup could 

be operated with various reaction media types and volumes. Usually, different current 

densities and various volumetric flow rates were tested.  

2.5.1.2 Flow Cell with Additional Fittings in Loop Mode 

In the experiments that are described in 3.2, a slightly different flow cell was used, since the 

possibility to install the CfuCPO fabric or a dialysis tube was necessary. A scheme of the altered 

cell is shown in Figure 12. The basic assembly is similar to the cell described in 2.5.1.1. The 

biggest changes are the material (polycarbonate) and the alteration of the middle part that 

now carried an additional cut-out for the installation of the CfuCPO fabric. For experiments 

using the CfuCPO fabric, a suitable piece of fabric was cut, weighed and then pinched between 

silicone flat seals in the described cut-out.  

Due to the bigger volume in the middle part, also the installation of a dialysis tube 

(Spectra/Por® 4, MWCO 12-14 kDa) was possible. Therefor an appropriate piece of the tube 

was cut and allowed to soak in ultrapure water for 30 min at room temperature. Subsequently, 

the tube was closed at one end by a string and the other side was carefully opened. The 

desired volume of reaction media was pipetted into the tube. Afterwards the tube was entirely 

closed by a string. As fast as possible, the filled tube was placed in the middle part of the cell, 

the cell was closed, and the respective experiment started. 

The operational setup in loop mode was the same as described in section 2.5.1.1. 
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Figure 12. Scheme of the electrochemical flow cell with additional fittings. 1. GDE-carrying lid; 2. GDE; 
3. middle part that carries the electrical contacting; 4. flow channel; 5. CfuCPO fabric; 6. anode (here 
shown as sheet, but the installation of a Pt-wire is also possible); 7. closed lid.  

 

2.5.1.3 Flow Cell with Additional Fittings in Continuous Mode 

For the experiments that are described in 3.2.2 and 3.2.4, the flow cell from 2.5.1.2 (Figure 

12) was used. The continuous operation mode is shown in Figure 13.  

 

Figure 13. Setup of the flow cell in continuous mode. The reaction media was pumped (3) through the 
cell (2) from bottom to top from a glass vessel (1). After the cell, the media reached a bubble trap (4) 
to prevent bubbles from disturbing the photometric measurement in the flow through cuvette (5). 
After the cuvette, the media was pumped to a waste bottle.  
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The reaction media was pumped through the cell, followed by a bubble trap and a flow 

through cuvette for photometric measurements. In the experiments for the investigation of 

enzyme leaching from the CfuCPO fabric, bubble-trap and flow-through cuvette were not 

installed and samples were taken at the outlet after the flow cell. Depending on the 

experiment, either the volumetric activity of CfuCPO (a(V)CPO / U mL-1) or the MCD 

concentration (cMCD / mM) were measured. In the latter case, the interesting parameter of the 

experiment was the concentration of DCD that leaves the system. This was calculated from 

the difference of the MCD concentration measured without any conversion (t0) and the value 

that was measured during the experiment. 

The amount of enzyme or DCD that leaves the system per minute (v) was calculated by 

equation (7). 

𝑣 =  𝑥 × V̇ (7) 

v:   velocity of enzyme/DCD leaving the system / U min-1 or mol min-1 
x:   volumetric activity (a(v)CPO)/concentration (cDCD) / U mL-1 or mol mL-1 
V̇:  volumetric flow rate / mL min-1 

 

The total CfuCPO activity/amount of DCD that left the system over time was calculated by 

numerical integration (equation (8)). 

𝑓(𝑥)𝑑𝑥 ≈ 𝐴 =  (𝑡 − 𝑡 )
𝑣 + 𝑣

2
 (8) 

f(x):  graph from the activity/DCD amount as a function of time 
t:  time points of the individual measurements 
Ai:  area under the graph f(x) in the period considered  
vi:   velocity of enzyme/DCD leaving the system at the time i / U min-1 or mol min-1 
vi-1:   velocity of enzyme/DCD leaving the system at the time i-1 / U min-1 or mol min-1 

 

2.5.2 Half H-cell 

The half H-cell (Fischer Labortechnik) that was used in the experiments in 3.1.1 is shown in 

Figure 18 (results). Reactions took place in a flask that was equipped with a flange. The GDE 

was attached to the flange via a clamp (DFI workshop). The counter electrode was a Pt-sheet 

that was welded to a Pt-wire. The wire was passed through a septum in the lid to stabilize the 

electrode and apply electrical contact. The required geometrical area of the working electrode 
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is AGDE = 5.5 cm2. The cell had to be operated with at least 100 mL of reaction media to entirely 

cover the flange. During operation, the reaction media was mixed by a magnetic stirrer. The 

setup could be operated with various reaction media types and volumes. Usually, different 

current-densities were tested.  

2.5.3 Flange Cell 

The flange cell (Fischer Labortechnik) that was used for the final experiments in 3.1 is shown 

in Figure 20 (results). The reaction took place in a flask that was equipped with a flange and a 

tempering cover. The GDE was attached to the flange via a screw cap, the Ni-grid facing 

outward – contacting was realised via a Pt-sheet clamped between screw cap and GDE. The 

counter electrode was a Pt-wire that was fused into a glass rod (Fischer Labortechnik) and 

could be fastened at the reactor by a crew cap. The required geometrical area of the working 

electrode was AGDE = 2 cm2. The cell had to be operated with at least 30 mL of reaction media 

to entirely cover the flange. During operation, the reaction media was mixed by a magnetic 

stirrer. The setup could be operated with various reaction media types and volumes. Usually, 

different current densities were tested. 
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3. RESULTS AND DISCUSSION 

3.1  GDE-based Electro-Enzymatic Synthesis using AaeUPO PaDaI  

This part of the work aimed to promote the efficient utilization of AaeUPO PaDaI by combining 

electrochemical in situ supply of H2O2 with an oxygenation reaction. The model reaction was 

the hydroxylation of ethylbenzene (EB) to produce 1-phenethyl alcohol (1-PE) (Figure 14).  

 

Figure 14. Model reaction used in this work. The AaeUPO PaDaI catalyzes the conversion of EB to  
1-PE. 

 

3.1.1 Development of the Reactor 

A reactor, which was originally used in an electro-enzymatic synthesis with the enzyme 

chloroperoxidase from Caldariomyces fumago (CfuCPO) [21] – an electrochemical flow cell, 

run in loop mode (Figure 15; section 2.5.1.1) – was used for the first tests of electro-enzymatic 

hydroxylation of EB by AaeUPO PaDaI.  

 

Figure 15. Picture of the custom-built flow cell (Workshop of the DECHEMA Research Institute, 
Frankfurt, Germany) and scheme of the loop setup for electro-enzymatic procedures with a gas 
diffusion electrode (GDE). WE = working electrode: GDE (Gaskatel, Kassel, Germany); CE = counter 
electrode: Pt-sheet or Pt-wire. 
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For electro-generation of H2O2, a simple 2-electrode setup was used. All experiments were 

run in galvanostatic mode, because in a 2-electrode setup the change of the cell voltage might 

change the potential at both electrodes. Also, the 2-electrode setup measures the voltage 

drop across the whole cell so that in bad conducting reaction media, minor changes in 

electrode distance will change the measured cell voltage. 

Figure 16 shows the results of an exemplary set of experiments of electro-enzymatic EB 

hydroxylation in 10 mM KPi, pH 7, that was conducted in the described loop setup. EB, 1-PE 

and acetophenone were measured by HPLC, H2O2 was measured at the YSI 2700 select. Figure 

16 A illustrates the concentrations of substrate and products as a function of time. The 

substrate (EB) concentration decreases rapidly in the first 20 min of the experiments. At the 

same time, the product (1-PE) concentration increases at a similar velocity  

(EB: -0.125 mM min-1; 1- PE: +0.106 mM min-1). After 30 min, the decrease of the EB 

concentration as well as the increase of the 1-PE concentration stops. The EB concentration 

starts to increase after 30 min but after another 10 min it decreases again slowly and steadily. 

The 1-PE concentration decreases after 30 min. The concentration of the secondary product 

(acetophenone) shows a curve that is very similar to the 1-PE curve but at overall lower 

concentrations.  

Figure 16 B shows the H2O2 concentration that was measured in parallel to the hydroxylation 

experiment. When the decrease of the EB concentration stops, the H2O2 concentration starts 

to rise. This is not surprising since the decreased substrate concentration impedes the 

consumption of H2O2 – so it is highly probable that the H2O2 consumption has stopped. 

Additionally, one can assume that increasing H2O2 concentrations accelerate the inactivation 

of the enzyme. A strong indication for this assumption is the fact that after 30 min not even 

the secondary product acetophenone is formed anymore, even though its precursor 1-PE is 

still abundant.  

The total concentrations curve (substrate and both products) in Figure 16 A decreases 

drastically in the first 10 min (-0.1 mM min-1) and then starts to increase again for another  

20 min. After that, it decreases again steadily until the experiment is terminated. This eye-

catching drop and subsequent rise in the total concentrations curve was not only found in the 

exemplary data that is shown here but in a similar form in all experiments of this kind that 
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were conducted in the described loop reactor. Since the curve increases again after the 

decrease, it was assumed that EB adsorbs to parts of the reactor setup and is desorbed when 

the EB concentration in the buffer decreases due to its conversion. The slow decrease of the 

substrate and product concentrations after the reaction is finished might also be explained by 

adsorption.  

 

Figure 16. Electro-enzymatic hydroxylation of EB in the GDE-based loop reactor. A. Concentrations of 
substrate and products as a function of time. ···· EB; ···· 1-PE; ··-·· acetophenone; -x- total 
concentration. Samples for HPLC-analysis (800 µL) were taken at the depicted time-points, diluted with 
acetonitrile (1:10) and stored at -20°C until analysis B. H2O2 concentration as a function of time. 
Samples were taken at the depicted time-points, measured at the YSI 2700 select and if necessary 
diluted with the used buffer to a range between 10 and 60 mg L-1 and measured again. Conditions: 
50 mL 10 mM KPi pH 7; 3 mM EB; 35 % vol acetone; nAaeUPO = 7 nmol; volumetric flow rate = 50 mL min-

1; current density = -9.1 mA cm-2. The experiment was conducted in triplicates; error bars represent 
the standard deviation.  

 

To test the absorption assumption, the fate of EB and 1-PE under process-like conditions was 

tested. Therefore, EB- or 1-PE-containing enzyme-free 10 mM phosphate buffer (pH 7) was 
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circulated through the described setup without the application of current. Figure 17 A shows 

the EB concentration as a function of time. It is clear to see that the EB concentration 

decreases rapidly (0 – 10 min: -0.074 mM min-1), even though an enzymatic conversion is not 

possible in this setup. Figure 17 B shows the development of the 1-PE concentration under 

the same conditions. A slow and steady decrease of 1-PE concentration  

(0 – 240 min: -0.009 mM min-1) like the last 120 min of the experiment depicted in 

Figure 16 A can be observed.   

 

Figure 17. The fate of EB (A) and 1-PE (B) under process-like conditions in the GDE-based loop reactor. 
Concentrations as a function of time. Conditions: 50 mL 10 mM KPi pH 7; 2 mM EB or 12 mM 1-PE 
(initial concentrations chosen according to solubility); 35 % vol acetone; volumetric flow  
rate = 45 mL min-1. WE: GDE (Gaskatel, Kassel, Germany); CE: Pt-wire. Closed setup composed of 
electrochemical flow cell (PTFE); tubes (Tygon MHSL 2001) plus connectors; glass vessel.  

 

The obtained results strongly indicate that the used flow cell in loop mode exhibits problems 

concerning absorption and/or evaporation of the reactants. Even though the loop setup has 
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many advantages, especially when thinking along the lines of scale-up, there is need for a 

more inert reactor system for the first steps of process development.  

