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A B S T R A C T

Electrification of biological syntheses offers a sustainable route to decarbonize chemical production. This re
quires innovative reactor concepts that combine efficient electrochemical reaction steps with selective bio
catalysts. Unspecific peroxygenases (UPOs) are attractive because they hydroxylate non-activated C–H bonds 
and need only hydrogen peroxide (H₂O₂) as co-substrate. However, excess H₂O₂ rapidly deactivates UPOs. 
Electrochemical reactors must therefore generate H₂O₂ in-situ at low, uniform levels while maintaining strong 
mixing and mass transfer — a capability conventional electrochemical cells struggle to provide. Here, we present 
the first three-phase electrochemical fluidized bed reactor (gas–liquid–solid) for combined electro-enzymatic 
synthesis. This reactor utilizes conductive graphite particles as a fluidized electrode on which oxygen reduc
tion generates H₂O₂ throughout the particle bed, while air sparging resupplies O₂ and drives mixing, enhancing 
mass transfer. Using the unspecific peroxygenase from Agrocybe aegerita (AaeUPO) as a model enzyme, we 
successfully optimized the electrochemical H₂O₂ generation rate to maintain non-inhibitory H2O2 concentrations 
below 0.2 mM and achieved a high current efficiency of 54.5 ± 12.5% for enzymatic product formation. 
Moreover, the batch process demonstrated scalability, as increasing the enzyme concentration enabled a 
YHEBA/EBA of ~100% at even higher H₂O₂ generation rates, resulting in a space-time yield (STY) of 38.83 ± 0.32 
g/(L⋅d) for the hydroxylation of 4-ethylbenzoic acid (EBA) to 4-(1-hydroxyethyl)benzoic acid (HEBA). These 
results establish the electrochemical fluidized bed reactor as a highly efficient platform for electro-enzymatic 
synthesis, particularly for processes requiring in-situ co-substrate generation.

1. Introduction

The chemical and pharmaceutical industries increasingly rely on 
biocatalysis for highly specific active compounds to address complex 
scientific and therapeutic challenges [1–5]. However, traditional 
chemical synthesis often struggles to produce these structurally so
phisticated molecules cost-effectively, as each target typically requires 
multiple reaction and purification steps [6]. In contrast, enzymatic 
syntheses offer an efficient alternative, enabling highly selective and 
direct catalysis with fewer reaction steps [6,7]. Despite these advan
tages, applying biocatalysts at an industrial scale faces two central 
hurdles: (1) limited enzyme stability [6,8,9] and (2) the frequent 
requirement for costly co-factors (e.g. NAD+/NADH and ATP) [10–13]. 
One possibility for overcoming the aforementioned challenges is the 
field of electrobiotechnology. By combining electrochemistry and 

biotechnology, cost-intensive co-factors can be replaced, supplied, or 
regenerated [14–17]. However, pure electrochemical regeneration for 
instance of NAD+/NADH is often limited by poor selectivity, yielding 
inactive isomers and dimers. Therefore, recent approaches employ 
artificial mediators (e.g. viologen derivatives) to enhance electron 
transfer and partially replace nicotinamide cofactors. In general, elec
tron transfer in such systems can occur either directly between electrode 
and enzyme or indirectly via mediators, redox polymers, or further en
zymes (e.g. diaphorases). [18–22]

Oxidoreductases are an important class of enzymes already used in 
electro-enzymatic processes, where many catalyze reactions involving 
nicotinamide cofactors such as NAD+/NADH, enabling specific func
tionalizations that are difficult to achieve by conventional chemical 
syntheses. Within this class, unspecific peroxygenases (UPOs), first re
ported from the fungus Agrocybe aegerita [23], have emerged as 
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promising candidates, as they are able to catalyze various reactions, 
including the hydroxylation of non-activated C–H bonds while 
requiring only H₂O₂ as co-substrate, thereby avoiding the need for 
nicotinamide cofactors. [24–27] However, UPOs are highly sensitive to 
the co-substrate hydrogen peroxide, which poses a significant challenge 
and can lead to enzyme inactivation. Thus, excessive hydrogen peroxide 
inhibits the enzyme, necessitating novel reactor designs that can supply 
precise and controlled amounts of this co-substrate in-situ [28–30].

So far, a range of electrochemical strategies has been explored to 
enable on-demand hydrogen peroxide generation, including gas- 
diffusion electrodes [17,31–34] and integrated all-in-one electrode 
systems [30,35]. These methods share certain key requirements for 
electro-enzymatic processes such as near-neutral pH, low electrolyte 
concentration, and sufficiently large electrode surfaces that provide 
adequate current density [19,32,36,37]. At the same time, this on- 
demand electrochemical generation of hydrogen peroxide circumvents 
the volume increase associated with bulk H2O2 dosing [29], thereby 
preserving enzyme performance and enabling high total turnover 
numbers (TTNs) and space-time yields (STYs) [17,38–40]. However, a 
major disadvantage of these investigated electrode strategies is that 
hydrogen peroxide is produced locally at a specific surface within the 
reactor volume, which may lead to concentration gradients rather than 
volumetric distribution. As a result, scaling production involves adding 
multiple electrodes [41,42] and requires electrochemically often 
stacked electrode assemblies [43] (numbering-up) rather than simple 
volumetric scale-up.

One type of electrode that enables volumetric scaling is the so-called 
particle electrode, which consists of a bed or packing of conductive 
electrode particles [44–50]. Such particle electrodes also fulfil condi
tions advantageous for electro-enzymatic processes, including a low 
current density and a large electrode surface [51]. In this context, par
ticle electrodes can be divided into fixed bed electrodes and fluidized 
bed electrodes [36,52], the latter showing beneficial characteristics in 
terms of the avoidance of gas retention during electrochemical opera
tion. If the electrochemical reaction system contains a gas phase, the gas 
bubbles can pass through the fluidized, reducing bubble retention 
within the particle bed and minimizing blockage of the electrode surface 
area [51]. In addition, fluidized beds typically offer enhanced mass 
transfer properties compared to fixed beds [36]. As far as we know, 
however, fluidized bed electrodes have never been used in electro- 
enzymatic processes. Fields of application for particle electrodes in 
electro-enzymatic processes are more likely to be found in the use of 
fixed bed electrodes. For instance, two-phase fixed-bed electrode con
figurations have been applied to generate the co-substrate hydrogen 
peroxide via reduction of pre-dissolved oxygen [53] and to regenerate 
nicotinamide co-factors, either NADH through mediator-assisted 
reduction [54] or NAD+ through mediator-assisted oxidation [55]. In 
contrast, fluidized bed electrodes find a wider range of applications in 
electrobiotechnology in electro-microbial processes [36], especially in 
the treatment of wastewater with electroactive microorganisms 
[56–58]. In a previous publication, we developed a novel three-phase 
fluidized bed reactor, a specific type of particle electrode reactor, for 
the electrochemical co-substrate generation of hydrogen peroxide under 
enzyme compatible conditions [51]. This reactor features a fluidized bed 
of inexpensive, conductive graphite particles, forming a three- 
dimensional particle electrode. The design demonstrated the feasi
bility of effectively producing hydrogen peroxide in-situ in both batch 
and continuous operation by reducing dissolved oxygen to H2O2. Due to 
the low solubility of oxygen, air sparging was introduced to redeliver 
consumed oxygen, and to fluidize the particle electrode. This brings the 
advantage of a well-mixed reactor and enhanced mass-transfer [51].

In this work we investigate for the first time the coupled in-situ 
generation of hydrogen peroxide and enzymatic reaction in this novel 
three-phase fluidized bed reactor. Thereby, the enzymatic reaction is 
represented by the model reaction from 4-ethylbenzoic acid (EBA) to 4- 
(1-hydroxyethyl)benzoic acid (HEBA) catalyzed by the unspecific 

peroxygenase from Agrocybe aegerita (AaeUPO). We demonstrate the 
successful operation in a batch process by optimizing the electro
chemical H2O2 generation and the stability of the enzyme, underscoring 
the potential of this innovative reactor configuration as a flexible, 
scalable platform for electro-enzymatic synthesis.

2. Material and methods

2.1. Chemicals

All chemicals used were of analytical grade and applied without 
further purification. Ultrapure water was obtained from a water purifi
cation system (Merck Millipore, USA) and used for preparing all reaction 
solutions.

