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Abstract 

 

Hydrogen peroxide (H2O2) is an environmentally safe chemical and widely employed as a co-

substrate in biocatalytic processes. Among various enzymes that are capable of utilizing H2O2 

as a co-substrate, the recombinant unspecific peroxygenase from the fungus Agrocybe 

aegerita (rAaeUPO) stands out as the favorite due to its stability and versatility. Nevertheless, 

the technical application and combination of rAaeUPO and H2O2 in the biotechnological field 

remains challenging. This is due to the toxicity of H2O2 towards biocatalysts and the inactivation 

of rAaeUPO at an elevated concentration of H2O2. The precise dosing of H2O2 is of great 

importance, yet very challenging. A number of strategies have been explored to mitigate the 

deactivation effect of H2O2. Thus far, they have been largely deemed unsatisfactory due to the 

dilution effect or formation of complex by-products. An electrochemical approach represents 

an attractive method that provides controllable in situ generation of H2O2. The objective of this 

dissertation is to develop a fully controllable system for the electrochemical in situ generation 

of H2O2, designed as an optimizable platform for H2O2-dependent enzymatic reactions and to 

promote catalyst efficiency. To address these challenges, the All-in-One (AiO) electrode 

system was employed for the in situ generation of H2O2. This concept was integrated with the 

enzymatic hydroxylation, catalyzed by rAaeUPO, to establish a bioelectrochemical system 

(BES). The maximum H2O2 productivity and Faradaic efficiency achieved in the AiO electrode 

system were 0.87 µM min-1 cm-2 and 60%, respectively. The application of the AiO electrode 

within the BES yielded promising results, achieving a total turnover number (TTN) of 

450,000 mol mol-1 and a turnover frequency (TOF) of 7.7 s-1. By incorporating aeration and 

increasing the number of electrodes, the specific surface area was enhanced, resulting in an 

increase in both TTN and TOF up to 700,000 mol mol-1 and 20.1 s-1, respectively, with a 

productivity of 1.3 g L-1 d-1. Although H2O2 productivity was identified as the limiting factor, the 

system demonstrated considerable potential for optimization through surface modification of 

the electrode. Moreover, this dissertation compared two modes of in situ H2O2 

electrogeneration: the conventional galvanostatic mode and the H2O2-stat mode. The two 

modes were tested within the gas diffusion electrode system, employing the identical 

enzymatic reaction. While the galvanostatic mode demonstrated a maximum H2O2 productivity 

of 5.5 µM min-1 cm-2 and a productivity of 10.5 g L-1 d-1 at 6.4 mA cm-2, the H2O2-stat mode, 

particularly at a H2O2 concentration limit of 0.2 mM, yielded favorable outcomes with a TTN of 

655,000 mol mol-1, a TOF of 80.3 s-1, and a productivity of 6.1 g L-1 d-1. The successful 

application of the H2O2-stat mode highlights its potential as a more effective alternative to the 

galvanostatic approach, significantly enhancing the process performance of rAaeUPO and 

advancing the field of enzymatic electrosynthesis. 
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Kurzfassung 

 

Wasserstoffperoxid (H2O2) findet häufig Verwendung als Co-Substrat in biokatalytischen 

Prozessen. Die rekombinante unspezifische Peroxygenase aus Agrocybe aegerita (rAaeUPO) 

weist eine hohe Stabilität sowie Vielseitigkeit auf und erscheint daher vielversprechend für 

technische Anwendungen in Kombination mit H2O2. Allerdings bleibt die technische 

Anwendung von rAaeUPO mit H2O2 bislang eine Herausforderung. Die Toxizität von H2O2 

sowie die Inaktivierung von rAaeUPO bei höheren H2O2 Konzentrationen stellen wesentliche 

Herausforderungen dar. Bisherige Strategien zur Minderung dieser Effekte erweisen sich als 

unzureichend. Ein elektrochemischer Ansatz zur kontrollierten in situ Erzeugung von H2O2 

könnte eine effektive Lösung bieten. Das Ziel dieser Dissertation ist es, ein vollständig 

kontrollierbares System zur elektrochemischen in situ Erzeugung von H2O2 zu entwickeln, das 

als optimierbare Plattform für H2O2-abhängige enzymatische Reaktionen konzipiert ist und die 

Katalysatoreffizienz steigern soll. Um die genannten Herausforderungen zu bewältigen, wurde 

das All-in-One (AiO) Elektroden-System für die in situ Erzeugung von H2O2 eingesetzt. Dieses 

Konzept wurde mit der enzymatischen Hydroxylierung, katalysiert durch die rAaeUPO, 

integriert, um ein bioelektrochemisches System (BES) zu etablieren. Die maximale H2O2-

Produktivität und Faradaische Effizienz, die im AiO-Elektrodensystem erreicht wurden, 

betrugen 0,87 µM min-1 cm-2 und 60%. Der Einsatz der AiO-Elektrode im BES ergab 

vielversprechende Ergebnisse, mit einer total turnover number (TTN) von 450.000 mol mol-1 

und einer turnover frequency (TOF) von 7,7 s-1. Durch die Integration der Begasung und die 

Erhöhung der Anzahl der Elektroden wurde die spezifische Oberfläche vergrößert, was zu 

einer Steigerung von TTN und TOF auf bis zu 700.000 mol mol-1 und 20,1 s-1 führte, bei einer 

Produktivität von 1,3 g L-1 d-1. Obwohl die H2O2-Produktivität als limitierender Faktor 

identifiziert wurde, zeigte das System ein beträchtliches Optimierungspotenzial durch 

Modifikation der Elektrodenoberfläche. Darüber hinaus verglich diese Dissertation zwei Modi 

der in situ H2O2-Elektrogenerierung: den konventionellen galvanostatischen Modus und den 

H2O2-stat Modus. Die beiden Modi wurden im Gasdiffusionselektrodensystem getestet, wobei 

die identische enzymatische Reaktion eingesetzt wurde. Während der galvanostatische 

Modus eine maximale H2O2-Produktivität von 5,5 µM min-1 cm-2 und eine Produktivität von 

10,5 g L-1 d-1 bei 6,4 mA cm-2 aufwies, lieferte der H2O2-stat Modus, insbesondere bei einer 

H2O2-Konzentrationsgrenze von 0,2 mM, vorteilhaftere Ergebnisse mit einer TTN von 

655.000 mol mol-1, einer TOF von 80,3 s-1 und einer Produktivität von 6,1 g L-1 d-1. Die 

erfolgreiche Anwendung des H2O2-stat Modus unterstreicht sein Potenzial als effektivere 

Alternative zum galvanostatischen Ansatz, was die Prozessleistung der rAaeUPO erheblich 

verbessert und das Feld der enzymatische Elektrosynthese voranbringt.
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Abbreviations 

 

Abbreviation Definition 

A Area [cm2] 

AaeUPO Unspecific peroxygenase from Agrocybe aegerita 

ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

ACN Acetonitrile 

AiO All-in-One 

BES Bioelectrochemical system 

BNAH 1-Benzyl-1,4-dihydronicotinamide 

CNT Carbon nanotube 

CPO Chloroperoxidase 

CV Cyclic voltammetry 

d Diameter [cm] 

EBA 4-Ethylbenzoic acid 

EDTA Ethylenediaminetetraacetate 

F.E. Faradaic efficiency 

FMN Flavin adenine mononucleotide 

GDE Gas diffusion electrode 

GOx Glucose oxidase 

h Hour 

HEBA 4-(1-Hydroxyethyl)benzoic acid 

HTA 2-Hydroxyterephthalic acid 

KPi Potassium phosphate buffer 

kLa Volume specific mass transfer rate 

KM Michaelis-Menten constant [mM]; affinity of a compound towards an enzyme 

l Length [cm] 

min Minute 

NBT Nitro blue tetrazolium 

ORR Oxygen reduction reaction 

PIs Performance indicators 

rAaeUPO Recombinant unspecific peroxygenase from Agrocybe aegerita 

ROS Reactive oxygen species 

rpm Revolution per minute 

STY Space time yield 

TFA Trifluoroacetic acid 

TOF Turnover frequency 

TTN Total turnover number 

UABTS Unit; unit of enzyme activity based on ABTS assay [µmol min-1] 

UPO Unspecific peroxygenase 

V Volume [mL] 

vvm Volume air per volume of medium and minute 
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1. Introduction 

 

The quantity of produced and commercially available chemicals on the global market is 

predicted to double from 2015 to 2035, with sales of nearly 3 trillion Euros [1,2]. Fossil 

resources such as oil and gas which are normally used to produce chemical-based products 

are currently available, but only in a limited quantity and are expected to become more 

expensive over time as they are finite resources. The chemicals, particularly those which are 

based on fossil resources have adverse effect on the environment and have changed earth 

considerably [2,3]. While the most used raw materials in the chemical industry are 

petrochemical, particularly crude oil, these finite raw materials need to be replaced by 

renewable and sustainable resources soon. Presently, bio-based and eco-friendly processes 

to produce chemical products are gaining relevance in industries. Still, the transition from fossil 

materials as main resources to renewable resources is a major challenge in the chemical 

industry. Nonetheless, the aforementioned transition presents not only a major challenge, but 

also an unprecedented opportunity in the future [2]. Apart from sustainability and renewability, 

the shift from fossil resources to renewable resources should also focus on the interlinking of 

(bio-)chemical transformations with the utilization of electric energy [2,4]. Combining the 

chemical and the energy sector can be achieved to a certain degree using the current 

technologies. However, the gap between the chemical and the energy sector can be narrowed 

or even bridged by electrobiotechnology [2,5]. Electrobiotechnology is a discipline which 

combines the field of biotechnology and electrochemistry [2,6]. The combination of 

biotechnology and the electrochemistry can create a new venue for the conversion of chemical 

and electric energy. The utilization of biocatalyst, such as enzymes, within the electrochemical 

system enhances its appeal and allows for the efficient and selective conversion of renewable 

raw materials. From a UN sustainable development goals perspective, this process contributes 

to the affordable and clean energy, as well as responsible consumption and production [7]. 

 

The notion of combining the advantages of biocatalysts and electrochemical processes has 

gained attention among researchers in the field of electrobiotechnology [5]. On the one hand, 

biocatalysts, particularly enzymes, exhibit remarkable characteristics such as high regio- and 

stereoselectivity, and exceptional catalytic performance. They operate under mild condition 

and catalyze organic syntheses typically without side reactions  [2,8,9]. On the other hand, 

electrochemical processes offer distinct advantages in terms of energy efficiency, cost-

effectiveness, and versatility [10,11]. Moreover, these processes are regarded as 

environmentally friendly as they can be operated in non-volatile media and utilize electrons as 

clean reagents, especially, if combined with renewable energy [10]. Considering the growing 
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importance of sustainability in industrial processes, the unique properties of enzymes and 

electrochemical processes make electrobiotechnology an attractive alternative to traditional 

catalysis [8,10]. The applications of electrobiotechnology have been documented in a number 

of fields including bio-photovoltaics [12], energy recovery [13], wastewater treatment [14], 

enzymatic biosensors [15], enzymatic synthesis of complex chemicals [16,17] and microbial 

electrosynthesis [18]. These examples illustrate the significant potential of integrating 

biotechnology and electrochemistry to enable more efficient industrial processes. 

 

Hydrogen peroxide (H2O2), which is a strong oxidant, already finds its extensive application in 

diverse industrial sectors, particularly in chemical synthesis [19–21], environmental 

remediation  [22,23] and energy conversion [24]. Despite its eco-friendly attributes, owing to 

its environmentally benign nature with water being its sole degradation product [25], current 

large-scale production methods, such as the anthraquinone oxidation (AO) process, pose 

sustainability challenges [25,26]. The AO process involves multistep-reactions, is energy-

intensive and generates organic waste [26,27]. Moreover, the handling and storage of bulk 

H2O2 entail safety risks and significant costs [28], which is unjustifiable given that only certain 

industries, such as aerospace industry, require the use of high H2O2 concentration [25,29]. 

Furthermore, H2O2 also can be used as a co-substrate in variety of biocatalytic reactions [30] 

such as epoxidation [31], decarboxylation [32] and hydroxylation [33]. Nonetheless, the 

technical application of H2O2 in biotechnological field is still limited, mainly due to its 

deactivation effect towards biocatalysts at excess concentration  [30,34]. 

 

One of the enzymes that utilizes H2O2 as the co-substrate is the unspecific peroxygenase 

(UPO). The UPO from the basidiomycete fungus Agrocybe aegerita (AaeUPO) - recently re-

classified to Cyclocybe aegerita - (EC 1.11.2.1) was first documented in 2004 [35]. Ever since, 

the recombinant AaeUPO (rAaeUPO) has been regarded as the most versatile 

oxyfunctionalizing enzyme in terms of the substrate scope and the reaction variety [36]. Among 

its diverse catalytic activities, rAaeUPO is capable of catalyzing several important reactions, 

including the epoxidation of alkenes, hydroxylation of alkanes, oxidation of aromatics, O- and 

N-dealkylations and one-electron oxidation [37]. This feature has attracted the attention of 

organic chemists as well, since the oxyfunctionalization is one of the most challenging 

chemical reactions in organic synthesis, especially, the oxyfunctionalization of unactivated C-H 

bonds [38,39]. Additionally, rAaeUPO exhibits high stability and requires only H2O2 as the 

reducing equivalent, in comparison to other enzymes catalyzing the same type of reactions 

(e.g., cytochrome P450 monooxygenases) [40,41]. Nevertheless, complications arise when 

rAaeUPO is confronted with elevated H2O2 concentrations. The presence of an elevated H2O2 
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concentration leads to an unproductive catalase reaction, which increases costs, and to a 

catalase malfunction reaction that causes heme bleaching and enzyme inactivation [36]. 

 

This is a main drawback for the heme-containing enzymes such as rAaeUPO, which, also 

similar to H2O2, hinders their technical application. The key to overcome the inactivating effect 

of H2O2 is to continuously supply H2O2 at a low but still sufficient catalytical level. In this regard, 

various approaches have been developed, including the feeding of diluted H2O2 or in situ H2O2 

generation. The in situ generation of H2O2 can be accomplished through numerous methods, 

for example through the utilization of a chemical reductant [42], an enzyme [43,44], and 

piezocatalytic method [45]. Nevertheless, it should be noted that both the enzymatic and 

chemical reductant approaches have been reported to generate a stoichiometric amount of 

by-products [16,42]. A direct in situ electrosynthesis of H2O2 through the reduction of oxygen 

at an electrode presents an appealing approach to circumvent the irreversible deactivation of 

enzymes. This method provides a controlled and low generation of H2O2, without the 

aforementioned drawback [46]. Electrochemical reduction of O2 is regarded as a clean process 

for the H2O2 generation, as it eliminates the need for additional chemicals, produces no 

complex by-products, and only requires electricity as the input, especially when combined with 

the application of abundant and inexpensive catalysts like carbon-based materials [8,47]. 

 

In this cumulative dissertation, the in situ and on-demand electrosynthesis of H2O2 is 

accomplished via the All-in-One (AiO) electrode system, equipped with the carbon felt cathode. 

The rod-shaped structure of the AiO electrode, which houses the membrane-less cathode and 

anode, allows for convenient integration into a conventional bioreactor, thereby transforming it 

into a bioelectrochemical system (BES). The in situ generation of H2O2 via the AiO electrode 

is combined with an enzymatic hydroxylation, catalyzed by rAaeUPO, to establish a proof of 

principle. To further enhance the biocatalyst’s efficiency and to prevent excessive 

accumulation of H2O2, an automation system is developed. This system utilizes the input from 

the H2O2 sensor to maintain a constant low level of H2O2 concentration by regulating the 

electrical output of a power supply to the electrodes. The ability of the automation system to 

maintain a constant H2O2 concentration during an electroenzymatic reaction is demonstrated 

in a gas diffusion electrode (GDE) system. Additionally, in light of the recent increase in 

laboratory-scale enzymatic electrosynthesis reports, a summary of relevant studies is made. 

Following the evaluation of the reported parameter and performance indicators, a 

recommendation is proposed for reporting relevant performance indicators in electroenzymatic 

processes to enable both qualitative and quantitative comparisons between studies. 
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2. Objective 

 

The primary objective of this dissertation is to develop and establish a fully controllable system 

for electrochemical in situ H2O2 generation. This system is designed to serve as an optimizable 

platform for H2O2-dependent enzymatic reactions, thereby realizing a decentralized and 

environmentally friendly generation of H2O2 and enhancing the stability of H2O2-dependent 

enzymes. 

 

To achieve the primary objective, a comprehensive review of the relevant studies reported to 

date is necessary. This review includes the evaluation and summarization of performance 

indicators and process parameters from available examples in the field of bioelectrochemistry, 

with a specific focus on enzymatic electrosynthesis processes. Subsequently, these studies 

are compared based on both quantitative indicators and non-quantitative parameters. Based 

on the internal evaluation, the most important performance indicators for electroenzymatic 

processes that should be reported in all respective publications to allow for quantitative 

analysis, are proposed. 

 

Furthermore, to develop a controllable in situ generation of H2O2 and construct an optimizable 

platform for H2O2-dependent enzymatic reactions in order to promote catalyst efficiency, the 

AiO electrode, previously developed for gas fermentation, is fitted with a carbon felt cathode 

to generate the H2O2 in situ. A characterization study of the AiO electrode system regarding its 

ability to generate H2O2 in situ will be conducted. The in situ electrogeneration of H2O2 using 

the AiO electrode will subsequently be combined with an enzymatic hydroxylation catalyzed 

by rAaeUPO as a proof of principle. Performance indicators such as analytical yield, total 

turnover number (TTN) and turnover frequency (TOF) from electroenzymatic processes will be 

analyzed and compared. 

 

Finally, to enhance the efficiency of the electroenzymatic system and improve the operational 

stability of H2O2-dependent enzymes, an automated system will be developed. This system 

will enable precise control of a constant H2O2 concentration (H2O2-stat mode), independent of 

the enzyme activity. The proof of concept for the automation system will be demonstrated using 

the same model reaction, within a GDE system. The optimal H2O2 concentration limit under 

the H2O2-stat mode, which would enable a high TOF while maintaining a high TTN, will be 

investigated. Additionally, experiments under galvanostatic mode at constant current densities 

will be performed and serve as an internal benchmark. 
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3. Theoretical Background 

 

This chapter presents an overview of the synthesis of H2O2, bioelectrochemical system (BES), 

and the recombinant unspecific peroxygenase from the fungus Agrocybe aegerita (rAaeUPO), 

with the objective of facilitating the reader's comprehension of the present project. 

 

3.1. H2O2 Synthesis Methods 

 

H2O2 is a powerful and efficient oxidizing agent, surpassing other oxidants like nitric acid and 

sodium hypochlorite [25]. Furthermore, it decomposes only into H2O and O2 [25], making it one 

of the cleanest and most versatile oxidants available [48]. Beyond its role as an oxidant in 

chemical synthesis [21,49], H2O2 is widely employed as a disinfectant [50], in bleaching 

industries [51] and in wastewater treatment [19]. Approximately 2 million metric tons of H2O2 

are produced on annual basis [51], with 43% are being used in detergent applications and 41% 

in pulp and paper bleaching (Fig. 3. 1) [25]. 

 

 

Fig. 3. 1. Consumption of H2O2 in Europe. 

 

At industrial scale, H2O2 is primarily produced via the anthraquinone oxidation (AO) process 

[52,53]. This process starts with the catalytic hydrogenation of 2-alkylanthraquinone (AQ) to 2-

alkylanthrahydroquinone (AHQ), which is then oxidized with air to regenerate AQ and produce 

H2O2 [52,53]. H2O2 is extracted from the organic phase using distilled water to yield a 30% w/v 

H2O2 solution, then followed by a distillation to produce 70% w/v H2O2 [25]. Although the AO 

process provides high H2O2 yield, it is not without its drawbacks. These include the use of toxic 

solvent system, occurrence of side reactions, multistep processes, production of organic 

waste, energy intensiveness and high production costs [25,54]. 

 

A direct synthesis of H2O2 can be achieved from molecular H2 and O2 gases either under 

plasma [55,56] or using catalysts from noble metals such as Pd [57,58] and Pd/Au  [59,60], as 

well as halide ions like chlorides and bromides [61]. This method offers advantages such as 
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continuous production process and suitability for decentralized production. Nonetheless, this 

method suffers from a critical potential explosion of H2/O2 gas mixture over a wide range of 

concentrations (H2/O2 mixture is flammable at 4-94% v/v H2) and poor selectivity [25,62,63]. 

 

An alternative method to synthesize H2O2 in a large-scale is through the oxidation of primary 

or secondary alcohols, generating aldehydes or ketones as by-products [64,65]. A notable 

example is the partial oxidation of 2-propanol, where 2-propanol/ water azeotrope is oxidized 

by an O2-saturated gas stream at 140 °C and 20 bar (Fig. 3. 2). The mixture, containing 

unconverted 2-propanol, acetone and H2O2 is separated via evaporation. Subsequently, the 

concentrated H2O2 is diluted with water to a concentration below 50% w/v and purified. The 

downside of this process is that the purity of H2O2 is lower than the AO process due to the 

solubility of alcohol in the peroxide phase [25,64]. 

 

OH

CH3 CH3

+ O2 H2O2
+

O

CH3 CH3 

Fig. 3. 2. H2O2 synthesis based on a secondary alcohol oxidation process. 

 

In regard to the utilization of H2O2 within the electroenzymatic reaction system in this 

dissertation, H2O2 is employed by rAaeUPO as an oxygen donor and electron acceptor to 

facilitate the conversion of the substrate 4-ethylbenzoic acid (EBA) and benzene to their 

respective products, 4-(1-hydroxyethyl)benzoic acid (HEBA) and hydroquinone. 

 

3.2. in situ Generation of H2O2 

 

The utilization of H2O2 as a co-substrate for enzymes like peroxygenases and peroxidases 

unlocks a variety of interesting biocatalytic reactions such as hydroxylation, epoxidation, 

Baeyer-Villiger oxidation and sulfoxidation [30]. Nonetheless, the oxidative inactivation of the 

heme moiety caused by the H2O2 reduces the operational stability of H2O2-dependent enzymes 

significantly [66].  Consequently, the stoichiometric addition of H2O2 into a reaction mixture at 

once is unfeasible, as it leads to enzyme inactivation [36,47]. To retain the enzyme activity and 

maintain the catalytic reaction, a continuous supply of H2O2 at low concentration is necessary. 

Typically, this is achieved through a combination of portion-wise addition of diluted H2O2 stock 

solution and rigorous mixing [67,68]. As a result, significant volume increase and dilution of 

the reaction mixture are unavoidable. Several studies reported an application of organic 

peroxide such as tert-butyl hydroperoxide [69,70]. However, organic peroxides are considered 
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as a weak oxidant compared to H2O2. Nowadays, the state of the art method in providing H2O2-

dependent enzymes with a continuous supply of H2O2 at low concentration is to generate H2O2 

in situ through a reduction of molecular oxygen. Examples of such methods include an 

enzymatic [44], a photochemical [66], a chemical [42] or an electrochemical [71] process. 

 

The oxidative inactivation of biocatalysts, especially enzymes, presents a major challenge to 

the robustness of biochemical transformations, making a straightforward stoichiometric 

addition of H2O2 impractical [72]. The most prevalent method to generate H2O2 in situ is to use 

oxidases, such as glucose oxidase (GOx)  [44] or amino acid oxidase [73]. GOx from 

Aspergillus niger is frequently used to oxidize glucose to gluconic acid and thereby generating 

H2O2 (Fig. 3. 3. A) [74]. One advantage of utilizing GOx as an auxiliary enzyme is that it is 

commercially available at an affordable price. The in situ generation of H2O2 using GOx has 

been proven to improve the lifetime of the biocatalyst, for example in a chloroperoxidase 

(CPO)-catalyzed oxygen-transfer reaction [74]. Nevertheless, the formation of gluconic acid 

leads to a pH shift, especially when the by-product accumulates in the medium. Consequently, 

the implementation of this method on a larger scale requires an additional pH control system. 

Furthermore, the high viscosity of concentrated glucose solution requires rigorous mixing, thus, 

increases the energy input. Moreover, the utilization of glucose as a two-electron donor is 

inefficient, as it generates 198 g by-product per 34 g of H2O2 [47], which is contrary to the 

principles of green chemistry [75]. Additionally, glucose is edible, which introduces a potential 

conflict of interest with the food industry [30]. Amino acid oxidases, while also available and 

affordable, have not been widely implemented for in situ H2O2 generation [47]. 

 

In addition to enzymatic methods, H2O2 can be generated in situ through a photochemical 

approach using a combination of visible light, a photocatalyst such as flavin adenine 

mononucleotide (FMN), and a sacrificial electron donor like ethylenediaminetetraacetate 

(EDTA) (Fig. 3. 3. B) [72,76,77]. The photocatalytic productivity of H2O2 has been identified as 

the limiting factor in the overall enzymatic reaction, with its productivity depending on the 

photocatalyst concentration, light intensity and the availability of oxygen in the medium [72,76]. 

Despite its successful laboratory-scale implementation and simplicity, the utilization of EDTA 

is undesirable from an environmental perspective due to the generation of unwanted and toxic 

by-products, namely ethylene diamine and formaldehyde [72]. Alternative electron donors 

such as methionine or nicotine are equally unattractive, as they also generate significant by-

products. Formate, a simple and inexpensive sacrificial electron donor that generates CO2 as 

a sole by-product, is more suitable substitute for EDTA. Nevertheless, reduced 

enantioselectivity was reported for CPO-catalyzed sulfoxidation [72] and epoxidation [78] when 

formate was used as the sacrificial electron donor, compared to EDTA.  
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A chemical strategy serves as another route for in situ H2O2 generation. Nicotinamide 

derivative, 1-benzyl-1,4-dihydronicotinamide (BNAH) [79], and organometallic complex, 

pentamethylcyclopentadienyl rhodium 2,2′-bipyridin [80], have been reported as chemical 

catalysts for the oxygen reduction. The use of BNAH is frequently accompanied by that of FMN 

(Fig. 3. 3. C), where BNAH acts as a reductant that facilitates FMN reduction. Subsequently, 

the reduced FMN reacts with molecular oxygen to generate H2O2 in situ. The productivity of 

H2O2 in this system depends on the concentrations of FMN, BNAH and oxygen in the medium. 

One study reported a 100% conversion and a TOF of 40 min-1 in a reaction involving 

cytochrome P450 monooxygenase (P450), BNAH and FMN for myristic acid hydroxylation 

[79]. Similar to the photochemical method, the H2O2 productivity remains the rate-limiting step. 
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Fig. 3. 3. A) Glucose oxidase (GOx)-catalyzed in situ generation of H2O2 B) photochemical in situ generation of 
H2O2 and C) chemical in situ generation of H2O2 to facilitate peroxygenase-catalyzed reactions. 

 

Although the aforementioned methods are able to generate H2O2 in situ, they still have various 

drawbacks, such as the requirement of a second enzyme in biocatalytic systems, significant 

pH shifts, the need for rigorous mixing which can compromise enzyme stability, and the 

formation of undesirable by-products. In contrast, in situ electrosynthesis of H2O2 offers a more 

A) 

B) 

C) 
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sophisticated and environmentally-friendly approach, particularly when combined with a 

renewable energy. Moreover, no additional hazardous chemicals are required in the process. 