In a first step, one half of a so called “H-cell” – a reactor type that is typically used for microbial 

fuel cells [104] – was tested for its suitability. Figure 18 shows a picture and the scheme of the 

half H-cell; for a more detailed description of the system and its operation see section 2.5.2. 

Figure 19 shows the results of an exemplary set of experiments of electro-enzymatic EB 

hydroxylation in the “half H-cell”. Figure 19 A illustrates the concentrations of EB, 1-PE and 

acetophenone as a function of time. The EB concentration decreases as the 1-PE 

concentration increases. After 30 min, the secondary product acetophenone starts to form. 

The experiment was terminated (no more samples measured) after 150 min, when no more 

EB could be measured. In contrast to the experiments in the flow cell (Figure 16), the 

concentration of the secondary product increases until termination of the experiment. This 

indicates that there is still active enzyme present at the end of the measuring period. This 

assumption fits with the data shown in Figure 19 B. The H2O2 concentration does not rise 

significantly throughout the test duration. Compared to the loop reactor, in the half H-cell, a 

similar current density was used on twice the volume of buffer and amount of enzyme. Thus, 

not only the reactor itself but also this change lead to a better adjusted H2O2 supply and thus 

slower inactivation of the enzyme. With the addition of substrate during the run, a further 

conversion of EB to 1-PE probably would have been possible.  

 

Figure 18. Picture and scheme of the half H-cell (glassware: Fischer Labortechnik, Frankfurt, Germany; 
clamp: Workshop of the DECHEMA Research Institute, Frankfurt, Germany) for electro-enzymatic 
procedures with a GDE. WE: GDE (Gaskatel, Kassel, Germany); CE: Pt-sheet electro-welded to a Pt-
wire. 
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The relevant data to assess if the changed reactor type really provides the expected 

advantages (in contrast to the flow cell in loop mode), is summarised in the curve of total 

substrate and product concentration shown in Figure 19 A. The drop and subsequent rise of 

this curve at the beginning of the experiments, which was typical for the experiments 

performed in the flow cell in loop mode, cannot be observed anymore. Except for some minor 

fluctuations, the sum of the substrate and product concentrations remains constant.  

 

Figure 19. Electro-enzymatic hydroxylation of EB in the GDE-based “half H-cell”. A. Concentrations of 
substrate and products as a function of time. ···· EB; ···· 1-PE; ··-·· acetophenone; -x- total 
concentration. Samples for HPLC-analysis (200 µL) were taken at the depicted time-points, diluted with 
acetonitrile (1:5) and stored at -20°C until analysis.  B. H2O2 concentration as a function of time. 
Samples were taken at the depicted time-points, measured at the YSI 2700 select and if necessary 
diluted with the used buffer to a range between 10 and 60 mg L-1 and measured again. Conditions: 
100 mL 20 mM KPi pH 7.5; 10 mM EB; 35 % vol acetone; nAaeUPO = 12.4 nmol; current  
density =  -9.4 mA cm-2. Error bars represent standard deviations of duplicate experiments. 
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All in all, the problem of losing substrate and product over time, which occurred in the loop 

reactor (presumably due to adsorption or evaporation of the reactants) could be solved by 

using the half H-cell. Based on this, an improved reactor for experiments in laboratory scale 

was developed.  

There are still two major problems when using the half H-cell. First, the large volume (100 mL) 

that is needed to cover the entire GDE enforces an unnecessary waste of chemicals and 

enzyme for laboratory work. Second, the mechanically instable installation of the counter 

electrode leads to fluctuations in the measured terminal voltages (data not shown). These two 

problems as well as the issues of temperature and easy handling were addressed in the 

advancement of the reactor. 

Figure 20 shows a picture and the scheme of the improved glass reactor (flange cell). The 

minimum volume that is needed to cover the entire GDE was reduced to 30 mL. The GDE itself 

has an area of 2 cm2. A more stable counter electrode was constructed by fusing a Pt-wire into 

a glass rod, which can be fixed to the reactor by a screw cap. Furthermore, a tempering cover 

was introduced and the clamp that was used to fasten the GDE in the half H-cell was replaced 

by an easier-to-handle open screw cap.  

 

Figure 20. Picture and scheme of the finally used custom-built glass reactor – the flange cell (Fischer 
Labortechnik, Frankfurt, Germany) for electro-enzymatic procedures with a GDE. WE: GDE (Gaskatel, 
Kassel, Germany); CE: Pt-wire in a glass rod (Fischer Labortechnik, Frankfurt, Germany). 

 

Figure 21 shows the results of an exemplary experiment of electro-enzymatic EB hydroxylation 

in the final glass reactor – further referred to as “flange cell” (see section 2.5.3). Figure 21 A 

illustrates the concentrations of EB, 1-PE and acetophenone as a function of time. The curves 
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closely resemble the ones that were obtained from the experiments in the half H-cell (Figure 

19). The slight differences are again to attribute to other factors than the reactor itself (applied 

current density, amount of enzyme).  

 

Figure 21. Electro-enzymatic hydroxylation of EB in the flange cell. A. Concentrations of substrate and 
products as a function of time. ···· EB; ···· 1-PE; ··-·· acetophenone; -x- total concentration. B. H2O2 
concentration as a function of time. Conditions: 30 mL 10 mM KPi pH 7; 10 mM EB; 35 % vol acetone; 
nAaeUPO = 3.7 nmol; current density = -7.5 mA cm-2. Samples (300 µL) were taken at the depicted time-
points, diluted with acetonitrile (1:5) and stored at -20°C until analysis.  

 

A further setup component to consider was whether to divide the cell into a cathodic and an 

anodic compartment, as H2O2  can be re-oxidized at the anode [105] and this negatively 

influences the current efficiency  [106].  
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Due to three main reasons, it was decided to stay with an undivided cell:  

1. In the final electro-enzymatic setup, H2O2 should be immediately consumed by the 

enzyme so that anodic H2O2 oxidation can, in this context, be regarded as negligible. 

2. A divided cell would necessitate pH control since proton consumption in the cathodic 

compartment could not be compensated by anodic proton production anymore. Even 

when using a proton exchange membrane (Nafion® 117, Dupont, Wilmington), the 

diffusion of protons through the membrane is slow compared to the rapid cathodic 

proton consumption (data not shown). 

3. A 2-chamber reactor would lead to an increased complexity of the setup itself, whereas 

the aim of this work was to develop an easy-to handle electrochemical cell (see 1.5). 

 

Thus, all following electro-enzymatic experiments were performed in the flange cell  

(Figure 20), which showed the following advantages in contrast to the systems introduced 

before:  

 No more loss of reactants (presumably due to adsorption and evaporation)  

 Reduced minimum required buffer volume 

 Firmly installed counter electrode 

 Possibility for temperature control 

 Easy handling 

 

3.1.2 Investigations concerning the GDE 

The starting point was a GDE made from the conductive carbon black Vulcan XC72, with 50 % 

PTFE content, pressed on a Ni-grid (see Table 6). The described GDE was already established 

for electrogeneration of H2O2 in the work group [21,22] and Vulcan XC72 has been described 

as an adequate catalyst for such application [107]. In this work, current efficiencies ranging 

from 70 % to 80 % (depending on the reaction conditions) were usually reached using the 

described GDE (see 3.1.3, 3.1.4 and 3.1.5 for examples). This range is sufficient for this 

application, so it was decided to stick with Vulcan XC72 as the catalyst. The initial experiments 

in the flange cell were performed with rather high co-solvent content (up to 35 % vol of 

acetone). Under those conditions, flooding of the electrode (pores of the GDE were filled with 
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the reaction medium and medium was visible on the outside of the electrode) often 

terminated the experiments rather than the loss of enzyme activity. Variation of the PTFE 

content of the GDE allows to change the hydrophobicity and thus wettability of the electrode. 

Figure 22 shows the current efficiency of the electrochemical H2O2 production at -10 mA cm-2 

in the flange cell with 3 different GDEs varying in PTFE content (40 %, 50 % and 60 %). It is 

clear to see that current efficiencies are close to 0 % when using a GDE with 40 % and 60 % 

PTFE content, whereas the GDE with 50 % PTFE content reaches a current efficiency of around 

67 % under the tested conditions – which means from the three tested PTFE contents, at 50 %, 

the electrode wettability is best for the tested conditions. These drastic differences were 

surprising, nevertheless, only small differences in the hydrophobicity of the electrode material 

can prevent the formation of a 3-phase boundary. Due to this clear result, it was decided to 

proceed with the initially used 50 % PTFE content.  

 

Figure 22. Electrochemical H2O2 production in the flange cell. Current efficiency dependent on the PTFE 
content of the GDE. CE: graphite rod, GDE: Vulcan XC72 with various PTFE content. Conditions: 30 mL 
73 mM KPi, pH 7; 27 % vol acetone; current density = -10 mA cm-2; ttotal = 30 min; samples (80 µL) for 
immediate H2O2 measurement were taken every 15 min. Each condition was tested in 2 individual 
experiments. Error bars represent SD.   
 

In the course of the first experiments, it was noticed that GDE flooding did not always occur 

after the same time and also current efficiency varied strongly under the same conditions (see 

example in Figure 23). According to the manufacturer (gaskatel, Kassel), porosity is not 

uniform in the electrode material – peripheral areas in the material are not as firmly pressed 

as the middle regions. To minimize those variations in further experiments, the peripheral 

areas (approx. 2 cm on each side) of the electrode material were discarded when cutting the 
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GDEs. Still, there is a slight variation in performance that needs to be considered in all 

following experiments – also when different production batches of GDE were used.  

 

 

Figure 23. Electrochemical H2O2 production in the flange cell. GDE cut randomly from the electrode 
material. Conditions: 30 mL 73 mM KPi, pH 7; 27 % vol acetone; current density = -10 mA cm-2;  
ttotal = 30 min; samples (80 µL) for immediate H2O2 measurement were taken every 15 min.  
() individual experiment 1 () individual experiment 2.  
 

 

 

Figure 24. Test for minimization of the effect of electrode material variations for electrochemical H2O2 

production in the flange cell. GDE was cut from the inner area of the electrode material. 
Electrochemical H2O2 production in the flange cell. Conditions: 30 mL 73 mM KPi, pH 7; 27 % vol 
acetone; current density = -10 mA cm-2; ttotal = 30 min; samples (80 µL) for immediate H2O2 
measurement were taken every 15 min, later every 30 min. 4 individual experiments: () electrode 
sample 1, () electrode sample 2, (Δ) electrode sample 3, () electrode sample 4.  
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Figure 24 shows the current efficiency from 4 individual experiments with GDEs only cut from 

the inner electrode material. The mean value for the current efficiency after 30 min is  

65.75 % with a standard deviation of +/-2.5 % (n=4). As this experiment was performed with 

an acetone content of 27 % vol, the flooding of the GDE started already after 45 min – 60 min, 

which explains the early decrease of the current efficiency. Also, it was noticed that current 

efficiency changed in a non-predictable manner after a GDE was used once in an experiment. 

Depending on the reaction conditions as well as the time and type of storage between two 

individual experiments, performance either didn’t change at all or varied drastically. Those 

findings lead to the decision to regard the GDE as a consumable in further experiments. Hence, 

for every herein evaluated experiment, a fresh GDE was used.  

 

Figure 25. Test of adsorption to the GDE (Vulcan XC72, 50 % PTFE on Ni-grid). Conditions: 30 mL 
73 mM KPi, pH 7; A. cEB = 6 mM, B. c1-PE = 8 mM; ttotal = 250 min; samples (10 µL), for HPLC analysis were 
taken regularly. () reaction medium contained 1.5 cm2 GDE () only reaction medium. 
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After the decision for the electrode type and the mode of utilization, it was tested if the 

electrode would adsorb EB or 1-PE, which would complicate analytics. The results in Figure 25 

show that EB and 1-PE are not significantly adsorbed by the GDE.  