2.2. Enzyme

The recombinant, unspecific peroxygenase rAaeUPO (referred to in 
many studies as PaDa-I mutant), a variant originally developed by the 
research group of Miquel Alcalde [59,60], was supplied from the 
research group of Frank Hollmann. The enzyme was produced in a pilot- 
scale process of 2500 L using the Pichia pastoris expression system. 
[27,61]

The initial protein concentration mProtein was determined in triplicate 
using the Bradford assay at a wavelength of 595 nm, with a calibration 
curve based on bovine serum albumin (BSA). A protein-to-protein 
variation absorbance coefficient of 0.68 ± 0.26 was used. Addition
ally, the reported purity of the rAaeUPO solution YrAaeUPO/Protein (i.e. 85% 
of the overall protein content) was accounted [61], along with its molar 
mass MAaeUPO of 51.1 kDa [59,60]. The enzyme concentration of 
rAaeUPO was calculated considering volume V and dilution factor f 
using Eq. (2.1): 

crAaeUPO =
mProtein

V • MrAaeUPO
• YrAaeUPO/Protein • f (2.1) 

rAaeUPO activity was assessed with veratryl alcohol (VA; 3,4-dimethox
ybenzyl alcohol) as a model substrate, with assays run in triplicate and 
appropriate blanks to account for non-enzymatic reactions. The alcohol 
oxidation of VA to veratraldehyde was measured at a wavelength of 310 
nm in 96-well microtiter plates at 25 ◦C using a microplate reader (Tecan 
Spark, Switzerland). The reaction was started by adding either H₂O₂ or 
the enzyme. Initial rates were obtained from the linear change in 
absorbance dE/dt and converted to apparent VA activity vVA using Eq. 
(2.2): 

vVA =
dE

dt • εVA • d
• f (2.2) 

where εVA is the extinction coefficient (9300 1/(M ⋅ cm)) and d is the 
optical path length. The reaction mixture consisted of 70 μL potassium 
phosphate buffer (pH 6.1), 100 μL of 50 mM VA solution (25 mM final), 
10 μL of 40 mM H₂O₂ (2 mM final) and 20 μL enzyme sample. The 
enzyme activities were reported in UVA/mL (μmol/(min ⋅ mL)) as 
apparent enzyme activity.

2.3. Analytical methods

Hydrogen peroxide, the co-substrate of the enzymatic reaction, was 
quantified with a Cu(II)–neocuproine photometric test kit (Supelco 
Spectroquant, Merck), measuring absorbance at 445 nm in microtiter 
plates with the microplate reader. Prior to analysis, all samples were 
diluted to maintain H₂O₂ concentrations below 0.18 mM, guided by 
semiquantitative enzymatic test strips (Supelco MQuant, Merck).

The in the process targeted enzymatic reaction of EBA to HEBA was 
analyzed quantitatively using high-performance liquid chromatography 
(HPLC) (Chromaster, Hitachi, Japan) with a diode array detector. A 
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gradient elution method (see Fig. S6-S8 in SI) was employed, utilizing 
mobile phase A (0.1% formic acid in water) and mobile phase B 
(acetonitrile). The solvent gradient profile was as follows: 1 min – 80% 
(A), 20% (B); 10 min – 20% (A), 80% (B); 12 min – 80% (A), 20% (B). 
The total run time was 16 min including a 1 min equilibration time 
between runs, with HEBA eluting at 2.6 min and EBA at 8.3 min. 
Chromatographic separation was carried out at a column oven temper
ature of 35 ◦C, with samples maintained at 10 ◦C in the autosampler. 
Samples of 3 μL volume were injected at ~130 bar and at a flow rate of 
0.5 mL/min onto a Gemini 3u C18 110 A column (100 × 3 mm). 
Detection was performed at 237 nm, and quantification of EBA and 
HEBA concentrations was based on calibration curves spanning a con
centration range of 0.0 to 2.0 mM. All samples were diluted accordingly.

2.4. Kinetic investigation of the EBA to HEBA reaction

Beforehand, a kinetic study was conducted to determine the optimal 
co-substrate and substrate concentration for the enzymatic conversion. 
Reaction mixtures were prepared in a total volume of 1 mL, containing 
10.9 nM rAaeUPO, and varying EBA and H2O2 concentrations ranging 
from 0.2 to 20 mM in potassium phosphate buffer of pH 6.1. The linear 
reaction range was determined for the initial reaction rate within the 
tested concentration range. Within this linear range, after 60 s of reac
tion, the enzymatic activity was halted by adding 10 μL of sodium azide 
to quench the reaction, and samples were collected for further analysis.

2.5. Electrochemical fluidized bed reactor, concept and setup

A three-phase fluidized bed electrode system, introduced in our 
previous study [51], was employed for this work. Fig. 1 illustrates the 
cross-section of the fully 3D-printed setup, comprising a working elec
trode (WE), a counter electrode (CE), and an Ag/AgCl reference elec
trode (RE, ALS, Japan). The reactor was divided by a cation exchange 
membrane (FKB-PK 130 μm PEEK-reinforced, Fumatech, Germany) into 
a central working electrode chamber (15 mm diameter) and a sur
rounding counter electrode chamber. Hereby, the working electrode 

consisted of a bed of commercial graphite particles (Desulco 9018, Su
perior Graphite, USA) sieved to a particle size of 800–1200 μm. These 
particles were contacted by a four-layer platinized titanium grid current 
feeder (9 mm spacing between layers) and thoroughly washed with a 
50% (v/v) ethanol solution and ultrapure water before use. At the sur
face of the particle electrode and the current feeder, oxygen was elec
trochemically reduced to hydrogen peroxide, serving as a co-substrate 
for the enzyme-catalyzed hydroxylation of EBA to HEBA. Meanwhile, 
water oxidation occurred at the counter electrode which was built from 
platinized titanium wire, helping to replenish H+ ions via the membrane 
in the buffered working electrode chamber. Additionally, the membrane 
prevented electrolyte solution mixing, thereby maintaining distinct 
conditions in each chamber and avoiding side reactions at the counter 
electrode.

To support H₂O₂ generation and enhance mixing, the working- 
electrode (WE) chamber was oxygenated via a bottom-mounted air 
sparger (pore size: 2 μm, Mott, USA). Airflow was controlled by a mass- 
flow controller (FC260, Tylan General, Germany), fluidizing the elec
trode particles. Excess air was vented from the top of the WE chamber, 
and dissolved O₂ was continuously monitored with an oxygen sensor 
(Oxybase, PreSens, Germany). In parallel, the counter-electrode (CE) 
electrolyte was recirculated through a 1 L reservoir by a peristaltic pump 
(ISM 832, Ismatec, Switzerland) to remove O₂ bubbles formed during 
water electrolysis and to minimize pH drift. The potential between the 
working and reference electrodes was controlled with a Gamry poten
tiostat (Interface 5000, Gamry Instruments, USA).

2.6. Electro-enzymatic process

During operation of the fluidized bed reactor, the working electrode 
chamber was filled with 35 mL of 100 mM potassium phosphate buffer 
at pH 6.1 and sparged with an air flow rate of 73 mL/min (superficial gas 
velocity ~7 mm/s), with a volumetric mass transfer coefficient kLa of 
1.5 1/min determined by the dynamic gassing method as described 
previously [51], to ensure oxygen supply and maintain near-saturation 
dissolved oxygen levels in the bulk liquid. This air flow resulted in the 

Fig. 1. Graphical representation of the cross-section of the electrochemical fluidized batch reactor of our previous publication [51]. The reactor consisted of two 
chambers separated by a cation exchange membrane (CAT, purple). The counter (CE, orange) and working electrode (WE, green) were assembled concentrically in a 
cylindrical reactor shell. The counter electrode was a platinized titanium wire wrapped around the working electrode chamber. The working electrode consisted of 
graphite electrode particles, that were electrically contacted by a four-level platinized titanium grid. An Ag/AgCl reference electrode (RE, blue) completed the three- 
electrode setup. In batch operation, the electrode particles were fluidized by air via a gas inlet (GWE, air) and oxygen was resupplied via a sparger rod (red) to the 
system. The electrolyte in the counter electrode (LCE) was circulated over a reservoir. In the working electrode chamber the enzymatic hydroxylation of EBA to HEBA 
by unspecific peroxygenase rAaeUPO took place. The hydrogen peroxide was generated in-situ at the graphite particle electrode surface by reducing oxygen. All 
samples were directly taken from the top of the working electrode chamber. At the counter electrode water oxidation occurred, which helped to replenish H+ ions in 
the buffered working electrode chamber.
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fluidization of 4.5 g graphite electrode particles, occupying an electrode 
volume of Ve ~7 mL and creating an electrode area of 121.3 cm2, 
significantly exceeding the geometric surface area of the four-layer 
platinized titanium grid current feeder (17.5 cm2). In parallel, a 250 
mM K₂SO₄ solution of pH 3.1 was circulated with 6 mL/min over the 
counter electrode chamber to maintain stable operation conditions. All 
samples were taken from the top of the working electrode chamber, and 
pH was checked periodically.