 

In 1887, H2O2 was first synthesized from oxygen at a Hg-Au electrode, albeit with a lower 

efficiency than chemical methods [81]. Today, the laboratory-scale electrosynthesis of H2O2 is 

typically carried out in small-scale reactors. However, scaling up these experiments up to 

industrially relevant volumes is likely feasible, as demonstrated by pilot plants operating at 

intermediate scales [82]. In general, H2O2 can be electrochemically synthesized either at the 

anode through the two-electron oxidation of water (equation (Eq.) 3.1) or at the cathode via 

two-electron reduction of oxygen (Eq. 3.2) [83]. The redox potential E is expressed in volts (V) 

and correlated to a reference electrode, the standard hydrogen electrode (SHE). During 

electrolysis, the concentration of H2O2 in an aqueous medium accumulates only up to a certain 

point before reaching a steady state [84]. The development of H2O2 electrosynthesis and its 

catalysts are complex due to common electrode materials’ tendency to favor competing 

reactions [48]. Specifically, the full oxygen reduction reaction (ORR) via the four-electron 

mechanism (Eq. 3.3) and the hydrogen evolution reaction at the cathode (Eq. 3.4) [85]. Unlike 

other processes that target a single stable product, H2O2 electrosynthesis is challenging 

because it involves reversible redox reactions of the starting materials, intermediates and 

products [86]. The desired product H2O2 can undergo further oxidation (e.g. one-electron 

oxidation) to generate radicals (e.g., 𝐻𝑂2
•, 𝑂2

•−) (Eq. 3.5), be reduced via one-electron (Eq. 3.6) 

or two-electron (Eq. 3.7) mechanism to produce hydroxyl radical and water, or decompose to 

water and oxygen (Eq. 3.8) [85,87,88]. All of these competing and deleterious reactions lower 

the yield of H2O2 and that is also the reason why the concentration of H2O2 can only accumulate 

to a specific point before the rate of competing reactions surpass the formation rate of H2O2. 

Aside from the further oxidation and decomposition of H2O2, one other major challenge lies 

within the poor solubility of molecular oxygen in aqueous media, which is around 0.25 mM at 

room temperature (22 – 25 °C) and atmospheric pressure [47]. Thus, the dissolved oxygen is 

quickly depleted and the diffusion of oxygen into the reaction medium and towards the 

electrode becomes rate-limiting. It is also important to mention, that the intermediates from 

these redox reactions, especially radical species, decrease the stability of biocatalysts 

significantly if the electrosynthesis of H2O2 is combined with a biocatalytic reaction [45,66]. 

 

2𝐻2𝑂 → 𝐻2𝑂2 + 2𝐻+ + 2𝑒−    E = 1.760 V vs. SHE  (3.1) 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2    E = 0.670 V vs. SHE  (3.2) 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂    E = 1.229 V vs. SHE  (3.3) 

2𝐻+ + 2𝑒− → 𝐻2     E = 0.0 V vs. SHE   (3.4) 
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𝐻2𝑂2 → 𝐻𝑂2
• +  𝐻+ + 𝑒−    E = -1.461 V vs. SHE  (3.5) 

𝐻2𝑂2 + 𝑒− → 𝐻𝑂• +  𝑂𝐻−    E = 0.104 V vs. SHE  (3.6) 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂    E = 1.763 V vs. SHE  (3.7) 

𝐻2𝑂2 → 𝐻2𝑂 +
1

2
𝑂2     E = 1.096 V vs. SHE  (3.8) 

 

The evolution of electrode materials has progressed to include doped carbons [84], noble 

metal alloys [89], and metal oxides [90]. However, all materials exhibit an inverse relationship 

between current density/ potential and H2O2 selectivity. Pure metals like Hg, Au, Cu, Pt, and 

Pd can generate H2O2 at low overpotential during the ORR, but this results in low current 

densities [91]. To favor H2O2 generation, increasing the mass transfer rate is essential to 

prevent further decomposition, which is achievable by varying electrode parameters and 

dimensions, as well as flow rates [92,93]. Despite efforts, pure metals do not achieve 100% 

H2O2 selectivity, prompting research into alloys and composites. Pd/Au [28], Pt/Pd [94], W/Au  

[95] and Pt/Hg [96] are some examples based on metal alloys. In these alloys, one metal 

enhances the activity while the other stabilizes the reaction intermediates. For example, in the 

Pd/Au alloy, Pd facilitates the two-electron transfer to oxygen, while Au weakly binds oxygen 

and prevents bond cleavage, thereby improving selectivity [48,97]. The performance of alloy 

electrocatalysts depends on the spacing between active metal atoms and the ratio of inactive 

to active metal. However, increasing selectivity often reduces the reaction rate. Although metal 

alloys offer promising catalytic activity for H2O2 electrosynthesis, they often involve expensive 

metals [48]. Carbon materials, on the other hand, are abundant and cheaper. Carbon 

allotropes like graphite, graphene, carbon nanotubes (CNTs), porous carbon, and amorphous 

carbon, are utilized as electrocatalysts [62,98–100]. Porous carbon materials are 

advantageous due to their larger surface area, which enhances mass transport and provides 

more defect sites favorable for H2O2 electrosynthesis [100]. Nevertheless, materials with high 

defect density, due to smaller pores, can reduce H2O2 yield by trapping it and causing further 

reduction or decomposition [101]. While carbon catalysts perform similarly or better than 

commercial Pt catalysts in alkaline mediums, their activity in acidic conditions is low. Doping 

carbon materials with elements like boron, nitrogen, sulfur, and phosphorus can increase 

selectivity towards H2O2 [48]. For instance, nitrogen-doped graphite shows high selectivity for 

H2O2 [101], but nitrogen-doped CNTs reduce H2O2 selectivity due to increased electron transfer 

[102]. Due to its availability, price and surface area, carbon-based electrode such as carbon 

felt and carbon black in form of a GDE are utilized in this dissertation as working electrodes.  
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3.3. in situ Electrosynthesis of H2O2 in 

Bioelectrochemical Systems 

 

The in situ electrosynthesis of H2O2 has been combined with several biocatalytic reactions, 

among others chlorination [71], oxidation [103], hydroxylation [104] and halogenation [105]. In 

these processes, H2O2 acts as a co-substrate for the enzymatic reaction, serving as both the 

oxygen donor and electron acceptor. The in situ electrosynthesis of the co-substrate H2O2 

within the biocatalytic reaction is typically performed in a two-electrode configuration using 

various carbon-based materials as a working electrode (cathode), and under either a 

galvanostatic (constant current) or a potentiostatic (constant potential) operation mode  

[16,46,106,107], which results in a constant H2O2 productivity. The reactor concept for BES is 

fundamentally divided into two types, single-chamber systems and two-chamber systems. The 

H-cell is one of the most common two-chamber reactor setups frequently used in a laboratory-

scale. This setup consists of two chambers connected by a glass tube, forming the “H” shape 

that gives it its name, and separated by a membrane (Fig. 3. 4. A) [108]. The simplicity of the 

setup makes this reactor advantageous for preliminary investigations and comparative studies. 

Nevertheless, the membrane creates an extra resistance for proton diffusion to the cathode, 

thus, increasing the internal resistance of the system [108,109]. In order to avoid this problem, 

single-chamber systems were developed. Regarding the scalability, single-chamber systems 

are often the better choice because membranes are normally prone to fouling (e.g. biofouling), 

high in maintenance and cost-intensive [108,109]. One example from the single-chamber 

systems is the bottle-type reactor. This system is suitable for screening and preliminary 

laboratory-scale investigations. Both electrodes are placed inside the bottle and an isolator 

also can be implemented between the electrode to avoid short circuit (Fig. 3. 4. B) [110].  

 

           

Fig. 3. 4. A) The setup of the H-cell electrochemical system and B) the setup of the single-chamber bottle type 

electrochemical system. 

 

A) B) 
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The GDE is a frequently utilized electrode in single-chamber systems. It is an electrode that is 

shaped like a thin sheet of paper and possesses a three-phase boundary consisting of a gas, 

liquid, and solid phase (Fig. 3. 5) [111,112]. This enables a direct and higher mass transport 

of oxygen from the atmosphere through the electrode and in contact with the electrolyte [111]. 

Thus, limitations due to low oxygen solubility and diffusivity in the liquid and towards the 

electrode are avoided [112]. A GDE possesses hydrophobic and hydrophilic regions. The 

hydrophobic region is created using materials such as polytetrafluoroethylene (PTFE). The 

PTFE enables the formation of a porous three-dimensional gas pathway throughout the GDE 

and acts at the same time as a barrier to prevent liquid leakage through the electrode [111]. 

The hydrophilic region, which is the electrocatalytic active region, is created using, for instance, 

carbon-based materials (e.g., carbon black) and electrocatalysts, which are positioned facing 

the electrolyte solution. Additionally, a metal mesh, such as nickel mesh is typically employed 

to maintain the GDE’s structural integrity and acts at the same time as a current collector [113].   

 

 

Fig. 3. 5. Schematic representation of a gas diffusion electrode (GDE). Porous GDE system comprised of a current 
collector (illustrated as a single metal mesh fibers) and electrocatalyst particles. A curved pattern inside the GDE 
shows the vertical pattern of the three‐phase boundary with gas phase at the left side and electrolyte solution at the 

right side of the GDE. Insert: the cathodic H2O2 synthesis from oxygen at the three-phase boundary. 

 

In this dissertation, the in situ and on-demand electrochemical generation of H2O2 will be 

realized and integrated with enzymatic hydroxylation not only in a BES equipped with a GDE, 

but also with the AiO electrode system (Fig. 3. 6; membrane-less, 2-electrode configuration). 

The rod-shaped structure of the AiO electrode enables a convenient integration into a 

conventional bioreactor such as a stirred tank reactor, and multiple electrodes also can be 

integrated into the bioreactor in different ports to ensure a higher electrochemically active 
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surface to volume ratio in a larger reactor. By carefully regulating the generation rate of H2O2 

to match the H2O2-consuming rate through the biocatalytic reaction, a stable reaction system 

can be realized. The AiO electrode system was first developed to generate H2 in situ in 

anaerobic fermentation processes [13,114].  Here, the AiO electrode is fitted with a carbon felt 

cathode to facilitate the electrosynthesis of H2O2. In contrast to other established 

electrochemical systems, such as the H-cell system, both electrodes are utilized to generate 

desired products: oxygen, hydrogen ion and H2O2. Typically, the counter electrode exerts no 

direct influence on the electrogenerative process and is merely employed to sustain the electric 

circuit. Frequently, the counter electrode even produces toxic by-products [115]. The H2O2 is 

synthesized in situ through water electrolysis. Principally, oxygen and hydrogen ion are 

generated at the anode (counter electrode) through oxidation of water (Eq. 3.9), and diffuse 

towards the cathode. Subsequently, oxygen is reduced at the cathode through the two-electron 

mechanism of ORR to generate H2O2 (Eq. 3.2). 

 

𝐻2𝑂 →
1

2
𝑂2 + 2𝐻+ + 2𝑒−    E = -1.229 V vs. SHE  (3.9) 

 

 

Fig. 3. 6. Schematic representation of the All-in-One (AiO) electrode. The generated H2O2 is directly consumed by 
the enzyme recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) for the conversion of the 
substrate to the product.  

 

The application of in situ electrosynthesis of H2O2 in biocatalytic reactions is primarily aimed 

to enhance the biocatalyst stability [8]. High enzyme stability can be achieved in a process with 

limited H2O2. Therefore, in any BES that combines in situ electrogeneration of H2O2 with H2O2-

dependent enzymes, it is crucial to determine optimal parameters. These parameters must 

maintain H2O2 concentrations at levels that enable efficient catalytic turnover while minimizing 

undesired enzyme inactivation, in order to achieve the highest possible catalyst efficiency. For 

example, in the enzymatic chlorination [71], it was shown that the catalytic productivity 
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depends significantly on the generation rate of H2O2, which itself is highly influenced by 

electrochemical parameters such as current density and/ or potential. The efficiency of H2O2 

electrogeneration is measured by the Faradaic efficiency (F.E.), which describes how much 

energy is consumed for the formation of H2O2 or the formation of side products (Eq. 3.10) [8].  

 

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑛 ∙𝐹 ∙[𝐻2𝑂2] ∙𝑉

𝑄
 ∙ 100%      (3.10) 

With: 

n : number of transferred electrons (2) 

F : Faradaic constant (96,500 [C mol-1]) 

[H2O2] : H2O2 concentration [M] 

V : reaction volume [L] 

Q : total charge [C] 

 

3.4. Recombinant Unspecific Peroxygenase from the 

Fungus Agrocybe aegerita (rAaeUPO) 

 

rAaeUPO (EC 1.11.2.1) belongs to the peroxidase superfamily and able to incorporate oxygen 

into organic molecules [35]. It catalyzes, among others, hydroxylation, epoxidation, 

dealkylation, oxidation of organic hetero atoms and inorganic halides as well as one-electron 

oxidation [37]. Unlike P450s and CPO, rAaeUPO is more stable due to its extracellular 

occurrence, self-sufficient, does not require an expensive nicotinamide cofactor and can 

address oxyfunctionalizations of unactivated carbons [38]. 

 

In addition to its use as an electron acceptor and oxygen donor for a desired reaction, e.g. 

hydroxylation, rAaeUPO also catalyzes the dismutation of H2O2 via a catalase-like reaction 

[37]. This happens because, instead of reacting with the target substrate, the highly reactive 

species of rAaeUPO compound I (formed after reacting with the first H2O2 molecule) reacts 

with a second H2O2 molecule to form compound II before returning to its resting state 

(Fig. 3. 7). While the catalase activity could be advantageous, it poses a significant drawback 

for potential rAaeUPO applications. This unproductive catalytic cycle and consumption of the 

co-substrate H2O2 increases the costs, especially in industrial application [36]. Even more 

critical, this catalase-like reaction can lead to enzyme inactivation, known as the catalase 

malfunction reaction. This issue is common among heme-containing oxidoreductases and is 
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particularly severe when these enzymes are exposed to excess H2O2 [106]. The inactivation 

of rAaeUPO is frequently attributed to the reaction involving compound III, which is formed 

after the compound II reacted with a third H2O2 molecule. It is hypothesized that compound III 

may engage in a Haber-Weiss like reaction with an additional H2O2 molecule [36]. This reaction 

generates hydroxyl radicals, which can subsequently oxidize critical sites such as the C5 

position of the porphyrin ring, leading to enzyme inactivation [30,36]. The resulting α-meso-

hydroxyheme can react with oxygen to form verdoheme. Further oxidation leads to the 

production of biliverdin, accompanied by the release of iron (heme-bleaching). This process 

results in the irreversible inactivation of the enzyme [36]. Considering various TTNs reported 

for different rAaeUPO substrates [35,40,43,116], it is possible that their inactivation must be 

dependent also on the selectivity or affinity of rAaeUPO towards particular substrates. The 

catalase activity of rAaeUPO can be reduced by employing an appropriate target substrate at 

a suitable concentration. Typically, the stationary concentration of this substrate should be 

significantly higher than that of the H2O2, as long as no substrate inhibition is present. 

Specifically, for rAaeUPO, optimizing the ratio of H2O2 to the target substrate can help minimize 

catalase activity. This optimization will lead to higher product yields, increased residual 

rAaeUPO activities, and improved TTN [36]. 
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Fig. 3. 7. Proposed catalytic cycle for the catalase-like reaction of rAaeUPO, divided in a catalase-like activity and 
a catalase malfunction leading to compound III, hydroxyl radical formation, finally resulting in enzyme inactivation 
with related verdoheme formation (heme bleaching) [36]. 

 

To quantify the activity of rAaeUPO, the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS) is employed as a substrate. ABTS is frequently employed as a substrate in conjunction 
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with H2O2 for the purpose of assessing peroxidase activity, and thus represents an established 

method of quantification (ABTS assay). In the presence of active rAaeUPO and H2O2, and 

under suitable conditions (e.g., in 0.1 M citrate/ phosphate buffer pH 4.4), ABTS is oxidized 

and forms a dark green product, namely the ABTS radical cation. The rAaeUPO activity is 

determined by monitoring the change in absorbance over time at 420 nm, which is indicative 

of the formation of the ABTS radical cation. The ABTS assay is one of the core methods to 

assess and optimize rAaeUPO-catalyzed reactions in the investigated BES. 
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4. Overview of Publications 

 

This section provides an overview of the publications that form the foundation of this thesis. 

The publications are presented in a logical sequence and not necessarily in a chronological 

order. Between each main publication, presented in chapter 5, 6 and 7, additional results and 

discussions are outlined with the aim to elucidate the connections and transitions between 

these publications. These are outlined in subchapter 5.1, 6.1, and 7.1. In general, this thesis 

addresses the following three main topics: 

 

1) Identification and reporting of key performance indicators in electroenzymatic 

processes to facilitate objective comparisons between studies. 

[Sayoga GV, Abt M, Teetz N, Bueschler VS, Liese A, Franzreb M, Holtmann D. 

Quantitative and Non-Quantitative Assessments of Enzymatic Electrosynthesis: A 

Case Study of Parameter Requirements. ChemElectroChem 2023;10:e202300226. 

https://doi.org/10.1002/celc.202300226] 

2) Development of a BES by integrating the AiO electrode system for the in situ H2O2 

generation with an enzymatic hydroxylation. 

[Sayoga GV, Bueschler VS, Beisch H, Holtmann D, Zeng A-P, Fiedler B, Ohde D, 

Liese A. Application of the all-in-one electrode for in situ H2O2 generation in 

hydroxylation catalyzed by unspecific peroxygenase from Agrocybe aegerita. Mol 

Catal 2023;547:113325. https://doi.org/10.1016/j.mcat.2023.113325] 

3) Optimization of an electroenzymatic hydroxylation reaction within a GDE system by 

employing a H2O2-stat mode. 

[Sayoga GV, Bueschler VS, Beisch H, Utesch T, Holtmann D, Fiedler B, Ohde D, Liese 

A. Electrochemical H2O2-stat mode as reaction concept to improve the process 

performance of an unspecific peroxygenase. New Biotechnol 2023;78:95–104. 

https://doi.org/10.1016/j.nbt.2023.10.007] 

   

The first manuscript, “Quantitative and Non-Quantitative Assessments of Enzymatic 

Electrosynthesis: A Case Study of Parameter Requirements”, addresses the integration of 

enzymatic and electrochemical processes, highlighting their potential to improve production 

processes as demonstrated by extraordinary laboratory-scale performance indicators. 

Nevertheless, it identifies a significant gap in the literature regarding the inconsistent reporting 

of essential process parameters, attributed to the varied metrics used by the experts in their 

respective fields. This manuscript summarizes key performance indicators and advocates for 

their consistent inclusion in all relevant publications to enable objective comparisons. 
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Additionally, it underscores the importance of non-quantitative assessments, such as 

sustainability and contributions to the UN Sustainable Development Goals. By using H2O2-

dependent peroxygenases as a case study, the manuscript emphasizes the necessity of 

defining benchmarks for laboratory investigations to ensure successful scaling and application 

of electroenzymatic processes. 

 

 

Fig. 4. 1. The graphical abstract for the manuscript, “Quantitative and Non-Quantitative Assessments of Enzymatic 
Electrosynthesis: A Case Study of Parameter Requirements”, illustrates the concept of “Compare, Contrast, 
Scrutinize and Decide”. This concept advocates for the appropriate determination of process performance in order 
to quantitatively and non-quantitatively evaluate electroenzymatic processes [117]. 

 

The second manuscript, “Application of the All-in-One Electrode for in situ H2O2 Generation in 

Hydroxylation Catalyzed by Unspecific Peroxygenase from Agrocybe Aegerita”, addresses the 

technical limitations of the versatile rAaeUPO, particularly its instability towards the co-

substrate H2O2. This study introduces the AiO electrode system for in situ H2O2 generation, 

integrating it with enzymatic hydroxylation for the first time. The AiO electrode's unique 

structure, combining the counter and working electrode, allows easy incorporation into 

conventional bioreactors, converting them into a BES. The hydroxylation of 4-ethylbenzoic acid 

catalyzed by rAaeUPO served as the model reaction. This work demonstrates the potential of 

the AiO electrode system as an optimizable platform for H2O2-dependent enzymatic reactions, 

highlighting its simplicity and effectiveness in minimizing enzyme deactivation and avoiding 

common drawbacks of other methods. 
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Fig. 4. 2. The graphical abstract for the manuscript, “Application of the All-in-One Electrode for in situ H2O2 
Generation in Hydroxylation Catalyzed by Unspecific Peroxygenase from Agrocybe Aegerita”, illustrates the 
application and combination of the All-in-One electrode for in situ generation of H2O2 with an enzymatic 
hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) in a bioelectrochemical 
system [118]. 

 

The third manuscript, “Electrochemical H2O2-Stat Mode as Reaction Concept to Improve the 

Process Performance of an Unspecific Peroxygenase”, investigates the impact of different 

H2O2 electrogeneration modes on the performance of the rAaeUPO. Utilizing a GDE-based 

system, the study explores how the mode of H2O2 supply affects enzyme stability and 

productivity. Two modes were compared: the galvanostatic mode, which maintains constant 

productivity of H2O2, and the H2O2-stat mode, which maintains a constant H2O2 concentration. 

An automation system was exclusively developed to maintain a constant H2O2 concentration. 

The findings reveal that while the galvanostatic mode achieves higher productivity at higher 

current densities, it also leads to faster enzyme deactivation due to excess H2O2 accumulation 

as the enzyme activity decreases over time. Conversely, the H2O2-stat mode, though yielding 

lower productivity, allows for higher TTNs and TOFs by preventing H2O2 accumulation and 

thereby protecting the enzyme from rapid deactivation. This study demonstrates the potential 

of the H2O2-stat mode to enhance process performance in electroenzymatic applications and 

suggests its utility in further investigations of H2O2-dependent enzymes. 
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Fig. 4. 3. The graphical abstract for the manuscript, “Electrochemical H2O2-Stat Mode as Reaction Concept to 
Improve the Process Performance of an Unspecific Peroxygenase”, illustrates two distinct H2O2 electrogeneration 
methods and their respective H2O2 concentration over time in batch mode within the gas diffusion electrode (GDE)-

system. Green: H2O2-stat mode with the automation, orange: galvanostatic mode [119]. 
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5.1. Quantitative Analysis of Electroenzymatic 

Hydroxylation of Benzene 

 

After summarizing and evaluating process parameters and PIs from various literature in the 

field of bioelectrochemistry, particularly in electroenzymatic processes, it is evident that there 

are numerous ways to characterize and describe different processes, or even a specific 

process. To enable objective comparisons between studies, both quantitatively and 

qualitatively, it is suggested that certain PIs and process parameters be reported in respective 

publications. These parameters and PIs can be summarized into four groups: general reaction 

engineering PIs, enzymatic PIs, electrochemical PIs, and reactor indicators. Essential PIs for 

electroenzymatic processes from these groups include, but not limited to: productivity, final 

product concentration, co-substrate productivity, F.E., current density, cell potential, TTN and 

TOF. Furthermore, process parameters like starting substrate and product concentration, 

applied current, geometrical area of working electrode, biocatalyst loading and activity, 

experiment duration and reaction volume are as equally important since they enable the 

calculation of aforementioned PIs and additionally the calculation of conversion, yield, 

electrode surface to volume ratio, enzyme half-lime time and electrode-time yield. 

 

Building upon the comprehensive evaluation of process parameters and PIs, the knowledge 

gained regarding the standardized reporting of these metrics was systematically implemented 

within the electroenzymatic system studied in this dissertation. The electrobiotechnological 

processes investigated herein belong to the group of enzymatic electrosynthesis, where the 

co-substrate H2O2 is electrochemically generated in situ and subsequently utilized by the H2O2-

dependent enzyme for biocatalytic reactions. 

 

In order to develop an optimizable platform for H2O2-dependent enzymatic reactions and at the 

same time enhance the biocatalyst’s stability, a controllable in situ electrogeneration of H2O2 

needed to be established first. The in situ electrogeneration of H2O2 was realized via the 

application of the AiO electrode system. Preliminary experiments were conducted to gather 

initial information. Unless otherwise indicated, experiments were performed as biological 

duplicates. That is to say, the identical experiments were repeated twice under the same 

reaction conditions. Methods utilized to conduct experiments in this subchapter are specified 

in the appendix 11.1. Supporting Information to Chapter 5. Before combining the AiO 

electrode with a biocatalytic reaction, its ability to generate H2O2 in situ was characterized. Due 

to its physical flexibility, carbon felt was utilized as the cathode, as it could be suitably wrapped 
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around the AiO electrode scaffold. The AiO electrode characterization was performed in an 

abiotic condition, initially in 0.05 M citrate/ sodium phosphate buffer pH 5, as this was found to 

be the best buffer for rAaeUPO in terms of its activity and stability. The H2O2 specific 

productivity, the F.E. and the cell potential from the preliminary study are shown in figure Fig. 

5. 1. A. 

 

 

Fig. 5. 1.  A) Specific H2O2 productivity, Faradaic efficiency (F.E.) and resulting cell potential as a function of applied 
current. B) Specific H2O2 productivity at different citrate/ sodium phosphate concentrations. Reaction condition: 
carbon felt working electrode (11 cm2), platinized titanium counter electrode (4.24 cm2), 200 mL 0.05 M citrate/ 
sodium phosphate pH 5, 22 ± 1 °C, 250 rpm. Applied potential of 3 V in the experiment performed at various citrate/ 
sodium phosphate concentrations. F.E. was determined after 30 min. Biological duplicates were performed. 

 

The H2O2 productivity increased with increasing applied current up to 0.75 μM min-1 cm-2 at 

30 mA. In parallel, the F.E. decreased, while the resulting cell potential showed an almost 

linear increase. The decrease in the F.E. could potentially be attributed to the occurrence of 

undesirable side reactions, such as the evolution of hydrogen, the complete reduction of 

oxygen to water, as well as further redox reactions of H2O2 to radicals and water. The formation 

of bubbles on the cathode surface, which was observed particularly at high current, may 

indicate the occurrence of the hydrogen evolution reaction. The rate of competing reactions is 

reported to depend on the current and potential applied during the electrochemical process 

[84,85], which is consistent with the observed results. In regard to the impact of salt 

concentration on H2O2 productivity, experiments conducted at a constant potential of 3 V 

revealed a notable enhancement in H2O2 productivity with increasing citrate/ sodium 

phosphate concentrations (Fig. 5. 1. B). This phenomenon can be ascribed to the enhanced 

conductivity provided by the added salt, which facilitates a higher current flow and 

consequently a higher rate of H2O2 formation at the same applied potential (Table 5. 1). In 

conclusion, the preliminary results demonstrated that the combination of a carbon felt cathode 

within the AiO electrode system is effective for the in situ generation of H2O2. 

 

A) B) 
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Table 5. 1. Medium conductivity, resulting current and H2O2 productivity at different citrate/ sodium phosphate 
concentrations and at 3 V. 

Salt concentration [M] Conductivity [mS cm-1] Current [mA] H2O2 productivity [µM min-1 cm-2] 

0.025 3.01 11.5  0.45 

0.05 6.57 16.2 0.47 

0.1 12.05 26.2 0.54 

 

The integration of the electrochemical and biocatalytic systems enabled the establishment of 

a BES for rAaeUPO-catalyzed hydroxylation. This integration facilitated the simultaneous 

generation and consumption of H2O2 in a batch operation mode, enabling the electroenzymatic 

hydroxylation to occur. The electroenzymatic reaction was performed at electrical currents 

between 5 mA and 30 mA, identical to the previously tested range. In the preliminary model 

reaction system, rAaeUPO catalyzed the hydroxylation of benzene in two steps to 

dihydroxybenzene isomers (Fig. 5. 2). Phenol was formed as an intermediate, which was then 

further hydroxylated by the same enzyme to catechol, hydroquinone, and resorcinol. 

 

 

Fig. 5. 2. Two-step hydroxylation of benzene catalyzed by the recombinant unspecific peroxygenase from Agrocybe 

aegerita (rAaeUPO). 

 

In Fig. 5. 3. A, the electroenzymatic hydroxylation performed at 30 mA is shown. No 

accumulation of H2O2 was detected during the active phase of the enzyme. However, it is 

possible that H2O2 was present in the medium at a concentration lower than the detection limit 

of 15 µM. During the course of the experiment, it was observed that the enzyme relative activity 

gradually decreased over time. In the initial stage of the reaction, the concentration of phenol, 

which is an intermediate product, increased and then remained constant at 40 µM. This can 

be attributed to the balanced rates of phenol formation and its subsequent conversion. The 

concentration of hydroquinone exhibited a steady increase over time with a formation rate of 
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0.57 µM min-1. In parallel, the concentration of catechol also increased, albeit at a slower rate 

of 0.14 µM min-1. With regard to resorcinol, the concentration exhibited an initial increase. 