Overall, the three main findings of the investigations concerning the GDE are:  

 The GDE made from Vulcan XC72 and 50 % PTFE pressed on a Ni-grid delivers 

acceptable current efficiencies for electrogeneration of H2O2 under enzyme 

compatible conditions.  

 Variations in performance due to irregularity in the electrode material can be 

minimized by avoiding the outer 2 cm of the electrode material when cutting the GDE.  

 Every experiment requires a fresh GDE. 

 It is best to directly compare experiments with GDEs from the same production batch.  

 

3.1.3 Investigations concerning the Buffer 

The development of a suitable reaction medium is particularly challenging for an electro-

enzymatic system, as the conditions must be adapted to the electrochemical as well as to the 

enzymatic requirements. Various parameters (buffer concentration, pH, co-solvent type and 

ratio) of the buffer were investigated regarding the electrochemical and the biocatalytical 

performance in order to find a satisfactory compromise.  

Since the main goal of this work was the improvement of the biocatalyst’s useful lifetime, the 

starting point was chosen from the “enzyme perspective”. Phosphate buffer is the most 

common buffer used for oxygenations with AaeUPO [58,69,93,108] and there are no known 

objections against the utilization of phosphate buffer in an electrochemical application.  

To avoid high terminal voltages, sufficient conductivity of the reaction medium has to be 

ensured, which is – in electrochemical setups – usually achieved by adding conducting salts. 

However, high salt concentrations cause non-halophilic enzymes to aggregate or denaturate 

(Hofmeister effects) and hence are to be avoided in an electro-enzymatic system. Thus, it was 

investigated at what buffer concentration conductivity would be acceptable. Figure 26 A 

shows the current efficiency of the electrochemical H2O2 production at -10 mA cm-2 in the 

flange cell at various phosphate buffer concentrations (pH 7.0). In the present data, current 

efficiencies between 69 % and 78 % were obtained. These values are in the range of published 
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data concerning electro-enzymatic systems [21,23]. Due to the rather high terminal voltages 

between −2.5 V and −11 V, side reac ons are highly likely to occur, which explains why current 

efficiency does not reach 100 %.  Gas evolution was observed as bubbles formed on the 

cathode surface – probably hydrogen gas, nevertheless, analysis of the gas phase was not 

performed. Furthermore, the direct 4-electron-reduction of oxygen or the further reduction 

of H2O2 to water are likely to occur [109,110]. Also, even at moderate terminal voltages, H2O2  

can be re-oxidized at the anode to yield O2 [105].  

 

Figure 26. Electrochemical H2O2 production in the flange cell at various buffer concentrations. 
Conditions: 30 mL 10 mM, 50 mM, 100 mM or 150 mM KPi, pH 7; current density = -10 mA cm-2;  
ttotal = 30 min; samples (80 µL) for immediate H2O2 measurement were taken every 10 min. A. Current 
efficiency dependent on the buffer concentration. Each condition was tested in 3 individual 
experiments. Error bars represent SD.  B. Terminal voltage as a function of time. (     ) 10 mM;  
( - - -) 50 mM; (-----) 100 mM; (……) 150 mM. Lines represent the mean value of the 3 independent 
experiments. For reasons of clarity, error bars are not displayed. 

Statistically, there is no significant difference in current efficiency in the tested range of 

concentrations. Nevertheless, there seems to be a trend towards the decrease of the current 
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efficiency along with the increase of the buffer concentration. The decrease of the measured 

current efficiency at elevated buffer concentrations might relate to the fact that according to 

Khudaish (1999) the rate of H2O2 oxidation at a Pt-electrode increases with the phosphate 

buffer concentration [111].  

Figure 26 B shows the terminal voltage that was measured during the experiments as a 

function of time.  At a 10 mM buffer concentration, the terminal voltage reaches nearly -11 V. 

This is a non-acceptable value since side reactions are highly likely to occur and also the 

maximum voltage accepted by the used potentiostat G300TM (Gamry) equals -11 V. The 

experiment was performed at only -10 mA cm-2 and higher current densities might lead to an 

even higher terminal voltage and thus cannot be performed with this potentiostat. At buffer 

concentrations between 50 mM and 150 mM, the terminal voltages ranged around -5 V to  

-2.5 V. The higher the buffer concentration and thus the conductivity, the lower the terminal 

voltage – whereas the difference in voltage is not proportional to the difference in buffer 

concentration. 

 

Figure 27. Relative activity of AaeUPO PaDaI regarding EB hydroxylation at various buffer 
concentration. The highest mean activity was defined as 100 % (100 mM buffer concentration). 
Conditions: 500 µL KPi pH 7; 1 % vol acetonitrile; nUPO = 50 nM; nEB = 1 mM. Reactions were started by 
adding 2 mM (final concentration) H2O2 and stopped after 10 s, by adding 8.33 mM (final 
concentration) NaN3. Each condition was tested in 3 independent experiments. Error bars represent 
SD.   

 

Also, the influence of the buffer concentration on the initial reaction rate of AaeUPO PaDaI 

was investigated. The initial activity of the enzyme regarding EB-hydroxylation was measured 
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at 10 mM, 100 mM and 150 mM buffer concentration. Figure 27 shows the relative initial 

activity as a function of the buffer concentration. The highest mean initial activity was 

measured at a buffer concentration of 100 mM and was thus defined as 100 % of activity. 

However, it should be noted that there is no statistically significant difference in activity at the 

tested buffer concentrations. 

Combining the insights that were gained from the current efficiency and terminal voltage data, 

as well as the relative activity experiment, it was decided, that further work should be 

performed with a buffer concentration of 100 mM.  

Additionally, the influence of the buffer’s pH was investigated. Oxygenations by AaeUPO are 

usually performed in phosphate buffer at pH 7 (e.g. [60,61,65,93,108,112]). The pH has an 

impact on the electrochemical hydrogen peroxide productions, because this is a redox 

reaction with H3O+ and OH- involved. To find out if pH-variations in an enzyme-compatible 

range have a significant influence on the current efficiency, H2O2 was produced in the flange 

cell at -10 mA cm-2 in 100 mM phosphate buffer at pH 6, 7 and 8. Figure 28 A shows that there 

is no significant difference in current efficiency in the tested pH-range.  At all three conditions 

tested, the current efficiency is around 70 %. Also, the terminal voltages do not differ 

dramatically (Figure 28 B) but range between -3.5 V to -4 V.  

Also, the influence of the pH on the initial reaction rate was investigated. The initial activity of 

AaeUPO PaDaI regarding EB- hydroxylation was measured at pH 6, pH 7 and pH 8. Experiments 

were performed at 1 % vol acetonitrile because stock solutions of ethylbenzene in acetonitrile 

were used in order to work with correct initial concentrations of the educt. Figure 29 shows 

the relative initial activity as a function of pH. The highest mean initial activity was measured 

at pH 7 and was thus defined as 100 % of activity. There is no statistically significant difference 

in activity in the tested pH range. Since electrochemical and enzyme-related experiments 

revealed that there is no significant difference in performance in a pH-range between pH 6 

and pH 8, it was decided to carry out further experiments at pH 7. 
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Figure 28. Electrochemical H2O2 production in the flange cell at various pH. Conditions: 30 mL 100 mM 
KPi, pH 6, pH 7 or pH 8; current density = -10 mA cm-2; ttotal = 30 min; samples (80 µL) for immediate 
H2O2 measurement were taken every 10 min. A. Current efficiency dependent on the pH. Each 
condition was tested in 3 individual experiments. Error bars represent SD.  B. Terminal voltage as a 
function of time. (   ) pH 6; ( - - -) pH 7; (……) pH 8. Lines represent the mean value of the  
3 independent experiments. For reasons of clarity, error bars are not displayed. 

 

All in all, the investigations concerning the buffer confirmed that the following buffer is 

suitable for the electro-enzymatic hydroxylation of EB, using AaeUPO PaDaI: 

 100 mM KPi 

 pH 7 
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Figure 29. Relative activity of AaeUPO PaDaI regarding EB-hydroxylation at various pH. The highest 
mean activity was defined as 100 % (pH 7). Conditions: 500 µL 100 mM KPi; 1 % vol acetonitrile;  
nUPO = 50 nM; nEB = 1 mM. Reactions were started by adding 2 mM (final concentration) H2O2 and 
stopped after 10 s, by adding 8.33 mM (final concentration) NaN3. Each condition was tested in  
3 independent experiments. Error bars represent SD.   

 

3.1.4 Investigations concerning the Co-Solvent 

Since the model substrate EB is poorly soluble in water (solubility in water: 152 mg L-1 at 20°C 

[113]), the reaction rate suffers from mass transfer limitations, i.e. in this case the rate of 

substrate supply to the catalyst. The most effective way to improve aqueous solubility is to 

use a water miscible organic co-solvent [114]. From literature research it was found that 

mainly acetonitrile and acetone are the co-solvents chosen for reactions with AaeUPO, 

whereas the solvent ratio that was used seemed to be rather empirical 

[60,61,64,65,112,115,116]. 

As a starting point, the electrochemical H2O2 production at an acetonitrile content of 20 % vol 

was tested. This solvent and the selected ratio had already been reported to be successful for 

the model reaction - the enzymatic conversion of EB to 1-PE with AaeUPO [112]. However, 

this first experiment was not even analysable, because no H2O2 was produced and the buffer 

started trickling through the GDE already after a test duration of approximately 5 min. These 

observations together indicate that the tested mixture of acetonitrile and water is flooding 

the GDE, therefore, no 3-phase boundary is built and hence, the desired reaction cannot take 

place. Thus, more tests were performed to test the compatibility of the reaction medium with 
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the electrochemical system. The experiments were performed at a rather low co-solvent 

content. Figure 30 A shows the comparison of the initial (first 60 min) current efficiency for 

H2O2 production in 100 mM KPi without any co-solvent as well as at 3 % vol acetone and 

acetonitrile content, respectively.  

 

Figure 30. Electrochemical H2O2 production in the flange cell without co-solvent compared to 3 % vol 
acetone/acetonitrile, respectively, added to the buffer. Conditions: 30 mL 100 mM KPi, pH 7; 0  vol co-
solvent, 3 % vol acetone or 3 % vol acetonitrile; current density = -10 mA cm-2; tconsidered = 60 min; 
samples (80 µL) for immediate H2O2 measurement were taken every 15 min. A. Current efficiency 
dependent on the solvent used.  Each condition was tested in 3 individual experiments. Error bars 
represent SD.  B. Terminal voltage as a function of time. (……) no co-solvent; (     ) acetone; (- - -) 
acetonitrile. Lines represent the mean value of the 3 independent experiments. For reasons of clarity, 
error bars are not displayed. 

 

Compared to buffer without solvent, the addition of 3 % vol acetonitrile decreases the current 

efficiency. The addition of 3 % vol acetone even increases the current efficiency. Apparently, 
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this mixture allows for the establishment of a good 3-phase-boundary – allowing for a better 

wettability of the GDE than a purely aqueous system and at the same time it is not too 

hydrophobic to completely flood or “block” the GDE. The terminal voltages that are reached 

without co-solvent, with 3 % vol acetone or 3 % vol acetonitrile do not differ dramatically 

(Figure 30 B). In all cases, they range around -4.5 V.  