Before each electro-enzymatic process, we conducted experiments 
focused on determining the hydrogen peroxide generation rate in the in- 
situ process. The electrochemical reaction at the particle electrode was 
initiated by applying a controlled potential via the potentiostat, thereby 
reducing oxygen to H₂O₂. The potentials − 0.40, − 0.47, − 0.55, and 
− 0.63 V vs. Ag/AgCl were chosen to examine their effect on H₂O₂ pro
duction rates. During each experiment, dissolved oxygen levels were 
monitored, while hydrogen peroxide concentrations were measured at 
regular intervals.

For the electro-enzymatic process, H2O2 production rates were 
selected based on the preliminary electrochemical investigations, and 
~5 mM EBA were initially added in the potassium phosphate buffer of 
pH 6.1. Furthermore, two different initial enzyme concentrations of 
20–24 ± 6 nM and 30–34 ± 9 nM rAaeUPO were employed, corre
sponding approximately to apparent enzyme activities of 0.11–0.13 
UVA/mL and 0.19–0.20 UVA/mL. The process was started by applying 
the respective electrode potential vs Ag/AgCl. Samples were collected in 
triplicates at regular intervals from the working electrode chamber and 
replaced with potassium phosphate buffer (~1.7 mL) to maintain vol
ume. For each sample, the apparent enzyme activity, H₂O₂ concentra
tion, the concentrations of EBA and the product HEBA were determined. 
To quench the enzymatic reaction immediately after sampling for H2O2 
and EBA/HEBA analysis, 10 μL of sodium azide was added. All analytical 
measurements were performed using established assays and HPLC 
methods as previously described.

2.7. Performance and data analysis

The process performance was quantified by production rate q̇p,i, 
space-time yield (STYi), current density ja and current efficiency Φe

i . For 
the purely electrochemical reference, these performance indicators were 
determined for the electrogenerated co-substrate H2O2 (i = H2O2) under 
identical process conditions to those used for electro-biocatalytic ex
periments, but without enzyme. Whereas for the combined electro- 
enzymatic process with enzyme, these performance indicators were 
calculated with the enzymatic product HEBA (i = HEBA). Unless stated 
otherwise, these performance indicators were evaluated at 15 min of 
operation. The total turnover number (TTNHEBA) was calculated over the 
entire process, from start until no enzyme activity and product forma
tion were detectable. Definitions and calculations for q̇p,i, STYi, ja, Φe

i 

and TTNHEBA followed our previous studies (see Eqs. S2.1-S2.5 in SI) 
[51,62].

Furthermore, because repeated withdraw of samples with Vs = 1.7 
mL was non-negligable in comparison to the reactor volume Vr = 35 mL, 
both product and reactant removal as well as dilution due to buffer 
refilling were considered within a molar balance of the process (see Eqs. 
S1.1-S1.5 in SI). To asses all product formed, the total amount including 
product loss due to sampling was determined. At each sampling point j, 
the HEBA concentration cHEBA,j in the reactor was used to calculate the 
lost product amount per sample. The cumulative product loses until the 
current point of sampling k were then added to the amount of product 
Vr • cHEBA,k remaining in the reactor. Eq. (2.3) captures the total amount 
of HEBA nHEBA,total,k: 

nHEBA,total,k = Vr • cHEBA,k +
∑k

j=0
cHEBA,j • Vs (2.3) 

Respectively, in Eq. (2.4) the cumulative sampling-induced EBA loss 

nEBA,samples,k was calculated using the determined EBA concentration 
cEBA,j from each sample j up to point k: 

nEBA,samples,k =
∑k

j=0
cEBA,j • Vs (2.4) 

To calculate the overall yield YHEBA/EBA for the entire process, the EBA 
amount available for conversion nEBA,available was obtained by sub
tracting the cumulative EBA losses up to the final sample from the initial 
amount of EBA nEBA,initial = Vr • cEBA,initial. The final sample point kfinal 

was defined as the time at which no enzyme activity remained (see Eq. 
(2.5)): 

nEBA,available = Vr • cEBA,initial −
∑kfinal

j=0
cEBA,j(t) • Vs (2.5) 

The overall yield of the process was then calculated by Eq. (2.6) as the 
ratio of the final total amount of HEBA (Eq. (2.3)) evaluated at k =

kfinal) to the available amount of EBA: 

YHEBA/EBA =
nHEBA,total,final

nEBA,available
(2.6) 

For graphical representation of the molar balance, nHEBA,total,k and 
nEBA,samples,k were normalized by the reactor volume and plotted together 
with the in-reactor concentration cEBA,k in the result section.

3. Results and discussion

3.1. Preliminary investigation of electrochemical H2O2 generation

Prior to the electro-enzymatic batch process, co-substrate (H2O2) 
generation was quantified in enzyme-free, purely electrochemical ex
periments in the fluidized bed reactor. Building on our previous study 
[51], we now refine the potential window for efficient H2O2 formation 
relevant to the peroxygenase by evaluating applied potentials of − 0.40, 
− 0.47, − 0.55 and − 0.63 V vs. Ag/AgCl. Also, in this work, to intensify 
gas–liquid transfer and mixing for the electrochemical and the pursued 
combined electro-enzymatic process, air was now consistently supplied 
to the working electrode chamber at 73 mL/min (kLa = 1.5 1/min). All 
experiments were performed under peroxygenase-compatible condi
tions (pH 6.1, 100 mM supporting electrolyte) in the working electrode 
chamber, under which the unspecific peroxygenase was confirmed to 
remain stable despite the applied aeration (see Fig. S5 in SI). The counter 
electrode chamber was maintained at acidic pH 3.1 with 250 mM sup
porting electrolyte. The resulting H₂O₂ generation rates and the current 
density over time are shown in Fig. 2A and B.

In the fluidized bed reactor H2O2 was successfully generated at the 
graphite electrode particles. Applying a more negative, cathodic po
tential (− 0.40 to − 0.63 V) increased the reduction of O2 to hydrogen 
peroxide from 0.56 ± 0.04 to 1.87 ± 0.03 mM/h, enabling precise 
control of the H2O2 production rate via the applied potential. Consistent 
with the reduction potential, the average current density also became 
more negative, from − 22 ± 5 to − 70 ± 22 μA/cm2 (compare Fig. 2B). 
Since current was normalized to the geometric electrode area, this in
crease in magnitude of the current density alongside the elevated H2O2 
rate, indicates that a larger fraction of the fluidized electrode particles 
operated within a potential window favorable for electrochemical 
reduction of O₂ to H₂O₂. This current-potential relationship could be 
attributed to the inherent potential drop across the particle bed of the 
fluidized bed electrode due to particle-particle contact resistance 
[45,46,51]. As a consequence, particles located farther from the current 
feeder operated at more positive potentials than the applied potential at 
the current feeder. Thus, particularly at more positive potentials, a 
fraction of the particle bed did not reach the required overpotential for 
H2O2 formation and therefore did not contribute to O2 reduction. At 
more negative applied reduction potentials, an increasing number of 
particles reached the required potential for oxygen reduction, thereby 
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leading to elevated H2O2 rates. In addition to this inherent resistance of 
the particle bed, intense air sparging, while beneficial for mixing and 
oxygen redelivery, caused rapid changes in the electrically connected 
fraction of the bed. This is reflected in the time-resolved current density, 
which exhibits superimposed oscillations. Two effects contribute to this 
behavior: (i) fluidized particles intermittently made or broke contact 
with one another or with the current feeder, (ii) gas bubbles temporarily 
attached to hydrophobic graphite surface, altering the available elec
troactive area in the reactor. Despite these current fluctuations, the H₂O₂ 
production rate remained stable over the investigated period, suggesting 
a dynamic steady state of the fluidized particle bed, and sufficient 
mixing by the aeration. Furthermore, we evaluated how efficient the 
current was converted into co-substrate. Under the enzyme friendly, 
near neutral pH of 6.1 and low salt concentration of 100 mM, competing 
side reactions, particularly further reduction of H2O2, were evident. The 
maximum current efficiency with 43.7 ± 11.9% was obtained at − 0.47 
V and a H2O2 production rate of 0.97 ± 0.09 mM/h, being slightly 4–5% 
higher than at − 0.40 V and − 0.55 V and within literature values re
ported for carbon materials at neutral pH (26.5–75.7%) [63]. At − 0.63 
V, the current efficiency dropped sharply to 16.4 ± 2.6% due to the 
onset of water electrolysis. These findings also align with our previous 
study [51], in which the platinized titanium current feeder itself (in the 
absence of graphite particles) exhibited only minor H₂O₂ formation (≤
0.05 mM/h) and low current efficiencies (≤ 8.1%), while strongly pro
moting water splitting at potentials more negative than − 0.55 V. 
Accordingly, although the cathodic window for oxygen reduction on the 
more selective graphite is not yet exhausted, the platinized current 
feeder limits overall system efficiency, particularly at more negative 
potentials due to enhanced water splitting. The operating potential 
therefore constitutes a trade-off between production rate and current 
efficiency. Even so, tuning the applied potential remains an effective 
means to precisely regulate co-substrate supply in the reactor. Overall, 
the fluidized bed reactor provides stable, well-mixed, co-substrate de
livery at moderate current densities for the intended electro-enzymatic 
in-situ process. The full set of electrochemical performance indicators 
is provided in Table S1 in SI.