However, as the reaction proceeded, the concentration began to decline. This decline can be 

explained by further oxidation of resorcinol to, e.g., 1,2,4-trihydroxybenzene. In this specific 

reaction system, hydroquinone was identified as the primary product formed from benzene. 

 

 

              

Fig. 5. 3. A) Hydroxylation of benzene catalyzed by rAaeUPO in an All-in-One electrode system with in situ H2O2 
generation at 30 mA. B) The corresponding total turnover number (TTN), turnover frequency (TOF), C) productivity 
and D) rAaeUPO deactivation rate at different applied currents. Reaction condition: carbon felt working electrode 
(5.5 cm2), platinized titanium counter electrode (4.24 cm2), 200 mL 0.05 M citrate/ sodium phosphate pH 5, 20 mM 

benzene, 1 UABTS mL-1 (30 nM) rAaeUPO, 250 rpm, 22 ± 1 °C. Biological duplicates were performed.  

 

The TTN and the TOF were determined for each applied current (Fig. 5. 3. B), calculated from 

the sum of the products catechol, hydroquinone and resorcinol. The highest TOF of 1.1 s-1 was 

obtained at 30 mA, while the highest TTN of 15,000 mol mol-1 was obtained at 10 mA. As the 

applied current was increased, the TTN declined, although the productivity continued to 

increase (Fig. 5. 3. C). The stability of the enzyme remains a pivotal factor influencing the TTN. 

It can be postulated that the stability of the enzyme might be influenced by the presence of 

H2O2 and the adsorption of the enzyme on the electrode surface. Although enzyme adsorption 

on the electrode surface did not inevitably result in enzyme deactivation, there was a potential 

for enzyme destabilization. The deactivation effect of the electrical field or pulsed electric field 

A) B) 

C) D) 
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on the enzyme has been documented. It is hypothesized that alterations in the enzyme's 

secondary, tertiary, and quaternary structures might be induced by the electric field, 

consequently affecting enzyme activity and stability [120]. Therefore, it is important to carefully 

evaluate the impact of enzyme adsorption on the electrode surface and consider strategies to 

minimize any potential destabilization that may occur. Furthermore, the electrogeneration of 

H2O2 is closely linked to the formation of radicals. The formation rate of these radicals are 

influenced by the applied current and cell potential. This is displayed from the increasing 

enzyme activity loss with increasing applied current (Fig. 5. 3. D). Thus, increasing the current 

beyond 10 mA might favor the formation of radicals, prompting faster enzyme deactivation and 

decreasing the TTN. 

 

Following the establishment of the BES, a control experiment with manual addition of H2O2 

solution was conducted (Fig. 5. 4. A). The experiment was performed identical to the previous 

electroenzymatic experiment, without the electrical current and the H2O2 feed was manually 

adjusted every 30 min. The concentration of H2O2 was kept between 100 – 300 μM to make 

sure that the reaction was not limited by the H2O2, yet sufficiently low to prevent fast rAaeUPO 

deactivation [106]. Although the H2O2 concentration during the experiment was below 400 μM, 

the enzyme activity declined rapidly within the initial hour, resulting in a 60% loss of its initial 

activity. This decline continued, leading to complete deactivation after 4.5 h. Given that the 

total H2O2 introduced was circa 1.72 mM and the total measured product concentration was 

222 µM, it can be assumed that the remaining H2O2 went to the catalase and catalase 

malfunction reactions. In the control experiment, resorcinol was identified as the main product, 

whereas in the BES, hydroquinone was identified as such. It has been reported that the main 

product resulting from the hydroxylation of benzene catalyzed by UPO is the p-benzoquinone, 

which is the product from further oxidation of hydroquinone [33]. The discrepancy observed 

herein could be attributed to the H2O2 concentration in the medium. In the BES, the 

accumulation of H2O2 was lower than that observed in the control experiment, which resulted 

in a limitation of the catalytic reaction. At an excess H2O2 concentration, the reaction proceeded 

at a higher rate, allowing for a faster consecutive hydroxylation of hydroquinone to p-

benzoquinone. Therefore, the concentration of hydroquinone present in the medium was found 

to be relatively low, even lower than that of resorcinol. A higher catalytic reaction rate led to a 

higher productivity compared to that obtained in the BES at 10 mA (Fig. 5. 4. B). However, 

due to a higher H2O2 accumulation in the medium the enzyme stability was lower and the TTN 

was around 3 times lower than that achieved in the BES. This results confirmed that the 

application of in situ electrochemical generation of H2O2 could enhance the biocatalyst’s 

stability by providing continuously low concentration of H2O2. 
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Fig. 5. 4. A) Hydroxylation of benzene catalyzed by rAaeUPO with manual addition of H2O2. B) Total turnover 
number (TTN) and productivity from BES at 10 mA and control experiment. Reaction condition: All-in-One electrode, 
200 mL 0.05 M citrate/ sodium phosphate pH 5, 20 mM benzene, H2O2: 100-300 µM (1.72 mM total H2O2 added), 
1 UABTS mL-1 (30 nM) rAaeUPO, 250 rpm, 22 ± 1 °C. 

 

Nevertheless, a comprehensive quantification of the substrate and the products was not 

feasible. Benzene is highly volatile and has a low solubility in aqueous solutions. In addition, 

benzene adsorbs on the reactor wall and subsequently disappear out of the solution. 

Therefore, it was not possible to rely on the quantification of benzene alone. Meanwhile, 

catechol, hydroquinone and resorcinol could undergo a third hydroxylation yielding o-

benzoquinone, p-benzoquinone and 1,2,4-trihydroxybenzene (or hydroxy-p-benzoquinone), 

respectively [33]. Quantifying all possible products presented a significant challenge. As a 

result, the mole balance of the reactions could not be closed and as not all the products could 

be quantified the TTN obtained from this reaction system is also lower compared to that of 

other rAaeUPO-catalyzed reactions [66,104,121]. As the main objective of this dissertation 

was to develop a controllable in situ electrosynthesis of H2O2 and its utilization in a biocatalytic 

reaction to enhance the enzyme stability, further investigations were conducted using a second 

model reaction system: the hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-

hydroxyethyl)benzoic acid (HEBA). The absence of by-products in this model reaction system 

simplifies the analytical quantification process, making it suitable for an in-depth 

characterization of the BES. Since EBA is insoluble in acidic conditions, potassium phosphate 

(KPi) buffer at pH 7 was selected as the medium. Additionally, the H2O2 sensor, intended to be 

used in the later stage of the study, exhibits cross-sensitivity to carboxylic acids. Hence, the 

change of the buffer system was necessary for further course of the project. The 

characterization and quantitative analysis of the BES using the second model reaction system 

are presented in the following chapter. 

 

A) B) 
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6.1. Integration of Multiple All-in-One Electrodes 

 

Following the successful combination of the in situ electrosynthesis of H2O2 with enzymatic 

hydroxylation catalyzed by rAaeUPO to establish a BES, further optimization of the AiO 

electrode system was conducted. It was identified that the productivity of the co-substrate H2O2 

represented a significant limitation of the system, which subsequently resulted in a lower TOF 

compared to values reported in the literature. In the AiO electrode system, both the anode and 

cathode are utilized for the simultaneous in situ generation of oxygen and H2O2, respectively. 

A potential limitation in H2O2 productivity within the AiO electrode system might arise due to 

the restricted oxygen availability. It is also crucial to consider the electron balance during the 

electrolysis. For each H2O2 molecule synthesized at the cathode (Eq. 3.2), only half an oxygen 

molecule is generated at the anode (Eq. 3.9). This imbalance might intensify the oxygen 

limitation. To investigate this, experiments were conducted to quantify oxygen productivity at 

the anode. Methods utilized to conduct experiments in this subchapter are specified in the 

appendix 11.2. Supporting Information to Chapter 6.  

 

The results confirmed that oxygen productivity (Fig. 6. 1) was consistently lower than the 

measured H2O2 productivity (Fig. 3. A; publication). For example, at 10 mA, the oxygen 

productivity was 0.32 µM min-1 cm-2, while the H2O2 productivity was 0.55 µM min-1 cm-2. At 

20 mA, the oxygen productivity increased to 0.50 µM min-1 cm-2, whereas the H2O2 productivity 

reached 0.70 µM min-1 cm-2. This comparison reveals a 30 – 42% discrepancy between the 

amounts of generated oxygen and H2O2, indicating that the additional oxygen needed for the 

H2O2 formation might originated from dissolved atmospheric oxygen diffusing into the system 

and stored oxygen in the medium at the start of the experiment. In addition to competing side 

reactions, limited oxygen availability also provides an explanation for the plateau observed in 

H2O2 concentration after approximately 5 min at higher applied currents (Fig. 3. B; publication). 

Despite increasing the current, oxygen productivity could not match the rate of H2O2 

generation, thus limiting further H2O2 accumulation. Therefore, oxygen supply becomes a rate-

limiting factor, particularly at higher currents, where competing side reactions become most 

pronounced. 
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Fig. 6. 1. Specific oxygen productivity at the anode of the All-in-One electrode system as a function of applied 
current. Reaction condition: 200 mL 0.1 M KPi buffer pH 7, 250 rpm, temperature: 22 ± 1 °C, 5 min. Carbon felt 
working electrode was replaced by titanium wire to reduce the possibility of oxygen reduction reaction. Biological 
duplicates were performed. 

 

To maintain a consistent supply of oxygen within the medium, aeration was introduced into the 

system. The aeration source was strategically positioned directly beneath the electrode and 

above the stirrer (high shear force) to ensure optimal dispersion of bubbles and enhance the 

oxygen transfer. The influence of various airflow rates on H2O2 productivity was subsequently 

investigated to determine the optimal condition.  

 

  

Fig. 6. 2. A) Schematic representation of the All-in-One electrode system with the aeration. B) Specific H2O2 
productivity as a function of air flow rate. Reaction condition: 200 mL 0.1 M KPi buffer pH 7, 10 mA, 250 rpm, 

temperature: 22 ± 1 °C, 30 min. Biological duplicates were performed.   

 

The H2O2 productivity increased proportionally with the air flow rate at a constant applied 

current of 10 mA (Fig 6. 2. B). The highest observed productivity reached 0.84 µM min-1 cm-2 

at an aeration rate of 4 vvm, representing a 53% improvement compared to the system without 

aeration. The enhanced H2O2 productivity can be primarily attributed to the increased oxygen 

availability in the medium, which supports the electrochemical ORR responsible for the H2O2 

generation. This hypothesis was further supported by the observed increase in dissolved 

A) B) 
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oxygen concentration and its mass transfer rate (kLa) in the medium, which correlated with 

both higher air flow rates and increased stirring rates (Fig. 6. 3). The kLa value rose almost 

linearly from 0.028 min-1 to 0.1 min-1 at 1 vvm as the stirring rate increased from 250 rpm to 

1000 rpm. This improvement is likely due to the smaller bubble diameters produced at higher 

stirring rates, which increased the bubble residence time in the medium and the mass transfer. 

In contrast, the kLa value showed no significant increase when the air flow rate was raised from 

2 vvm to 4 vvm, as higher air flow rates tend to generate larger air bubbles (due to bubble 

coalescence) with greater buoyancy, leading to a shorter residence times. Consequently, 

increasing the stirring rate proves to be more efficient in enhancing the oxygen mass transfer 

than simply increasing the air flow rate. Another contributing factor to the increased H2O2 

productivity, besides the enhanced oxygen availability, was the turbulent flow at the electrode 

interface introduced by the aeration. This turbulent flow likely reduced the thickness of the 

electrochemical double layer, thereby improving the mass transfer of oxygen to the cathode. 

This aspect is supported by the decrease of the cell potential from 2.3 V in non-aerated 

condition to 2.1 V at 4 vvm, at the same applied current of 10 mA. Additionally, the turbulence 

facilitated faster desorption of the formed H2O2 from the electrode surface, minimizing the 

potential of further redox reactions of the formed H2O2 that would otherwise reduce the H2O2 

yield. Notably, the F.E. of the system at 10 mA, increased from 48% without aeration to 52%, 

63% and 68% at air flow rates of 1, 2 and 4 vvm, respectively. 

 

 

Fig. 6. 3. A) Oxygen concentration as a function of time at 1 vvm and various stirring rates. B)  Oxygen mass 
transfer coefficient (kLa) as a function of stirring rate at various aeration rates. Reaction condition: 200 mL 0.1 M 
KPi pH 7, temperature: 22 ± 1 °C. kLa was determined through the slope of the difference in the natural logarithm 
of theoretical maximum dissolved oxygen concentration (C*) and the concentration of dissolved oxygen (Ct) over 

time (𝑘𝐿𝑎 =
𝑙𝑛(𝐶∗−𝐶𝑡)

𝑡2−𝑡1
) [122]. Theoretical maximum dissolved oxygen concentration in the medium was 245 µM. 

 

Although the oxygen mass transfer in the medium was improved and the mixing time reduced 

by a factor of 2.8 from 18.67 s to 6.67 s with increased stirring rate (Fig. S6. 8, see Appendix 

supporting information), a stirring rate of 250 rpm was retained for subsequent experiments. 

A) B) 
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This decision was made to ensure consistent and comparable reaction conditions with 

previous experiments. The next step was determining whether the increase in H2O2 

productivity, following the introduction of aeration into the system, could directly be translated 

to an improvement in biocatalytic productivity within the BES. To explore this, experiments 

were conducted at an applied current of 10 mA and using 10 nM (0.3 UABTS mL-1) rAaeUPO 

with air flow rates of 1 vvm and 4 vvm (representing the lowest and highest aeration rates 

tested). The results are displayed in Fig. 6. 4. Herein, TON are plotted as a function of time 

instead of the product concentration, as both product concentration and TON follow the same 

progression over time. 

 

 

Fig. 6. 4. Turnover number (TON) as a function of time from the electroenzymatic hydroxylation in the All-in-One 
electrode system at various aeration rates. Reaction condition: 200 mL 0.1 M KPi buffer pH 7, 8 mM EBA, 10 nM 
rAaeUPO, 250 rpm, temperature: 22 ± 1 °C, 24 h, 10 mA, sparged with air. Biological duplicates were performed. 

 

In comparison to experiments conducted without aeration, moderate accumulations of H2O2 

were observed even while the enzyme was still active. Specifically, H2O2 concentration 

reached approximately 35 µM at 1 vvm and 60 µM at 4 vvm air flow rates. This accumulation 

increased progressively as the enzyme activity declined over time. The observed accumulation 

indicated that the H2O2 productivity exceeded the enzyme's catalytic capacity to convert H2O2. 

As a result, the saturation of the enzyme by the co-substrate increased, leading to an enhanced 

biocatalytic product formation rate, which rose from 4 µM min-1 to 11.5 µM min-1 at 4 vvm. 

Correspondingly, the TOF increased from 7.7 s-1 to 17.1 s-1, and the TTN increased from 

450,000 mol mol-1 to 670,000 mol mol-1 (Table 6. 1). This suggests that the aeration facilitated 

a higher rate of H2O2 generation and potentially reduced the rate of competing reactions, 

especially the formation of radicals. Thus, promoting an overall increase in biocatalytic 

efficiency.  A 48% increase in the TTN can be directly linked to the aforementioned enhanced 

biocatalytic productivity due to higher saturation by the co-substrate, particularly during the 

initial phase of the reaction when enzyme activity was at its peak. Thus, leading to a higher 

final product concentration upon complete enzyme deactivation, which was 7.97 mM. 
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However, it is important to note that further increasing the aeration rate from 1 vvm to 4 vvm 

did not result in a proportionate enhancement of the biocatalytic product formation rate, 

indicating that the effect of aeration on productivity plateaus beyond a certain threshold. The 

comparable results observed in experiments conducted at 1 vvm and 4 vvm, with respect to 

the product formation rate, TTN, and TOF (Table 6. 1), can be attributed to the comparable 

H2O2 productivities, which were 0.75 µM min-1 cm-2 at 1 vvm and 0.84 µM min-1 cm-2 at 4 vvm, 

and the similar accumulation of H2O2 in the medium. Although the oxygen mass transfer rate 

increased from 0.028 min-1 to 0.06 min-1 as the aeration rate increased from 1 vvm to 4 vvm, 

the absence of a significant increase in H2O2 productivity and accumulation suggests that the 

electrochemically active surface area capable of facilitating ORR might have become a limiting 

factor. 

 

Table 6. 1. Total turnover number (TTN) and turnover frequency (TOF) obtained from the hydroxylation of 4-
ethylbenzoicacid (EBA) catalyzed by the recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) 
in the All-in-One (AiO) electrode system with in situ H2O2 generation at 10 mA. 

Configuration Initial formation rate [µM min-1] TTN [mol mol-1] TOF [s-1] 

1 AiO electrode, 0 vvm 4.0 450,000 7.7 

1 AiO electrode, 1 vvm 11.0 650,000 13.2 

1 AiO electrode, 4 vvm 11.5 670,000 17.1 

2 AiO electrodes, 0 vvm 12.2 480,000 15.8 

2 AiO electrodes, 1 vvm 13.6 660,000 20.1 

 

To address the limitation posed by the restricted electrochemical surface area, a strategy of 

electrode numbering-up was employed as part of a surface enlargement approach. This was 

achieved by incorporating two AiO electrodes within a single reactor.  

 

By incorporating two AiO electrodes into the system, the surface-to-volume ratio doubled from 

0.055 cm-1 to 0.11 cm-1, thereby increasing the available electrochemical surface area. With 

the power supply featuring multiple channels, each electrode was controlled independently. 

To maintain consistency with previous experiments involving a single AiO electrode, the same 

current density was applied to each electrode. The electroenzymatic hydroxylation reaction 

was subsequently repeated to evaluate the effectiveness of this multi-electrode configuration. 

The integration of two AiO electrodes in the electroenzymatic hydroxylation at 10 mA, without 

aeration, resulted in a TOF of 15.8 s-1, an increase by a factor of 2 compared to the TOF 

observed in experiments with a single AiO electrode under identical conditions (Table 6. 1). 

This increase in TOF can be attributed to the higher surface-to-volume ratio provided by the 

dual-electrode setup. Supporting this hypothesis, the surface-specific H2O2 productivity in the 

dual-electrode system was 0.45 µM min-1 cm-2, approximately 18% lower than that of the 

single-electrode system with 0.55 µM min-1 cm-2. However, this slight reduction in surface-
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specific productivity was compensated by the increased surface-to-volume ratio in the multiple-

electrode configuration. 

 

 

Fig. 6. 5. A) Formation rate of superoxide and hydroxyl radicals as a function of applied current in the two All-in-
One (AiO) electrodes system. Reaction condition: 200 mL nitro blue tetrazolium or terephthalic acid assay in 0.1 M 
KPi pH 7, 250 rpm, temperature: 22 ± 1 °C. B) H2O2 concentration as a function of the time at different applied 
currents in the two AiO electrodes system with 1 vvm aeration. C) Specific H2O2 productivity, Faradaic efficiency 
(F.E.) and resulting cell potential as a function of applied current in the two AiO electrodes system with 1 vvm 
aeration. D) Total turnover number (TTN), Turnover frequency (TOF) and productivity as a function of applied 
current from the electroenzymatic hydroxylation with in situ generation of H2O2 in the two AiO electrodes system 
with 1 vvm aeration. Insert: schematic representation of the two All-in-One electrodes system with an aeration. 
Reaction condition: each AiO electrode equipped with carbon felt cathode (11 cm2) and platinized titanium anode 
(4.24 cm2), 200 mL 0.1 M KPi pH 7, 8 mM EBA, 10 nM rAaeUPO, temperature: 22 ± 1 °C, 250 rpm. F.E. was 
determined after 30 min. The “applied current” displayed on the graph represents the current applied to each of the 
AiO electrode within the system. Biological duplicates were performed. The depicted lines serve as a visual aid. 

 

During the electroenzymatic reaction, approximately 40 µM of H2O2 was accumulated (Fig. 

S6. 9), a phenomenon that was absent in experiments with a single AiO electrode without 

aeration. While the TOF was significantly improved, the TTN only showed an increase from 

450,000 mol mol-1 to 480,000 mol mol-1 (Table 6. 1). The increased surface-to-volume ratio 

not only led to higher H2O2 accumulation but also further accelerated radical generation rates 

(Fig. 6. 5. A) (data containing the formation rate of radicals in the two-electrode system with 

aeration is not available). Electrons and holes (h+) reacted with oxygen and water, forming 

A) B) 

C) D) 
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superoxide and hydroxyl radicals, with the one-electron reduction of H2O2 contributing to 

hydroxyl radical formation (Eq. 3.6) [66]. The hydroxyl radical formation rate doubled in the 

dual-electrode system compared to the single electrode system (Fig. S6. 10), ranging from 

100 to 600 nM h-1, while the superoxide formation increased by 40 – 50%. This elevated radical 

production compromised the enzyme stability, increasing the deactivation rate from 

0.03 UABTS mL-1 h-1 to 0.036 UABTS mL-1 h-1 at 10 mA. As a result, despite the doubled TOF, the 

TTN improvement was marginal compared to the single-electrode system. Again, this outcome 

can be attributed to the fact that, while the initial product formation rate and TOF increased, a 

much higher final product concentration was not achieved (around 6.2 mM) due to a higher 

enzyme deactivation rate. Additionally, hydroxyl radicals not only destabilized rAaeUPO 

stability but also interfered with the H2O2 formation by slowing the oxygen reduction kinetics 

[45]. Introducing radical scavengers like ethylbenzene or isopropanol for hydroxyl radicals, and 

benzoquinone or superoxide dismutase for superoxide, could potentially enhance the 

rAaeUPO stability [45]. 

 

Given the minimal differences in the TTN between the single-electrode experiments conducted 

at 1 vvm and 4 vvm aeration rates (Table 6. 1), and also to avoid excessive aeration of the 

system, 1 vvm aeration rate was selected as the optimal condition for the multiple-electrodes 

system. The overall trends of the specific H2O2 productivity, cell potential and F.E. in the 

multiple AiO electrodes system (Fig. 6. 5. C) closely mirrored those observed in the single-

electrode system (Fig. 3. A; publication). Compared to the non-aerated setup with two AiO 

electrodes, the specific H2O2 productivity increased by approximately 11%.  Moreover, the 

integration of two AiO electrodes with aeration resulted in an increase in specific H2O2 

productivity ranging from 7% to 33% across various currents, except at 25 mA and 30 mA, 

when compared to the single-electrode system. However, the enhancement effect of the 

aeration on the specific H2O2 productivity in the dual-electrode setup was less pronounced 

than that observed in the single-electrode system with 1 vvm aeration, which saw a 36% 

increase (Fig. 6. 2. B). This reduced effect can likely be attributed to the placement of the 

sparger which was located between the two AiO electrodes, in contrast to its position in the 

single-electrode system where it was located directly beneath the electrode. The different 

positioning of the sparger likely reduced the impact of the turbulent flow on the oxygen mass 

transfer and the H2O2 desorption from the electrode. Additionally, the doubling of the 

electrochemical surface area may have increased the rates of competing reactions, such as 

the full reduction of oxygen to water (Eq. 3.3), the reduction of H2O2 to hydroxyl radicals or 

water (Eq. 3.6, Eq. 3.7), and the oxidation of H2O2 (Eq. 3.5). These factors likely contributed 

to the relatively moderate increase in surface-specific H2O2 productivity in the dual-electrodes 

system. The F.E. in the dual AiO electrodes system ranged from 15% to 133% higher (Fig. 6. 
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5. C) than that of the single-electrode system (Fig. 3. A; publication), particularly at higher 

applied currents between 20 – 30 mA. At these currents, H2O2 accumulation continued without 

reaching a plateau, at least up to 30 min of reaction time (Fig. 6. 5. B). On the contrary, at 

lower applied currents between 5 mA and 15 mA, the F.E. decreased by as much as 38%. 

Although the accumulation of H2O2 in the medium after 30 minutes was higher, the 

accumulated H2O2 did not double within the same timeframe, despite the doubling of the total 

applied current, resulting in a decreased F.E.. The performance indicators from the 

electroenzymatic hydroxylation within dual AiO electrodes system are summarized in Fig. 6. 

5. D. Notably, during the initial seven hours of the reaction, H2O2 accumulation reached 

approximately 49 µM (Fig. S6. 11). As the enzyme’s stability gradually declined, H2O2 

accumulation further increased, eventually reaching 1.7 mM after 24 h, when no enzyme 

activity remained. The utilization of multiple AiO electrodes provided a significant enhancement 

in the system’s performance, with the TOF reaching up to 20.1 s-1, a 52% improvement over 

the TOF observed in the single electrode system with 1 vvm aeration and a 27% increase 

compared to the multiple electrodes system without aeration (Table 6. 1). It is worth mentioning 

that the highest TTN achieved within this configuration was 700,000 mol mol-1 at 5 mA. The 

maximum productivity of 1.30 g L-1 d-1 was achieved at the lowest applied current, with a 

declining trend observed as the current increased. This decrease in productivity correlates with 

the reduction in enzyme stability at higher currents, which subsequently led to a lower final 

product concentration. The productivity was determined based on the final product 

concentration over a fixed experimental duration of 24 h, as the exact point of complete 

enzyme deactivation was unknown (likely occurring overnight). Consequently, the reduction in 

final product concentration at higher currents resulted in a proportional decrease in 

productivity. Similar to the single electrode system (Fig. 6. A; publication), both TTN and TOF 

showed a decreasing trend with increasing applied current. This reduction is attributed to 

factors such as the destabilization of rAaeUPO, driven by the catalase malfunction reaction 

and the presence of radicals, which adversely affect the enzyme activity and stability.  

 

After establishing the multiple AiO electrodes system to enhance the electrochemical surface 

area, optimization was pursued to further improve the enzyme stability and productivity. The 

aim was to develop a BES capable of maintaining a constant H2O2 concentration, thereby 

preventing its excessive accumulation, which could compromise the enzyme stability and 

accelerate H2O2 buildup — issues that were previously observed in the BES operated under 

galvanostatic condition [16,103] and in the AiO electrode system. Although there have been 

reports on sensor-controlled H2O2 dosing to regulate H2O2 concentrations in biocatalytic 

systems [67,123], detailed studies on sensor-controlled electrogeneration of H2O2 in BES 

remain limited. To address this knowledge gap and assess the feasibility of such a system, 
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modifications to the existing setup were required. An automated system incorporating a H2O2 

sensor and an in situ H2O2 generation was developed to maintain a predefined concentration 

of H2O2 (H2O2-stat mode), independent of the enzyme activity and the progress of the reaction. 

Additionally, it was important to investigate the influence of various H2O2 threshold 

concentrations on the stability of rAaeUPO and the overall performance of the BES. However, 

the AiO electrode system, utilizing a carbon felt cathode, was unable to sustain H2O2 

concentrations above 60 µM during the electroenzymatic reaction without undergoing further 

redox conversion, particularly given the simultaneous consumption of H2O2 by the enzyme. 

Furthermore, no linear correlation was observed between the applied current and specific H2O2 

productivity in the AiO electrode system. While H2O2 productivity initially increased with 

increasing applied current, it declined at currents above 20 mA. This non-linear behavior posed 

a significant challenge in the development of the automation system. To address this issue, a 

GDE was implemented as an alternative cathode in the BES. Given the extensive application 

of GDE in BES [8,104,112], the GDE was also utilized as a reference system to benchmark 

the performance of the AiO electrode system. The development and comprehensive 

characterization of the GDE system for the electroenzymatic hydroxylation, incorporating an 

automation program at various H2O2-stat concentrations, will be discussed in detail in the 

subsequent chapter. 
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7.1. Electroenzymatic Hydroxylation of EBA under 

H2O2-Stat Mode and Fed-Batch Process 

 

In a BES, particularly one that employs the combination of in situ generation of H2O2 and its 

further consumption in an enzymatic reaction, such as the application of H2O2-dependent 

enzyme rAaeUPO, a compromise between H2O2 productivity, biocatalytic productivity, 

enzymatic stability, and electrochemical efficiency must be made to improve the overall 

performance. An increase in both the productivity and accumulation of H2O2 has the potential 

to enhance enzymatic productivity. However, this may also result in a decreased rAaeUPO 

stability. This is particularly the case when the concentration of the target substrate is lower 

than its own KM value and lower than the H2O2 concentration present in the medium. This 

condition typically leads to a more pronounced rAaeUPO inactivation due to the catalase 

malfunction reaction. To avoid this situation, it is beneficial to maintain an excess substrate 

concentration and an adequate supply of H2O2 in the system.  