 

Figure 31. Electrochemical H2O2 production in the flange cell with various contents of acetone in 
phosphate buffer. Conditions: 30 mL 100 mM KPi, pH 7; 0 % vol, 3 % vol, 5 % vol or 10 % vol acetone; 
current density = -10 mA cm-2; samples (80 µL) for immediate H2O2 measurement were taken every 
 15 min. A. H2O2 production rate dependent on the acetone content; tconsidered = 60 min. Each condition 
was tested in 3 individual experiments. Error bars represent SD.  B. Terminal voltage as a function of 
time. (_.._..) 0 % vol; (      ) 3 % vol; ( - - -) 5 % vol; (_._._) 10 % vol of acetone; ttotal = 300 min (180 min 
for 10 % vol acetone content). Lines represent the mean value of the 3 independent experiments. For 
reasons of clarity, error bars are not displayed. 
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In a next step, the electrochemical H2O2 production as a function of acetone concentration 

was investigated. The highest initial (first 60 min) H2O2 production rate was found at an 

acetone content of 5 % vol (Figure 31 A), whereas at 10 % vol a significant decrease in the 

production rate can be observed.  The differences in the measured terminal voltages (Figure 

31 B) are not drastic. They range between – 3.5 V and -4.5 V. 

The quantitatively measurable initial H2O2 production rate is not the only factor that is decisive 

for the choice of the right acetone content. Also, the period in which the GDE remains 

functional must be considered. Figure 32 shows the H2O2 concentration as a function of time 

for each of the tested acetone contents. In each experiment the H2O2 concentration increases 

linearly in the first 60 min that were considered for the calculation of the initial production 

rates (R2 ≥ 0.99).  

 

Figure 32. Electrochemical H2O2 production in the flange cell with various contents of acetone in 
phosphate buffer. H2O2 concentration as a function of time. Conditions: 30 mL 100 mM KPi, pH 7;  
0 % vol (A), 3 % vol (B), 5 % vol (C) or 10 %  vol (D) acetone; current density = -10 mA cm-2;  
ttotal = 300 min (180 min for 10 % vol acetone content); samples (80 µL) for immediate H2O2 
measurement were taken every 15 min. Each condition was tested in 3 independent experiments. 
Error bars represent SD. 

 

Without any acetone present (Figure 32 A), the linearity is maintained for the entire test 

period of 5 h (R2 ≥ 0.99) and no leakage of buffer through the GDE could be observed. At an 



Results and Discussion 
 

65 
 

acetone content of 3 % vol (Figure 32 B), the slope is linear up to a time period of 4.5 h  

(R2 ≥ 0.98). First occurrence of buffer leakage – in terms of macroscopically visible droplets at 

the outer GDE surface – was observed after 120 min, 180 min and 210 min, respectively, in 

the three independent experiments. At an acetone content of 5 % vol (Figure 32 C), linearity 

is fairly maintained until a test period of 1.5 h (R2 ≥ 0.98). Leakage of buffer was observed after 

75 min, 90 min and 120 min, respectively. The H2O2 concentration in the experiments at 10 % 

vol acetone content (Figure 32 D) increased linearly within a time period of 2 h (R2 ≥ 0.98). 

However, leakage of buffer could be observed after approximately 5 min in all the 

experiments, and the test had to be terminated prematurely after 3 h because the buffer was 

constantly trickling through the electrode. Figure 33 shows a semi-quantitative overview of 

the time points when macroscopically visible leakage of the buffer through the electrode was 

observed first.   

 

Figure 33. Semi-quantitative overview of macroscopically visible buffer leakage through the GDE 
during electrochemical H2O2 production in the flange cell with various contents of acetone in 
phosphate buffer (see Figure 32). Displayed are the time points when leakage was first observed. 
Conditions: 30 mL 100 mM KPi, pH 7; 0 % vol, 3 % vol, 5 % vol or 10 % vol acetone; current  
density = -10 mA cm-2; ttotal = 300 min (180 min for 10 % vol acetone content). Flooding was checked in 
the beginning every 5 min, after the first 15 min every 15 min. Each data point represents 1 individual 
run. The experiment at 0 % vol acetone content didn’t show any macroscopically visible buffer leakage 
during the full 300 min duration of the experiment. 

 

It is clear to see that the higher the acetone content is, the earlier the macroscopically visible 

buffer leakage appears. The experiment without acetone did not show any macroscopically 

visible buffer leakage during test duration of 300 min. These data show that the wetting of the 
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GDE is a non-negligible factor, influencing the stability of the overall system. An acetone 

content of 3 % vol has, on the one hand, a positive influence on the initial (first 60 min) H2O2 

production rate but on the other hand also a negative influence on the long-term stability of 

the electrochemical setup.   

Apart from the electrochemical test, also the influence of the acetone content on the purely 

enzymatic model reaction needs to be taken into consideration. The initial activity of AaeUPO 

PaDaI regarding EB hydroxylation was measured at various acetone contents. Figure 34 shows 

the relative initial activity as a function of the acetone content. The highest mean initial activity 

was measured at an acetone content of 10 % vol and was thus defined as 100 % relative 

activity. However, it should be noted that there is no statistically significant difference in 

activity at 3 % vol, 5 % vol, 7 % vol and 10 % vol acetone content. The activity decreases to  

78 % at very low (1 % vol and 0.2 % vol) and again to 74 % at the higher (15 % vol - 25 % vol) 

acetone contents that were tested.  

 

Figure 34. Relative initial activity of AaeUPO PaDaI regarding EB hydroxylation with various contents 
of acetone in phosphate buffer. The highest mean activity was defined as 100 % (10 % vol acetone 
content). Conditions: 500 µL 100 mM KPi pH 7; 0.2 % vol - 25 % vol acetone; nUPO = 50 nM; nEB = 2 mM. 
Reactions were started by adding 2 mM (final concentration) H2O2 and stopped after 10 s, 20 s or 30 s 
by adding 8.33 mM (final concentration) NaN3. Each condition was tested in 5 independent 
experiments. Error bars represent SD.   

 

To get an impression of the acetone’s influence on AaeUPO PaDaI on the long run, its storage 

stability at room temperature in 100 mM phosphate buffer (pH 7) with 0 % vol, 3 % vol,  

5 % vol and 10 % vol acetone was investigated. Figure 35 shows the relative initial activity 
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(veratryl alcohol assay) as a function of storage time in buffer with the various acetone 

contents. Surprisingly, the enzyme inactivation as a function of storage time seems to appear 

in 2 steps. A curve shape like that might indicate that there are several isoforms of the enzyme 

present. However, this is – in this case – rather unlikely as the used AaeUPO PaDaI is 

heterologously expressed in P. pastoris, utilizing only 1 gene variant. Also alternative splicing 

(which is generally possible in P. pastoris [117]) is highly unlikely to have happened, as only 

the coding region of the evolved UPO gene was cloned into the expression vector [59]. This  

2-step inactivation curve remains to be further examined. 

 

Figure 35. Storage stability of AaeUPO PaDaI in buffer with various acetone content. Conditions: 10 mL 
100 mM KPi, pH 7; 0 % vol (), 3 % vol (), 5 % vol (Δ) or 10 % vol () acetone; aUPO(t0) = 0.5 U mL-1 
(veratryl alcohol assay, initial activity), T = 25°C; exclusion of light. Samples (100 µL) were taken every 
1 - 5 d over a period of 58 d and activity was measured by veratryl alcohol assay. Each condition was 
tested in 3 independent experiments (exception: 0 % vol acetone – one sample was contaminated). 
Error bars represent SD. 

 

In order to get a clearer picture from this data, the enzyme’s half-life time was calculated 

(Figure 36). For reasons of simplicity, the calculation was performed assuming a uniform 

inactivation, despite the (not yet explainable) two steps shape of the curve. The half-life times 

in the buffers with 0 % vol, 3 % vol and 5 % vol acetone content show no significant difference, 

whereas half-life time decreases in the buffer containing 10 % vol of acetone. The mean half-

life time of the 0 %-acetone control could only be calculated from two independent 

experiments because the third sample showed to be contaminated after only three days.   

Summing up the experiments concerning the acetone content, it becomes clear that an 

acetone content of 10 % vol or higher has an adverse effect on the electrochemical as well as 
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on the biocatalytic part of the reaction. A low (3-5 % vol) content of acetone increases both 

the initial electrochemical as well as the initial biocatalytic performance. There is no significant 

difference in neither the initial electrochemical nor the initial and long-term biocatalytic 

performance when a buffer with an acetone content of 3 % vol or 5 % vol is used. Anyway, it 

was found that 5 % vol acetone content promotes faster flooding of the GDE than 3 % vol 

acetone content, which is why an acetone content of 3 % vol can be regarded as advantageous 

for test durations of 5 h or longer. All observations together led to the decision to use a buffer 

with 3 % vol acetone content in further experiments.  

 

Figure 36. Half-life time (based on activity see Figure 35) of AaeUPO PaDaI depending on the acetone 
content present in the buffer. Conditions: 10 mL 100 mM KPi, pH 7; 0 % vol, 3 % vol, 5 % vol or  
10 % vol acetone; aUPO(t0) = 0.5 U mL-1 (veratryl alcohol assay, initial activity), T = 25°C; exclusion of 
light. Samples (100 µL) were taken every 1 - 5 d over a period of 58 d and activity was measured by 
veratryl alcohol assay. Each condition was tested in 3 independent experiments (exception: 0 % vol 
acetone – one sample was contaminated). Error bars represent SD. 

 

Hence, the reaction medium that was used for the implementation of the overall electro-

enzymatic reaction contained 

 100 mM potassium phosphate  

 at a pH of 7.0  

 and 3 % vol of acetone.  

 

3.1.5 Investigation of Electrochemical Performance under Final Conditions 

After the optimization of the setup and reaction media, the electrochemical performance was 

tested under the final conditions. 
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The initial (first 10 min) production rate of hydrogen peroxide in the flange cell was 

determined at various current densities, in the absence of enzyme and substrate. Figure 37 

shows the H2O2 production rate and corresponding current efficiencies as a function of applied 

current density. The initial H2O2 production rate increases linearly (R2 = 0.996) in the tested 

range.  

 

Figure 37. Electrochemical H2O2 production in the flange cell at various current densities. A. Initial (first 
10 min) H2O2 production rate () and current efficiency () as a function of applied current density. 
Conditions: 30 mL 100 mM KPi, pH 7; 3 % vol acetone. Each condition was tested in 2 independent 
experiments. Error bars represent SD. B. Terminal voltage as a function of time. (      ) -5 mA cm-2;  
(_ _ _ _) -10 mA cm-2;(- - - -) -15 mA cm-2; (……) -20 mA cm-2; (-.-.-) -25 mA cm-2; (_.._.._) -30 mA cm-2. 
Lines represent the mean value of the 2 independent experiments. For reasons of clarity, error bars 
are not displayed. 

 

This observation allows the conclusion that there is no significant limitation of oxygen supply 

at the working electrode when using current densities between −5 mA cm−2 and −30 mA cm−2.  
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No statistically significant trend in the current efficiency data can be observed. The terminal 

voltage increases with the current density and stays in an  acceptable range (less than 11 V) 

within the tested range of current densities.  

3.1.6 Investigation of the Electro-Enzymatic System under Final Conditions 

To investigate the process stability and the productivity of AaeUPO PaDaI in the electro-

enzymatic system, batch experiments were conducted in the flange cell (see 2.5.3).  

 

Figure 38. Electro-enzymatic hydroxylation of EB in the flange cell. Conditions: 30 mL 100 mM KPi, 
pH 7; 3 % vol acetone; 500 µL (4.1 mmol) EB; nAaeUPO = 50 nM. A. H2O2 concentration as a function of 
time. 5 (); 7.5 (); 10 (); 12.5 (X); 15 (+); 20 (); 25 (); 30 () mA cm-2. Error bars are not 
displayed for reasons of clarity. B. Loss of activity as a function of applied current density. Each 
condition was tested in at least four independent experiments. Error bars represent SD.  