3.2. Kinetic investigation of electro-enzymatic process conditions

In addition to the electrochemical H2O2 generation, the kinetics of 
the EBA-to-HEBA conversion were characterized to identify the oper
ating window of the combined electro-enzymatic process. Previous 
studies have shown that excessive hydrogen peroxide concentrations 
inhibit and deactivate unspecific peroxygenases [40,64–67]. Besides 
this widely investigated co-substrate inhibition, both insufficient or 
excessive educt concentrations may also slow reaction rates [39]. To 
balance these effects and maximize our production rates at practical EBA 
and H2O2 concentrations, we conducted a kinetic study to pinpoint 
feasible hydrogen peroxide concentrations and assess potential reactant 
inhibition effects. This study consisted of small-scale (1 mL) batch ex
periments, in which the reaction was halted within the initial linear 
period of enzymatic product generation using sodium azide. The results 
of these experiments are presented in Fig. 3A and B, showing the initial 
production rate of HEBA over the initial concentrations of EBA and H2O2 
in the experiment. A maximum EBA concentration of 20 mM was used, 
as concentrations of 25 mM and higher proved to be incompletely sol
uble in the 100 mM potassium phosphate buffer of pH 6.1.

Fig. 3A shows that the unspecific peroxygenase exhibited substrate 
excess inhibition by both the co-substrate H2O2 and the educt EBA, as 
reflected by decreasing initial reaction rates at higher EBA and H2O2 
concentrations, which deviates from classical Michaelis-Menten 
behavior. This is consistent with Bormann et al. [31], who likewise re
ported reduced initial reaction rates at elevated H2O2 or EBA concen
trations, although in our case inhibition was more pronounced at pH 6.1 
than reported in their study at pH 7. At EBA or H2O2 concentrations ≥
15 mM, we observed initial rates remaining well below 50% of the 
maximum. The highest initial HEBA formation rates (≥ 7 mM/h) 
occurred for concentrations of 1–5 mM H2O2 and 1–5 mM EBA, with a 
maximum of 8.6 mM/h at 2.5 mM EBA and 2.5 mM H2O2. Although 
these H2O2 levels provided high initial reaction rates, they are rather 
unsuitable for sustained operation because they compromise enzyme 
stability and lead to accelerated deactivation of UPOs over time [39,67]. 
Consequently, unspecific peroxygenase-catalyzed systems typically 
employ in-situ H2O2 generation or controlled H2O2 delivery, in which 
the co-substrate is dosed just in the right amount, so that its bulk con
centration remains close to zero (e.g. 0.06–0.28 mM [40] or 0.2–0.4 mM 

Fig. 2. Preceding electrochemical experiments to determine the in-situ generation of hydrogen peroxide for the electro-enzymatic process. In A the H2O2 con
centration and in B the moving average of the current density are shown over time. The hydrogen peroxide generation was investigated at different applied potentials 
of − 0.40, − 0.47, − 0.55 and − 0.63 V vs. Ag/AgCl and H2O2 was measured in triplicates. Experiments were conducted, using 4.5 g of graphite particles (800–1200 
μm), 100 mM potassium phosphate buffer at pH 6.1 and an air flow rate of 73 mL/min (kLa = 1.5 1/min) in the working electrode. A 250 mM potassium sulfate 
solution at pH 3.1 was utilized in the counter electrode chamber. The performance indicators of these preceding electrochemical H2O2 investigations are listed in 
Table S1 and Table S2 in SI.
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[68]). In our kinetic investigation, initial reaction rates at low concen
trations of either H2O2 or EBA also remained far below the maximum, 
and in addition, diminished with increasing imbalance of EBA:H2O2 
ratio, e.g.: 1 mM EBA with 1 mM H₂O₂ yields ~64% of the maximum, 5/ 
1 mM ~47%, 10/1 mM ~16% and 15/1 mM ~7%. Ergo, in-situ pro
cesses do not operate at the maximal achievable rates and depending on 
educt, substrate and enzyme concentration only certain rates are 
kinetically possible. Also, provided that no accelerated enzyme deacti
vation occurs, these trends indicate that maintaining a slight excess of 
H₂O₂ (e.g. up to 0.5 or 1 mM) can be beneficial for production rates, 
whereas strongly unbalanced conditions – with a large inhibitory excess 
of either reactant or with EBA driven toward near depletion – are un
likely to maximize catalytic turnover or volumetric productivity in the 
electro-enzymatic in-situ process. In principle, maintaining such a con
stant H2O2 excess under stable operation requires that the H2O2 pro
duction is not greater than the maximum achievable HEBA formation 
rate at the respective EBA, H2O2 and enzyme concentration [29].

For integration into the electro-enzymatic process, we selected 5 mM 
EBA as the starting concentration to remain within the kinetically 
favorable 1–5 mM range. Compared with EBA concentrations >5 mM at 
the same H₂O₂ concentration, this window yielded good initial HEBA 
rates already at low H₂O₂ concentrations (beneficial for enzyme stabil
ity). Fig. 3B isolates this process-relevant window from Fig. 3A and 
overlays for a stable process with constant production dotted lines onto 
the 2D HEBA rate field, indicating theoretical HEBA production rates 
that correspond to the previously determined potential-dependent H₂O₂ 
generation rates. At the investigated enzyme concentration, these lines 
map expected operating points of the in-situ process where enzymatic 
consumption matches or outperforms H₂O₂ production, indicating 
theoretical maximal HEBA rates at the respective EBA and H₂O₂ con
centrations. In principle, assuming constant enzyme activity, a batch 
process would follow at a certain constant rate these dotted lines, 
spanning i.e. a theoretical process window. Under these ideal conditions 
with no enzyme inactivation, increasing the H2O2 supply shifts this 
production–consumption intersection in Fig. 3B (dotted lines) toward 
operating points with higher attainable HEBA rates, requiring also 

higher H₂O₂ levels at a given available EBA concentration. However, at 
the investigated enzyme concentration of 10.9 nM and the determined 
H₂O₂ generation rates (~0.6 mM/h to ~1.9 mM/h), these intersections 
lie near or above 0.2–0.3 mM H₂O₂, an upper threshold for enzyme 
stability, where deactivation has been reported to reduce TTNs for UPO- 
catalyzed systems [35,40]. Because Fig. 3 reports solely initial rates and 
UPO activity is known to inherently decay during catalysis [27,29,66], 
sustained operation in this regime is expected to necessitate a 2 to 3-fold 
higher enzyme concentration, assuming initial HEBA rates scale with 
enzyme concentration, which would move the process window (dotted 
lines) to lower H2O2 concentrations and provide an additional margin 
against deactivation over time. Nevertheless, initial rate kinetics alone 
cannot provide an assessment of enzyme stability or the enzyme con
centration required for a respective conversion and instead both must be 
benchmarked at the experimentally determined H₂O₂ generation rates in 
the electrochemical fluidized bed reactor.