 

To enhance the overall efficiency of the electroenzymatic hydroxylation process within the 

GDE system, a comparable methodology could be employed, wherein the concentration of the 

substrate EBA is consistently maintained at a level exceeding its KM value of 2.3 mM [106]. 

One potential approach to achieve a concentration higher than the KM value would be to initiate 

the reaction with a higher substrate concentration. However, the activity of rAaeUPO was 

reduced by 25% when the EBA concentration was increased to 12.5 mM, which was attributed 

to the presence of substrate surplus inhibition (Fig. S7. 6). As a result, it was not feasible to 

initiate the reaction with an EBA concentration exceeding 8 mM. To circumvent the issue of 

substrate surplus inhibition, a fed-batch operation mode was employed. Based on the initial 

activity of rAaeUPO in the BES the concentration of EBA within the medium was maintained 

at approximately 8 mM. This approach ensured that rAaeUPO was saturated with the 

substrate, thereby reducing the likelihood of a catalase malfunction reaction due to multiple 

reactions with H2O2 molecules. To test this hypothesis, the electroenzymatic hydroxylation of 

EBA in the GDE system at a H2O2-stat concentration of 0.2 mM was conducted under a fed-

batch operation mode for EBA. The 0.2 mM H2O2 concentration threshold was selected on the 

basis of the preceding results, which demonstrated that this level of H2O2 delivered a 

comparatively high TOF, productivity, and competitive TTN (Fig. 5. C, Fig. 6. B; publication). 
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Fig. 7. 1. Hydroxylation of EBA catalyzed by rAaeUPO in a GDE system under fed-batch process and in H2O2-stat 
mode with the H2O2 limit set to 0.2 mM. Reaction condition: 200 mL 0.1 M KPi pH 7, 8 mM starting EBA 
concentration, 200 mM EBA stock solution, 10 nM rAaeUPO, 250 rpm, temperature: 22 ± 1 °C. EBA: 4-
ethylbenzoic acid, HEBA: 4-(1-hydroxyethyl)benzoic acid. H2O2 offline: an offline H2O2 quantification via a 
photometrical method serves as a control for the online quantification. Data shown are average from technical 
duplicates. 

 

An EBA stock solution of 200 mM was prepared and introduced into the reaction system at an 

initial feeding rate of 0.06 mM min-1 (0.012 mmol min-1) to prevent the accumulation of EBA in 

the medium. Given that the activity of rAaeUPO would decline over time, the feeding rate of 

EBA was progressively reduced until it was entirely stopped after 300 min (Fig. 7. 1). However, 

it appeared that the pre-calculated catalytic productivity from the preceding experiment (Fig.  

5. C; publication) at the identical H2O2 threshold was slightly higher. Consequently, the 

substrate concentration gradually increased and accumulated up to 18 mM. Nevertheless, the 

fed-batch operation mode evidently enhanced the stability of rAaeUPO. The electroenzymatic 

hydroxylation of EBA conducted at the same H2O2 threshold under batch operation mode 

lasted for 300 min before the enzyme was totally deactivated, yielding a total product 

concentration of 7.6 mM. Concurrently, maintaining EBA concentrations above its KM value 

and exceeding the H2O2 concentration could mitigate the probability of rAaeUPO being 

susceptible to catalase and catalase malfunction reactions. As a consequence, in this 

particular instance, the reaction persisted for up to 420 min, after which the enzyme 

demonstrated a residual activity of approximately 2%. During this time, a total product 

concentration of 9 mM was achieved. It should be noted that the accumulation of EBA in the 

medium could potentially suppress the biocatalytic activity. An accumulation of EBA above 

15 mM has been demonstrated to reduce rAaeUPO activity by 65% (Fig. S7. 6). It is thus 

conceivable that maintaining the concentration of EBA at around 8 mM could facilitate a higher 

enzymatic conversion rate. In this instance, it was assumed that the enzyme was fully 

deactivated after 420 min to facilitate the calculation of the TTN. The TTN was determined to 

be 850,000 mol mol-1, representing a notable increase of approximately 200,000 mol mol-1 in 

comparison to the batch operation mode. Additionally, the TTN was accompanied by a TOF of 
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67 s-1 and a productivity of 5.12 g L-1 d-1, which are comparable to the TOF and productivity 

achieved in the batch mode. Based on these findings and obtained performance indicators, 

particularly the TTN, it can be postulated that the application of the fed-batch operation mode 

to maintain a stable substrate concentration, preferably above its KM value (but below the Ki 

value) and higher than the co-substrate concentration, within the system is beneficial and could 

enhance the stability of rAaeUPO or even H2O2-dependent enzymes in general. 
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8. General Discussion and Outlook 

 

Laboratory-scale electroenzymatic processes have shown promising performance indicators 

(PIs), sparking scientific interest in their potential for industrial application. However, a 

significant gap persists in the literature, as many studies do not report critical process 

parameters and PIs such as product titer, (analytical-) yield, biocatalyst loading, total turnover 

number (TTN), turnover frequency (TOF), Faradaic efficiency (F.E.), cell potential, and 

electrode surface area. This inconsistency hinders meaningful comparisons and identification 

of process limitations. To advance the field, it is crucial to adopt a parameter-driven approach 

for electroenzymatic systems, ensuring consistent reporting and comparability. 

 

 

Fig. 8. 1. Four categories of essential performance indicators in the field of electroenzymatic processes. 

 

To address this, the most significant PIs in the field of bioelectrochemistry, which should be 

included in every study, can be classified into four categories (Fig. 8 .1). General reaction 

engineering PIs are fundamental for evaluating and comparing the efficiency of 

electroenzymatic processes with traditional chemical processes. They also provide a critical 

foundation for assessing the overall effectiveness of different reaction systems. 

Electrochemical PIs offer insights into the efficiency of the co-substrate/ co-factor generation, 

which is vital for optimizing the process and reducing costs. Moreover, the F.E., current 

density, and cell potential are essential metrics for the comprehensive evaluation and 

comparison of various electrochemical systems, regardless of the scale or the nature of the 

product being generated. Furthermore, the catalytic efficiency, longevity of the biocatalyst, and 

the suitability of an enzyme in a specific system can be determined using enzymatic PIs. 

Finally, reactor indicators like the electrode surface area per reaction volume is of importance, 

as electrochemical reactions predominantly occur at the interface between the electrode and 
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the bulk medium. Understanding and optimizing this interface is the key to improve the overall 

efficiency of electroenzymatic processes, making it an essential parameter to report in related 

studies. Therefore, it is strongly advised that future studies report these PIs to enhance the 

robustness of the data and to facilitate meaningful comparisons between different systems. 

 

In addition, it is recommended to provide relevant reaction parameters that would allow these 

PIs to be estimated retrospectively. For instance, in cases where current density is not stated, 

it is suggested to report the applied current along with the geometrical area of the working 

electrode. Similarly, if metrics such as TTN, TOF, enzyme half-life time and electrode-time 

yield are not provided, it is critical to include details such as the biocatalyst loading, the reaction 

time, the product concentration and the enzyme activity over time. Such practices improve 

data quality and facilitate precise comparisons. 

 

It is also essential to acknowledge that certain evaluation criteria cannot be directly correlated 

with conventional PIs. Factors such as the alignment with the United Nations Sustainable 

Development Goals, system simplicity, scalability, application flexibility, material availability, 

and public acceptance are critical considerations that extend beyond standard PIs. These 

additional factors underscore the multifaceted nature of evaluating various processes and 

technologies, where both quantitative and qualitative assessments are essential for fully 

understanding their potential impact and enabling objective comparisons. 

 

Subsequently, the knowledge gained was systematically applied to the electroenzymatic 

system studied in this dissertation. The research focuses on the in situ electrochemical 

generation of H2O2 as a co-substrate in a bioelectrochemical system (BES). Although H2O2 

can be used in several biocatalytic reactions, such as hydroxylation, epoxidation, and 

sulfoxidation, its application in enzymatic processes remains relatively limited. This limitation 

primarily arises from the toxic and deactivating effects of H2O2 on enzymes, which has 

traditionally impeded its broader use in enzymatic systems. However, employing an 

electrochemical approach to continuously generate H2O2 in situ in a controllable manner and 

at low concentrations offers a viable solution to these challenges. By preventing the excessive 

accumulation of H2O2, this method significantly reduces enzyme deactivation and enhances 

the efficiency of H2O2-dependent enzymes. The advantages of in situ electrochemical H2O2 

generation over alternative methods such as enzymatic or chemical generation and manual 

feeding of H2O2 are manifold. These include the elimination of the need for additional 

chemicals, the absence of complex by-product formation, no increase in reaction volume, and 

preserve consistent reaction conditions. 
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One of the most challenging chemical reactions is the oxyfunctionalization of unactivated 

carbon atoms, which typically necessitates high temperatures and the extensive use of organic 

solvents. However, certain biocatalysts facilitate the oxyfunctionalization of unactivated C-C 

and C-H bonds under mild conditions. A promising example is the recombinant unspecific 

peroxygenase from the fungus Agrocybe aegerita (rAaeUPO), which has demonstrated the 

ability to effectively catalyze the oxyfunctionalization of a wide range of substrates. Due to its 

high stability and reliance only on H2O2 as a co-substrate, rAaeUPO represents an ideal 

candidate for the integration into the BES. 

 

To develop a customizable platform for H2O2-dependent reactions and enhance biocatalyst 

efficiency, the All-in-One (AiO) electrode system, featuring a carbon felt cathode, was utilized 

in the electroenzymatic hydroxylation. The physical flexibility of carbon felt made it an ideal 

choice for the cathode material in the AiO electrode system, as it could be easily wrapped 

around the AiO electrode scaffold, ensuring seamless integration. Although carbon felt 

electrodes have been previously employed in microbial fuel cells [124,125], their ability to 

perform an oxygen reduction reaction (ORR) remains to be validated. To investigate potential 

redox reactions on the surface of the cathode, a cyclic voltammetry (CV) study was conducted. 

 

A current response was detected at a cathodic potential of -1 V vs. Ag/AgCl with a peak current 

of -0.015 A. This peak response was attributed to the ORR and potentially the generation of 

H2O2. It is worth mentioning that the iR compensation, which accounts for the iR drop, caused 

by the electrode’s distance and the solution resistance was not applied. As a result, the 

observed cathodic peak appeared at a more negative potential than would be expected if iR 

compensation had been used. The CV analysis confirmed that the carbon felt electrode 

material is capable of reducing oxygen, indicating its potential for the in situ H2O2 generation. 

Based on these findings, carbon felt was incorporated into the AiO electrode, and a 

subsequent characterization study was performed to assess its in situ H2O2 generation ability, 

a fundamental step before initiating the electroenzymatic hydroxylation in the BES. 

 

The characterization study was conducted using a single AiO electrode with a geometrical 

area of 11 cm2, resulting in a surface-to-reaction volume of 0.055 cm-1. The productivity of 

H2O2 was found to be influenced by the applied current, with an increase observed and a 

maximum productivity of 0.87 µM min-1 cm-2 was reached when the applied current was 

increased from 5 mA to 25 mA (Fig. 3. A; publication chapter 6). Despite the increase in the 

productivity with increasing applied current, the accumulation of H2O2 within the system did not 

exhibit a linear correlation with the reaction time, particularly at an applied current above 

15 mA. The formation rate of H2O2 steadily declined and reached a plateau after 15 min (Fig. 



8. General Discussion and Outlook 

 

76 

 

3. B; publication chapter 6). This, in turn, resulted in a lower H2O2 accumulation at higher 

applied currents. The observed plateau can be attributed to the rates of deleterious reactions 

that were analogous or even higher than the formation rate of H2O2, particularly after 10 min 

at a current above 15 mA. These deleterious reactions were the further reduction of H2O2 to 

hydroxyl radical (Eq. 3.6) or water (Eq. 3.7) at the cathode, oxidation of H2O2 to hydroperoxyl 

radicals (Eq. 3.5) at the anode and the decomposition to water and oxygen (Eq. 3.8). Additional 

competing reactions, such as the complete reduction of oxygen to water (Eq. 3.3) and 

hydrogen evolution (Eq. 3.4) at the cathode, further hindered the formation of H2O2. It is crucial 

to acknowledge that these deleterious and competing reactions are dependent on the applied 

current and cell potential, and exceptionally prominent at higher applied current/ or cell 

potential [84,85]. These competing and deleterious reactions collectively reduce the yield of 

H2O2, ultimately limiting the accumulation of H2O2 to a specific point, in this case around 

250 µM at 5 mA after 30 min. Similarly, the F.E. decreased with increasing current, reaching a 

maximum of 60%. When compared to PIs reported in literature, the F.E. of 60% and a H2O2 

productivity of 0.87 µM min-1 cm-2 were comparable to those reported in gas diffusion electrode 

(GDE) systems and conventional graphite-based electrode systems [16,71,84,85,104].  

 

The resulting surface-to-volume ratio is comparable to the specific electrode area found in 

Chloralkali cells [10]. In this study, the geometrical area of carbon felt was employed for the 

calculation of the surface-to-volume ratio and the H2O2 productivity, rather than the 

electrochemical surface area or the surface area provided by the manufacturer, which was 

determined via the Brunnauer-Emmet-Teller (BET) method. The BET method is a well-defined 

technique that, in most cases, provides an accurate estimation of total surface area. However, 

it also typically overestimates the electrochemically active surface area by a factor up to 100, 

given that only a fraction of the total surface area is electrochemically active [126]. As a result, 

the application of the BET surface area would underestimate the H2O2 productivity and 

overestimate the surface-to-volume ratio. The electrochemical surface area of porous 

materials, such as carbon felt, can be determined via a CV method, by analyzing the variation 

in peak current responses at different applied potentials. The actual electrochemical surface 

area is estimated by comparing the observed peak current to that of an electrode with a known 

surface area, in a manner analogous to constructing a calibration curve. Here, the CV method 

was employed in conjunction with the Fe2+/Fe3+ redox reaction to ascertain the electrochemical 

surface area of the carbon felt. While peak currents were detected in the case of polished 

graphite electrodes with surface areas ranging from 0.085 cm2 to 5.1 cm2 (serving as a 

calibration standard), no discernible peak response was observed for the carbon felt. This 

suggests that the utilized carbon felt, with a geometrical area of 1 cm², may have had an actual 

electrochemical surface area too small to produce a detectable signal. The limited geometrical 
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surface area of the carbon felt resulted in an insufficient number of active sites for the 

regeneration of Fe2+/Fe3+, or alternatively, the current response may have been below the 

detection threshold. To improve the sensitivity of this method in the future, increasing the 

concentration of Fe2+/Fe3+ or using carbon felt with a larger geometrical surface area could 

provide more accurate results. However, these approaches were not further explored in this 

dissertation. 

 

Afterwards, to develop and validate the concept of a BES, the electrochemical in situ 

generation of H2O2 via the AiO electrode system was coupled with the enzymatic hydroxylation 

catalyzed by rAaeUPO. The initial model reaction system selected for this study was the two 

step hydroxylation of benzene, yielding resorcinol, hydroquinone and catechol as main 

products, as well as several by-products (Fig. 5. 2). Challenges with the analytical method led 

to the incomplete quantification of these products resulting in an incomplete evaluation of the 

system's performance. Consequently, critical PIs such as TTN, TOF, productivity and yield 

could not be fully quantified due to an incomplete molar balance of reactants and products, 

leading to low-value PIs. In this regard, a TTN of 15,000 mol mol-1, a TOF of 0.84 s-1 and a 

productivity of 0.1 g L-1 d-1 were obtained, respectively (Fig. 8. 2). 

 

Knowing that the main goal of the dissertation was to establish the concept of BES using the 

AiO electrode system and to enhance the efficiency of H2O2-dependent enzymes, a second 

model reaction system was selected: the hydroxylation of 4-ethylbenzoic acid (EBA). This 

reaction offered a simplified system for analysis, as only one product, 4-(1-

hydroxyethyl)benzoic acid (HEBA), was generated from EBA. Using a starting concentration 

of 8 mM EBA and 30 nM (1 UABTS mL-1) rAaeUPO, electroenzymatic experiments were 

conducted at applied currents ranging between 5 mA to 30 mA. A trend was observed, 

showing that the enzyme activity decreased at a faster rate as the applied current increased 

(Fig. 5; publication chapter 6). Despite no apparent accumulation of H2O2 during the reaction, 

it is possible that H2O2 concentrations remained below the detection threshold, leading to 

rAaeUPO deactivation due to multiple reactions with the co-substrate H2O2 rather than the 

target substrate EBA. This phenomenon is known as the catalase malfunction reaction and 

leads to a heme bleaching in heme-containing enzymes (Fig. 3. 7). The heme degradation 

and the subsequent enzyme deactivation are inevitable in such reactions and are directly 

associated with product formation [103]. An absent of H2O2 accumulation indicated that the 

consumption rate of H2O2 by rAaeUPO exceeded the rate of its electrochemical generation by 

the electrode. Moreover, radicals such as superoxide, hydroxyl radical, and hydroperoxyl 

radical were electrochemically generated in situ through water oxidation and H2O2 redox 

reactions. The generation rate of these radicals is directly influenced by the applied current, 
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with higher currents promoting increased radical formation [71]. Notably, the radical generation 

significantly increased when the applied current exceeded 10 mA (Fig. S6. 10), leading to a 

greater enzyme deactivation. As a consequence, a faster enzyme deactivation rate decreased 

not only the initial product formation rate (Table 8. 1) but also led to a decrease in the final 

product concentration, productivity, TTN and TOF. In this regard, the highest TTN and TOF 

achieved using the AiO electrode system were 220,000 mol mol-1 and 3.6 s-1, respectively 

(Fig. 6. A; publication chapter 6). In this dissertation, the productivity was determined by 

quantifying the final product mass, calculated from the final product concentration obtained 

after 48 h. After 48 h, the enzyme was fully deactivated, however, the precise time point at 

which this occurred was unknown, since there was no overnight sampling in the period 

between 31 h to 48 h. Given that the experiment time was constant and that the enzyme 

deactivation rate increased in proportion to the applied current (Fig. S6. 10), it was also the 

case that the final product concentration obtained decreased. Consequently, the productivity 

exhibited a corresponding decline with increasing applied current. As the highest TTN was 

achieved at an applied current of 10 mA and that the obtained TOF and productivity were 

comparably high, this point was identified as the optimal current for subsequent experiments.   

 

Table 8. 1. The initial product formation rate and the productivity from the electroenzymatic hydroxylation of EBA 

catalyzed by rAaeUPO with in situ generation of H2O2 in the AiO electrode system. (results from chapter 6) 

Applied current [mA] Initial formation rate [µM min-1] Productivity [g L-1 d-1] 

5 3.9 0.515 

10 4.3 0.526 

15 4.5 0.495 

20 3.2 0.416 

25 3.5 0.418 

30 3.4 0.401 

 

In light of the fact that the BES was constrained by the productivity of H2O2 and not by the 

enzymatic productivity, the applied biocatalyst loading was reduced by a factor of three to 

10 nM (0.3 UABTS mL-1). The reduction in catalyst loading at an applied current of 10 mA 

resulted in a slight decline in the initial product formation rate to 4 µM min-1 and a complete 

enzyme deactivation after 24 h (Fig. S6. 7. E). Nevertheless, the reduction in the catalyst 

loading resulted in enhanced catalyst efficiency, as demonstrated by the increase in both TOF 

and TTN to 7.7 s-1 and to 450,000 mol mol-1, respectively (Fig. 8. 2). Simultaneously, the 

productivity after 24 h reached 0.8 g L-1 d-1. With a maximum TTN of 450,000 mol mol-1, this 

TTN exceeds those obtained in a system with manual addition of H2O2 [33,121], and is 

comparable to those reported in a system with electrochemical generation of H2O2 [8,106,112] 

and to that reported in a system with enzymatic generation of H2O2 [43]. It is important to note 

that the system employed in this study is markedly more straightforward and relies only on a 
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single enzyme compared to the aforementioned systems. With regard to TOFs, the highest 

value observed so far, with 7.7 s⁻¹, is 18 times lower than those obtained in GDE-based 

systems. This difference is largely attributable to the lower H2O2 productivity achieved in the 

current system. 

 

 

Fig. 8. 2. Performance indicators of electroenzymatic hydroxylation of 4-ethylbenzoic acid (EBA) and benzene 
catalyzed by rAaeUPO within the All-in-One electrode (AiO) system and gas diffusion electrode (GDE) system, 
under various configurations. Experiments conducted at 10 mA (0.9 mA cm-2) in the AiO electrode system. All 
experiments, except 1 AiO (benzene), were performed using 10 nM rAaeUPO (0.3 UABTS mL-1).  

 

To improve the H2O2 productivity, aeration was introduced into the system. This measure was 

critical to ensure a sufficient supply of oxygen in the medium, as the availability of oxygen 

directly impacts the H2O2 generation. The H2O2 productivity, at the same applied current of 

10 mA, increased with increasing aeration rate, reaching a maximum at 4 vvm. This resulted 
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in a 54% increase in productivity compared to the non-aerated system, corresponding to 

0.84 µM min-1 cm-2 (Fig. 6. 2. B, Fig. 8. 2). The observed enhancement in productivity can be 

attributed to three main factors:  an increase in the quantity of dissolved oxygen, an increase 

in oxygen mass transport to the electrode, and a reduction in the thickness of the 

electrochemical double layer at the electrode interface due to the turbulent flow introduced by 

the aeration. Supporting this hypothesis was the increase in both dissolved oxygen 

concentration and oxygen mass transfer coefficient (kLa) as the flow rate and stirring rate 

increased (Fig. 6. 3). The kLa value exhibited a linear increase from 0.028 min-1 to 0.1 min-1 at 

1 vvm, with an increase in stirring rate from 250 rpm to 1000 rpm, and from 0.028 min-1 to 

0.061 min-1 with an increase in aeration rate from 1 vvm to 4 vvm at a stirring rate of 250 rpm. 

Furthermore, the turbulent flow at the electrode facilitated the rapid desorption of H2O2, thereby 

reducing the likelihood of deleterious side reactions at the electrode. Although increasing the 

stirring rate not only enhanced the kLa value but also reduced the mixing time by a factor of 

2.8 (Fig. S6. 8), subsequent electroenzymatic experiments were still conducted at a stirring 

rate of 250 rpm to maintain consistency with previous experimental conditions and the same 

kLa value. 

 

Based on the findings of preceding experiments, the electroenzymatic hydroxylation was 

performed at an applied current of 10 mA and with an aeration of 1 vvm and 4 vvm, which 

represented the lowest and highest aeration rates tested here (Fig. 6. 4). These experiments 

aimed to determine whether the observed increase in H2O2 productivity could directly enhance 

the enzymatic productivity and overall system efficiency. During these experiments, the 

accumulation of H2O2 was detected in the range of 35 – 60 µM. It was observed that the initial 

product formation rate increased to 11.0 µM min-1 and 11.5 µM min-1 for the experiment 

conducted at 1 vvm and 4 vvm, respectively, in comparison to the non-aerated system (Table 

8. 1). Accordingly, the initial product formation rate was found to increase the productivity of 

the system as well, reaching 1.30 g L-1 d-1 for 1 vvm and to 1.32 g L-1 d-1 for 4 vvm. Additionally, 

the TOF and the TTN increased, reaching as high as 17.1 s-1 and 670,000 mol mol-1, 

respectively (Table 6. 1, Fig. 8. 2). This enhancement in system efficiency, as evidenced by 

the elevated TOF and TTN values, is primarily attributed to improved biocatalytic productivity 

due to the moderate accumulation of H2O2, especially during the initial stages of the reaction 

when enzyme activity was at its highest. As a result, a higher final product concentration was 

achieved upon complete enzyme deactivation. Despite a 48% increase in TTN at 4 vvm 

compared to the non-aerated system, no significant improvement in PIs was observed 

between the systems operated at 1 vvm and 4 vvm. This suggested a potential limitation in the 

system, where the electrochemical surface area of the electrode was insufficient to fully utilize 

the available oxygen in the ORR for the H2O2 generation. 
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One of the key benefits of the application of the AiO electrode is its versatile design, with 

dimensions closely resembling those of a conventional pH probe, enabling convenient 

integration into existing bioreactors. Accordingly, this allows for the incorporation of multiple 

AiO electrodes within a single reactor, increasing the surface area-to-volume ratio and 

addressing the limitation of electrochemical surface area. Two AiO electrodes were integrated 

into the reactor, doubling the surface-to-volume ratio from 0.055 cm-1 to 0.11 cm-1. Despite this 

increase, the surface-to-volume ratio remained comparable to that of electrochemical systems 

employed in Chloralkali processes [10]. The concept of a multiple AiO electrodes was initially 

tested without aeration to compare the PIs with those of a single AiO electrode system under 

non-aerated condition. The application of two AiO electrodes in the BES at 10 mA, applied at 

each AiO electrode, resulted in a doubling of the TOF from 7.7 s-1 to 15.8 s-1 (Table 6.1, Fig. 

8. 2). This increase was attributed to the doubling of the electrochemical surface area, which 

resulted in a corresponding increase in the concentration of electrochemically generated H2O2. 

Despite the doubling of the TOF, the resulting TTN remained relatively unchanged, exhibiting 

a value of 480,000 mol mol-1 (Fig. 8. 2). The slight increase in the TTN indicated a decline in 

the stability of rAaeUPO. The accumulation of H2O2 to a concentration of 40 µM during the 

course of the experiment may have contributed to the decrease in rAaeUPO stability (Fig. S6. 

9). Moreover, the rise in the biocatalytic turnover might potentially enhance the likelihood of a 

catalase malfunction reaction. Of particular importance was the doubling of radical formation 

in the multiple AiO electrodes system (Fig. 6. 5. A), which was attributed to the increased in 

the electrode surface area. As a consequence of these factors, the stability of rAaeUPO was 

compromised, as reflected by a 1.2-fold increase in the enzyme deactivation rate compared to 

the single AiO electrode system. For that reason, the attained final product concentration (also 

the TTN) was not much higher due to the faster enzyme deactivation rate, despite the 

increased TOF and productivity. Subsequently, aeration at 1 vvm was introduced into the 

multiple electrodes system. An aeration rate of 1 vvm was selected over 4 vvm as both 

aeration rates yielded comparable TTN. Furthermore, the application of 4 vvm aeration rate 

was deemed too excessive and could introduce a potential safety risk due to a high pressure 

inside the vessel. The integration of multiple AiO electrodes with 1 vvm aeration in the 

electroenzymatic hydroxylation at 10 mA (applied to each AiO electrode) (Fig. S6. 11) 

significantly enhanced the catalytic performance, achieving a TOF of up to 20.1 s-1 (Fig. 6. 5. 

D, Fig. 8. 2), which was also the highest TOF obtained in the multiple electrodes system with 

aeration. This represents a 52% and a 27% increase compared to the TOF obtained in a single 

electrode system at 1 vvm and to the multiple AiO electrodes system without aeration (Fig. 8. 

2), respectively. Furthermore, the TTN reached a value of 660,000 mol mol-1, comparable to 

that achieved in the single AiO electrode system at 4 vvm. These results indicated that the 
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application of multiple AiO electrodes, to enhance the electrochemical surface area, and its 

combination with aeration in electroenzymatic rAaeUPO-catalyzed hydroxylation resulted in 

an increase in the initial product formation rate and the TOF. Nevertheless, this configuration 

did not necessarily result in an increase in the final product concentration or the TTN.  