 

Due to the inhomogeneous distribution of EB and 1-PE in the reaction media with 3 % vol 

acetone (both poorly water-soluble), it is under the given conditions not possible to measure 



Results and Discussion 
 

71 
 

the development of substrate and product concentration over time. Therefore, all 

experiments were monitored by regularly measuring the H2O2 concentration and the enzyme 

activity. Experiments were stopped when an entire loss of enzyme activity was measured 

(Table 15). The activity loss is also reflected in the simultaneously measured H2O2 

concentration (Figure 38). As the enzymatic activity decreases, the increase of the H2O2 

concentration accelerates.  

 

Table 15. Current densities applied for the batch experiments in 30 mL 100 mM KPi, pH 7; 3 % vol 
acetone; 500 µL (4.1 mmol) EB, using nAaeUPO = 50 nM and corresponding test durations (i.e. time until 
entire loss of enzyme activity). 

Current density / mA cm-2 5 7.5 10 12.5 15 20 25 30 

Test duration / h 7 5.5 4 3 2.5 2 1.25 1 

 

The electro-enzymatic hydroxylation of EB was performed at various current densities 

between −5 mA cm−2 and −30 mA cm−2 with 50 nM of AaeUPO PaDaI and EB in excess of the 

expected conversion.  The concentration of 1-PE and the secondary product acetophenone 

was determined at the endpoint of each individual experiment. Therefore, after complete loss 

of enzyme activity, the internal standard (10 mM 2-phenethyl alcohol in ethanol) was added 

and the reaction mixture was extracted with 30 mL methyl tert-butyl ether (MTBE). Samples 

were diluted with MTBE 1:10 and measured via gas chromatography. Resulting total turnover 

numbers (TTNs) and corresponding space-time-yields (STYs) are shown in Figure 39. 

TTNs were calculated including the secondary product acetophenone. Two oxidation reactions 

(EB to 1-PE and PE to acetophenone) have to take place for formation of acetophenone from 

EB. However, only one oxidation was considered for the calculations of the TTNs shown in 

Figure 39, because the second oxidation reaction is not entirely enzyme catalyzed (see further 

results and discussion below in this chapter). Negative controls without enzyme were 

performed for the oxidation of EB. After 4 h at −10 mA cm−2, concentrations of 50 ± 7 µM and 

120 ± 15 µM were found for 1-PE and the secondary product acetophenone, respectively. This 

data indicates that also a non-enzymatic oxidation of EB occurs, but at a much lower rate than 

the enzymatic conversion (0.85 % of the product concentrations reached in the enzyme-

catalyzed reaction), and can thus be neglected.   
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Figure 39. Electro-enzymatic hydroxylation of EB in the flange cell. TTN () and STY () as a function 
of applied current density. TTNs were calculated including the secondary product (only 1 oxidation-
reaction considered), whereas STYs only consider the actual 1-PE yield. Conditions: 30 mL 100 mM KPi, 
pH 7; 3 % vol acetone; 500 µL EB; nAaeUPO = 50 nM. Each condition was tested in at least four 
independent experiments. Error bars represent SD. (+) / (X) = TTN / STY received under the same 
conditions but with 0 % vol acetone content in the buffer. In this case, experiments were stopped after 
5.5 h (-5 mA cm-2) and 2 h (-10 mA cm-2). Experiments were performed in triplicates. 

 

TTNs of up to 401 916 (molproduct molAaeUPO−1) were reached in the reaction with AaeUPO PaDaI. 

The highest TTN was achieved at a current density of −10 mA cm−2. Operating at current 

densities lower than -10 mA cm-2 and thus lower H2O2 production rates did not affect the TTN 

positively anymore. This is probably due to elongated exposure of the enzyme to the process 

conditions. Those conditions are not only the presence of H2O2 but also probably 

electrochemically formed radicals (HOO•, O2•−) [110] that might damage the enzyme.  

Under the chosen conditions, a current density of −10 mA cm−2 generates the highest TTN and 

a corresponding STY of 13.2 g L−1 d−1. It is noteworthy that these numbers are not fixed values. 

When increasing/decreasing the enzyme concentration, the maximum of the TTN curve will 

probably shift towards higher/lower current densities, respectively, due to the changed ratio 

of H2O2 supply to H2O2 consumption. At the same time, the STY will increase or decrease. 

Figure 39 also shows the TTNs and STYs that were achieved in experiments performed in 

acetone-free phosphate buffer at -5 mA cm-2 and -10 mA cm-2 (symbols X and +). The approach 

was tested to get an impression of a cosolvent-free process as this would make the overall 

process “greener”. Also, the GDE remains functional over a longer time period in acetone-free 

buffer (Figure 32) and thus, principally enables longer process durations. Nevertheless, the 

results show that the advantage of longer GDE functionality does not improve the results 
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under the tested conditions. Entire loss of enzyme activity occurs considerably earlier 

compared to the experiments in 3 % vol-acetone buffer: after 5.5 h compared to 7 h at  

-5 mA cm-2 and after 2 h compared to 4 h at -10 mA cm-2. Also, the TTN and STY range below 

the values reached in 3 % vol-acetone buffer. These findings basically sum up the results that 

the enzyme’s stability in acetone-free buffer is lower (Figure 36) and also the initial activity of 

AaeUPO PaDaI in 0.2 % vol-acetone buffer is about 20 % lower than in 3 % vol-acetone buffer 

(Figure 34). The latter even leads to faster H2O2 accumulation in the buffer at 0 % vol acetone 

conditions. Hence, these results indicate that the development of a solvent-free process will 

necessitate further enzyme engineering in addition to process engineering.  

STYs were calculated considering only the formation of the aspired product 1-PE. The STY 

increases with increasing current density, initially (Figure 39). A maximum STY is reached at a 

current density of −25 mA cm−2. It is fair to assume that at current densities higher than  

-25 mA cm-2 (so also higher H2O2 production rates), the faster H2O2 supply does not outweigh 

the accelerated activity loss anymore (Figure 38 B). Additionally, the decrease of STY at a 

current density of -30 mA cm-2 can partially be assigned to an increase of the secondary 

oxidation of 1-PE to acetophenone. Figure 40 shows the percentage of the secondary product 

acetophenone, measured in the overall reaction as a function of applied current density.  

 

Figure 40. Electro-enzymatic hydroxylation of EB in the flange cell. Conditions: 30 mL 100 mM KPi, 
pH 7; 3 % vol acetone; 500 µL EB; nAaeUPO = 50 nM. Percentage of the by-product acetophenone  
(100% = sum of product and by-product, calculated in mol) as a function of applied current density. 
Each condition was tested in at least four independent experiments. Error bars represent SD. 
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Table 16. KM and kcat of AaeUPO PaDaI regarding the oxidation of EB and 1-PE. Conditions: 500 µL  
100 mM KPi pH 7; 3 % vol acetone; nAaeUPO = 20 nM; 0.1 - 1.8 mM EB or 0.1 – 1.2 mM 1-PE. Reactions 
were started by adding 2 mM (final concentration) H2O2 and stopped after 10 s (in case of EB) or 60 s 
(in case of 1-PE) by adding 8.33 mM (final concentration) NaN3. Samples were stored on ice until HPLC-
measurement. Each condition was tested in 5 independent experiments. 

 KM / µM kcat / s-1 

EB 688 ± 133 281 ± 15 

1-PE 467 ± 71 8 ± 0.5 

 

Because AaeUPO is capable of alcohol oxidation (e.g. veratryl alcohol [54]), acetophenone 

could arise from the further enzymatic oxidation of the desired product 1-PE. Nevertheless, 

looking at such high ratios, it is worth investigating to what extend the 1-PE-conversion can 

theoretically be performed enzymatically. Therefore, the KM- and kcat-values for 1-PE oxidation 

by AaeUPO PaDaI were experimentally determined (Table 16). The KM was determined as  

467 µM ± 71 µM 1-PE and the kcat as 8.2 s-1 ± 0.5 s-1.  

Figure 41 B shows a comparison of the acetophenone end-point concentrations that were 

practically reached, and a theoretically possible endpoint concentration based on this 

experimentally determined kcat-value and the length of each experiment at the respective 

current density. It is proposed that the 1-PE concentration is greater or equal 2 x KM at any 

time and that AaeUPO PaDaI is not inactivated during the experiment. This theoretical value 

is of course not reachable in reality, as the enzyme has been proven to lose activity over time 

(Figure 38). Still, the measured acetophenone endpoint concentration at -25 mA cm-2 and  

-30 mA cm-2 is higher than that theoretical value. Thus, this comparison proves that the 

oxidation of 1-PE to acetophenone does happen by other than only enzymatic catalysis to a 

great extend in these experiments. There is no literature about electrochemical oxidation of 

secondary alcohols with pure carbon black GDEs, but there exists literature on electrochemical 

oxidation of secondary alcohols using catalysts different from carbon black [118].  Also, no 

literature about oxidation of secondary alcohols by H2O2 alone was found but with additional 

catalysts such as titanium silicate, phosphotungstate and Fe3O4 nanoparticles [119–121]. The 

investigation of this reaction will be an interesting subject for further experiments.  
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Even though the formation of a secondary product lowers the yield of the desired product, 

conditions were not optimized in order to limit the acetophenone formation in this work. On 

the one hand, the secondary reaction needs further investigation and on the other hand, this 

problem can probably be avoided by methods such as in situ product removal [122]. 

 

Figure 41. Comparison of end-point concentrations that were actually reached (, conditions see 
Figure 39) and a theoretically possible endpoint concentration () based on the experimentally 
determined kcat-value (see Table 16) and the propositions that the 1-PE concentration is greater or 
equal 2 x KM at any time and that AaeUPO PaDaI is not inactivated during the experiment. A. 1-PE 
concentration as a function of applied current density, B. Acetophenone concentration as a function 
of applied current density.  

 

In order to get an impression of the potentially possible production rate with AaeUPO PaDaI 

under the tested conditions, KM and kcat were also determined for the primary reaction – the 

oxidation of EB to 1-PE (see Table 16). As for the secondary reaction, also with the primary 

reaction a comparison of the 1-PE end-point concentrations that were actually reached and a 
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theoretically possible endpoint concentration based on the experimentally determined kcat-

value and the length of the experiments at the respective current densities was performed 

(Figure 41 A), again proposing that the EB concentration is greater or equals 2 x KM at any time 

and that AaeUPO PaDaI is not inactivated during the experiment. At each tested current 

density, the measured product concentrations (1-PE + acetophenone) range far below the 

theoretical values (between 6 % and 25 % of the theoretical value). This comparison together 

with the negative controls is another proof that the oxidation of EB to 1-PE is performed 

mainly by enzymatic catalysis. Also, these data show how great the potential of AaeUPO PaDaI 

still is to reach higher space time yields, by even more optimizing the conditions in order to 

promote longer enzyme stability.   

Another interesting perspective for this reaction is to look at the “H2O2 efficiency” that is 

reached. Meaning, how much of the produced H2O2 is used for the oxygenation of EB. Figure 

42 shows a comparison of the average EB oxygenation rate (considering 1-PE- and 

acetophenone concentration) by AaeUPO PaDaI and initial H2O2 production rates at the 

respective current densities. Deliberately, the figure does not display “H2O2 efficiencies” in 

percent because this would imply an accuracy that is not applicable – as it is already proven 

that the initial H2O2 production rate decreases during the reaction time (Figure 32 B). 

Nevertheless, even though based on approximations, this comparison shows clearly that the 

full amount of the supplied H2O2 has not been consumed in the experiments. The dotted line 

displayed in Figure 42 shows the benchmark - the theoretically possible enzymatic 

oxygenation rate based on the measured kcat of AaeUPO PaDaI for EB. With the tested H2O2 

production rates, it is not possible to reach this benchmark, even if H2O2 efficiency was at 

100 %. Nevertheless, as the difference between (initially) produced and converted H2O2 

increases with increasing current densities, at this point, investigations in the direction of 

higher current densities (in order to align kcat and H2O2 production rate) should not be the 

priority.  