3.3. Tuning H₂O₂ rates for the electro-enzymatic process: an enzyme- 
constrained approach

To achieve high HEBA production rates and competitive total turn
over numbers with the fluidized bed electrode, an optimal H₂O₂ gener
ation rate is required. The rate must be high enough to sustain and 
maximize catalysis, while avoiding H₂O₂ excess accumulation that could 
destabilize the peroxygenase rAaeUPO. Guided by the preceding in
vestigations in Sections 3.1 and 3.2, we benchmarked four different 
hydrogen peroxide generation rates (Fig. 4A: ~0.6 mM/h, B: ~1.0 mM/ 
h, C: ~1.3 mM/h and D: ~1.9 mM/h) using comparable initial rAaeUPO 
concentrations of 20–24 ± 6 nM (~2× Fig. 3) at a pH value of 6.1 and an 
initial EBA concentration of ~5 mM EBA.

In Fig. 4A, a hydrogen peroxide generation rate of 0.56 ± 0.04 mM/h 
was applied at − 0.40 V vs. Ag/AgCl, enabling steady hydroxylation of 
EBA to HEBA by the unspecific peroxygenase. By accounting for EBA 
and HEBA losses due to sampling, the mol balance was successfully 
closed. The HEBA production rate of 0.51 ± 0.01 mM/h aligned stoi
chiometrically with the consumption rates of EBA and H2O2 (~0.5–0.6 

Fig. 3. Initial HEBA formation rates at varying initial EBA and H2O2 concentrations (0–20 mM) were determined in 1 mL batch experiments. Reactions were 
performed in 100 mM potassium phosphate buffer (pH 6.1) at room temperature, initiated by addition of 10.9 nM enzyme, and quenched after 60 s with 10 μL 
sodium azide. Each data point (filled black dot) represents an experimentally measured initial reaction rate in duplicates, and the color scale from blue to red in
dicates increasing initial HEBA reaction rates. A presents the entire investigated range as 3D plot, whereas B highlights a process-relevant section as 2D map. Dotted 
lines in B mark process windows where the theoretical achievable HEBA production rate matches or exceeds the determined potential-dependent H2O2 rate 
(~0.6–1.9 mM/h). Assuming no enzyme inactivation and constant H2O2 generation in an in-situ batch process, these intersections represent operating points at the 
respective EBA and H2O2 concentrations where H2O2 production and consumption to HEBA are balanced (stable operation).
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mM/h), confirming that the co-substrate was exclusively used for the 
hydroxylation of EBA to HEBA. At this production rate, the hydrogen 
peroxide concentration in the reactor volume remained close to 0 mM 
until approximately 150 min. A small excess of H₂O₂ became detectable 
at 210 min, with one-third of the initial apparent enzyme activity still 
active. Complete enzyme inactivation occurred at 400 min, yielding a 
total HEBA concentration of 2.54 mM, including losses due to sampling. 
Nevertheless, throughout the process, H₂O₂ concentrations stayed below 
0.3 mM, indicating an in-situ production, where co-substrate generation 
matched enzymatic consumption for the EBA to HEBA conversion. 
Despite this, a steady decrease in apparent veratryl alcohol activity was 
observed. This decline can be attributed to a combination of enzyme 
dilution due to sampling and turnover-dependent enzyme inactivation. 
The latter is consistent with the known behavior of unspecific perox
ygenases, which, in addition to productive catalysis, can undergo H₂O₂- 
driven side reactions (e.g., catalase-like dismutation to water and oxy
gen) leading to oxidative heme damage and loss of activity [66]. 
Although limited at low bulk H₂O₂ levels, such pathways still occur at a 

slow rate and are expected to accelerate with excess H₂O₂ accumulation 
[66]; however, no such acceleration was observed in Fig. 4A. Control 
experiments exhibited no significant loss of activity over 240 min under 
air sparging conditions (73 mL/min, kLa = 1.5 1/min) and potential 
shear stress from electrode particles, compared to a reference without 
air sparging (see Fig. S5 in SI), indicating that the observed activity 
decrease is not caused by external process effects. At the end of the 
process in Fig. 4A, 0.52 mM of EBA remained in the reactor resulting in a 
yield of 82%, indicating the applied enzyme amount may be the limiting 
factor for achieving complete conversion of the available EBA to HEBA. 
The extended process time of 400 min, coupled with the low reaction 
rate, resulted in also considerable enzyme and EBA losses and dilution 
due to sampling (1.7 mL per sample compared to 35 mL reactor volume), 
reducing enzyme activity and EBA concentration in the reactor. This 
depletion likely affected the kinetics of HEBA generation toward the 
later stages of the process, yielding 2.54 mM HEBA compared to the 
~3.1 mM EBA available in total for conversion. At a nearly constant 
H2O2 generation rate, both the enzyme activity depletion and the 

Fig. 4. Comparison of the electro-enzymatic catalysis of rAaeUPO (20–24 ± 6 nM) at different H2O2 generation rates (A: ~0.6 mM/h, B: ~1.0 mM/h, C: ~1.3 mM/h 
and D: ~1.9 mM/h), each with a similar initial apparent enzyme activity of approximately 0.11–0.13 UVA/mL. Experiments were conducted, using 4.5 g of graphite 
particles (800–1200 μm), 100 mM potassium phosphate buffer at pH 6.1 and an air flow rate of 73 mL/min (kLa = 1.5 1/min) in the working electrode chamber. A 
250 mM potassium sulfate solution at pH 3.1 was utilized in the counter electrode chamber. For representation, the mol balance for EBA and HEBA was closed. The 
cumulative loss due to sampling was separately highlighted for EBA as a loss (yellow), accounted for within the total concentration for HEBA (blue) and displayed 
together with the concentration of EBA in the reactor (orange). Additionally, the H₂O₂ concentration (green) and the apparent residual activity toward the model 
substrate VA (purple) are shown. During batch operation, samples were directly taken from the reactor, and the sampled volume refilled with buffer without EBA and 
without enzyme. Samples for EBA/HEBA and H2O2 analysis were deactivated by sodium azide.
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following lower achievable HEBA rate, lead to a necessary small excess 
of H2O2 toward the end of the process, as depicted in the time resolved 
process kinetics in Fig. S1 (based on Fig. 3). While these factors 
contribute to the observed limitations, the primary constraint on entire 
HEBA production is the insufficient H₂O₂ generation rate, which failed to 
support higher production rates.

When the hydrogen peroxide rate was increased to 0.97 ± 0.09 mM/ 
h at − 0.47 V vs. Ag/AgCl in Fig. 4B, the HEBA generation rate rose 
correspondingly to 0.84 ± 0.08 mM/h. During the first 30 min an excess 
of ~0.15 mM hydrogen peroxide formed, which remained around this 
level until 200 min in the process, suggesting a stationary state resulting 
from H₂O₂ generation and its consumption via EBA hydroxylation to 
HEBA. This can be seen even better in the time-resolved analysis of the 
process kinetics, showing a production–consumption balance near 
~0.15 mM H₂O₂ during this time (Fig. S2, based on Fig. 3). Due to the 
increased H2O2 rate, the matching HEBA rate required in the stationary 
state a slightly elevated H2O2 concentration, making this a kinetic bulk 
effect and not an effect arising from insufficient mixing, as most of the 
H2O2 generation happens at the lower reactor section, where the ma
jority of the particle electrode is located. Between 210 and 270 min, 
once EBA decreased to ≤1 mM and the apparent enzyme activity 
dropped below 0.02 UVA/mL, the operation point in the reactor shifted 
to higher H₂O₂ concentrations. This resulted in a sharp hydrogen 
peroxide accumulation of 0.50 mM, which was not beneficial for enzyme 
stability and potentially deactivated the enzyme during the final phase 
of the process. In this regime with low remaining active enzyme and 
reduced EBA concentrations, the enzyme was falling short kinetically as 
even increasing H2O2 concentrations did not help to maintain the HEBA 
formation rate, causing the HEBA rate to drop from ~0.9 mM/h to ~0.5 
mM/h (i.e. tipping point), and consequently H2O2 to rise due the low
ered H2O2 consumption (Fig. S2). This sharp rise in H2O2 concentration 
in turn further promoted deactivation of the enzyme until no enzyme 
activity was left. Despite the late-stage H2O2 excess, the enzyme effec
tively handled the elevated H₂O₂ generation rate and performance 
improved overall relative to Fig. 4A (H₂O₂ rate 0.56 ± 0.04 mM/h). 
HEBA reached a total concentration of 3.15 mM, higher than in Fig. 4A, 
owing to the combination of slightly higher initial apparent enzyme 
activity (0.13 vs. 0.11 UVA/mL) and the higher H₂O₂ supply rate, which 
accelerated conversion and shortened the process time from 390 to 270 
min. The process achieved a yield of 80%, allowing the assumption that 
the initial enzyme amount may have been globally sufficient, but due the 
described effects e.g. negative influence of dilution on the kinetics, full 
conversion was not achievable at this applied enzyme concentration.