 

This suggests that there may be an intrinsic upper limit to the TTN that can be achieved with 

this type of enzymes, independent of the H2O2 concentration and supply. This hypothesis has 

been proposed previously [106]. Hence, a reduction in the biocatalyst loading would not result 

in a substantial increase of the TTN, as the productivity of H2O2 will exceed its consumption by 

the enzyme. Consequently, a reduction in H2O2 productivity, as observed in the single AiO 

electrode system, would not lead to an increase in TTN, since the enzyme would become 

destabilized by other factors such as the reaction with H2O2 and radicals. Notably, the highest 

TTN achieved with this configuration was 700,000 mol mol-1 at 5 mA (Fig. 6. 5. D). The highest 

TTN achieved in this study not only falls within the upper range of TTN values reported in the 

literature for rAaeUPO-catalyzed reactions but also represents one of the highest TTN reported 

to date in BES for rAaeUPO-catalyzed electroenzymatic reactions. Consistent with 

observations from the single AiO electrode system, both TTN and TOF generally decreased 

with increasing applied current (Fig. 6. 5. D), likely due to similar factors—primarily the 

destabilization of rAaeUPO in the presence of H2O2 and radicals. 

 

The AiO electrode system exhibited several limitations, including a comparatively low H2O2 

productivity and TOF, particularly in comparison to GDE-based systems. It is evident that the 

enhanced oxygen mass transfer facilitated by the GDE's three-phase boundary contributes to 

its higher H2O2 productivity [112,113]. Consequently, the limitations associated with low 

oxygen solubility and diffusivity in the medium are avoided. Nonetheless, the H2O2 productivity 

in the AiO electrode system still can be potentially increased, apart by optimizing the reaction 

parameter like stirring rate, aeration rate and applied current, for example by employing 

surface modification and coating method to the working electrode. Additional carbon materials 

like carbon nanotubes (CNTs) can be used to coat the surface of the carbon felt [105]. Coating 

the electrode by CNTs offers not only an enlargement of the surface area, but also a reduction 

in the overpotential, as has been demonstrated in previous study [105]. Therefore, the 

formation of radicals at higher potential is minimized, while the H2O2 productivity and its 

selectivity might be increased. Furthermore, a strategy like surface oxidation can be applied 

for carbon-based electrocatalysts. Chemical methods are employed for the surface oxidation 

process, for example by using wet method such as the application of high concentration of 

nitric acid or KOH solution [127]. Moreover, a dry method can also be used to oxidize carbon-

based electrodes by mixing the electrocatalyst with polyethylene oxide and carbonizing it at 
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high temperature [127]. The effect of oxidation treatment on the electrode surface is the 

introduction of disorder (defect) in the structure of the electrode. The defect is the induction of 

oxygen-containing functional groups, including C-O-C, C=O, and -COOH, into the catalyst 

[127]. A positive correlation was observed between the ORR activity and selectivity for H2O2 

of an electrocatalyst and the increasing content of oxygen-containing functional groups. It was 

suggested that the defects in the carbon materials could act as reactive sites for oxygen 

adsorption and potentially its reduction during the electrocatalytic process [62]. In addition, the 

pressure of the system can be increased to promote mass transfer and oxygen solubility in the 

medium. Increasing the pressure of the system, for example up to 30 relative bar, proved to 

be an efficient way to intensify oxygen mass transport, resulting in a two order of magnitude 

increase in H2O2 productivity and its accumulation [128]. Additionally, the concept of the AiO 

electrode could be expanded in a number of ways. One would be the combination of the AiO 

electrode with the flow reactor technology to develop an electrochemical flow cell. This 

combination could provide an alternative scale-up strategy and higher electrode surface-to-

volume ratio. The design of flow cells allows for their numbering up or stacking as modular 

units, with the number of cells increasing as the reaction volume increases. The H2O2 

productivity could be further optimized by leveraging the additional properties offered by a flow 

cell, such as excellent heat and mass transfer as well as predictable flow behavior. The 

research initiative pertaining to this subject is underway and its findings are documented in 11. 

4. These proposed methods to improve the H2O2 productivity are only one side of the story, 

since they will only improve the electrochemical part of the whole BES. In other words, the 

impact on the electroenzymatic reaction would be the improvement of the TOF. Regarding 

rAaeUPO as a biocatalyst, it would be beneficial to implement a suitable immobilization method 

to increase the stability not only against H2O2, but perhaps also against generated radicals. 

Thus, the catalyst operational lifetime and the TTN of the electroenzymatic reaction could be 

improved. One possible immobilization method would be the combination of rAaeUPO with an 

anchor peptide and a spacer [129], so that the enzyme could be immobilized via the anchor 

peptide on the electrode. This will increase the proximity between the co-substrate generation 

and the enzymatic reaction, while simultaneously reduce the sterical hindrance. A potential 

advantage of using a spacer between the rAaeUPO and the anchor peptide is that the enzyme 

would not be directly located on the electrode, thus avoiding the possibility of enzyme 

deactivation due to the electric field [120]. Most importantly, the possibility of recurrent 

reactions between rAaeUPO and H2O2 due to the close proximity and high affinity can also be 

minimized. 

 

Succeeding the establishment of the concept AiO electrode system as an optimizable platform 

for H2O2-dependent enzymatic reactions, further optimization was pursued to enhance the 
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efficiency of the system and improve the operational stability and productivity of rAaeUPO. 

While most BES studies utilized a galvanostatic or potentiostatic mode [16,104,105], one 

inherent limitation of this approach for in situ H2O2 generation is its constant production rate 

over time. A constant H2O2 productivity could restrict the overall catalytic rate during the initial 

stage of the reaction when the enzyme is still active. However, as the reaction progresses and 

the enzyme activity declines due to deactivation, the H2O2 productivity will exceed its 

consumption and accumulate in the medium. The accumulation of H2O2 further accelerates 

the enzyme deactivation via the catalase malfunction reaction. To address this issue, a 

customized automation program was developed to dynamically control the current supplied to 

the electrodes. The program utilized the input from the H2O2 sensor to ensure a constant H2O2 

concentration, also referred to as H2O2-stat mode, independent of the enzyme activity. In this 

setup, a commercial GDE was utilized as the cathode, replacing the AiO electrode with the 

carbon felt cathode. The GDE was selected for this system due to its high oxygen mass 

transfer and its high selectivity towards H2O2. Consequently, this configuration enables a rapid 

generation of H2O2 to a specified concentration, while minimizing deleterious and competing 

reactions, ensuring a constant H2O2 concentration. 

 

To validate the concept of H2O2-stat mode, this system was applied in a BES combined with 

the enzymatic hydroxylation of EBA catalyzed by rAaeUPO. The H2O2 concentration limits in 

the H2O2-stat mode were set at 0.06 mM, 0.15 mM, 0.20 mM and 0.28 mM. Within the H2O2-

stat mode, the power supply dynamically adjusted the current sent to the electrodes, thereby 

adjusting the H2O2 productivity to attain and sustain a predetermined H2O2 concentration 

throughout the experiment. As the concentration of H2O2-stat limit was increased and more 

H2O2 became available in the medium, the reaction rate also increased, resulting in a higher 

TOF and productivity. In this regard, the maximum TOF and productivity were 87.5 s-1 and 

6.9 g L-1 d-1, respectively (Fig. 6. B; publication chapter 7). However, while a high TOF at 

elevated H2O2 concentrations enhances the reaction rate, it also increases the likelihood of 

rAaeUPO undergoing catalase and catalase malfunction reactions, which accelerate enzyme 

deactivation. Subsequently, as the enzyme deactivation rates increased, both the experiment 

duration and final product concentration declined. This trend was also observed in the TTN, 

which dropped from a maximum of 710,000 mol mol-1 at a H2O2-stat concentration of 0.15 mM 

to 570,000 mol mol-1 at 0.28 mM. Considering the obtained PIs at various H2O2-stat 

concentration thresholds tested, in this particular system it is advisable that the H2O2-stat 

concentration is set to 0.2 mM. This concentration limit not only facilitated the attainment of 

comparably high TOF (80.3 s-1) and productivity (6.1 g L-1 d-1) but also maintained a 

competitive TTN (655,000 mol mol-1) (Fig. 8. 2), compared to values reported for similar 

reaction systems on a laboratory-scale. 
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In addition to the H2O2-stat mode, the electroenzymatic experiment in the GDE system was 

correspondingly conducted in galvanostatic mode to provide a basis for comparison. The 

maximum TOF attained via both methodologies was comparable, around 80 s-1. Notably, the 

highest productivity achieved under the galvanostatic method with 10.5 g L-1 d-1, exceeded that 

observed under the H2O2-stat mode (Fig. 8. 2). The higher productivity observed under the 

galvanostatic method can be attributed to two main factors: higher H2O2 productivity and a 

greater accumulation of H2O2 in the medium. Nevertheless, the continuous increase of H2O2 

under galvanostatic mode resulted in a more rapid deactivation of rAaeUPO. In this context, 

the maximum TTN obtained under the H2O2-stat mode was 10% higher in comparison to the 

maximum TTN achieved under the galvanostatic mode. When comparing the AiO electrode 

system with the GDE system under H2O2-stat mode, the TOF obtained in the AiO electrode 

system was about 4.4 times lower, namely 20.1 s-1 (Fig. 8. 2). Meanwhile, the highest 

productivity in the AiO electrode system was 1.32 g L-1 d-1 (Fig. 8. 2), which was approximately 

5.3 times lower than that in the H2O2-stat mode. A lower TOF and productivity obtained by the 

AiO electrode system were the result of a lower H2O2 productivity, which has already been 

discussed before. Within the AiO electrode system, the highest H2O2 productivity reached up 

to 0.87 µM min-1 cm-2, meanwhile the GDE system reached a productivity up to 

5.5 µM min-1 cm-2 (Fig. 8. 2). Furthermore, the reaction window for the ORR within the AiO 

electrode was quite narrow which spanned between 5 mA to 20 mA, or 0.45 mA cm-2 to 

1.82 mA cm-2. As the applied current was increased further, the productivity decreased and 

the rate of the deleterious and competing reaction increased, as shown by the non-linear 

increase of accumulated H2O2 concentration over time (Fig. 3. B; publication chapter 6, Fig. 

6. 5. B) and the increasing rate of radical formation (Fig. 6. 5. A, Fig. S6. 10). On the contrary, 

GDE showed a wide operating window for the ORR that ranged between 0.8 mA cm-2 to 

6.4 mA cm-2. Within this operating window the productivity of H2O2 exhibited a linear increase 

with increasing current density and the accumulation of H2O2 showed a linear correlation with 

the experiment time (Fig. 2. A; publication chapter 7). Therefore, the final accumulated H2O2 

concentration within the GDE system could reach up to 2000 µM, while within the AiO 

electrode system reached only up to 270 µM. These results once again underscore the 

shortcomings of the AiO electrode system, but more crucially, they illustrate the limitations of 

utilizing the non-modified carbon felt material as the working electrode. While the concept of 

the AiO electrode is promising and has been demonstrated to yield competitive results in 

comparison to other reported systems [43,104,106,121], further optimization of the working 

electrode through a material science-focused approach could enhance the selectivity of H2O2 

and reduce the overpotential. In addition to the previously outlined methodology, further 

methods may be employed to enhance selectivity and productivity. These include surface 



8. General Discussion and Outlook 

 

86 

 

treatment with polyethyleneimide, doping with nitrogen [130], and the application of highly 

porous carbon materials such as Globugraphite [131]. Furthermore, with regard to catalyst 

efficiency, both systems yielded a comparable TTN, which was approximately 

700,000 mol mol-1. The TTN remains a critical metric in this study, as it indicates the suitability 

and stability of a biocatalyst for a specific process. Thus, it aligns with one of the study's 

objectives, which is to enhance the stability of H2O2-dependent enzymes. The comparable 

TTN achieved by both systems at a very different TOFs strengthens again the indication that 

there is an inherent maximum number of turnovers for rAaeUPO, independent of extrinsic 

inactivating factors and H2O2 supply [106,132]. 

 

Despite the indication of the maximum achievable TTN by rAaeUPO, further system 

optimization was performed to enhance the efficiency. This optimization involved the 

application of a fed-batch operation mode for the target substrate EBA. It was observed that 

the rAaeUPO activity exhibited a markedly accelerated decline when the EBA concentration 

approached or fell below its KM value. This phenomenon can be attributed to the higher affinity 

of H2O2 (KM, H2O2: 1.3 mM [133]) towards rAaeUPO and the constant availability of H2O2 in the 

medium, which ultimately results in a catalase malfunction reaction. By maintaining the EBA 

concentration above its KM value (KM, EBA: 2.3 mM [106]), rAaeUPO becomes saturated with 

the substrate, thereby minimizing the probability of multiple reactions occurring solely with 

H2O2. To prevent substrate surplus inhibition above 8 mM (Fig. S7. 6), the fed-batch operation 

mode was preferred over a higher initial EBA concentration. The implementation of a fed-batch 

operation under H2O2-stat mode, at 0.2 mM threshold, improved rAaeUPO stability, as 

demonstrated by a longer operational times and increased final product concentration (Fig. 7. 

1). Specifically, the operational time increased from 300 min to 420 min, while the final product 

concentration rose from 7.6 mM to 9 mM, compared to the batch operation mode. Additionally, 

the TTN improved by 30%, reaching 850,000 mol mol-1. Meanwhile, the TOF and productivity 

remained consistent with those obtained in batch operation mode, at 67 s-1 and 5.12 g L-1 d-1, 

respectively. Throughout the experiment, the EBA concentration gradually increased to 

18 mM, despite continuous feed rate adjustments. The accumulation of EBA reduced the 

enzymatic conversion rate due to substrate inhibition. For example, an accumulation of EBA 

above 15 mM resulted in a 65% reduction in rAaeUPO activity (Fig. S7. 6). In this instance, 

the TOF and productivity as well as the conversion and analytical yield could be maximized if 

the EBA concentration was maintained at 8 mM, which is also the point at which rAaeUPO 

exhibited its highest activity. Future applications of nuclear magnetic resonance (NMR) could 

enable real-time monitoring of EBA concentration to maintain the concentration above its KM 

value and around 8 mM. The results from the fed-batch operation demonstrated that by 

maintaining EBA concentrations above its KM value and exceeding the H2O2 concentration 
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could reduce the probability of rAaeUPO being susceptible to catalase malfunction reaction, 

thus enhancing the rAaeUPO operational stability. 

                                                                                                                                                                                                                                                                

The results obtained in this study were reproducible, demonstrating the reliability of the 

experimental setup. However, several potential sources of error were identified. For instance, 

errors could arise during the preparation of calibration curves for EBA and HEBA, which were 

prepared manually by correlating peak areas with known concentrations of these compounds 

(Fig. S6. 1). These errors could occur during the preparation of the stock solutions or the 

subsequent dilution steps to prepare solutions of varying concentrations. Inaccuracies in this 

process could affect the determination of the residual EBA concentration or the final HEBA 

concentration. Similarly, this also applies to the benzene model reaction system involving 

phenol, hydroquinone, resorcinol and catechol as intermediate and products (Fig. S5. 2). Such 

an error would have an impact on the determination of the molar balance, TOF, TTN, and 

productivity. A comparable source of error exists for the offline H2O2 calibration (Fig. S6. 3), 

as the H2O2 solutions were prepared manually from a concentrated stock solution. Error in this 

step could impact the calibration of the H2O2 sensor for online measurements. This is because 

the H2O2 sensor had to be calibrated manually using known H2O2 concentrations. These 

calibration inaccuracies could affect the determination of H2O2 concentration in the medium, 

its productivity, and the H2O2 threshold settings in the H2O2-stat mode within the GDE system. 

Furthermore, the initial activity and concentration of rAaeUPO for each experiment were 

determined using the ABTS assay in the presence of EBA (rAaeUPO was mixed in the medium 

with the rest of the reaction components) prior to the start of the experiment. Since rAaeUPO 

reacts with both ABTS and EBA, the presence of EBA could potentially reduce the measured 

activity and concentration of rAaeUPO. This could influence the calculations for TOF and TTN. 

However, this method was still considered optimal, as it provided an estimation of rAaeUPO 

activity and concentration within the reaction medium. Notably, the higher affinity of rAaeUPO 

for ABTS (KM, ABTS: 0.025 mM [134]) compared to EBA supports this assumption. It is important 

to note that all these small sources of error can combine and multiply when determining PIs. 

As a result, larger deviations in TOF and TTN are expected, which is around 12 – 31%, 

compared to other parameters like productivity or conversion, which is between 7 – 20%. 

 

In conclusion, recent advancements in electroenzymatic processes have demonstrated 

impressive laboratory-scale PIs. For the successful transition from laboratory-scale 

experiments to technical applications, it is essential to establish standardized benchmarks and 

PIs. This dissertation represents a significant step in this direction by employing the concept 

of AiO electrode in an electroenzymatic process for in situ H2O2 generation, specifically for 

enzymatic hydroxylation. The results highlight that while the AiO electrode system achieved a 
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TTN comparable to the best values in the literature, the system’s productivity was constrained 

by H2O2 generation. Optimization of the AiO electrode design, including incorporation of porous 

electrode materials and surface modifications, could potentially enhance the H2O2 selectivity 

and productivity. The simplicity and effectiveness of the electrochemical in situ H2O2 

generation method make it an attractive alternative, reducing rAaeUPO deactivation and 

avoiding common drawbacks such as volume increase, by-product formation, and pH shifts. 

Furthermore, this dissertation illustrates the critical impact of the H2O2 electrogeneration mode 

on both rAaeUPO stability and overall productivity. While galvanostatic mode offers higher 

productivity at the expense of rapid rAaeUPO deactivation, the H2O2-stat mode provides 

superior TTN by preventing excess H2O2 accumulation. Even more, the EBA fed-batch 

operation mode further increases the rAaeUPO stability by keeping it saturated by the EBA. 

The PIs achieved under the H2O2-stat mode align with those reported in the literature, with the 

TTN surpassing all previously reported values for rAaeUPO-catalyzed reactions in BES. The 

versatility of the H2O2-stat approach also holds potential for broader applications, including 

studies on inactivation mechanisms in other H2O2-dependent enzymes. Finally, this 

dissertation underscores the potential of the AiO electrode system as a customizable and 

scalable platform for H2O2-dependent electroenzymatic reactions. Through optimization of the 

electrode material to enhance the H2O2 selectivity and F.E., as well as improvement of the 

enzyme stability and the TTN, this system could facilitate a successful transition of 

electroenzymatic processes from the laboratory to the technical scale. 
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9. Summary 

 

In this chapter, key findings relevant to the objective of this dissertation are summarized as 

key points. An alternative electrochemical approach for in situ H2O2 generation is presented, 

using the All-in-One (AiO) electrode system as an optimizable platform for H2O2-dependent 

enzymatic reactions. The main goal was to integrate the electrochemical in situ H2O2 

generation with the enzymatic hydroxylation, demonstrating a proof of concept for this 

integrated approach. To enhance the catalytic efficiency and biocatalyst stability, an 

automation system was developed, employing a real-time feedback from an H2O2 sensor to 

dynamically adjust the electrical output sent to electrodes, ensuring a consistent and low H2O2 

concentration. The viability of the automation system was validated in a gas diffusion electrode 

(GDE) system, underscoring its potential to maintain stable reaction conditions. Moreover, this 

study recommended for the standardization and uniform reporting of performance indicators 

(PIs) and process parameters in electroenzymatic processes, with the goal of facilitating more 

accurate qualitative and quantitative comparisons in future research. 

 

• Despite advancements in electroenzymatic processes, a gap remains in the literature 

regarding the reporting of essential reaction parameter and PIs, limiting objective 

comparisons across different studies.    

o The key PIs and reaction parameters critical for quantitative analysis in 

electroenzymatic processes can be categorized into four groups: (i) general 

reaction engineering PIs, (ii) enzymatic PIs, (iii) electrochemical PIs and (iv) 

reactor indicators. Each group encompasses various metrics, such as: 

▪ General reaction engineering PIs: productivity, product concentration, 

(analytical-) yield, initial product formation rate. 

▪ Electrochemical PIs and parameter: co-substrate productivity, Faradaic 

efficiency, cell potential, applied current, current density, geometrical 

electrode surface area. 

▪ Enzymatic PIs and parameter: total turnover number, turnover 

frequency, half-life time, biocatalyst loading, enzyme activity over time. 

▪ Reactor: electrode surface per reaction volume, reaction volume. 

o Non-quantitative factors such as system scalability, simplicity, alignment with 

the United Nations Sustainable Development Goals, and application flexibility 

are essential for a comprehensive evaluation of electroenzymatic processes. 

o The evaluation of processes involving H2O2-dependent peroxygenases led to 

several conclusions: (i) no existing process is yet optimal, (ii) the process with 
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the rotating-bed reactor with immobilized enzymes and feeding of H2O2 showed 

the best overall performance, and (iii) electrochemical systems require further 

optimization, particularly regarding product concentration, substrate 

concentration, and productivity. 

• The AiO electrode system was applied for the first time in an electroenzymatic process, 

with the objective of developing a controllable in situ generation of H2O2 and 

establishing an optimizable platform for H2O2-dependent reactions. 

o H2O2 productivity increased with increasing applied current, reaching a 

maximum of 0.87 µM min-1 cm-2 at 25 mA, while the maximum Faradaic 

efficiency (F.E.) of 60% was achieved at an applied current of 5 mA. 

o Competing and deleterious reactions which include hydrogen evolution 

reaction, full oxygen reduction to water, radical formation, further redox 

reactions of formed H2O2, and its decomposition, were intensified at higher 

currents, reducing the F.E., H2O2 productivity and H2O2 accumulation. 

o The total turnover number (TTN), turnover frequency (TOF) and productivity 

within bioelectrochemical system (BES) were influenced by the applied current, 

rAaeUPO concentration and rAaeUPO stability. At 10 mA, TTN, TOF and 

productivity reached 450,000 mol mol-1, 7.7 s-1 and 0.8 g L-1 d-1, respectively. 

o The introduction of aeration improved the H2O2 productivity, attributed to the 

increase in soluble oxygen concentration, oxygen mass transfer to the cathode 

and reduction in the thickness of the electrochemical double layer, leading to 

an increase in biocatalytic productivity to 1.30 g L-1 d-1, the TOF to 13.2 s-1 and 

the TTN to 650,000 mol mol-1, at 10 mA and 1 vvm. 

o The application of multi-electrode system at 10 mA and 1 vvm achieved a TTN 

of 660,000 mol mol-1, a TOF of 20.1 s-1 and a productivity of 1.18 g L-1 d-1. The 

highest TTN recorded was 700,000 mol mol-1 at 5 mA, representing one of the 

highest TTN value reported for AaeUPO-catalyzed electroenzymatic reactions. 

o The combination of a multi-electrode system with aeration improved the initial 

product formation rate and TOF, but did not significantly increase final product 

concentration and TTN, indicating a potential intrinsic upper limit for the TTN in 

rAaeUPO-catalyzed reactions. 

o Although H2O2 productivity was identified as a limiting factor in the AiO 

electrode system, the AiO electrode system demonstrated significant potential 

as an optimizable platform for H2O2-dependent enzymatic reactions. 

• An automation system was developed to prevent an excessive H2O2 accumulation by 

dynamically regulating the current output based on a real-time feedback from an H2O2 

sensor. This system maintained a low and consistent H2O2 concentration (H2O2-stat 
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mode) throughout the electroenzymatic reaction. This approach was demonstrated in 

a GDE system, highlighting its potential for maintaining stable H2O2 concentration. 

o Within H2O2-stat mode, the power supply delivered a dynamic current to the 

electrodes, thereby adjusting the H2O2 productivity to its consumption by the 

enzyme to maintain a constant H2O2 concentration, independent of the enzyme 

activity. 

o The H2O2-stat concentration threshold influenced the stability of rAaeUPO, 

TTN, TOF and productivity. While both biocatalytic productivity and TOF 

increased with increasing H2O2 concentration threshold, the rAaeUPO stability 

and the TTN decreased, due to the catalase malfunction reaction. 

o While the highest biocatalytic productivity of 10.5 g L-1 d-1 was achieved under 

galvanostatic mode at a current density of 6.4 mA cm-2, the continuous increase 

of H2O2 led to a more rapid deactivation of rAaeUPO. 

o The highest TTN of 710,000 mol mol-1 and TOF of 87.5 s-1 were obtained under 

H2O2-stat mode at concentration limits of 0.15 mM and 0.28 mM, respectively. 

o The most favorable outcome was found in the H2O2-stat mode at 0.2 mM, where 

a TTN of 655,000 mol mol-1, a TOF of 80.3 s-1 and a productivity of 6.1 g L-1 d-1 

were obtained. The implementation of the fed-batch process improved the 

rAaeUPO stability as verified by the increase of the TTN to 850,000 mol mol-1. 

o Both AiO electrode system and GDE system under the H2O2-stat mode yielded 

a comparable TTN of 700,000 mol mol-1. A comparable TTN achieved by both 

systems at different TOFs strengthens the indication of an inherent maximum 

number of turnovers for rAaeUPO, independent of extrinsic inactivating factors. 

o The advantage of the H2O2-stat mode lies in its ability to adapt to the changes 

of the H2O2 consumption rate, in accordance to the progress of the reaction, 

thus, preventing H2O2 accumulation and protecting the enzyme from rapid 

deactivation. 

 

This dissertation effectively demonstrates the application of an electrochemical approach for 

in situ H2O2 generation in enzyme catalysis, highlighting the potential of the AiO electrode 

system as a versatile platform for H2O2-dependent enzymatic reactions. In addition, the H2O2-

stat mode significantly enhanced the efficiency of the electroenzymatic system and biocatalyst 

stability. This approach enabled precise control and consistent regulation of H2O2 

concentration throughout the reaction, in accordance to the progress of the reaction. 
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11. Appendix 

 

This section provides supporting information and additional results to strengthen the argument 

and key results shown in chapter 5 to 7, as well as methods used to conduct experiments. The 

appendix for each chapter are separated in different subsection and titled as such. In addition, 

results (manuscript, submitted version) on the topic of the integration of the All-in-One 

electrode in an electrochemical flow cell is documented in subchapter 11.4.   

 

11.1. Supporting Information to Chapter 5 

 

The materials utilized in the electroenzymatic experiments delineated in subchapter 5.1 were 

identical to those described in 2.1. Materials (publication in chapter 6). Concurrently, the 

fermentation process of P. pastoris and the production process of his-tagged rAaeUPO were 

conducted in a manner analogous to that described in 2.2. Production of his-tagged 

rAaeUPO (publication in chapter 6). Unless otherwise indicated, the analytical techniques 

utilized to quantify rAaeUPO activity and H2O2 concentration were consistent with those 

described in 2.3.1. Determination of enzyme activity and 2.3.2. Determination of H2O2 

concentration (publication in chapter 6), respectively. Simultaneously, the electrochemical 

setup and the methodology employed in the electroenzymatic experiment were consistent with 

the procedures outlined in subsections 2.5. Electrochemical setup and 2.6. 

Electroenzymatic experiments (publication in chapter 6), correspondingly. However, a 

notable distinction was the utilization of 20 mM benzene as the substrate and 0.05 M citrate/ 

sodium phosphate pH 5 as the medium. 

 

The following subsection will elaborate on the additional methods employed in the course of 

these experiments.  

 

11.1.1. Determination of benzene, phenol, hydroquinone, 

resorcinol and catechol 

 

The HPLC system, Shimadzu Nexera LC-40, with a UV-Vis SPD-40 detector and an Inertsil 

ODS-P, C18-RP, 5 μm, 100 Å column was employed. Within the reaction system utilizing 

benzene as the substrate, the intermediate phenol and the products hydroquinone, resorcinol, 

and catechol were identified and quantified. The specific measurement method for this reaction 

system is outlined in the table below (Table S5. 1). A 100 μL sample was extracted from the 
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reaction system and combined with 20 μL of a 10% v/v TFA solution. Subsequently, the 

samples were subjected to a centrifugation step at 4 °C and 13,000 rpm for 4 min. Finally, the 

supernatant was transferred into an HPLC vial and measured. The retention time of 

hydroquinone, resorcinol, catechol and phenol were 3.79 min, 6.88 min, 9.15 min and 

11.75 min, respectively (Fig. S5. 1). 