Factors why the measured reaction rate ranges below the theoretically possible maximum 

reaction rate are the inactivation of the enzyme by H2O2 and probably non-optimal EB and 

H2O2 supply due to non-optimal mixing in the reactor. Also, it must be taken into account that  

Figure 42 is based on approximations and the real H2O2 production rate is lower than the 
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displayed approximation based on the measured initial H2O2 production rates at the 

respective conditions.  

 

Figure 42. Comparison of average oxygenation rate by AaeUPO PaDaI (Δ) (conditions see Figure 39) 
and the initial H2O2 production rate () (see Figure 37) as a function of current density. The dotted 
line (----) shows theoretically possible enzymatic oxygenation rate – based on the measured kcat of 
AaeUPO PaDaI for EB (see Table 16). 

 

Nevertheless, when looking at the key performance indicators TTN and STY, comparison to 

literature-reported values shows that the herein described system is in a good position.  

Table 17  lists the literature-reported TTNs/TONs and STYs reached for this AaeUPO-catalyzed 

model reaction using different H2O2 supply methods. The maximum TTN that could be reached 

in this work was 401 916 with a corresponding STY of 13.2 g L-1 d-1. The TTN does not reach or 

exceed the benchmark reported in the literature, but it comes very close. By establishing an 

enzyme cascade utilizing five different enzymes and NAD as a cofactor, Ni et al.[93] achieved 

the highest reported TTN for this reaction so far – a TTN of 468 500. Nevertheless, at the same 

time, the STY reached with this system ranged only around 1 g L−1 d−1. Hence, when looking at 

the complete picture, the electro-enzymatic system seems to be more promising. Also, as 

already mentioned in the introduction, the enzyme cascade system of Ni and co-workers is 

problematic to transfer into technical scale, as five different enzymes and the expensive 

cofactor NAD are required.  

The highest STY that could be reached in this work was 26 g L-1 d-1, which is lower than the 

literature-reported benchmark as well. The highest STY reported in literature is 60 g L-1 d-1 by 
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Kluge et al.[112], which was achieved with a simple H2O2 feed. Nevertheless, the 

corresponding TTN of 43 000 that was reached with this system, is more than five times lower 

than the TTN reached in this work, which was 266 234, corresponding to the 26 g L-1 d-1. Again, 

as noted in the introduction, not only the comparatively low catalyst efficiency (TTN), but also 

the immense volume increase with longer process durations have to be considered as a large 

drawback for the feed-system compared to the electro-enzymatic system that was developed 

in this work. Also, a feed of H2O2 necessitates the storage and handling of H2O2 solutions, 

which is a safety issue. 

 

Table 17. Comparison of TTN/TON and STY for the hydroxylation of EB to 1-PE, using different H2O2 
supply methods. 

H2O2 supply Characteristic STY / g L-1 d-1 TTN / 

TON* 

Reference 

Feed Fixed molar ratio EB: H2O2 = 0.6 60 43 000 [112] 

Enzymatic cascade 5 enzymes, NAD required, 

mineralization of methanol 

1 468 500 * [93] 

Photocatalytic Au-TiO2 as photocatalyst, 

methanol as electron donor 

0.6 91 000 * [96] 

Electrochemical GDE-based, -10 mA cm-2 13 401 916 This work 

Electrochemical GDE-based, -25 mA cm-2 26 266 234 This work 

     

Also, a system using photocatalytic in situ formation of H2O2 was combined with the EB 

hydroxylation using AaeUPO. The highest TTN for this reaction so far, reported with a 

photobiocatalytic system, was reached by Zhang et al. [96] using Au-TiO2  as photocatalyst to 

generate H2O2. To push atom economy, they used methanol as the sacrificial electron donor. 

As mentioned already in the introduction, the potential to develop very atom economical 

systems from this starting point is quite high, nevertheless to date, the actual TTNs and STYs 

that can be achieved are rather low. Zhang et al. reached a TTN of only 91 000 with a 

vanishingly low corresponding STY of 0.6 g L-1 d-1.  
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3.2  Exploring Continuous GDE-based Electro-Enzymatic Synthesis 

There is a growing interest in continuous processes in biotechnology due to their possible 

advantages like high volumetric productivity, simplification of processes or cost reduction 

[100]. Taking up this issue, investigations were made to widen the scope of GDE-based electro-

enzymatic synthesis towards continuous processes.  

A setup that is known from electro-enzymatic synthesis in batch mode (see section 2.5.1.1 and 

Figure 15) served as the starting point for further advancements. 

3.2.1 Pre-Characterization of a Custom-Made CfuCPO Fabric 

A co-operation partner from the “Deutsches Textilforschungszentrum Nord-West“ in Krefeld 

kindly provided CfuCPO immobilized on a woven PET fabric. According to the co-operation 

partners, the enzyme was covalently bound to the surface of the fabric by a method equivalent 

to the one described in reference [123]. The fabric will further be referred to as the “CfuCPO 

fabric”. It was used in the following experiments without any further treatment. 

Before using the CfuCPO fabric in a continuous process, it was pre-characterized concerning 

specific activity (activity per gram of fabric), the reusability in an activity assay and finally 

enzyme-leaching under process-like conditions. 

The specific activity was measured by monochlorodimedone (MCD) activity assay (see section 

2.4.3.7) – a standard test method to explore halogenating enzymes. MCD is oxidatively 

halogenated to dichlorodimedone (DCD). The reaction is monitored via substrate 

consumption. The absorbance change at 278 nm (εMCD-278nm = 12.2 mL µmol-1 cm-1) was 

measured. Only measurements that exhibited a linear absorbance decrease for at least 20 s 

were considered as valid. Figure 43 shows an exemplary set of four individual assays, each 

conducted with a piece of CfuCPO fabric, 0.5 cm2 in size. The graph shows the absorption at 

278 nm as a function of time. It is clear to see that the absorption curve in sample #1 and #2 

runs very similar, whereas the slope of curve #3 is less steep and curve #4 runs strikingly 

steeper than the other curves. The peak in the absorption of curve #1 was attributed to 

interference of an air-bubble and was thus neglected in the data analysis.  

Considering the different curve slopes, it is clear that the specific activities, that were 

calculated from the time-dependent change of extinction (ΔE), vary widely as well. From the 
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extreme variations in specific activity (mean value = 1.25 U gfabric
-1; standard  

deviation = 0.68 U gfabric
-1) one can conclude that the enzyme is not evenly distributed on the 

fabric. Moreover, the difference in mass at the same area (Table 18) indicates that the fabric 

itself is not uniform but varies in thickness and/or density. 

 

Figure 43. MCD activity assays with CfuCPO fabric. Absorption at 278 nm as a function of time. 
Conditions: 2.7 mL 100 mM citrate buffer pH 2.75, 20 mM NaCl, 0.1 mM MCD, 0.28 mM H2O2 in a  
4.5 mL PMMA cuvette. () sample 1; (      ) sample 2; (- - -) sample 3; (-  -  -) sample 4. Each sample 
represents a piece of fabric (Afabric (1-4) = 0.5 cm2) from a different region in the fabric. Corresponding 
specific activities [Ugfabric

-1] are given in Table 18. 

 

Table 18. Mass of the used fabric, coefficients of determination and specific activities, of the MCD 
activity assays shown in Figure 43. 

 

Sample # mfabric / mg R2 / - a(m)CPO / U gfabric
-1 

1 19.9 0.997 1.05 

2 19.5 0.996 1.17 

3 15.2 0.994 0.57 

4 24.7 0.999 2.19 

 

It is noteworthy that the shown measurements should be evaluated critically. Due to the 

setup, the catalytically active CfuCPO fabric is only present at the bottom of the cuvette, 

possibly leading to the build-up of a concentration gradient of all reactants, which is to be 

avoided when applying Lambert-Beer’s law. Nevertheless, since the assay conditions are the 
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same for all the tests and the coefficients of determination (R2) are in an acceptable range, 

the setup was considered adequate and was used this way throughout this work.  

In a next step, the reusability of the CfuCPO fabric was tested. For this, the same fabric sample 

was tested in 5 consecutive MCD activity assays (see section 2.4.3.7). Between the individual 

assays, the fabric was washed for 5 min in 5 mL 100 mM citrate buffer pH 2.75 (150 rpm, room 

temperature). The results are summarized in Figure 44. Due to the limited CfuCPO fabric 

availability, the experiment was performed only once. 

The results show that already after the first assay, the specific activity is reduced to more than 

half of the initial value. Also, in the following assays, the measured activity decreases 

drastically. In assay #5, a specific activity of only 0.3 U gfabric
-1 was measured, which 

corresponds to approximately 5 % of the initially measured specific activity in assay #1.  

 

 

Figure 44. Testing the reusability of the CfuCPO fabric. Specific activity on the same piece of fabric  
(m = 82.2 mg, A = 0.5 cm2) in a sequence of 5 consecutive MCD activity assays. Conditions: 2.7 mL  
100 mM citrate buffer pH 2.75, 20 mM NaCl, 0.1 mM MCD, 0.28 mM H2O2 in a 4.5 mL PMMA cuvette;  
mCPO-fabric = 82.2 mg; time per assay = 3 min. The cloth was washed with 100 mM citrate buffer pH 2.75 
between the individual assays. Due to limited CfuCPO fabric availability, the experiment was 
performed only once.  

 

Again, the experimental setup is to evaluate critically. The coefficients of determination (R2) 

are in a barely acceptable range for the assays #1 (R2 = 0.88) and #2 (R2 = 0.98). The indicated 

deviation from linearity can be attributed to the very fast reaction in the assays #1 and #2. 
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From these data, it can be concluded that the used assay is not best suited for fabric with high 

specific activity. As it was already concluded before, one problem is that the enzyme is not 

evenly distributed on the fabric, also the fabric itself seems to be non-uniform (highly varying 

masses for the same area of fabric) – thus areas with locally high specific activity can be found. 

In contrast to non-immobilized CfuCPO, the immobilized enzyme cannot be diluted and using 

a smaller piece of fabric is not possible, either, because the fabric must be trapped inside of 

the cuvette or it will float to the surface and disturb the photometrical measurement.   

Nevertheless, the results indicate clearly that the specific activity of the tested CfuCPO fabric 

decreases drastically after each assay. The reduced activity could be caused either by 

inactivation of the enzyme (e.g. by H2O2) or enzyme leaching during the assays and the 

washings steps.  

3.2.2 Characterization of the CfuCPO Fabric under Process-Like Conditions 

Owing to previous results (see section 3.2.1), the CfuCPO fabric was examined regarding 

enzyme leaching under process-like conditions – without electrochemical H2O2 production. 

Tests were performed in the electrochemical reactor loop mode as well as in the continuous 

mode of the reactor. As described in section 2.5.1.2, a piece of CfuCPO fabric was cut, weighed 

(mloop = 436.6 mg; mconti = 442.7 mg) and built into the flow cell (see Figure 12 for the scheme 

of the electrochemical flow cell with additional fittings). The cell was run at a volumetric flow 

rate of 0.5 mL min-1. At regular intervals, 250 µL of sample was taken (in case of the continuous 

mode, samples were taken at the reactor outlet) and the volumetric activity was determined 

by MCD activity assay (see section 2.4.3.1).  