In Fig. 4C, a hydrogen peroxide rate of 1.27 ± 0.02 mM/h (− 0.55 V 
vs. Ag/AgCl) was applied, resulting in an initial HEBA production rate of 
1.10 ± 0.02 mM/h. Although this HEBA production rate was signifi
cantly lower than the electrochemical H2O2 generation rate, hydrogen 
peroxide concentration remained slightly below 0.2 mM during the first 
120 min, indicating near on-demand utilization at the start of the pro
cess. The increased H₂O₂ delivery improved the HEBA production rate, 
allowing the process to conclude in less time at 210 min with no 
remaining enzyme activity. Owing to the higher reaction rates compared 
to Fig. 4A and B, less EBA was lost through sampling. Additionally, this 
reduced sampling loss helped to maintain an EBA surplus of more than 
~0.9 mM over the entire process, which together with the small excess 
of H2O2 likely further benefited the reaction rate kinetically (see 
Fig. S3). However, as the apparent enzyme activity dropped to 0.03 
UVA/mL at 120 min, the hydrogen peroxide concentration started to 
further increase. Due to a presumably lower H2O2 consumption, a higher 
difference between H2O2 rate and HEBA production than initially re
ported was apparent. Between 150 and 210 min at elevated hydrogen 
peroxide concentrations exceeding 0.2–0.3 mM, no further hydroxyl
ation to HEBA was observed, despite seemingly sufficient apparent 
enzyme activity and available EBA. Based on the time-resolved kinetic 
analysis in Fig. S3, at this stage close to 1 mM EBA and low remaining 
enzyme activity, substantially higher H2O2 concentrations than 

observed would have been necessary to uphold a HEBA production or 
H2O2 consumption rate identical to the start (~1.1–1.3 mM/h), making 
a stable process point kinetically unattainable (achievable ~0.5 mM/h) 
and resulting in further H2O2 accumulation. Presumably, at this point 
(~150 min), the imbalance between H2O2 supply and productive turn
over likely shifted the enzyme response toward non-productive path
ways, e.g. catalase malfunction, which is the enzyme's inherent 
mechanism to cope with the rising H2O2 amounts [29,66], leading to 
progressive inactivation and resulting in negligible HEBA formation. In 
addition, local H₂O₂ concentrations at the electrode surface were likely 
higher than the bulk values reflected by the measurement from the top 
of the reactor. This localized increase, along with possible pH shifts 
directly at the particle surface caused by proton consumption during 
oxygen reduction, could have also contributed to reduced enzyme sta
bility, despite the bulk electrolyte being buffered. By 210 min, the HEBA 
concentration reached a final value of 2.96 mM, corresponding to a yield 
of 77%. Here, the HEBA amount was slightly lower than in Fig. 4B (H₂O₂ 
generation rate of 0.97 ± 0.09 mM/h), consistent with the reduced 
ability of the enzyme to tolerate and productively utilize the elevated 
H₂O₂ concentrations in Fig. 4C.

In Fig. 4D, a hydrogen peroxide generation rate of 1.87 ± 0.03 mM/h 
was applied, which resulted in a HEBA production rate of only 0.68 ±
0.02 mM/h. As these initial production rates are determined during the 
first 15 min, this immediate mismatch indicated evidently that the 
enzyme could not handle the elevated H₂O₂ supply from the beginning. 
Rapid enzyme inactivation occurred within the first 30 min, yielding a 
HEBA concentration of just 0.32 mM HEBA. Consequently, no on- 
demand balance was established between H₂O₂ consumption and pro
duction, as the excess H₂O₂ accumulated throughout the process. 
Notably, the initial rise in excess H₂O₂ of ~0.60 mM/h did not corre
spond with the applied generation rate determined in prior pure elec
trochemical experiments minus the HEBA production rate, i.e., the 
combined mass balance of HEBA and H2O2 formation could not be 
closed. This deviation suggests that the enzyme consumed H2O2 in non- 
productive reactions during inactivation. Interestingly, Karich et al. re
ported a TTN of 12,500 mol/mol for the “pure” catalase activity of 
AaeUPO (i.e. with H2O2 as sole substrate) [66]. Given that the initially 
applied enzyme was inactivated within 30 min (Fig. 4D), a comparable 
catalase-type response under excessive H2O2 would correspond to a 
H2O2 consumption rate of ~0.5–0.6 mM/h. Together with irreversible 
loss of peroxygenase activity via heme-bleaching and/or protein 
oxidation, such non-productive consumption could explain the observed 
mass balance gap and initially suppress the measured bulk H2O2 con
centration. Moreover, enzymes near the electrode surface may have 
encountered even higher H2O2 levels. Close to the H2O2 origin, this 
could create a self-accelerating effect as the inactivation near the elec
trode surface would lower the amount of active enzyme locally, which in 
turn would further exacerbate the kinetically unfavorable mismatch 
between local co-substrate supply and enzymatic capacity, accelerating 
inactivation faster than active enzyme could be replenished by mixing 
due to aeration, ultimately inactivating all remaining active enzyme. 
These interpretations are generally supported by the time-resolved ki
netic analysis in Fig. S4 in SI, which suggests that at the applied H2O2 
rate, the EBA hydroxylation rates required for an on-demand regime 
should have been kinetically achievable given the amount of enzyme, 
EBA and H2O2 concentrations (Fig. S4B). However, as H2O2 accumu
lated (Fig. S4C), enzyme activity declined faster than the rising H2O2 
levels could kinetically compensate for (i.e., by increasing the maximal 
achievable HEBA rates), preventing the establishment of a production- 
consumption balance as observed in Fig. 4A-C and instead leading to 
complete peroxygenase inactivation and rapid H2O2 accumulation. 
Furthermore, this rapid inactivation effect may have been intensified by 
reactive oxygen species formation at the potential of − 0.63 V, as su
peroxide, hydroxyl and hydroperoxyl radicals have been proposed 
during oxygen reduction under certain conditions [41,69,70]. At a 
higher current density and given the lower reported current efficiency 
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for H2O2 generation (see Section 3.1), additional electrochemical side 
reactions could also have induced pH-shifts at the electrode particle 
surface, inhibiting the enzyme locally and further accelerating 
inactivation.

To get a better overview of the key performance indicators of the 
batch processes, parameters such as the STYHEBA, current density, cur
rent efficiency, TTN and the production rates were calculated and 
summarized in Table 1. STYHEBA was calculated based on the volume 
occupied by the electrode particles, whereas the production rates were 
referenced to the electrolyte volume. For direct comparability, current 
density, current efficiency, production rate, and STYHEBA were evaluated 
at 15 min into the experiments. Additional performance data for both 
the electro-enzymatic system and the electrochemical H₂O₂ generation 
control are provided in Tables S1, S3, and S5 in the SI.

Consistent with the observed HEBA production rates, the STYHEBA 
increased with the applied H₂O₂ generation rate up to the highest level 
that the enzyme could still tolerate without immediate inactivation. This 
maximum STYHEBA of 21.96 ± 0.01 g/(L⋅d) was obtained in Fig. 4C. At 
lower H2O2 rates, the STYHEBA decreased to 16.76 ± 1.69 g/(L⋅d) in 
Fig. 4B and 10.20 ± 0.15 g/(L⋅d) in Fig. 4A, as less hydrogen peroxide 
was available for the hydroxylation of EBA to HEBA. Where the H2O2 
generation rate exceeded the enzyme's consumption capacity (Fig. 4D), 
rapid enzyme inactivation curtailed overall product formation, although 
an initial STYHEBA of 13.47 ± 0.30 g/(L⋅d) was still observed.