 

Table S5. 1. HPLC parameter for the quantification of benzene, phenol, hydroquinone, resorcinol and catechol. 

HPLC system Detector Column Mobile phase 

(A) 

Mobile phase 

(B) 

Gradient of B 

Shimadzu 

Nexera LC-40 

UV-Vis SPD-40 

at 276 nm 

Inertsil ODS-P, 

C18-RP, 5 µm, 

100 Å, at 30 °C 

H2O (0.1% v/v 

TFA) at 

0.7 mL min-1 

Acetonitrile 

(0.095% v/v 

TFA) at 

0.7 mL min-1 

0-3 min: 5% 

20 min: 100% 

25 min: 100% 

35 min: 5% 

 

 

 
Fig. S5. 1. Chromatogram from the experiment in the bioelectrochemical system (BES) (pink line) and from the 
benchmark experiment (manual addition of H2O2) with the carbon cloth electrode present in the medium (grey line), 
obtained after 360 min. 

 

 

 

 

 

 

 

 

 

 

BES 

Benchmark experiment 

hydroquinone 

resorcinol 

catechol 

phenol 
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Fig. S5. 2. Calibration curve of A) hydroquinone (y = 1139097.7 ∙ x), B) resorcinol (y = 1612306.2 ∙ x), C) catechol 

(y = 1617723.8 ∙ x) and D) phenol (y = 893824.5 ∙ x). 

 

11.1.2. Control experiment with manual feeding of H2O2 

 

Instead of being generated in situ using the AiO electrode, liquid H2O2 (0.245 M) was pumped 

into the reactor. The medium (200 mL) consisted of 0.05 M citrate/ sodium phosphate buffer 

pH 5, 20 mM benzene, and 1 UABTS mL-1 (30 nM) rAaeUPO. The reaction was initiated by the 

addition of H2O2, with the concentration maintained between 100 and 300 μM. Samples for the 

analysis of product concentration were collected from the reactor, treated, and prepared 

according to the methodology outlined in section 11.1.1. The H2O2 concentration was 

determined using QUANTOFIX Relax from Macherey Nagel, to ensure a quick measurement 

process. 

 

 

 

 

A) B) 

C) D) 
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11.2. Supporting Information to Chapter 6 

 

The materials, analytical methods and electrochemical setup utilized in the electroenzymatic 

experiments delineated in subchapter 6.1 were identical to those described in the experimental 

part of the main publication in chapter 6. In the case of the experiment that utilized aeration, 

the original aeration of the DASGIP system was employed, with a diameter of 0.2 mm. 

Furthermore, the electroenzymatic experiments conducted with aeration were performed at an 

air flow rate of 1, 2, or 4 vvm, with all other reaction parameters held constant. In the multiple 

AiO electrodes system, two identical AiO electrodes were installed in the reactor, with each 

electrode controlled independently. The electrical current was set for each AiO electrode, 

resulting in an equal current density as obtained in the single electrode system. 

 

The following subsection will elaborate on the additional methods employed in the course of 

these experiments. 

 

11.2.1. Determination of oxygen productivity at the anode 

 

The oxygen generation at the anode of the AiO electrode was determined in a 250 mL DASGIP 

reactor comprising of 200 mL 0.1 M KPi pH 7 buffer. The anodic oxygen generation was 

conducted at an applied current between 10 mA and 60 mA, at 250 rpm and at a temperature 

of 22 ± 1 °C. To reduce the likelihood of oxygen reduction reaction during the oxygen 

generation at the anode (A: 4.24 cm2), the carbon felt cathode was substituted with a titanium 

wire (A: 1.59 cm2). The dissolved oxygen concentration in the medium was determined using 

an oxygen sensor (Mettler Toledo, InPro6860i, Ohio, United States of America). Prior to 

initiating the experiment, the medium was sparged with N2 until no oxygen was detected by 

the sensor. The experiment was initiated by activating the power supply, and the subsequent 

increase in the oxygen concentration was monitored for a period of 5 min. 

 

11.2.2. Determination of oxygen mass transfer coefficient (kLa) 

in the bioelectrochemical system with an aeration 

 

The oxygen mass transfer coefficients (kLa) within the BES equipped with an aeration system 

were determined at an air flow rate between 1 vvm and 4 vvm and a stirring rate between 

250 rpm and 1000 rpm via the gassing out method. Subsequent to sparging the medium with 

N2 (until no oxygen was detected), the aeration was turned on and the dissolved oxygen 
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concentrations were quantified by an oxygen sensor. Each experiment was conducted for a 

period of 5 min, with the dissolved oxygen concentration (Ct) monitored at regular intervals. 

The theoretical maximum dissolved oxygen concentration (C*) in a 0.1 M KPi pH 7 buffer 

(15.6 gsalt kgwater
-1 salinity) at an atmospheric pressure and at a temperature of 22 ± 1 °C is 

245 µM. The kLa values were calculated from the slope of the difference in the natural logarithm 

of C* and Ct (ln (C*-Ct)) over time [122,135].  

 

11.2.3. Determination of superoxide and hydroxyl radical 

concentration 

 

A nitro blue tetrazolium (NBT) assay and a terephthalic acid (TA) assay were employed to 

estimate the concentration of electrochemically generated superoxide and hydroxyl radicals, 

respectively [45]. The assay was prepared by dissolving either 20 µM NBT or 300 µM TA 

in 0.1 M KPi pH 7 buffer. The electrochemical formation rate of the radicals was determined 

through an experiment conducted in manner similar to that described for the determination of 

H2O2 productivity. Samples were periodically collected from the medium and analyzed 

photometrically to quantify either the residual NBT concentration or the 2-hydroxyterephthalic 

acid (HTA) concentration, which is the product of the reaction between TA and hydroxyl radical. 

The superoxide concentration was calculated with the aid of the prepared calibration curves 

(Fig. S6. 12), via the converted NBT concentration (measured at 259 nm). The hydroxyl radical 

concentration was calculated via the formation of the HTA, which was measured at excitation 

wavelength of 315 nm and emission wavelength of 430 nm (Infinite M Nano+, Tecan, 

Männedorf, Switzerland). 
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Fig. S6. 1. Calibration curve of the A) substrate 4-ethylbenzoic acid (EBA) and the B) product 4-(1-
hydroxyethyl)benzoic acid (HEBA). The chromatography analysis was carried out at 35 °C using a binary gradient 
of 0.1% v/v of trifluoroacetic acid (TFA) in H2O and 0.095% v/v TFA in acetonitrile (ACN) at a flow rate of 
0.5 mL min-1. A gradient for ACN was applied as follow: 0 min: 35%, to 7 min: 80%, to 9 min: 35%, to 10 min: 35%. 
EBA and HEBA were detected at 237 nm. Sample preparation: a 20 µL sample was taken out from the reactor and 
mixed with 80 µL 3% v/v TFA in H2O, followed by a centrifugation at 13,000 rpm and 4 °C for 4 min. Biological 

duplicates were performed. EBA: y = 655,208.9 + 3,142,507.5 ∙ x and HEBA: y = -177,822.13 + 3,501,602.5 ∙ x. 
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Fig. S6. 2. A) Representative chromatogram of the substrate 4-ethylbenzoic acid (EBA) and the product 4-(1-
hydroxyethyl)benzoic acid (HEBA) from the electroenzymatic experiment. Retention time of EBA: 8.3 min, and 
HEBA: 4.2 min. B) Chromatogram from the authentic substrate and C) the authentic product from the calibration 

curves. 

 

 

A) 

B) 

C) 
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Fig. S6. 3. Calibration curve of hydrogen peroxide (H2O2). Samples were measured using the iodide method. The 
assay (1 mL) contained the H2O2 sample, iodide reagent (0.4 M potassium iodide, 0.05 M NaOH, 10-4 M ammonium 
molybdate) and 0.5 M potassium hydrogen phthalate in a ratio of 4:3:3 and was measured at 351 nm in technical 
duplicates. Biological duplicates were performed. y = 9.0859 ∙ x. 

 

 

Fig. S6. 4. Adsorption test of the substrate 4-ethylbenzoic acid (EBA) and the product 4-(1-hydroxyethyl)benzoic 
acid (HEBA) on the electrode surface. Relative concentration of A) EBA and B) HEBA as a function of the incubation 
time. Reaction condition: 200 mL 0.1 M KPi pH 7, 8 mM EBA or 5 mM HEBA, 250 rpm, temperature: 22 ± 1 °C. 
Technical duplicates were performed. 
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Fig. S6. 5. Electrochemical stability test of the substrate 4-ethylbenzoic acid (EBA) and the product 4-(1-
hydroxyethyl)benzoic acid (HEBA) at 10 mA. Relative concentration of A) EBA and B) HEBA as a function of the 
incubation time. Reaction condition: 200 mL 0.1 M KPi pH 7, 8 mM EBA or 5 mM HEBA, 250 rpm, temperature: 
22 ± 1 °C. Technical duplicates were performed. 

 

 

Fig. S6. 6. Adsorption test of the recombinant unspecific peroxygenase from Agrocybe aegerita(rAaeUPO) on the 
electrode surface. Relative activity of rAaeUPO as a function of the incubation time. Reaction condition: 200 mL 
0.1 M KPi pH 7, 250 rpm, temperature: 22 ± 1 °C, 100% relative activity corresponds to 1 UABTS mL-1 (30 nM), the 
initial activity. Technical duplicates were performed. 
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Fig. S6. 7. Hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the 
recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) in an All-in-One (AiO) electrode system 
with in situ hydrogen peroxide (H2O2) generation at A) 5 mA, B) 15 mA, C) 20 mA, and D) 25 mA. Reaction 
condition: 200 mL 0.1 M KPi pH 7, 8 mM EBA, 1 UABTS mL-1 (30 nM) rAaeUPO, 250 rpm, temperature: 22 ± 1 °C. 
Biological duplicates were performed. E) Hydroxylation of EBA catalyzed by rAaeUPO in an AiO electrode system 
with in situ H2O2 generation at 10 mA & 0.3 UABTS mL-1 (10 nM) rAaeUPO. Other parameter was identical. Biological 
triplicates were performed. 

 

A) B) 

C) D) 

E) 



11. Appendix 

 

113 

 

 

Fig. S6. 8. Mixing time inside the bioelectrochemical system as a function of stirring rate. Parameter: 200 mL 
demineralized H2O, addition of 5 M NaCl into the medium, temperature: 22 ± 1 °C, the distribution and homogeneity 
of the salt in the solution was measured by the detection of solution’s conductivity. The time takes until the potential 

reached the constant value is defined as the mixing time. 

 

 

Fig. S6. 9. Hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the 
recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) in the two All-in-One (AiO) electrodes 
system with in situ hydrogen peroxide (H2O2) generation. Reaction condition: 200 mL 0.1 M KPi pH 7, 8 mM EBA, 
0.3 UABTS mL-1 (10 nM) rAaeUPO, 250 rpm, temperature: 22 ± 1 °C, 10 mA was applied to each of the AiO 
electrode. Biological duplicates were performed. 
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Fig. S6. 10. Formation rate of superoxide and hydroxyl radicals, and deactivation rate of rAaeUPO in an All-in-One 
electrode system. Reaction condition: 200 mL nitro blue tetrazolium or terephthalic acid assay in 0.1 M KPi pH 7, 
250 rpm, temperature:  22 ± 1 °C. rAaeUPO deactivation rates were determined from electroenzymatic 

experiments. Biological duplicates were performed. 

 

 

Fig. S6. 11. Hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the 
recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) in the two All-in-One (AiO) electrodes 
system with in situ hydrogen peroxide (H2O2) generation and 1vvm aeration. Reaction condition: 200 mL 0.1 M KPi 
pH 7, 8 mM EBA, 0.3 UABTS mL-1 (10 nM) rAaeUPO, 250 rpm, temperature: 22 ± 1 °C, 10 mA was applied to each 

of the AiO electrode. Biological duplicates were performed. 
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Fig. S6. 12. A) Calibration curve of nitro blue tetrazolium (NBT). 20 µM NBT stock solution was prepared in 0.1 M 

KPi pH 7 buffer and the NBT concentration was measured photometrically at 259 nm. y = 0.0573 ∙ x. B) Calibration 
curve of 2-hydroxyterephthalic acid (HTA). 300 µM HTA stock solution was prepared in 0.1 M KPi pH 7 buffer and 
the HTA concentration was measured photometrically at an excitation wavelength of 315 nm and an emission 
wavelength of 430 nm. y = 240.71 ∙ x. 

 

11.3. Supporting Information to Chapter 7 

 

 

Fig. S7. 1.Calibration curve of the A) substrate 4-ethylbenzoic acid (EBA) and the B) product 4-(1-
hydroxyethyl)benzoic acid (HEBA). The chromatography analysis was carried out at 35 °C using a binary gradient 
of 0.1% v/v of trifluoroacetic acid (TFA) in H2O and 0.095% v/v TFA in acetonitrile (ACN) at a flow rate of 
0.5 mL min-1. A gradient for ACN was applied as follow: 0 min: 35%, to 7 min: 80%, to 9 min: 35%, to 10 min: 35%. 
EBA and HEBA were detected at 237 nm. Sample preparation: a 20 µL sample was taken out from the reactor and 
mixed with 80 µL 3% v/v TFA in H2O, followed by a centrifugation at 13,000 rpm and 4 °C for 4 min. Biological 
duplicates were performed. EBA: y = 655,208.9 + 3,142,507.5 ∙ x and HEBA: y = -177,822.13 + 3,501,602.5 ∙ x. 

 

A) B) 

A) B) 



11. Appendix 

 

116 

 

 

Fig. S7. 2. Representative chromatogram of the substrate 4-ethylbenzoic acid (EBA) and the product 4-(1-
hydroxyethyl)benzoic acid (HEBA) from the electroenzymatic experiment. Retention time of EBA: 8.3 min and 
HEBA: 4.2 min. 

 

 

Fig. S7. 3. Calibration curve of hydrogen peroxide (H2O2). Samples were measured using the iodide method as 
described in the experimental section. Duplicates were performed. 
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Fig. S7. 4. Hydroxylation of EBA catalyzed by rAaeUPO in a GDE system with in situ H2O2 generation at A) 
1.6 mA cm-2, B) at 3.2 mA cm-2, C) at 4.8 mA cm-2 and D) at 6.4 mA cm-2. Reaction condition: 200 mL 0.1 M KPi 
pH 7, 8 mM EBA, 10 nM rAaeUPO, 250 rpm, temperature: 22 ± 1 °C. EBA: 4-ethylbenzoic acid, HEBA: 4-(1-
hydroxyethyl)benzoic acid. 

A) B) 

C) D) 
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Fig. S7. 5. A) Interface (front panel) of the automation program in the LabVIEW 2021 SP1 software. B) The corresponding block diagram of the automation program. (DOI: 
https://doi.org/10.15480/882.14298; Handle: https://tore.tuhh.de/handle/11420/53140). 
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Fig. S7. 6. Free rAaeUPO specific activity as a function of 4-ethylbenzoic acid (EBA) concentration. Reaction 
condition: total reaction volume of 1 mL (0.1 M KPi pH 7), 2 mM H2O2, 1 UABTS mL-1 (30 nM) rAaeUPO, 1000 rpm, 

at 30 °C and 3 min. The reaction was started by adding the rAaeUPO and sample was taken every 30 s. 
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Electrochemical Flow Cell for in situ Hydrogen 

Peroxide Supply in Hydroxylation Mediated by 

Immobilized Unspecific Peroxygenase 
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11.4.1. Abstract 

Hydrogen peroxide (H2O2) is a strong oxidizing agent that is commonly employed in chemical 

synthesis. Nevertheless, its utilization as a cosubstrate in biocatalytic reactions remains limited 

due to the deactivating effect on biocatalysts at an elevated concentration. An electrochemical 

synthesis of H2O2 represents an attractive approach, offering a controllable in situ generation 

of H2O2 without producing complex by-products. The objective of this study is to demonstrate 
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the feasibility of the in situ electrogeneration of H2O2 using the All-in-One (AiO) electrode within 

a flow reactor technology. Integrating a bioelectrochemical system (BES) into a flow reactor 

technology, such as a flow cell, presents an alternative strategy for scale-up. In this study, the 

in situ generation of H2O2 is coupled with the hydroxylation of 4-ethylbenzoic acid catalyzed by 

the immobilized recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) 

within a complete BES under batch and fed-batch operation modes. The electrochemical flow 

cell facilitates a controllable H2O2 generation by adjusting experimental parameters such as 

current density, aeration rate and residence time. The flow cell BES equipped with the AiO 

electrode yielded a catalytic productivity as high as 1.24 ± 0.02 mM h-1 (4.95 ± 0.1 g L-1 d-1), a 

total turnover number of rAaeUPO up to 3.38 · 105 ± 702 mol mol-1 and a turnover frequency 

up to 8.34 ± 0.14 s-1. 

 

11.4.2. Introduction 

Hydrogen peroxide (H2O2) finds its extensive application across diverse industrial sectors, 

particularly in chemical synthesis [19–21], environmental remediation [22,23] and energy 

conversion [24]. Despite its eco-friendly attributes, owing to its environmentally benign nature 

with water being its sole degradation product [25], current large scale production methods, 

such as the anthraquinone oxidation (AO) process, pose sustainability challenges [25,26]. The 

AO process involves multistep-reactions, is energy-intensive and generates waste, which has 

detrimental impact on the environment [26,27]. Moreover, the handling and storage of bulk 

H2O2 entail safety risks and significant costs [28], which is unjustifiable given that only certain 

industries require the use of concentrated H2O2 [25,29]. In light of these challenges, ongoing 

research focuses on alternative, cleaner synthesis routes for H2O2 [48]. This aspect is further 

supported considering that H2O2 also can be used as a cosubstrate in a variety of industry-

relevant biocatalytic reactions [30], offering green alternative to conventional chemical 

processes [136], such as epoxidation [31,137], decarboxylation [32] and hydroxylation [33]. 

Nonetheless, the full technical implementation of H2O2 in biocatalytic reactions is still limited, 

mainly due to H2O2 deactivating biocatalysts rapidly at excess concentrations [30,34]. 

 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2        (S8.1) 

 

A direct in situ electrosynthesis of H2O2 through the oxygen reduction reaction (ORR) (equation 

(Eq.) S8.1) at an electrode surface emerges as an appealing strategy to mitigate the 

irreversible enzyme deactivation [107]. This approach not only prioritizes environmental 

sustainability by eliminating the need for additional chemicals [47], but also facilitates precise 

and controllable H2O2 supply, thereby circumvents the risk of excessive H2O2 accumulation  

[107]. In contrast to the manual or sensor-controlled feeding of H2O2, in situ electrosynthesis 
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of H2O2 maintains a constant reaction volume and prevents high local H2O2 concentrations  

[46,123]. Furthermore, it circumvents the formation of complex by-products (e.g., gluconic 

acid) [103] and the necessity to employ additional enzymes (e.g., glucose oxidase) [74] or 

chemicals (e.g., L-ascorbic acid) to generate H2O2 in situ [138]. Additionally, its application in 

bioelectrochemical system (BES) facilitates a nearly CO2 neutral chemical synthesis with an 

exceptional selectivity, especially through the combination of renewable energy, green 

biocatalysts and sustainable resources [11,117]. The electrochemical in situ H2O2 generation, 

utilizing various electrodes materials, has been already combined with biocatalytic reactions  

[8,71,106]. Specifically, this approach has been applied in the selective oxidation of thioanisole 

catalyzed by chloroperoxidase (CPO) [16], the synthesis of bromolactone mediated by 

vanadium CPO [105], and the hydroxylation of ethylbenzene catalyzed by the recombinant 

unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) [104]. 

 

Initially developed for the in situ generation of hydrogen within anaerobic fermentations  

[13,115,139], the All-in-One (AiO) electrode, integrates both counter and working electrodes 

into a single cylindrical structure [115]. This design enables seamless integration into 

conventional bioreactors, effectively transforming regular bioreactors into a BES [13,115]. The 

implementation of the AiO electrode within an electroenzymatic process using free enzyme in 

a stirred tank reactor was already established [118]. Although a numbering-up approach of 

these electrodes could offer a higher electrode surface to volume ratio in a larger reaction 

volume [115], an alternative scalable strategy could be realized using flow reactors, which was 

not yet explored. Continuous flow synthesis in a flow reactor technology has gained an 

attention from the chemistry community, especially, due to its excellent heat and mass transfer, 

predictable flow behavior and suitability for sequential reactions with different substrates, thus, 

exhibiting high degree of reaction control [140,141]. Integrating a flow reactor technology such 

as flow cell into a BES, particularly for in situ cosubstrate generation, presents an alternate 

scale-up strategy. Flow cells can be numbered-up or stacked as modular units, with the 

number of cells increasing as the reaction volume increases. This not only combines the 

benefits of flow reactor technology, but also achieves a higher electrode surface to reaction 

volume ratio, which is important for BES.   

 

In this study, the AiO electrode was integrated into a flow cell to generate the cosubstrate H2O2 

in situ. The electrochemical flow cell with the integrated AiO electrode was connected and 

circulated through an enzyme reactor where the enzyme-catalyzed reaction took place, 

establishing an overall circulation loop reactor (Fig. S8. 1). As a model reaction, the in situ 

electrosynthesis of H2O2 was combined with the hydroxylation of 4-ethylbenzoic acid (EBA) to 

4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by immobilized rAaeUPO. rAaeUPO is of 
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interest due to its high stability and ability to perform selective oxyfunctionalizations without 

the need for expensive electron donors like NAD(P)H [38,40,134]. The immobilization was 

realized by covalently bound rAaeUPO on polymer carriers and contained inside the 

SpinChem® magnetic rotating bed reactor (MagRBR). Immobilization of enzymes is reported 

to enhance the operational stability and simplify the separation from the reaction medium [129]. 

In this case, the separation was further simplified by only removing the SpinChem® MagRBR. 

The main objective of this research was to establish the proof of concept of the in situ 

electrogeneration of H2O2 using the AiO electrode within a flow cell of a circulation loop reactor. 

The study characterized the in situ H2O2 electrogeneration and its combination with the 

hydroxylation reaction catalyzed by immobilized rAaeUPO under different current densities. 

Furthermore, key performance indicators from electroenzymatic processes were determined. 

 

 

Fig. S8. 1. Illustration of a differentially operated electrochemical flow cell equipped with the All-in-One (AiO) 
electrode for in situ supply of H2O2 in a circulation loop reactor. The electrochemical flow cell is operated in a 
circulation through the enzyme reactor for the electroenzymatic hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-
hydroxyethyl)benzoic acid (HEBA) catalyzed by immobilized recombinant unspecific peroxygenase from Agrocybe 
aegerita (rAaeUPO). The immobilized rAaeUPO are contained inside the SpinChem® magnetic rotating bed reactor 
(MagRBR), located inside the enzyme reactor. 

 

11.4.3. Experimental 

11.4.3.1. Materials 

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (≥98%) was purchased from 

TCI (Eschborn, Germany). HEBA (≥97%) was purchased from BLD Pharm (China). Zeocin 

was purchased from InvivoGen (Toulouse, France). Other chemicals were purchased from 
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Carl Roth (Karlsruhe, Germany) or Sigma Aldrich (Steinheim, Germany) in a purity ≥98%. 

Carbon felt electrode (area weight: 250 g m-2, thickness: 2.5 mm, surface area (Brunnauer-

Emmet-Teller method): 0.4 m2 g-1) was purchased from SGL Carbon (Sigracell®, Wiesbaden, 

Germany). Platinized titanium rod electrode (diameter (d): 3 mm) was purchased from 

METAKEM (Usingen, Germany). 

 

11.4.3.2. Production of his-tagged rAaeUPO 

The Pichia pastoris (X33) pre-culture, able to express recombinant protein rAaeUPO-PaDa-I-

C6His (Prof. Holtmann, Karlsruhe Institute of Technology, Germany), was inoculated overnight 

in 50 mL buffered complex glycerol (BMGY) medium with 0.0175 mM Zeocin at 200 rpm, 30 °C 

[142]. The fermentation was conducted in a 1.5 L DASGIP bioreactor system (Eppendorf, 

Hamburg, Germany) and following the protocol described in [142]. Deviations from the original 

protocol are elaborated in the following. The fermentation was started with a batch phase by 

inoculating 500 mL basal salt medium (390.3 mM phosphoric acid, 6.8 mM calcium sulfate, 

104.4 mM potassium sulfate, 60.5 mM magnesium sulfate heptahydrate, 73.6 mM potassium 

hydroxide, 434.3 mM glycerol) with the pre-culture. Following the depletion of the initial 

glycerol, the glycerol fed-batch phase was initiated (feed rate: 13.7 – 68.4 mmol h-1) and 

maintained for 24 h.  Subsequently, the methanol fed-batch phase was started (feed rate: 0 – 

148.2 mmol h-1) to induce the overexpression of rAaeUPO and continued for 120 h. The 

dissolved oxygen (DO) content and temperature were set at 30% and 30 °C, respectively. To 

maintain a constant DO, the stirring rate (400 – 1200 rpm) and aeration rate (30 – 60 L h-1 ≙ 

1 vvm) were regulated by the system. Ammonia solution (13.3 M) was added to maintain the 

pH at 5. The feeding profile of glycerol and methanol were controlled based on DO levels and 

set as described in [143]. The biomass was separated via centrifugation (Beckmann J2HS, 

Beckmann Coulter, California, USA) at 5000 rpm for 2 h at 4 °C. The supernatant-containing 

rAaeUPO was sterile-filtered (0.22 µm, DURAPORE, Merck Millipore, Massachusetts, USA) 

and concentrated by ultrafiltration (10 kDa molecular weight cut off, Minimate TFF Capsule, 

Pall, New York, USA). rAaeUPOs were diafiltrated and concentrated in 0.1 M potassium 

phosphate (KPi) buffer, pH 7. 

 

11.4.3.3. Analytical methods  

11.4.3.3.1. Quantification of enzyme activity 
 

The ABTS assay was performed in a photometer (Genesys 180, Thermo Scientific, 

Massachusetts, USA) at 420 nm and at a room temperature for 1 min as technical duplicates. 

The assay consisted of 750 µL 0.1 M Na2HPO4/ 0.1 M citric acid buffer pH 4.4, 100 µL 3 mM 
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ABTS, 50 µL 40 mM H2O2 and 100 µL enzyme sample solution (unknown activity and 

concentration). The enzyme was added last to start the reaction. The measurement was 

started after properly mixing the complete reaction mixture by pipetting up and down 5 times. 

In the case of the measurement with immobilized rAaeUPO, the assay was conducted with 

10 mg carrier containing immobilized rAaeUPO, 850 µL buffer and mixed with a vortex mixer. 

The absorbance was monitored for 1 or 10 min. The rAaeUPO activity and concentration were 

calculated as follow [144]: 

 

𝑣 =  
𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 [𝑚𝑖𝑛−1] ∙ 10 (100 µ𝐿 𝑒𝑛𝑧𝑦𝑚𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛 1 𝑚𝐿 𝑣𝑜𝑙𝑢𝑚𝑒)

36 [𝑚𝑀−1 𝑐𝑚−1] ∙ 1 𝑐𝑚
   (S8.2) 

 

𝑐𝑟𝐴𝑎𝑒𝑈𝑃𝑂 = 𝑣 ∙
(𝑘𝑚+𝐶𝐴𝐵𝑇𝑆)

𝑘𝑐𝑎𝑡 ∙ 𝐶𝐴𝐵𝑇𝑆
∙ 1000       (S8.3) 

 

Where 𝑣 is the rAaeUPO ABTS activity [UABTS mL-1] (or [UABTS g-1
carrier] for immobilized enzyme, 

with a carrier concentration of 0.25 gcarrier mL-1 (factor 10 in Eq. S8.2 is disregarded for the 

activity calculation due to the absence of the dilution effect when the immobilized enzyme was 

used)), 𝐶𝐴𝐵𝑇𝑆 is the ABTS concentration in the assay [µM], 𝑐𝑟𝐴𝑎𝑒𝑈𝑃𝑂 is the concentration of 

rAaeUPO [µM], 𝑘𝑚 is the Michaelis-Menten parameter (50 µM) [40] and 𝑘𝑐𝑎𝑡 is the catalytic 

rate constant (546 s-1 ≙ 32,760 min-1) [40]. 