Figure 45 A shows the measured volumetric activities as a function of time. In the loop mode, 

the activity in the buffer increases steadily and it is overall lower than in the samples taken 

from the continuous reactor. Moreover, in the continuous mode, the volumetric activity 

reaches a peak after 60 min and values decrease steadily in the following minutes. The 

difference in the curve shapes can be explained by the fact that in the loop mode – other than 

in the continuous mode – leached CfuCPO accumulates in the circulating buffer. To allow for 

better comparability, the total activity of leached enzyme was calculated from the volumetric 

activity data (Figure 45 B, calculations see 2.5.1.3).  
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Figure 45. Enzyme-leaching of the CfuCPO fabric in the GDE reactor. A: Volumetric CfuCPO activity as 
a function of time. B: Total CfuCPO activity (calculated from volumetric activities) as a function of time. 
 loop mode  continuous mode. Conditions: 100 mM citrate buffer pH 2.75; volumetric flow  
rate = 0.5 mL min-1; Vloop = 30 mL. Samples of 250 µL were taken at the depicted time points and the 
activity was determined by MCD assay. Due to limited CfuCPO fabric availability, the experiment was 
performed only once. 

 

In loop mode, the first significant increase of volumetric activity in the buffer is observed after 

60 min. The highest activity was measured after 240 min. At this point, a total activity of  

0.45 U has leached out of the fabric. The experiment was continued, and one further sample 

was taken after 24 h. After 24h, a total activity of only 0.3 U was measured – a decrease of 

33 % compared to the sample after 240 min. This result indicates a (probably temperature-

induced) inactivation of the CfuCPO. It is noteworthy that the measured value of 33 % activity 

loss represents a cumulative value of enzyme inactivation and gain of activity in the buffer due 

to ongoing enzyme leaching.  
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The total activity curve in loop mode (Figure 45 B) resembles a saturation curve which is 

typically found in equilibrium reactions. Thus, one can assume that an equilibrium between 

adsorption and desorption of Cfu CPO establishes in the loop mode.   

In the continuous mode, the first significant increase of volumetric activity was measured after 

30 min. The highest volumetric activity is obtained after 60 min, followed by a steady 

decrease. Looking at the total activity, the curve shape resembles the curve shape that was 

found in the loop mode. After a short lag phase, the measured activity increases linearly until 

it flattens and probably approaches a maximum (due to the short test duration, a plateau was 

not reached yet). According to the calculations, a total activity of 4.1 U leached out of the 

fabric after 240 min.   

 

Table 19. Residual activity on the CfuCPO fabric after 1440 min (loop) and 240 min (conti) of testing 
under process-like conditions. a1-3 refer to MCD assays of individual pieces of fabric cut from the 
respective CfuCPO fabric used in loop and continuous reactor mode. 

Mode a1(m)CPO / U gfabric
-1 a2(m)CPO / U gfabric

-1 a3(m)CPO / U gfabric
-1 a Ø (m)CPO / U gfabric

-1 

Loop 0.3 0.71 0.35 0.45 ± 0.22 

Continuous 1.5 0.33 0.32 0.75 ± 0.63 

 

Upon termination of the experiments, three samples (Afabric = 0.5 cm2) were cut out of each of 

the used fabrics, weighed and investigated for remaining CfuCPO activity by MCD activity 

assay. The results of these measurements are shown in Table 19. Taking into account wet 

weights of 3.45 g (loop mode) and 3.19 g (continuous mode) of fabric, total activities of 

1.56 U ± 0.76 U (loop) and 2.4 U ± 0.76 U (continuous), respectively, have remained on the 

used fabrics. For technical reasons, the total activity on the fabrics could not be determined 

prior to the experiments, thus it is not possible to assess to what extend inactivation of the 

CfuCPO has influenced the data.  

Due to the extremely inhomogeneous distribution of CfuCPO on the fabric, and moreover 

probably a huge variation of enzyme density among different production batches, the 

obtained results do not allow for a substantial discussion or a comparison between loop and 

continuous mode. Since it is not feasible to measure the total activity on a whole piece of 
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fabric prior to the actual experiments, it is impossible to say if an observed effect is caused by 

the setup or simply by differences in the used CfuCPO fabric. Generally, data exhibiting a 

standard deviation of more than 50 % of the actual mean value (Table 19) can, of course, not 

be considered as significant.  

Nevertheless, one clear statement can be made from the obtained data: There is a drastic 

enzyme leaching of CfuCPO from the fabric support. As the immobilization and 

characterization of the CfuCPO fabric was carried out by our co-operation partner at the 

“Deutsches Textilforschungszentrum Nord-West”, it is only possible to speculate about the 

reasons. The immobilization method is described in their publication “Polyvinylamine-coated 

polyester fibers as a carrier matrix for the immobilization of peroxidases” [123]. It should be 

noted that the publication describes the immobilization of another peroxidase – the 

“Baylase”.  Polyethylen therephthalat (PET) was coated with polyvinylamine (via an amide 

bond) to which the enzyme was crosslinked by glutardialdehyde. The authors describe a loss 

of activity after each of the first 5 reaction cycles. Nevertheless, “only” around 50 % of the 

Baylase activity is lost after 5 reaction cycles, whereas in this work, 95 % percent of the CfuCPO 

activity were lost. The most probable cause for the enzyme leaching is the overestimation of 

the covalently bound enzyme. Probably most of the CfuCPO was only adsorbed to the fabric 

and the described sample washing was not sufficient to remove all the adsorbed enzyme.  

Based on the results of this chapter, it was decided that the described CfuCPO fabric is not 

suitable for application in a continuous electro-enzymatic process. Hence, investigations 

concerning the CfuCPO fabric were abandoned.   

3.2.3 Investigation of CfuCPO Retention in a Dialysis Tube 

As the approach of the CfuCPO fabric-based process was abandoned, but the principle of a 

continuous electro-enzymatic reactor should be tested, retention of CfuCPO in the 

electrochemical reactor using a dialysis tube was tested. The same cell that was used for the 

CfuCPO fabric experiments was used (Figure 12). Therefor an appropriate piece of the tube 

was cut and allowed to soak in ultrapure water for 30 min at room temperature. Subsequently, 

the tube was closed at one end by a string and the other side was carefully opened. The 

desired volume of reaction media was pipetted into the tube. Afterwards the tube was closed 

at the other end by a string. The loaded tube was placed in the middle part of the cell. 
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To investigate the effects of an enzyme-retention via dialysis tube, first electro-enzymatic 

experiments were conducted in the loop mode reactor. Experiments with electrochemical 

H2O2 supply were directly performed without prior experiments concerning enzyme leaching, 

since the latter was regarded as unnecessary as a commercially available dialysis tube was 

used. MCD conversion with and without enzyme retention was examined. Space time yield 

(STY) and total turnover number (TTN) were calculated for both variants. In order to 

characterize the conversion over a longer period, additional MCD was fed as soon as the 

absorption at 278 nm fell below a value of 0.2.  

Figure 46 shows the concentration of MCD and H2O2 as a function of time. In the setup without 

enzyme retention (Figure 46 A), MCD conversion was observed over the time course of  

285 min, whereas there is a clear deceleration after 150 min. During this experiment, MCD 

was fed three times. The first addition was made after 21 min, the second addition after  

53 min and the last one after 101 min. The time period between the first and the second 

addition was 32 min, and between the second and the third addition it was 48 min. The time 

period between the additions increases until, after the third addition, the absorption at 

278 nm does not drop below 0.2 anymore until the end of the experiment. During the same 

time, the H2O2 concentration increases to 365 µM. These results allow for the conclusion that 

the used CfuCPO lost its activity after approximately 200 min in the setup without enzyme 

retention. This assumption is confirmed by the fact that after the addition of 0.5 nmol CfuCPO 

upon termination of the experiment, the absorption at 278 nm decreased close to zero (data 

not shown). All in all, 15.7 µmol (2.75 mg) of MCD were converted during the test without 

CfuCPO retention. This correlates to a TTN of 31,477. Considering the stoichiometry of 1:1 for 

MCD and DCD and the molecular weight of DCD, 3.3 mg of DCD were formed from 2.75 mg 

MCD, resulting in a STY of 13.9 mg L-1 h-1.  

Figure 46 B shows the data obtained in the loop reactor with CfuCPO retained in a dialysis 

tube. MCD conversion could be observed over the entire test duration of 355 min. During the 

experiment, MCD was fed only twice. The first addition was made after 121 min, the second 

addition after 291 min. After approximately 300 min, a clear flattening of the absorption curve 

can be seen. Unfortunately, the test was interrupted before the reaction stopped completely. 

Since the H2O2 concentration, measured upon termination of the experiment, was still below 

100 µM and MCD conversion was obviously still ongoing even after 355 min, it can be assumed 
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that there was still active enzyme left in the dialysis tube. Thus, the calculated TTN of 18,137 

is to evaluate critically. 1.9 mg of DCD were produced from 1.6 mg MCD during the 

experiment, which corresponds to a STY of 6.4 mg L-1 h1-. 

 

Figure 46. MCD conversion by CfuCPO in the loop reactor. A: CfuCPO evenly distributed in the entire 
reaction media. B: CfuCPO retained in a dialysis tube.  MCD concentration and  H2O2 concentration 
as a function of time. Each arrow represents the addition of 1.5 mL 3 mM MCD. Conditions: 50 mL  
100 mM citrate buffer pH 2.75; 20 mM NaCl; 0.1 mM MCD (initially); nCPO = 0.5 nmol; volumetric flow  
rate = 3 mL min-1; current density: -0.55 mA cm-2. 

 

Additionally, upon termination of the test with CfuCPO retention in a dialysis tube, the buffer 

inside of the tube was analyzed. A H2O2 concentration of 181 µM and an MCD concentration 

of 71.5 µM was measured. Figure 47 shows the comparison of H2O2 and MCD concentrations 

inside and outside of the used dialysis tube. It is noteworthy that especially the values 

measured for the buffer inside the dialysis tube are rather a rough guide since all the 

components needed for MCD conversion are present in this tube. Assuming that a portion of 
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CfuCPO was still active upon termination of the test, it is well possible that the lower MCD 

concentration inside has to be attributed to an ongoing reaction until the analysis was 

performed.  

Also, a higher H2O2 concentration was found inside the tube than in the surrounding buffer. 

Since at the beginning of the test, there was no H2O2 inside the tube and it can be excluded 

that further H2O2 is diffusing into the tube after the establishment of an equilibrium, it must 

be assumed that the H2O2 concentration inside of the electrochemical flow cell is substantially 

higher than the concentrations that were measured in the vessel. Based on the existing 

findings and the available data, it can only be speculated on the reasons for this. Probably, 

H2O2 is not only consumed inside of the dialysis tube, but also consumed or degraded outside 

of tube and the electrochemical flow cell – which implies that CfuCPO might have leached out 

of the dialysis tube. However, this assumption was not examined.   

 

Figure 47. MCD and H2O2 concentration inside () and outside () the dialysis tube right after 
1 440 min of CfuCPO-catalyzed MCD conversion in the loop reactor (Figure 46). 

 

Since the experiment using the dialysis tube was not run until the point of entire enzyme 

inactivation, a comparison of the TTNs with and without retention is not meaningful. In 

contrast, the STY can be considered as a good parameter for comparison. In the dialysis tube-

based setup, the STY is about 54 % lower than in the setup utilizing non-retained CfuCPO. 

Accordingly, the velocity of MCD conversion is substantially lower in the setup using the 

dialysis tube compared to the non-retained CfuCPO. Since the same amount of enzyme was 
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used in both setups, it can be assumed that the dialysis tube setup is diffusion limited. This 

means that the mass transport of one or more components into and/or out of the tube is 

limiting the speed of the MCD conversion.  

3.2.4 Investigation of Dialysis Tube-Retained CfuCPO in a Continuous Process 

The continuous conversion of MCD with electrochemical in situ production of H2O2 was 

performed as described in section 2.5.1.3. The remaining MCD concentration was calculated 

from regular measurements of the absorption at 278 nm. According to the calculations 

described in section 2.5.1.3, the amount of produced DCD was evaluated. Figure 48 shows 

MCD and DCD concentrations as a function of time.  