To evaluate charge utilization, current efficiencies determined for 
H2O2 generation in the electrochemical controls (Section 3.1, Table S1 
in SI) were compared with HEBA-based current efficiencies of the 
coupled electro-enzymatic system, in which in-situ generated H2O2 was 
consumed by the peroxygenase. Notably, across Fig. 4A-C, HEBA current 
efficiencies were slightly higher (3–11%) than H₂O₂ efficiencies in 
purely electrochemical controls, indicating that coupling H2O2 genera
tion to an enzyme sink may improve charge utilization. In the electro- 
enzymatic process, the highest HEBA current efficiency of 54.5 ±
12.5% was observed in Fig. 4B (− 0.47 V vs. Ag/AgCl), exceeding the 
corresponding electrochemical H2O2 control of 43.7 ± 11.9% at − 0.47 
V vs. Ag/AgCl. This suggests that enzymatic consumption may benefit 
the electrochemical reaction, likely by suppressing electrochemical side 
reactions to some extent, e.g. four-electron oxygen reduction and further 
reduction of H2O2 to water, that lower H2O2 efficiency and become more 
prominent at higher peroxide levels. Accordingly, the lower H2O2 con
centrations in the in-situ electro-enzymatic process likely reduced these 
losses and increased the current efficiency for H2O2 and thus HEBA 
formation. Overall, HEBA current efficiencies followed the potential- 
dependent trends of electrochemical H2O2 generation (see Section 3.1, 
Table S1 in SI), indicating that efficiency was mainly dictated by the 
electrochemical step. At the more positive potential of − 0.40 V in 
Fig. 4A, the HEBA current efficiency of 41.2 ± 5.0% was lower 
compared to Fig. 4B despite near-complete enzymatic consumption of 
the produced hydrogen peroxide. This is consistent as due to the 
inherent potential-drop within the fluidized bed, comparably less 
graphite particles operated at ORR potential and the less-suited plati
nized current feeder contributed more strongly, lowering selectivity 
toward H2O2 and consequently reducing HEBA current efficiency in the 

combined system. In Fig. 4C, at the more negative potential of − 0.55 V 
vs. Ag/AgCl, additional electrochemical side reactions could have 
become relevant, e.g. hydrogen evolution at the platinized current 
feeder, reducing the H2O2 and thus HEBA current efficiency to 43.0 ±
8.3%. Moreover, the slight mismatch between H₂O₂ production and 
enzymatic consumption, as indicated in the slowly gradual rise in H2O2 
concentration over time in Fig. 4C, still left room for a theoretical higher 
achievable HEBA current efficiency, as that fraction of charge contrib
uted from the process start to H2O2 accumulation rather than productive 
conversion to HEBA.

The TTNHEBA, showing overall catalytic productivity per enzyme, 
exhibited the expected trade-off between enzyme stability and H₂O₂ 
exposure. TTNHEBA was highest in Fig. 4A with 188,900 ± 50,000 mol/ 
mol, where the lowest hydrogen peroxide production rate at − 0.40 V vs. 
Ag/AgCl minimized local H2O2 concentrations and the H2O2-limited 
environment ensured the most stable enzyme performance. TTNHEBA 
decreased marginally to 178,800 ± 48,000 mol/mol in Fig. 4B and to 
170,800 ± 44,300 mol/mol in Fig. 4C, consistent with increased 
peroxide stress, particularly toward the end of the process when H2O2 
accumulated at low EBA concentrations. A controlled but drastic 
reduction of the H2O2 generation rate toward the end of the batch 
process could, in principle, mitigate late-stage inactivation and increase 
conversion and TTNHEBA at the investigated enzyme concentration 
[39,40]. However, such a strategy would prolong the overall process 
time [39,40]. Indeed, complete hydroxylation of the remaining EBA 
would correspond to a theoretical maximum TTN of up to ~230,000 
mol/mol (see Table S5 in SI). In Fig. 4D, the highest H₂O₂ rate at − 0.63 V 
vs. Ag/AgCl resulted in rapid enzyme inactivation, yielding negligible 
product formation and consequently, the lowest TTNHEBA of 15,000 ±
4300 mol/mol.

3.4. Pushing electro-enzymatic production: an enzyme-surplus approach

So far, the H₂O₂ generation rate and its influence on enzyme per
formance was investigated at a single enzyme concentration (~2×
Fig. 3). By pushing the H₂O₂ generation rate beyond the enzyme's on- 
demand capacity, we identified performance limitations imposed by 
the available enzyme amount. To address these constraints, the enzyme 
concentration in the batch process was increased to 30–34 ± 9 nM (~3×
Fig. 3), raising apparent enzyme activity from 0.11–0.13 UVA/mL to 
0.19–0.20 UVA/mL, while keeping all other conditions constant. In 
Fig. 5A, a hydrogen peroxide generation rate of 0.9 mM/h was applied, 
comparable to Fig. 4B, to aim for an enhanced conversion. In Fig. 5B, a 
higher hydrogen peroxide generation rate of 1.9 mM/h was selected, a 
rate that previously caused enzyme inactivation (as indicated in Fig. 4D) 
to benchmark and evaluate the possibility to further intensify the pro
duction rate in the process.

The increased enzyme concentration (see Fig. 5A) enabled complete 
conversion of the available EBA (YHEBA/EBA ~100%) by 270 min, 
yielding 3.97 mM HEBA. During the experiment, 1.29 mM EBA was 
removed by sampling. Throughout the productive phase, H₂O₂ accu
mulation remained low (0.05 to 0.10 mM), reaffirming on-demand 
production in which electrochemical H₂O₂ generation was in balance 

Table 1 
Summary of the performance indicators determined for the electro-enzymatic process with an apparent enzyme activity of 0.11–0.13 UVA/mL. The current, the current 
efficiency, the production rate, and the space time yield are shown at 15 min of the experiments. The space time yield is based on the occupied particle electrode 
volume, whereas the production rate considers the complete working electrode chamber volume. The TTN was calculated for the entire process with sampling based on 
eqs. (S2.5-S2.7). Additional performance data for both the electro-enzymatic process and the electrochemical hydrogen peroxide control are provided in Tables S1, S3 
and S5 in SI. All parameters for the calculations were measured in triplicates.

Figure Potential vs. Ag/AgCl, V H2O2 rate, 
mM/h

HEBA rate, 
mM/h

Φe
HEBA, 

%
Current density, μA/cm2 TTNHEBA,  

mol/mol
STYHEBA, 
g/(L•d)

4A − 0.40 0.56 ± 0.04 0.51 ± 0.01 41.2 ± 5.0 − 19 ± 2 188,900 ± 50,000 10.20 ± 0.15
4B − 0.47 0.97 ± 0.09 0.84 ± 0.08 54.5 ± 12.5 − 24 ± 5 178,800 ± 48,000 16.76 ± 1.69
4C − 0.55 1.27 ± 0.02 1.10 ± 0.02 43.0 ± 8.3 − 40 ± 8 170,800 ± 44,300 21.96 ± 0.01
4D − 0.63 1.87 ± 0.03 0.68 ± 0.02 16.3 ± 3.3 − 64 ± 13 15,000 ± 4300 13.47 ± 0.30
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with its consumption via enzymatic hydroxylation. Consistently, the 
applied H₂O₂ generation rate closely matched the HEBA formation rate 
of 0.94 ± 0.01 mM/h. The slightly lower hydrogen peroxide levels 
compared with Fig. 4B were consistent with the higher enzyme con
centration, as lower H2O2 levels were kinetically sufficient to sustain 
similar formation rates. After 210 min, the HEBA production rate started 
to decrease due to diminishing EBA concentrations, accompanied by 
rapid loss of apparent enzyme activity. This likely reflects local EBA 
limitation within the reactor, exposing the enzyme predominantly to 
H₂O₂ and promoting inactivation. By 330 min, enzyme activity was no 
longer detectable, and H₂O₂ began to accumulate. The resulting STYHEBA 
of 18.62 ± 0.16 g/(L•d) (Fig. 5A) was comparable to Fig. 4B with a 
STYHEBA of 16.76 ± 1.69 g/(L•d), consistent with identical H₂O₂ gen
eration rates. Overall, despite producing similar amounts of HEBA per 
applied enzyme compared to Fig. 4B, ~0.05 UVA/mL of apparent 
enzyme activity remained after full available EBA conversion (YHEBA/EBA 

~100%). In addition, enzyme performance appeared improved relative 
to Fig. 4B, as the non-sampling-related activity loss was lower during 
productive catalysis. Given identical sampling volumes, sampling 
accounted for a larger fraction of total activity loss (~0.07 UVA/mL in 
Fig. 5B vs. ~0.03 UVA/mL in Fig. 4B, with a similar total decrease of 
~0.10–0.11 UVA/mL during first 210 min), implying proportionally 
reduced inactivation alongside increased product formation. These 
findings demonstrate that adding more enzyme supported higher 
robustness and enabled complete conversion of the available EBA under 
otherwise identical reaction conditions. Moreover, the residual apparent 
enzyme activity after full EBA consumption suggests that additional EBA 
supplementation could further increase the final product titer. Espe
cially, since the achieved TTNHEBA of 188,200 ± 48,800 mol/mol 
reached the theoretical maximum under these batch conditions, which 
means that TTNHEBA was capped by the amount of EBA available in the 
process (see Table S6 in SI).