 

11.4.3.3.2. Quantification of H2O2 concentration 
 

The assay contained 400 µL sample, 300 µL iodide reagent (0.4 M potassium iodide, 0.05 M 

NaOH, 10-4 M ammonium molybdate) and 300 µL 0.5 M potassium hydrogen phthalate [85]. 

The mixture was measured directly at 351 nm and at a room temperature in technical 

duplicates. Calibration curves (10 µM to 100 µM) were prepared using diluted H2O2 solutions 

(Fig. S8. 9) (lower detection limit of 10 µM). 

 

11.4.3.3.3. Quantification of 4-ethylbenzoic acid (EBA) and 4-(1-hydroxyethyl)benzoic 
acid (HEBA) 
 

The chromatography analysis (Nexera LC-40 HPLC system, Shimadzu, Kyoto, Japan) was 

carried out at 35 °C using a binary gradient of 0.1% v/v (13.06 mM) of trifluoroacetic acid (TFA) 

in H2O and 0.095% v/v (12.4 mM) TFA in acetonitrile (ACN) at a flow rate of 0.5 mL min-1. A 

gradient for ACN was applied as follow: 0 min: 35%, to 7 min: 80%, to 9 min: 35%, to 10 min: 

35%. EBA and HEBA were detected at 237 nm (UV-Vis SPD-40 detector, Shimadzu, Kyoto, 

Japan) and had retention times of 8.4 min and 4.3 min (Inertsil ODS-P, C18-RP, 5 µm, 100 Å 

column, GL Science, Japan), respectively (Fig. S6. 2). For the sample preparation, a 20 µL 
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sample was mixed with 80 µL 3% v/v (391.8 mM) TFA in H2O, followed by a centrifugation 

(Biofuge Fresco, Heraeus, Hanau, Germany) at 13,000 rpm and 4 °C for 4 min. The 

supernatant was transferred to an HPLC-vial and measured as described. Calibration curves 

(1 mM to 8 mM) were prepared using authentic standards (Fig. S8. 8). All measurements were 

done in technical duplicates. 

 

11.4.3.4. rAaeUPO immobilization 

The epoxy resins (10 g) (Lifetech ECR 8285 [epoxy/ butyl methacrylate]; 400-600 Å, Purolite, 

King of Prussia, USA) underwent three equilibration cycles in a 1 M KPi buffer at pH 7, with a 

resin to buffer ratio of 1:1 w/v, using an overhead shaker at 80 rpm and 22 °C for 10 minutes 

each time. Separately, the rAaeUPO was diluted, also with 1 M KPi buffer pH 7, to reach a final 

activity of 20 UABTS mL-1 in a total volume of 40 mL. The epoxy resin and the rAaeUPO were 

combined in a 50 mL falcon tube to achieve a final resin to buffer ratio of 1:4 w/v. The mixture 

was incubated on an overhead shaker at 80 rpm and 22 °C for 18 h, followed by static 

incubation at the same condition for an additional 20 h. Washing steps were conducted three 

times using 40 mL of 0.01 M KPi buffer pH 7, following the equilibration cycle protocol. The 

resulting immobilized enzyme was stored in a 0.1 M KPi buffer pH 7 and kept at 4 °C. The 

activity and concentration of the immobilized enzyme used for calculations in this study were 

determined based on the measured activity and their corresponding concentrations, as 

described in section 11.4.3.3.1. 

 

11.4.3.5. Electrochemical setup 

Electrochemical and electroenzymatic experiments were conducted in a circulation loop 

reactor consisting of electrochemical flow cell (made out of a polyether ether ketone (PEEK) 

material) and an enzyme reactor with a total working volume of 50 mL. The flow cell has an 

inner diameter of 12.4 mm and a length (l) of 65 mm, with a volume of 7.8 mL without the AiO 

electrode installed or 1.7 mL with the AiO electrode installed (Fig. S8. 2). To induce a circular 

flow inside the flow cell, inlet and outlet (d: 1.5 mm) flows were tangentially directed into and 

out of the flow cell. The AiO electrode (l within the flow cell: 62 mm, d within the flow cell: 

12 mm, M20x1.5 thread to connect the AiO electrode into the flow cell) was fitted with the 

carbon felt as the working electrode (cathode) (A: 8.3 cm2) and integrated into the flow cell 

(Fig. S8. 2). A platinized titanium rod (A: 4.24 cm2) was used as the counter electrode (anode) 

and located inside the AiO electrode scaffold. A perforated cylindrical separator with an outer 

diameter of 9 mm and thickness of 1 mm was used to separate the cathode and anode (Fig. 

S8. 2). Water electrolysis takes place at the anode generating O2 and H+ molecules in situ. 

These molecules diffuse from the anode towards the cathode, where O2 is reduced at the 
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surface of the cathode to react with H+ to H2O2, which subsequently used as co-substrate for 

the enzymatic hydroxylation inside the SpinChem® MagRBR. The SpinChem® MagRBR (d: 

19.5 mm, h: 13.7 mm, SpinChem AB, Umeå, Sweden) contained the immobilized enzyme and 

was located inside the enzyme reactor (Fig. S8. 1). 

 

 

Fig. S8. 2. Illustration of the electrochemical flow cell equipped with the All-in-One (AiO) electrode for the in situ 

electrochemical generation of H2O2. Dimensions, volumes and technical descriptions are delineated in the text. 

 

11.4.3.6. Electroenzymatic experiments 

Experiments were operated either as batch or fed-batch (EBA feed). Unless otherwise stated, 

the reaction medium contained 50 mL 0.1 M KPi pH 7, 8 mM EBA and 0.8 g (40 nM, 

1.4 UABTS g-1
carrier) carrier containing immobilized rAaeUPO contained inside the SpinChem® 

MagRBR. The enzyme reactor was sparged with air at 4 vvm using a porous sintered frit 

sparger [145] (microbubble generator, d: 13 mm, l: 25 mm) having an average pore diameter 

of 5 µm. A circulation flow rate of 24 mL min-1 was pumped through the flow cell (resulting 

residence time in the flow cell (𝜏𝐹𝐶): 0.07 min) and the enzyme reactor (resulting residence 

time in the enzyme reactor (𝜏𝐸𝑅): 2.01 min). In the case of fed-batch operation, 200 mM EBA 

solution was fed at a rate of either 0.008, 0.012 or 0.016 mmol h-1 (40, 60 or 80 µL h-1). The 

EBA feed was started after 90 min. The SpinChem® MagRBR speed was set to 1000 rpm. 

Galvanostatic experiments were performed at a current density between 0.61 mA cm-2 and 

3.64 mA cm-2 (Keithley 2231a-30-3 DC power supply, Tektronix, Oregon, USA). Samples for 

the measurement of EBA, HEBA, H2O2 concentration, and rAaeUPO activity were taken 

periodically from the enzyme reactor. Each experiment was conducted at 22 ± 1 °C and 

stopped after 24 h, and performed in duplicates.  
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The total turnover number (TTN) is defined as the quotient of the final product concentration 

once the enzyme was deactivated (𝐶𝐻𝐸𝐵𝐴,𝑡=𝑒𝑛𝑑) and the applied enzyme concentration 

(𝐶𝑟𝐴𝑎𝑒𝑈𝑃𝑂) (Eq. S8.4). Meanwhile, the turnover number (TON) is described as the quotient of 

the product concentration at a specific time (at 60 min) before the enzyme was deactivated 

(𝐶𝐻𝐸𝐵𝐴,𝑡=60 𝑚𝑖𝑛) and the applied enzyme concentration (Eq. S8.5). The turnover frequency 

(TOF) refers to the TON per unit time and were calculated from the initial part (≤15% 

conversion, 60 min) of the experiment where the product formation was linear (Eq. S8.6). 

 

𝑇𝑇𝑁 =
𝐶𝐻𝐸𝐵𝐴,𝑡=𝑒𝑛𝑑 [𝑚𝑜𝑙]

𝐶𝑟𝐴𝑎𝑒𝑈𝑃𝑂 [𝑚𝑜𝑙]
         (S8.4) 

𝑇𝑂𝑁 =
𝐶𝐻𝐸𝐵𝐴,𝑡=60 𝑚𝑖𝑛 [𝑚𝑜𝑙]

𝐶𝑟𝐴𝑎𝑒𝑈𝑃𝑂  [𝑚𝑜𝑙]
         (S8.5) 

𝑇𝑂𝐹 =
𝑇𝑂𝑁

3600 𝑠
           (S8.6) 

 

The H2O2 productivity was determined at current densities between 0.61 mA cm-2 and 

3.64 mA cm-2, within the same setup under abiotic condition and performed in duplicates. The 

Faradaic efficiency (F.E.) describes how much energy is consumed for the formation of H2O2 

or the formation of side products, and was determined as follow [8]. 

 

𝐹. 𝐸. =
𝑛∙𝐹∙𝐶𝐻2𝑂2 ∙𝑉

𝑄 (∫ 𝐼(𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)
𝑡=𝑡

𝑡=0
𝑑𝑡)

         (S8.7) 

 

Where n is the number of transferred electron (2), F is the Faraday constant (96,500 C mol-1), 

𝐶𝐻2𝑂2
 is the accumulated H2O2 concentration in the medium [M], V is the volume of the reaction 

medium [L] and Q is the total charge [C], which was calculated by integrating the applied 

current over time. 

 

11.4.4. Results and discussion 

In order to validate the feasibility of in situ electrogeneration of H2O2 using the AiO electrode 

within a flow reactor technology, it was first necessary to characterize the productivity of H2O2 

in dependence of current density, aeration rate and liquid residence time. Subsequently, the 

in situ H2O2 generation within the flow cell was combined with the enzymatic hydroxylation 

reaction under batch and fed-batch operation modes catalyzed by the immobilized rAaeUPO 

to establish a BES. 
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11.4.4.1. in situ electrogeneration of H2O2 within the electrochemical flow 

cell system 

The AiO electrode, equipped with a carbon felt cathode, was integrated into a flow cell and 

applied in a circulation loop of an enzyme reactor, as illustrated in Fig. S8. 1. Prior to starting 

the electroenzymatic hydroxylation reaction, a characterization study was done to evaluate the 

AiO electrode’s ability to generate H2O2 in situ, especially, within a flow cell of a circulation loop 

reactor. This assessment was conducted in an abiotic environment, without the addition of 

biocatalyst and substrate EBA. Fig. S8. 3 illustrates the specific productivity, the Faradaic 

efficiency (F.E.), and the resulting cell potential in relation to current density. 

 

 

Fig. S8. 3. A) H2O2 concentration as a function of time at different current densities. B) Faradaic efficiency (F.E.) 
as a function of time at different current densities. C) Specific H2O2 productivity, resulting cell potential and F.E. (t: 
5 min) as a function of current density. Conditions: carbon felt working electrode (8.3 cm2), platinized titanium 
counter electrode (4.24 cm2), 50 mL 0.1 M KPi pH 7, at 22 ± 1 °C, 1000 rpm, circulation flow rate: 24 mL min-1 
(resulting 𝜏𝐹𝐶: 0.07 min and 𝜏𝐸𝑅: 2.01 min) and 4 vvm. Duplicates were performed. Depicted lines serve as a visual 

aid. 

 

As depicted in Fig. S8. 3. A, the H2O2 concentration exhibits a gradual increase over time 

across all applied current densities and eventually reaching a maximum value of approximately 
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217 µM after 30 min at 0.61 mA cm-2. Although an increasing trend is still observed between 

20 and 30 min, the H2O2 generation rate had already declined, indicating that the H2O2 

accumulation is approaching an asymptotic trend. This steady-state condition arises when the 

generation rate of H2O2 (Eq. S8.1) is equivalent to the rate of: (1) its reduction at the cathode 

(Eq. S8.8), which occurs due to the accumulation of H2O2 at the working electrode, or its 

competing reactions such as (2) oxidation at the anode (Eq. S8.9), (3) hydrogen evolution 

reaction (Eq. S8.10) or (4) full reduction of oxygen to water (Eq. S8.11) via the four-electron 

reduction mechanism [146,147]. Extending the reaction time would not necessarily lead to a 

significant increase in the accumulation of H2O2 concentration. 

 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂                  (S8.8) 

𝐻2𝑂2 → 2𝐻+ + 𝑂2 + 2𝑒−               (S8.9) 

2𝐻+ + 2𝑒− → 𝐻2              (S8.10) 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂             (S8.11) 

 

An increase in the applied current density from 0.61 mA cm-2 to 1.21 mA cm-2 leads to an 

increase in the productivity of H2O2 from 0.99 µM min-1 cm-2 to 1.30 µM min-1 cm-2 (Fig. S8. 3. 

C). However, a further increase of the applied current density above 1.21 mA cm-2 leads to a 

decrease of the H2O2 productivity. This trend can also be observed for the accumulation of the 

H2O2 concentration, as already shown in Fig. S8. 3. A. The decrease in both productivity and 

accumulation of H2O2 with increasing applied current can be explained by the increasing rate 

of competing reactions mentioned earlier. Prior studies also reported a similar observation, 

where the rate of competing reactions are increasing with an increase in the applied current 

density [85,128], one literature even reported an increased rate of competing reactions already 

at a current density of 0.38 mA cm-2 [84]. In the meantime, the cell potential shows a linear 

increase from 2.0 V to 3.3 V as the current density is increased. 

 

The F.E, depicted in Fig. S8. 3. B, is decreasing over time, for all applied current density. This 

behavior occurs because in the beginning of the experiment, the concentration of H2O2 in the 

medium and at the electrode was zero. Thus, the decomposition rate of H2O2 was equally zero. 

As the electrolysis progresses, the H2O2 concentration in the medium and at the electrode 

increases, and, at the same time, the rate of its decomposition and side reactions become 

more pronounce and relevant. Of particular significance are the cathodic reduction of H2O2 

and the complete reduction of oxygen to water. In other studies, comparable F.Es. from 

electrochemical systems equipped with a carbon based electrode are reported, which ranges 

between 0.18 and 0.57 [84,107,148]. Considering the achieved H2O2 productivity and the F.E. 

(Fig. S8. 3. C), the optimal electrochemical operation window would be between 0.61 – 



11. Appendix 

 

131 

 

1.21 mA cm-2. This interval represents the compromise point between the highest H2O2 

productivity and the highest F.E. within the investigated range of current density. The specific 

electrode area in this study corresponds to 0.17 cm-1, which is comparable to electrochemical 

cells such as chloralkali cells and is lower than fluidized-bed cells or porous flow through cells, 

which typically ranges between 10 – 100 cm-1 [10]. 

 

Given that the H2O2 generation by the AiO electrode occurs within the flow cell, the oxygen 

availability may pose a limiting factor that could affect the H2O2 productivity. Since the in situ 

oxygen generation takes place at the anode, the lack of rigorous stirring in a flow cell could 

impact the oxygen distribution and mass transfer towards the cathode. Furthermore, it is 

important to note the electron balance during the process: for every H2O2 molecule generated 

at the cathode (Eq. S8.1), only half an oxygen molecule is generated at the anode (Eq. S8.12). 

This imbalance may exacerbate the oxygen limitation. To address these subjects, the in situ 

H2O2 electrogeneration was tested at 1.21 mA cm-2, while varying the aeration rate inside the 

enzyme reactor and the liquid residence time inside the flow cell (𝜏𝐹𝐶), by varying the circulation 

flow rate. In this way, the influence of these parameter on the productivity of the H2O2 was 

determined. 

 

𝐻2𝑂 → 2𝐻+ +
1

2
𝑂2 + 2𝑒−        (S8.12) 

 

In the previous experiments, the enzyme reactor was sparged with an aeration rate of 4 vvm 

to supply additional oxygen to the cathode for the electrosynthesis of H2O2. While increasing 

the aeration rate by a factor of three did not further increase the initial productivity (see Fig. 

S8. 11 for the full data set) and the accumulation of H2O2 concentration, completely eliminating 

the aeration in the enzyme reactor led to a decrease in both productivity, from 

1.30 µM min-1 cm-2 to 0.53 µM min-1 cm-2, and H2O2 accumulation after 30 min, from 152 µM to 

69 µM (Fig. S8. 4. A & C). This difference can be attributed to the stoichiometry of the 

electrochemical reactions. Since only half an oxygen molecule is generated at the anode, while 

a full oxygen molecule is required at the cathode for H2O2 formation, the anode reaction must 

occur twice to generate one oxygen molecule. Introducing additional aeration compensates for 

this oxygen deficit, preventing oxygen limitation at the cathode and enabling unrestricted H2O2 

formation. Consequently, with sufficient oxygen supply, the productivity doubled, aligning with 

theoretical expectation. It can be concluded, that under chosen experiment conditions the 

oxygen availability is one of the limiting factors. Thus, it is beneficial to introduce an aeration 

into the enzyme reactor to supply additional oxygen molecules to the cathode for the 

generation of H2O2. The concern regarding the oxygen availability, especially due to its 

solubility and diffusivity towards the electrode, during the electrosynthesis of H2O2 was also 
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expressed in former studies [88,149]. In a conventional stirred tank reactor with 3D carbon-

based electrode, this limitation is normally being resolved by sparging air or pure oxygen and 

rigorous mixing  [98,150]. The absence of an increase in the H2O2 productivity following an 

increase in the aeration rate by a factor of three in this case can be attributed to two factors: 

(1) the maximum oxygen solubility in the enzyme reactor (0.25 mM at room temperature and 

atmospheric pressure [47]) could have been reached, and (2) oxygen mass transport limitation 

from the enzyme reactor towards the cathode in the flow cell has been encountered, given that 

the aeration and the cathodic reduction of oxygen are separated. Therefore, not only the 

current density and the aeration rate are of the essence for the H2O2 electrogeneration, but 

also the 𝜏𝐹𝐶 (determined by the circulation flow rate). 

 

 

Fig. S8. 4. A) H2O2 concentration as a function of time at different aeration rates. B) H2O2 concentration as a 
function of time at different residence times in the flow cell (𝜏𝐹𝐶). 𝜏𝐹𝐶 of 0.28, 0.14, 0.09 and 0.07 min correspond to 
circulation flow rates of 6, 12, 18 and 24 mL min-1, respectively. C) Specific H2O2 productivity as a function of 
aeration rate and as a function of 𝜏𝐹𝐶  (independent from each other). Conditions: carbon felt working electrode 
(8.3 cm2), platinized titanium counter electrode (4.24 cm2), 1.21 mA cm-2, 50 mL 0.1 M KPi pH 7, at 22 ± 1 °C, 
1000 rpm, circulation flow rate: 24 mL min-1 (resulting  𝜏𝐹𝐶 : 0.07 min and 𝜏𝐸𝑅: 2.01 min) (if the 𝜏𝐹𝐶  was not varied) 

and 4 vvm (if the aeration rate was not varied). Duplicates were performed. Depicted lines serve as a visual aid. 

 

As previously mentioned, although the aeration rate inside the enzyme reactor was increased, 

the oxygen molecules had to diffuse towards the cathode inside the flow cell. The oxygen mass 
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transfer towards the cathode in this instance is defined by the circulation flow rate, which 

carries the dissolved oxygen from the enzyme reactor to the cathode in the flow cell. By 

adjusting the circulation flow rate through the flow cell, thus also the residence time in the flow 

cell (𝜏𝐹𝐶), the mass transfer of the dissolved oxygen to the cathode can be influenced. As 

shown in Fig. S8. 4. B & C, the accumulation and the productivity of H2O2 is increasing with a 

decrease in the 𝜏𝐹𝐶 (increase in the circulation flow rate), at the same aeration rate. By 

decreasing the 𝜏𝐹𝐶 from 0.28 min to 0.07 min (increasing the flow rate from 6 mL min-1 to 

24 mL min-1), the productivity and the accumulation of H2O2 after 30 min increase from 

0.59 µM min-1 cm-2 to 1.30 µM min-1 cm-2 and from 72.3 µM to 151.9 µM, respectively. 

Nevertheless, the increase in the productivity and the accumulation cannot be attributed solely 

due to the increase in the oxygen mass transfer to the cathode, but also due to a faster 

desorption of formed H2O2 from the cathode surface owing to an increase of the flow rate. The 

Reynolds (Re) number at the highest flow rate tested in this study is 84.73 (Re < 2300), 

meaning that the flow is still in the laminar region (Eq. S8.13 and Eq. S8.14). Because of a 

faster H2O2 desorption from the electrode surface, further redox reactions of H2O2 are 

minimized, leading to a higher H2O2 accumulation and measured productivity in the medium. 

Correspondingly, the F.E. after 30 min increased from 0.04 at a 𝜏𝐹𝐶 of 0.28 min (circulation 

flow rate: 6 mL min-1) to 0.08 at a 𝜏𝐹𝐶 of 0.07 min (circulation flow rate: 24 mL min-1). 

Additionally, the decrease of the circulation flow rate (increase in the 𝜏𝐹𝐶) leads to a potentially 

thicker electrochemical double layer at the interface of the cathode and the medium. Thus, 

increasing the resistance of the electron transfer, which is reflected by the increase in the 

resulting cell potential from 2.34 V to 2.71 V, at the same current density of 1.21 mA cm-2. In 

return, the increase of the resulting cell potential favors the full reduction of oxygen and 

reduction of H2O2 to water. The influence of the flow rate and the 𝜏𝐹𝐶 on the H2O2 productivity 

and its accumulation at a lower current density, such as at 0.61 mA cm-2 (Fig. S8. 12), is less 

apparent due to the fact that at lower current density, the mass transport phenomena are not 

the limiting factor for the H2O2 productivity, but rather controlled by the applied current (current 

determines the H2O2 productivity). At the same time, the rate of competing reactions like further 

redox reaction of formed H2O2, full reduction of oxygen to water and hydrogen evolution 

reaction is less prominent. In this instance, the H2O2 productivity and its accumulation is 

increased by a factor of 1.5 by decreasing the 𝜏𝐹𝐶 from 0.28 min to 0.07 min (increasing the 

circulation flow rate from 6 mL min-1 to 24 mL min-1). As illustrated in Fig. S8. 4. C, the 

maximum obtained specific H2O2 productivity indicates that the in situ electrogeneration of 

H2O2 within this setup is optimal when an aeration rate of 4 vvm and a 𝜏𝐹𝐶 of 0.07 min are 

employed.     
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An experiment with a flow rate exceeding 24 mL min-1 (𝜏𝐹𝐶: 0.07 min) was not conducted due 

to the pump reaching its maximum flow rate. One potential strategy for further enhancing the 

electrochemical productivity of H2O2 is the application of high pressure within the system. This 

approach has been demonstrated to enhance the solubility of oxygen and its mass transfer, 

thereby also increasing the productivity of H2O2 [128]. Overall, the H2O2 productivity generated 

by the AiO electrode in a flow cell obtained in this study is comparable to the reported 

productivities in the literature [84,85,151,152], particularly when the AiO electrode system is 

employed in a stirred tank reactor [118]. Following the characterization study of in situ 

electrosynthesis of H2O2, the in situ supply of H2O2 was combined with the enzymatic 

hydroxylation reaction to establish a BES.  

 

11.4.4.2. Electroenzymatic hydroxylation of 4-ethylbenzoic acid (EBA) 

After the characterization of the H2O2 electrosynthesis in a flow cell of the circulation loop 

reactor, the electrochemical and the biocatalytic systems were combined to form a BES for the 

hydroxylation of EBA to HEBA, catalyzed by immobilized rAaeUPO. EBA was selected as the 

model substrate over benzene or ethylbenzene due to its higher solubility in aqueous solution  

[121]. Additionally, its application eliminates the potential formation of by-products or 

subsequent reactions that could affect reaction selectivity [33]. 

 

Immobilized biocatalysts are often used both in a lab or in an industrial application [129]. 

General advantages of enzyme immobilization are, among others, increase of enzyme 

operational stability and ease of recovery from the reaction medium [153]. In this specific case, 

a direct immobilization of rAaeUPO on the surface of the electrode was an attractive option, 

because, then, the electrode does not only supply the cosubstrate H2O2, but also works as a 

carrier for the enzyme. Furthermore, this approach would increase the proximity between the 

enzyme and the cosubstrate, potentially increasing the efficiency of the biocatalytic reaction. 

However, a direct immobilization of rAaeUPO on the electrode surface led to a faster 

deactivation (Fig. S8. 13). A faster deactivation could be attributed to the following factors: (1) 

the rAaeUPO reacted directly with the formed H2O2 and radicals such as superoxide and 

hydroxyl radical on the electrode, and (2) a possible diffusion limitation of the EBA into the 

pores, where the rAaeUPO was immobilized, prompted further reactions only between 

rAaeUPO and H2O2, thus, leading to a catalase malfunction reaction. In this contribution, an 

alternative immobilization strategy was employed, involving the covalent binding of rAaeUPO 

onto an epoxy resins carrier. The carrier was then placed within the SpinChem® MagRBR, 

which was positioned inside the enzyme reactor of the circulation loop reactor (Fig. S8. 1). 
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The immobilization of rAaeUPO on the Lifetech ECR 8285 epoxy resins carrier resulted in an 

immobilization yield of 85.2% and an activity yield of 1.75%, with a measured activity of 

1.4 ± 0.3 UABTS g-1
carrier. The calculated activity loss, derived from residual rAaeUPO activities 

in the supernatant following the immobilization process and washing steps, was less than 

3.0 UABTS mL-1 (Table S8. 4). The theoretical activity of immobilized rAaeUPO on the carrier 

based on the immobilization yield was 68.2 UABTS g-1
carrier. In this study, the immobilization 

efficiency was calculated by dividing the measured immobilized enzyme activity by the 

theoretical immobilized enzyme activity, resulting in an efficiency of 2.05%. A low activity yield 

and immobilization efficiency despite a high immobilization yield could indicate the presence 

of steric hindrance and mass transport limitation during the activity assay in the photometer. 

This is despite the fact that the reaction mixture and the immobilized enzyme were mixed with 

a vortex mixer prior to the measurement. Furthermore, despite the carrier underwent three 

washing cycles after the immobilization step, with a maximum of 3.0 UABTS mL-1 removed, there 

remained the possibility of multilayer adsorption of the enzyme on the carrier.  

 

Electroenzymatic experiments were performed for 24 h at various current densities between 

0.61 mA cm-2 and 3.64 mA cm-2 in a batch operation mode. The reaction medium consisted of 

8 mM EBA and 0.8 g of carrier containing immobilized rAaeUPO, contained within the 

SpinChem® MagRBR. H2O2 was generated in situ by the AiO electrode inside the flow cell. The 

dissolved H2O2 was then circulated through the enzyme reactor, where the hydroxylation 

occurred. The concentrations of EBA, HEBA and H2O2 during the experiments were measured 

and are depicted in Fig. S8. 5. 

 

To monitor the potential of enzyme leaching, samples were withdrawn from the medium at a 

specific frequency in order to measure the rAaeUPO activity via the ABTS assay. The ABTS 

assays indicated that rAaeUPO activity was not detected in the reaction medium supernatant, 

suggesting that the immobilized rAaeUPO was not detached from the carrier. As illustrated in 

Fig. S8. 5, the productivity and the accumulation of H2O2 during the electroenzymatic 

hydroxylation reaction are dependent on the current density. At lower current density such as 

0.61 mA cm-2 (Fig. S8. 5. A), the H2O2 productivity was lower. However, the H2O2 

concentration was gradually increasing over time and accumulated to 0.7 mM after 7 h, and 

higher than 1.5 mM after 24 h. In contrast, at higher current density such as 1.82 mA cm-2 and 

2.42 mA cm-2 (Fig. S8. 5. C & D), the H2O2 productivity was comparably faster and the H2O2 

concentration accumulated to a concentration around 1.1 mM after 7 h. Albeit, this 

concentration did not significantly increase after 24 h. It is important to note that in Fig. S8. 5. 