At an applied current density of -1.1 mA cm-2 (Figure 48 A), the DCD yield reaches a plateau 

after 120 min. At the same time, the MCD concentration is not constant but reaches a 

minimum after approximately 60 min and then increases slowly and steadily. At this current 

density, a DCD yield of 32.5 % was achieved. The test duration was 305 min. During this time, 

a turnover of 9 052 (molDCD/molCPO) was accomplished. A STY of 0.97 mg L-1 h-1 (a total mass 

of mDCD = 0.9 mg) was calculated for DCD. The test duration was not long enough to observe 

a drastic in DCD yield caused by inactivation of the enzyme. However, the rapid increase in 

H2O2 concentration (Figure 49) up to 1.1 mM by the end of the experiment and even 10 mM 

H2O2 inside the dialysis tube will certainly deactivate the CfuCPO rapidly, as this enzyme has a 

known half-life time of only 38 min in the presence of 50 µM H2O2 in phosphate buffer [87]. 

Therefore, a second run in the continuous setup was tested applying a lower current density 

of -0.55 mA cm-2. The results of this run are shown in Figure 48 B. In this test, the MCD 

concentration reaches a somewhat constant value after approximately 100 min, whereas the 

DCD yield reaches a plateau after about 270 min. Furthermore, one can see that the MCD 

concentration starts to increase again after 250 min. Again, the test duration of 335 min was 

not long enough to observe a significant drop in DCD yield. A maximum yield of 36.9 %, a 

turnover of 12 423 (molDCD/molCPO) and a STY of 1.1 mg L-1 h-1 (a total mass of mDCD = 1.2 mg) 

was calculated. In this test, the measured H2O2 concentration only reached concentrations up 

to 37 µM in the surrounding buffer and 209 µM inside the dialysis tube.  
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Figure 48. MCD conversion by CfuCPO in the continuous reactor operated at a current density of (A) 
-1.1 mA cm-2 and (B)- 0.55 mA cm-2. / MCD concentration at the reactor outlet and (------) DCD 
yield as a function of time. Conditions: 100 mM citrate buffer pH 2.75; 20 mM NaCl; 0.1 mM MCD 
(initially); nCPO = 0.5 nmol; Vtube = 5 mL (initially); volumetric flow rate = 0.5 mL min-1

.  

 

Summing up, it can be assumed that at a current density of -1.1 mA cm-2, the applied enzyme 

activity was “limiting”. The substrate cannot be the limiting factor and since the H2O2 

concentration increases rapidly after 60 min it is clear that the co-substrate is not limiting 

either. At a current density of -0.55 mA cm-2, probably the co-substrate H2O2 was a limiting 

factor, since the concentration does not increase substantially within the time period of the 

experiment. 
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Figure 49. H2O2 concentration at the reactor outlet as a function of time, measured during MCD 
conversion by CfuCPO in the continuous reactor (Figure 48), operated at current densities of 
-0.55 mA cm-2 () and -1.1 mA cm-2 (Δ). 

 

Compared to previous publications where the same reaction was examined in a non-

continuous electrochemical system, STY and TN reached here are vanishingly small. Krieg et 

al. reported a STY of 9.5 g L-1 d-1 at a TTN of 203 100 [21] and Holtmann et al. even reached a 

TTN of 1 173 000 together with a STY of 8.4 g L-1 d-1 [23].Krieg and co-workers [21] reached an 

STY of 9.5 g L-1 d-1 (396 mg L-1 h-1) with the same reaction, using dissolved CfuCPO. The 

continuous system, using a dialysis tube for the retention of the CfuCPO reaches thus less than 

1 % of the STY that was reached by Krieg et al.  

Due to those not very promising first results and the complicated setup of the dialysis tube-

based system as well as the instable immobilization of CfuCPO on fabric, the continuous GDE-

based electro-enzymatic synthesis using CfuCPO was not investigated further at this point. 

Later, once a stable immobilization method for CfuCPO will be published and accessible, work 

with this system could be continued.  
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4. CONCLUSIONS AND FUTURE PROSPECTS 

Enzymes that catalyze oxyfunctionalization reactions and only require H2O2 as the co-

substrate are interesting candidates for industrially relevant reactions, because their key 

reaction is very atom economical. As high H2O2 concentrations inactivate those enzymes 

quickly and irreversibly, various in situ H2O2 production methods have been developed and 

tested in bench scale. Electrochemical H2O2 production using gas diffusion electrodes is an 

atom economical and aeration-avoiding alternative for in situ H2O2 supply. Therefore, in the 

present work, the scope of GDE-based electro-enzymatic synthesis was explored. 

One aims of the present work was to show the feasibility of electrochemical H2O2 supply in a 

continuous process. The chlorination of MCD by the chloroperoxidase CfuCPO served as the 

model reaction. The initially intended experiments, using CfuCPO immobilized on fabric, could 

finally not be tested in the continuous mode, because the immobilization method [123] was 

apparently not technically mature, yet. High enzyme leaching from the fabric under process 

conditions finally necessitated to perform the experiments with a different enzyme retention 

method. With CfuCPO retained in a dialysis tube, a maximum STY of 1.1 mg L-1 h-1  

(0.028 g L-1 d-1) at a turnover number of 12 423 was reached for the chlorination of MCD. This 

result shows that the continuous system is basically feasible but, in this form, it is far from a 

yield that would be relevant for application 

In general, the continuous electro-enzymatic synthesis should be investigated using a more 

stable enzyme immobilizate. So far, no advances in the immobilization of enzymes on fabric 

have been published, and looking at the results reported in this work, further development of 

the dialysis tube-based system does not seem to be a very promising approach. Nevertheless, 

when changing the reactor type from the herein used plug flow reactor (PFR) to a continuous 

stirred tank reactor (CSTR), this change opens up the possibility of working with more 

“traditionally” immobilized enzymes. The flange cell described in section 2.5.3 could be 

modified slightly in order to used it as a CSTR for continuous electro-enzymatic synthesis.  

Immobilization of enzymes has multiple general advantages, e.g. higher stability, easier 

handling and reuse of the catalyst. Therefore, enzymes that are potentially industrially 

relevant are highly likely to be target to immobilisation experiments.  
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In this context, it is interesting to know that the evolved unspecific peroxygenase AaeUPO 

PaDaI has been successfully subjected to immobilization recently [124]. Molina-Espeja and co-

workers immobilized the enzyme by the Directed Unique-point Covalent Immobilization 

(DUCI) strategy, which relies on the engineering of specific Cys-mutants, establishing selective 

covalent interactions between the enzyme and the support. Using AaeUPO PaDaI in a CSTR 

for electro-enzymatic synthesis would be an interesting approach since this catalyst is known 

to catalyse more industrially relevant reactions than CfuCPO. Once basic feasibility would be 

shown here, further parameters like flow rate, current density, enzyme amount and substrate 

concentration can be optimized.  

The second aim of this work was to enhance the efficiency of AaeUPO PaDaI in a model 

reaction by electrochemical in situ H2O2 supply. The model reaction was the hydroxylation of 

EB to 1-PE. For benchmarking, TTN and STY were calculated. Comparing the publications 

concerning this specific model reaction, the electro-enzymatic system shows its clear 

strengths. It reaches high TTNs with rather high STYs at the same time, whereas the other 

published systems each excelled at only one of these two performance indicators. It must not 

be forgotten, that the electro-enzymatic system is also the most atom economical system so 

far and that it cannot only be used with AaeUPO but also with different peroxygenases.  

These promising results might encourage the establishment of a collaboration that focuses on 

an industrially interesting reaction in a holistic and truly integrated approach, altering 1. the 

enzyme itself (activity, stability under particular conditions) and 2. the electro-enzymatic 

systems in which the enzyme is used in parallel, to finally provide the industry with selective 

and robust electro-enzymatic peroxygenase-catalyzed processes.  

Table 20 lists examples of industrially interesting reactions performed by unspecific 

peroxygenases (not only AaeUPO) that have been published in recent years. All those 

examples are not ready for industrial application, yet, but the list emphasizes the 

attractiveness of these enzymes as an organic oxyfunctionalization tool in industrial 

applications. 
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Table 20. Industrially interesting reactions catalyzed by unspecific peroxygenases.  

Reaction Product  Relevance of product Comment Reference 

Hydroxylation of 
Diclofenac 

4‘-Hydroxy-
diclofenac 

Human drug metabolite – 
needed for safety 
assessment tests and 
analytical standards 

AaeUPO 
(immobilized in 
PVA/PEG-gel beads) 

[49] & 

[125] 

Hydroxylation of 
propanolol 

5‘-Hydroxy-
propanolol 

Human drug metabolite – 
needed for safety 
assessment tests and 
analytical standards 

AaeUPO optimized 
for this reaction by 
structure guided 
evolution 

[67] 

Hydroxylation of 
vitamins D2 and 
D3 

25-Hydroxy-
vitamin D 

Used in animal feeding to 
prevent to reduce 
skeleton problems caused 
by rapid growth. 

UPO from 
Coprinopsis cinerea 
fully regiospecific for 
C25-hydroxylation 

[126] 

Hydroxylation of 
naphtalene 

1-Naphthol Chemical production of 
40000 t per year for use 
in herbicides, insecticides, 
pharmaceuticals and dye 
precursors 

AaeUPO optimized 
for this reaction by 
directed evolution 

[127] 

 

Of course, also the combination of electrochemical H2O2 supply with AaeUPO-catalyzed 

hydroxylation, that was investigated in this work, still leaves room for improvement. A deeper 

understanding will be very useful for economic analysis. Further experiments have been 

performed in our workgroup together with the workgroup of Prof. Antje Spieß (TU 

Braunschweig) by Sebastian Bormann and co-workers to establish a process model for electro-

enzymatic AaeUPO-catalyzed hydroxylation (manuscript, currently in preparation for 

submission). Modifying the present work, the reaction vessel and the electrochemical reactor 

were separated (similar to the reactor in loop mode described before), automated at line H2O2 

analysis was employed and a similar but different surrogate reaction was chosen. Instead of 

the hydroxylation of ethylbenzene to 1-phenyl ethanol, the benzylic hydroxylation of 4-

ethylbenzoic acid to 4-(1-hydroxyethyl) benzoic acid was coupled with the electrochemical 

H2O2 supply. This reaction is thermodynamically similar but ethylbenzoic acid is readily soluble 

in aqueous systems and allows for analysis via HPLC. This change evades the laborious 

procedure of extraction and also offers the possibility to retain a closed mass balance over the 

course of the whole process. The established model was successfully tested for process 

simulations and compared to previously collected data (enzyme deactivation, substrate, co-
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substrate and product concentration as a function of time). Also, it was successfully applied 

for the prediction of novel process conditions (prediction of required current profile in order 

to limit H2O2 concentrations).  

Also, the electrochemical part of the reaction system offers room for improvement. The main 

drawbacks, and thus possibilities for improvement, are that the current efficiency for H2O2 

ranges below 100 %, the gas diffusion electrode is flooded at longer reaction times and the 

cell is operated at high terminal voltages, which negatively influence the energy efficiency of 

the reaction and increase the risk of unwanted side reactions (especially important when using 

the system for more interesting reactions than the herein presented model reaction). It is thus 

worth to test different catalysts as well as different hydrophobicities and pore sizes of the 

GDE, which might improve the overall performance.  

A “sub-aim” of this work was the development of an easy to use bench scale system for 

electro-enzymatic catalysis with peroxidases and peroxygenases. In this work, a potentiostat 

was used. However, as the reaction is performed in an undivided system and no reference 

electrode is needed, it is possible to use a simple power supply like those that are used to run 

protein or DNA gels. When purchasing a comparatively cheap suitable reaction vessel and 

electrode material, it is thus possible to perform electro-enzymatic experiments with 

peroxidases and peroxygenases in nearly every biological laboratory with no electrochemistry-

specific equipment or expertise required. 
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