C and D, the final H2O2 concentrations are lower than the preceding measurement points. The 

discrepancy was caused by the inlet tubing of the flow cell inside the enzyme reactor being 
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drawn into the vortex above the SpinChem® MagRBR. This resulted in a mixture of air and 

liquid being sucked into the flow cell, forming a slug flow that impeded the H2O2 generation 

due to the disruption of the continuous liquid flow by gas bubbles at the cathode. 

Simultaneously, the existing H2O2 in the enzyme reactor was consumed during the 

hydroxylation process, further contributing to the observed reduction in the concentration. At 

the highest tested current density of 3.64 mA cm-2 (Fig. S8. 5. F), the productivity of H2O2 

decreased, with the H2O2 concentration fluctuating around 0.3 mM. As previously discussed, 

the observed decline in both H2O2 productivity and its accumulation can be attributed to the 

increasing rate of the H2O2 decomposition and competing reactions. After 24 h and for each 

experiment, the immobilized rAaeUPO was deactivated. This was confirmed by the ABTS 

assay, which was performed using 10 mg of the carrier taken from within the SpinChem® 

MagRBR. The relevant performance indicators from the electroenzymatic experiments such 

as TTN, TOF, catalytic productivity and final HEBA concentration are summarized in Table 

S8. 1. 
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Fig. S8. 5. Hydroxylation of EBA catalyzed by immobilized rAaeUPO in a circulation loop reactor equipped with the 
All-in-One electrode for in situ H2O2 generation at A) 0.61 mA cm-2, B) 1.21 mA cm-2, C) 1.82 mA cm-2, D) 
2.42 mA cm-2, E) 3.03 mA cm-2 and F) 3.64 mA cm-2. Conditions: 50 mL 0.1 M KPi pH 7, 8 mM EBA, 0.8 g carrier 
(40 nM rAaeUPO), 1000 rpm, circulation flow rate: 24 mL min-1(resulting 𝜏𝐹𝐶 : 0.07 and 𝜏𝐸𝑅: 2.01 min), 4 vvm and at 

22 ± 1 °C. EBA: 4-ethylbenzoic acid, HEBA: 4-(1-hydroxyethyl)benzoic acid. Duplicates were performed. 
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Table S8. 1. Summary of total turnover number (TTN), turnover frequency (TOF), catalytic productivity and final 
concentration of HEBA determined from electroenzymatic experiments in the circulation loop reactor equipped with 
the All-in-One electrode at various current densities.  

Current density 

[mA cm-2] 

Catalytic productivity 

[mM h-1] 

Final HEBA 

concentration [mM] 

TOF [s-1] TTN [mol mol-1] 

0.61 0.56 ± 0.07 5.79 ± 0.03 3.77 ± 0.45 1.40 · 105 ± 840 

1.21 1.18 ± 0.02 5.23 ± 0.43 7.91 ± 0.07 1.26 · 105 ± 10,458 

1.82 1.24 ± 0.11 4.44 ± 0.15 6.74 ± 1.64 1.07 · 105 ± 3,623 

2.42 1.24 ± 0.02 4.77 ± 0.09 8.34 ± 0.14 1.15 · 105 ± 2,143 

3.03 1.12 ± 0.02 5.60 ± 0.42 7.53 ± 0.15 1.35 · 105 ± 10,194 

3.64 0.92 ± 0.01 5.85 ± 0.63 6.23 ± 0.04 1.41 · 105 ± 15,225 

 

Within an electroenzymatic system, particularly utilizing peroxygenases and peroxidases, the 

productivity and the accumulation of H2O2 inside the medium determine not only the 

biocatalytic productivity but also the enzyme stability. A higher and faster accumulation of H2O2 

within the medium will result in a higher degree of enzyme saturation with the H2O2. This, in 

turn, will result in a higher biocatalytic rate (KM, H2O2: 0.79 – 1.8 mM [36,40,106]) and TOF, 

reaching a maximum of 8.34 ± 0.14 s-1. Simultaneously, the higher the accumulation of H2O2 

and the catalytic rate, the higher the probability of rAaeUPO undergoing an unproductive 

catalytic cycle, such as a catalase reaction. Even a catalase malfunction reaction occurs more 

frequently, which leads to an enzyme deactivation. The aforementioned reaction and its 

mechanism have been previously proposed [36]. The catalase malfunction reaction can be 

attributed to the subsequent reactions between the intermediate compound I, which is formed 

after the resting state of rAaeUPO binds with the first H2O2 molecule, and a further H2O2 

molecule instead of with the substrate EBA. The reaction of the intermediate compound I with 

the second H2O2 molecule yields the intermediate compound II. Subsequently, compound II is 

susceptible to further reactions with additional H2O2, resulting in the formation of compound III. 

The formation and the presence of compound III would ultimately result in the heme-bleaching 

of rAaeUPO. This is because if the compound III were to be exposed to additional H2O2, it 

would form free radicals, which would cause heme-destruction and result in the irreversible 

deactivation [36,106]. Additionally, the deactivation due to the degradation of heme is 

inevitable and correlated directly with the product formation [103]. The catalase and catalase 

malfunction reactions are intensified at lower concentrations of EBA, given that the reported 

KM value of EBA, which is 2.3 mM [106], is higher than the KM value of H2O2. Under these 

conditions, applying or achieving during the course of a reaction EBA concentrations close or 

below its KM value not only diminishes the catalytic rate but also promotes the catalase 

malfunction reaction due to the continuous presence of H2O2. Consequently, this leads to an 

accelerated rAaeUPO deactivation as the H2O2 productivity and its accumulation increase. As 

a result, the final concentration of HEBA is reduced. This phenomenon is evident in the 
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observation that at the highest TOF of 8.34 ± 0.14 s-1, one of the lowest final HEBA 

concentration (4.77 ± 0.09 mM) and also one of the lowest TTN of 1.15 · 105 ± 2,143 mol mol-1 

are obtained (Table S8. 1). Conversely, at the lowest TOF of 3.77 ± 0.45 s-1, one of the highest 

TTN values is obtained, corresponding to 1.40 · 105 ± 840 mol mol-1. Additional control 

experiments, in which the substrate or product were circulated for 7 h through the circulation 

loop reactor, revealed no substantial adsorption of substrate or product on the electrode 

surface, tubing or PEEK material (Fig. S8. 10). Furthermore, the mass transport of the liquid 

into and out of the SpinChem® MagRBR was impeded by the carrier loading and the surface 

roughness, leading to an incomplete utilization of the immobilized enzyme. This was confirmed 

by reducing the carrier loading by 50% (0.4g) (Fig. S8. 14). Under the same reaction conditions 

at 1.21 mA cm-2, the catalytic rate achieved with the reduced carrier was 0.79 mM h-1, which 

corresponded to 67% of the rate observed with full carrier loading (0.8 g). This rate exceeded 

the expected value of 0.59 mM h-1, suggesting that the enzyme’s activity was not fully utilized 

in the higher carrier loading scenario 

 

As discussed in section 11.4.4.1, in addition to the current density, the residence time in the 

flow cell (τFC) (determined by the circulation flow rate) could affect the productivity and the 

accumulation of H2O2 during the experiment. Therefore, after the initial establishment of a BES 

using the integrated flow cell in a circulation loop reactor, the influence of the residence time 

on the electroenzymatic hydroxylation was also investigated. 

 

11.4.4.3. Evaluation of different residence times and fed-batch operation 

mode on electroenzymatic hydroxylation 

Once the implementation of the AiO electrode in a BES, specifically in a flow cell of the 

circulation loop reactor, was established, the next step was to evaluate the effect of the 

residence time on the electroenzymatic hydroxylation. This investigation was accomplished by 

employing different circulation flow rates within the pump’s limits, which resulted in varying 

residence time in both flow cell (τFC) and enzyme reactor (τER). 

 

Electroenzymatic hydroxylation at different residence times was performed at 0.61 mA cm-2 

because, based on previous results, this current density delivered one of the highest final 

HEBA concentration and TTN (Table. S8. 1), as well as the highest F.E. in this study (Fig. S8. 

3. C). The tested circulation flow rates were 6 mL min-1, 12 mL min-1 and 18 mL min-1, which 

corresponded to τFC of 0.28 min, 0.14 min and 0.09 min, and to τER of 8.05 min, 4.03 min and 

2.68 min, respectively. The results from this investigation are shown in Fig. S8. 6. 

Simultaneously, the corresponding performance indicators are listed in Table S8. 2. 
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Fig. S8. 6. Hydroxylation of EBA catalyzed by immobilized rAaeUPO in a circulation loop reactor equipped with the 
All-in-One electrode for in situ H2O2 generation at A) a circulation flow rate of 18 mL min-1 (resulting 𝜏𝐹𝐶 : 0.09 min 

and 𝜏𝐸𝑅: 2.68 min), B) a circulation flow rate of 12 mL min-1(resulting 𝜏𝐹𝐶 : 0.14 min and 𝜏𝐸𝑅: 4.03 min) and C) a 

circulation flow rate of 6 mL min-1 (resulting 𝜏𝐹𝐶 : 0.28 min and 𝜏𝐸𝑅: 8.05 min). D) Specific H2O2 productivity and 

catalytic productivity as a function of circulation flow rate (depicted 𝜏𝐹𝐶  and 𝜏𝐸𝑅 are the corresponding resulting 
residence time in the flow cell and enzyme reactor based on the set circulation flow rate). Conditions: 50 mL 0.1 M 
KPi pH 7, 8 mM EBA, 0.8 g carrier (40 nM rAaeUPO), 1000 rpm, 0.61 mA cm-2, 4 vvm and at 22 ± 1 °C. EBA: 4-
ethylbenzoic acid, HEBA: 4-(1-hydroxyethyl)benzoic acid. Duplicates were performed. 

 

Table S8. 2. Summary of total turnover number (TTN), turnover frequency (TOF), catalytic productivity and final 
concentration of HEBA determined from electroenzymatic experiments in the circulation loop reactor equipped with 
the All-in-One electrode at various residence times, at 0.61 mA cm-2. 

 τFC (τER) 

[min] 

Catalytic productivity 

[mM h-1] 

Final HEBA 

concentration [mM] 

TOF [s-1] TTN [mol mol-1] 

0.28 (8.05) 0.48 ± 0.01 7.28 ± 0.05 3.24 ± 0.09 1.76 · 105 ± 1,213 

0.14 (4.03) 0.47 ± 0.06 6.37 ± 1.12 3.14 ± 0.44 1.54 · 105 ± 27,234 

0.09 (2.68) 0.57 ± 0.01 5.43 ± 0.04 3.85 ± 0.04 1.31 · 105 ± 970 

τFC: resulting residence time in the flow cell. τER: resulting residence time in the enzyme reactor. τFC of 0.28 min, 

0.14 min and 0.09 min correspond to circulation flow rates of 6 mL min-1, 12 mL min-1 and 18 mL min-1, respectively. 

τER of 8.05 min, 4.03 min and 2.68 min correspond to circulation flow rates of 6 mL min-1, 12 mL min-1 and 

18 mL min-1, respectively.  

 

As shown in Fig. S8. 6, the apparent accumulation of H2O2 decreases as the τFC increases 

(circulation flow rate decreases). At the highest τFC tested, 0.28 min (circulation flow rate: 
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6 mL min-1), the accumulation of H2O2 was less than 0.2 mM after 7 h. Consequently, with 

lower productivity and accumulation of H2O2 in the medium, the operational stability of 

rAaeUPO was higher, resulting in higher final HEBA concentration and TTN (Table S8. 2). The 

highest final concentration of HEBA and TTN in this regard were 7.28 ± 0.05 mM and 

1.76 · 105 ± 1,213 mol mol-1, respectively. Although a trend was observed for the TOF, with a 

slight increase as the τFC decreased, this change was not substantial. The resulting TOF from 

all the experiments were close to each other, and this can be explained by the fact that the 

experiments were run at a concentration of H2O2 well below its reported KM value (KM, H2O2: 

0.79 – 1.8 mM [36,40,106]) to make a substantial difference in the catalytic rate. Furthermore, 

Fig. S8. 6. D shows the catalytic productivity and the specific H2O2 productivity (in the absence 

of simultaneous biocatalytic reaction) as a function of the circulation flow rate. Consistent with 

previous observations (Fig. S8. 4. C), H2O2 productivity increases with higher circulation flow 

rates or shorter residence time. This enhancement is attributed to improved oxygen mass 

transfer rate to the cathode, faster desorption of formed H2O2 from the cathode and thinner 

electrochemical double layer at the cathode interface. Although the catalytic productivity 

follows a similar trend, it is consistently around 19 – 38% lower than their corresponding H2O2 

productivity, leading to a H2O2 accumulation in the medium over time. This difference indicates 

that, in this specific system and under selected conditions, the catalytic productivity in the 

enzyme reactor is the rate limiting step, rather than the H2O2 productivity. This contrasts with 

the BES employing free rAaeUPO [118], where the H2O2 productivity was the limiting factor. A 

lower catalytic productivity observed in this study could be explained by two main reasons. 

First, the application of immobilized rAaeUPO likely reduces the enzyme activity compared to 

free enzymes due to steric hindrance or mass transport limitations of either the substrate EBA 

or the co-substrate H2O2. Second, the resulting τER might still be too low, meaning that there 

was insufficient residence time in the enzyme reactor for the biocatalytic reaction to fully 

proceed and consumed the formed H2O2. To offset the imbalance between the H2O2 

productivity and the catalytic productivity the τER could be increased by increasing the volume 

of the enzyme reactor while keeping the τFC constant, applying a lower circulation flow rate 

(resulting in higher τFC and τER) to further reduce the H2O2 productivity, or by increasing the 

applied enzyme concentration. In summary, these results suggest that applying a low current 

density in combination with a low circulation flow rate, resulting in high τFC and τER, is beneficial 

for minimizing H2O2 accumulation in the reaction medium and achieving a high TTN. However, 

it is important to note that this combination also results in relatively low TOF and F.E., primarily 

due to reduced oxygen mass transfer to the cathode, slower desorption of the generated H2O2, 

and an increased thickness of the electrochemical double layer, as previously discussed. 
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Under current operating conditions, the TTN of rAaeUPO in the hydroxylation of EBA was 

limited by the initial EBA concentration and the concentration of rAaeUPO, which were 8 mM 

and 40 nM, respectively. To increase the efficiency of the system and the TTN, the experiment 

could be performed with a higher initial EBA concentration. However, the activity of rAaeUPO 

decreases at an EBA concentration higher than 8 mM due to substrate surplus inhibition (Fig. 

S7. 6). Therefore, the electroenzymatic experiment was conducted under an EBA fed-batch 

operation mode. By continuously feeding highly concentrated EBA solution (200 mM) into the 

medium, the concentration of EBA could be maintained well above its KM value (KM, EBA: 2.3 mM 

[106]). This may not only increase the catalytic rate, it may also minimize the catalase 

malfunction reaction. Given the high concentration of EBA employed in the fed-batch operation 

mode, the reaction volume increased only by a maximum of 1.7 mL. The increase in reaction 

volume resulting from the feeding was counterbalanced by the sampling and volume loss due 

to evaporation caused by sparging, which were subsequently taken into account for the 

calculation of the concentrations. The results for the electroenzymatic hydroxylation of EBA 

under the EBA fed-batch operation mode are depicted in Fig. S8. 7. 

 

 

Fig. S8. 7. Hydroxylation of EBA catalyzed by immobilized rAaeUPO in a circulation loop reactor equipped with the 
All-in-One electrode for in situ H2O2 generation. A) Fed-batch operation mode with 0.8 g carrier (40 nM rAaeUPO). 
B) Fed-batch operation mode with 0.4 g carrier (20 nM rAaeUPO). Conditions: 50 mL 0.1 M KPi pH 7, 8 mM EBA, 

1000 rpm, circulation flow rate: 6 mL min-1 (resulting 𝜏𝐹𝐶 : 0.28 min and 𝜏𝐸𝑅: 8.05 min), 0.61 mA cm-2, 4 vvm, 
200 mM EBA stock solution and at 22 ± 1 °C. EBA: 4-ethylbenzoic acid, HEBA: 4-(1-hydroxyethyl)benzoic acid. 
Duplicates were performed.  

 

EBA feeding was started after 90 min of the start of the reaction. To avoid an accumulation of 

EBA way above 8 mM, the feeding rate was set to 0.008 – 0.016 mmol h-1 (0.16 – 0.32 mM h-1), 

which was lower than the actual catalytic rate determined from previous experiment (Fig. S8. 

6. C). The fed-batch operation mode was able to maintain the EBA concentration between 

6 mM and 9 mM during the whole duration of the experiment. Nevertheless, the EBA 

concentration was increasing near the end of the experiment because the activity of the 

enzyme was decreasing and correspondingly, the EBA conversion rate as well. The 
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continuous supply of substrate EBA increased the catalytic productivity by 20.8%, from 

0.48 ± 0.01 mM h-1 (Table S8. 2) to 0.58 ± 0.02 mM h-1 (Table S8. 3). At the same time, the 

final HEBA concentration and the TTN obtained under the fed-batch operation mode were 

elevated to 10.43 mM ± 0.24 mM and 2.53 · 105 ± 5,887 mol mol-1, respectively, in comparison 

to the batch operation mode. To further enhance the catalyst efficiency, an electroenzymatic 

experiment was conducted using half of the catalyst loading, corresponding to 0.4 g. This 

approach was supported by the observation that by adjusting the current density and the 

residence time, the accumulation of H2O2 could be maintained at approximately 0.2 mM (Fig. 

S8. 6. C, Fig. S8. 7. A). Thus, despite the reduced catalyst loading, the enzyme stability could 

be conserved for a longer time. 

 

Table S8. 3. Summary of total turnover number (TTN), turnover frequency (TOF), catalytic productivity and final 
concentration of HEBA determined from electroenzymatic experiments in the circulation loop reactor equipped with 
the All-in-One electrode under fed-batch operation mode, and at various catalyst loading. 

Catalyst loading [g] Catalytic productivity 

[mM h-1] 

Final HEBA 

concentration [mM] 

TOF [s-1] TTN [mol mol-1] 

0.4 0.51 ± 0.05 6.96 ± 0.01 6.94 ± 0.70 3.38 · 105 ± 702 

0.8 0.58 ± 0.02 10.43 ± 0.24 3.93 ± 0.15 2.53 · 105 ± 5,887 

 

The reduction in the catalyst loading resulted in a 12% decline in catalytic productivity, from 

0.58 ± 0.02 mM h-1 to 0.51 ± 0.05 mM h-1. As a consequence of the reduced catalyst loading, 

the H2O2 consumption rate decreased, resulting in a higher accumulation of H2O2 within the 

medium, reaching approximately 0.3 mM after 7 h. In addition to the reduced catalyst loading, 

the higher accumulation of H2O2 also led to a faster enzyme deactivation. Accordingly, the final 

concentration of HEBA was lower, at 6.96 ± 0.01 mM. Nevertheless, the obtained TTN using 

50% less catalyst loading was 33% higher, with a value of 3.38 · 105 ± 702 mol mol-1. It is 

possible that a further reduction in catalyst loading may not necessarily increase the TTN 

substantially. This is because the rate of H2O2 production may exceed the rate of enzymatic 

conversion of H2O2, resulting in a higher accumulation. 

 

A TTN value of 3.38 · 105 ± 702 mol mol-1 is comparable to those reported in the literature from 

BES using electrochemical generation of H2O2 [8,104,106,119], including to the system with 

the AiO electrode employed in a stirred tank reactor [118], and exceeds the TTN obtained in 

the system employing manual addition of H2O2 [121]. In comparison to a system employing an 

enzymatic cascade for in situ generation of H2O2, the TTN achieved here is 28% lower. 

However, to realize such an enzymatic cascade, five different enzymes, NAD+ as a cofactor, 

and methanol as a sacrificial electron donor were required [43]. In terms of the TOF, a TOF of 

8.34 ± 0.14 s-1 is approximately 14 times lower than the TOF reported in a gas diffusion 

electrode (GDE) system [106]. This is due to the lower H2O2 productivities achieved in this 
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system in comparison to those observed in GDE-based systems [8,71,104,106]. Nonetheless, 

both system’s productivity and TOF could be enhanced by implementing numbering-up or 

modular stacking of the flow cell to increase surface to volume ratio, as well as surface 

modification of the cathode to increase the H2O2 selectivity.  

 

11.4.5. Conclusions 

The AiO electrode was successfully integrated within an electrochemical flow cell to enable 

the electrochemical in situ generation of H2O2. The feasibility of this concept was validated 

through an electroenzymatic hydroxylation catalyzed by immobilized rAaeUPO, utilizing H2O2 

as the cosubstrate. Electroenzymatic experiments under batch and fed-batch operation modes 

were performed. The results indicated that within a flow cell, not only do current density, cell 

potential and aeration rate significantly influence H2O2 productivity and its accumulation, but 

the residence time (flow rate) is also critical. This is because the aforementioned parameters 

influence the reaction rate of competing reactions, availability of oxygen in the medium, mass 

transfer of oxygen towards the cathode, desorption of formed H2O2 from the cathode and 

thickness of electrochemical double layer. Moreover, the containment of the carrier within the 

SpinChem® MagRBR facilitated a simple separation of the biocatalyst from the reaction 

medium. The study achieved a TTN comparable to the best values reported in the literature 

within a BES. Within the system, the electrochemical in situ generation of H2O2 proved to be 

an effective method for minimizing biocatalyst deactivation by ensuring a controllable supply 

of H2O2 and preventing its excessive accumulation. This implementation demonstrates the 

potential for flow reactor technology in BES to facilitate alternative scale-up strategies, such 

as numbering-up or modular stacking. This aspect will be investigated further in a subsequent 

study, in which the flow cell will be operated continuously, either in a plug flow mode or in a 

continuous stirred tank reactor mode. Further optimization of the flow cell BES is ongoing, 

particularly regarding H2O2 productivity and Faradaic efficiency (F.E.). Potential enhancements 

include surface modification approaches, such as coating with carbon nanotubes, surface 

oxidation and thermal treatment. Additionally, the system's applicability could be broadened 

by employing industrially relevant model reactions, such as the oxidation of 5-

(hydroxymethyl)furfural to 2,5-furandicarboxylic acid. This study demonstrates that the 

integration of the AiO electrode within flow reactor technology is not only feasible but also 

offers a promising alternative scalable strategy. It provides a reliable platform for H2O2-

dependent enzymatic reactions, paving the way for further advancements in the field. 
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11.4.6. Supporting Information 

 

 

Fig. S8. 8. Calibration curve of the A) substrate 4-ethylbenzoic acid (EBA) and the B) product 4-(1-

hydroxyethyl)benzoic acid (HEBA) using the described HPLC method. 

 

 

Fig. S8. 9. Calibration curve of hydrogen peroxide (H2O2) using the described colorimetric assay. 

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 
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Fig. S8. 10. Adsorption test of the substrate 4-ethylbenzoic acid (EBA) and the product 4-(1-hydroxyethyl)benzoic 
acid (HEBA) on the material surface (electrode, tubing and polyether ether ketone surface) in a circulation loop 
reactor. Shown are the relative concentrations of A) EBA and B) HEBA as a function of the incubation time. 
Conditions: 8 mM EBA or HEBA in 50 mL 0.1 M KPi pH 7, 1000 rpm, circulation flow rate: 24 mL min-1 (resulting 
𝜏𝐹𝐶 : 0.07 and 𝜏𝐸𝑅: 2.01 min), at 22 ± 1 °C. EBA or HEBA solution was circulated through the flow cell and the 

enzyme reactor under the aforementioned conditions. 

 

 

Fig. S8. 11. Specific H2O2 productivity and the resulting cell potential as a function of current density. Conditions: 
carbon felt working electrode (8.3 cm2), platinized titanium counter electrode (4.24 cm2), 50 mL 0.1 M KPi pH 7, at 
22 ± 1 °C, 1000 rpm, circulation flow rate: 24 mL min-1 (resulting 𝜏𝐹𝐶 : 0.07 and 𝜏𝐸𝑅: 2.01 min) and 12 vvm. Biological 

duplicates were performed. 

A) B) 
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Fig. S8. 12. H2O2 concentration as a function of time at different residence times in the flow cell (𝜏𝐹𝐶). 𝜏𝐹𝐶  of 0.28, 
0.14, 0.09 and 0.07 min correspond to circulation flow rates of 6, 12, 18 and 24 mL min-1, respectively. Conditions: 
carbon felt working electrode (8.3 cm2), platinized titanium counter electrode (4.24 cm2), 50 mL 0.1 M KPi pH 7, 

0.61 mA cm-2, at 22 ± 1 °C, 1000 rpm and 4 vvm. Biological duplicates were performed. 

 

 

Fig. S8. 13. Hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the 
immobilized unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) in a circulation loop reactor equipped 
with the All-in-One (AiO) electrode for in situ hydrogen peroxide (H2O2) generation at 0.61 mA cm-2. Enzyme 
immobilization: carbon felt electrode (8.3 cm2) was incubated in a 0.1 M KPi pH 7 solution containing 1.1 UABTS mL-1 
rAaeUPO in a falcon tube, and placed on an overhead shaker at 4 °C for 16 h. The rAaeUPO activity in the 
supernatant after the immobilization was 0.75 UABTS mL-1 and in the wash fraction was 0.004 UABTS mL-1. 
Conditions: 50 mL 0.1 M KPi pH 7, 8 mM EBA, 0.61 mA cm-2, 4 vvm, 1000 rpm, circulation flow rate: 24 mL min-1 
(resulting 𝜏𝐹𝐶 : 0.07 and 𝜏𝐸𝑅: 2.01 min), at 22 ± 1 °C.  
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Fig. S8. 14. Hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the 
immobilized unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) in a circulation loop reactor equipped 
with the All-in-One (AiO) electrode for in situ hydrogen peroxide (H2O2) generation at 1.21 mA cm-2. The rAaeUPO 
was covalently immobilized on epoxy resins and contained inside a SpinChem® MagRBR. Conditions: 50 mL 0.1 M 
KPi pH 7, 8 mM EBA, 1.21 mA cm-2, 0.4 g carrier (20 nM, 1.4 UABTS g-1

carrier), 1000 rpm, circulation flow rate: 
24 mL min-1 (resulting 𝜏𝐹𝐶 : 0.07 and 𝜏𝐸𝑅: 2.01 min), at 22 ± 1 °C. 

 

Table S8. 4. Summary of the activity measurement of rAaeUPO in the supernatant before and after the 
immobilization process, including the washing steps. 

Purolite Lifetech ECR 8285 

Before 

immobilization 

[UABTS mL-1] 

After 

immobilization 

[UABTS mL-1] 

1st wash 

[UABTS mL-1] 

2nd wash 

[UABTS mL-1] 

3rd wash 

[UABTS mL-1] 

20 ± 1 0.004 ± 0.002 0.86 ± 0.29 1.38 ± 0.042 0.71 ± 0.02 

Immobilization yield of 85.2% 

 

Determination of Reynolds (Re) number 

 𝑅𝑒 =  
𝑑 ∙ 𝐷 ∙𝑣

µ
          (S8.13) 

With: 

d: density of water (1000 kg m-3) 

D: pipe diameter (inner diameter of separator, 6 mm) 

µ: dynamic viscosity of water (0.001002 Pa∙s) 

v: flow velocity (0.024 L min-1 = 0.01415 m s-1, 0.006 L min-1 = 0.00354 m s-1)   

𝑅𝑒 (0.024 
𝐿

𝑚𝑖𝑛
) =  

1000 
𝑘𝑔

𝑚3 ∙ 6∙10−3𝑚 ∙0.01415 
𝑚

𝑠

0.001002 𝑃𝑎∙𝑠
= 84.73     (S8.14) 

𝑅𝑒 (0.006 
𝐿

𝑚𝑖𝑛
) =  

1000 
𝑘𝑔

𝑚3 ∙ 6∙10−3𝑚 ∙0.00354 
𝑚

𝑠

0.001002 𝑃𝑎∙𝑠
= 21.19     (S8.15) 
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