In Fig. 5B, we investigated whether the additional enzyme concen
tration could not only ensure a YHEBA/EBA of 100% but also enable 
enhanced production rates (i.e., the STY) at a H2O2 generation rate that 

previously caused rapid enzyme inactivation (as shown in Fig. 4D). A 
H2O2 generation rate of 1.91 ± 0.05 mM/h was applied, and complete 
conversion of the available EBA was reached after 150 min, i.e., in 
approximately half the time required in Fig. 5A. The final HEBA con
centration was 3.79 mM, with 0.73 mM EBA lost by sampling. Here, a 
lower initial EBA concentration (~4.50 mM) was applied and ~0.08 
UVA/mL of apparent enzyme activity remained at the time of complete 
EBA consumption. After 120 min, approximately half of the apparent 
enzyme activity (~0.10 UVA/mL) had been lost. Sampling alone 
accounted for ~0.05 UVA/mL of this decrease, indicating that a sub
stantial fraction of the measured activity loss was experimental rather 
than inactivation related. The process in Fig. 5B achieved the highest 
HEBA production rate of 1.95 ± 0.02 mM/h. Between 90 and 150 min, 
the HEBA formation rate decreased, which was consistent with the 
decline to kinetically unfavorable EBA concentrations below 1.0 mM. As 
in Fig. 5A, the H₂O₂ concentrations remained at a low concentration 
(<0.1 mM) throughout the productive phase and increased sharply only 
after enzyme activity loss, reaching concentrations higher than 1.2 mM. 
Overall, Fig. 5B demonstrated efficient in-situ co-substrate generation 
with on demand H₂O₂ generation for the enzyme. Adding more enzyme 
significantly improved yield and production rate, resulting in the high
est STYHEBA for HEBA of 38.83 ± 0.32 g/(L⋅d). In contrast, TTNHEBA 
remained limited by the amount of available EBA, maxing out at 143500 

± 37,600 mol/mol (compare theoretical maximal TTN in Table S6 in SI). 
At the elevated potential of − 0.63 V vs Ag/AgCl, the current efficiency 
dropped to 18.9 ± 3.2%, consistent with increased electrochemical side 
reactions, i.e., hydrogen evolution at the platinized current feeder.

Key performance indicators for Fig. 5A and B are listed in Table 2
(see also Tables S2, S4 and S6 in the SI for additional performance data). 
As before, the STYHEBA was calculated based on the volume occupied by 
the electrode particles, whereas the production rate was referenced to 
the electrolyte volume. For direct comparability, current density, cur
rent efficiency, production rate and STYHEBA were evaluated at 15 min. 
In both our processes, measurable apparent enzyme activity remained of 
around ~0.05 and ~0.08 UVA/mL at the time of complete EBA 

Fig. 5. Comparison of the electro-enzymatic catalysis of rAaeUPO (30–34 ± 9 nM) at different H2O2 generation rates (A: ~0.9 mM/h and B: ~1.9 mM/h), each with 
a similar initial apparent enzyme activity of approximately 0.19–0.20 UVA/mL. Experiments were conducted, using 4.5 g of graphite particles (800–1200 μm), 100 
mM potassium phosphate buffer at pH 6.1 and an air flow rate of 73 mL/min (kLa = 1.5 1/min) in the working electrode. A 250 mM potassium sulfate buffer at pH 3.1 
was utilized in the counter electrode chamber. For representation, the mol balance for EBA and HEBA was closed. The cumulative loss due to sampling was separately 
highlighted for EBA as a loss (yellow), accounted for within the total concentration for HEBA (blue) and displayed together with the concentration of EBA in the 
reactor (orange). Additionally, the H₂O₂ concentration (green) and the apparent residual activity toward the model substrate VA (purple) are shown. In batch 
operation, samples were directly taken from the reactor, and the sampled volume refilled with buffer without EBA and without enzyme. Samples for EBA/HEBA and 
H2O2 analysis were deactivated using sodium azide.
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consumption. If this residual apparent activity had performed similarly 
and at rates comparable to the initial ~0.10 UVA/mL under non-limiting 
substrate (EBA and H2O2) availability, the TTNHEBA could have theo
retically increased to approximately ~340,000 mol/mol for both Fig. 5A 
and Fig. 5B, approaching values reported in literature for similar electro- 
enzymatic processes. For example, using the same EBA-HEBA reaction 
system and unspecific peroxygenase (12.5 nM rAaeUPO), Bormann et al. 
showcased and modeled a gas diffusion electrode (GDE) system for in- 
situ H2O2 generation reaching a maximal TTN of up to ~400,000 
mol/mol at ~1.3 mM/h [39]. Sayoga et al. reported TTNs of ~220,000 
mol/mol (30 nM rAaeUPO) and ~450,000 mol/mol (10 nM rAaeUPO) at 
a formation rate of ~0.24 mM/h using an all-in-one electrode [30]. 
However, the highest TTN of 710,000 mol/mol (10 nM rAaeUPO) at 
efficiencies of up to 55% has been reported in a H2O2 sensor-controlled 
GDE-setup for this electro-enzymatic reaction system [40]. Overall, in 
our fluidized bed reactor, the formation rates and current efficiencies 
were comparable to these processes in the literature, while the achieved 
STYHEBA was among the highest, only approached by Bormann et al. 
(estimated ~28 g/(L•d)) [39], highlighting the key advantage of the 
fluidized bed reactor configuration for electro-enzymatic synthesis.

To translate these higher TTNs into practice in our reactor, two 
limitations must be addressed: the late-stage enzyme inactivation caused 
by a high H₂O₂–rate to enzyme capacity mismatch (Fig. 4), and EBA 
substrate depletion and local limitation toward the end of the process 
(Fig. 5), which kinetically reduced the formation rate and promoted 
inactivation. From a process standpoint, these challenges could be 
overcome by dynamically controlling the H₂O₂ generation rate and 
supplying EBA continuously (or in a semi-batch mode). Such strategies 
are also electrochemically advantageous, as continuous operation in the 
fluidized bed reactor has been shown to improve current efficiency and 
to prevent pronounced pH shifts caused by electrochemical oxygen 
reduction [51], thereby helping to maintain conditions favorable for 
enzyme stability and productivity.

4. Conclusion and outlook

Electro-enzymatic syntheses require scalable electrode designs that 
can seamlessly integrate electrochemical and biological processes. In 
this work, we demonstrate, for the first time, the successful application 
of an electrochemical fluidized bed reactor to an electro-enzymatic 
synthesis. By combining the favorable mixing properties of a fluidized 
bed with the high volume-specific electrode surface of particle elec
trodes, high space-time yields and robust total turnover numbers were 
achieved in batch operation.

A key factor in realizing this performance in the fluidized bed reactor 
was the ability to maintain the in-situ hydrogen peroxide concentration 
below inhibitory levels. At a fixed enzyme concentration, this was done 
by optimizing the H2O2 generation rate via the applied potential based 
on preceding electrochemical investigations of the H2O2 production and 
based on studies on the reaction kinetics of the enzymatic hydroxylation 
of EBA to HEBA, both at a pH value of 6.1. When increasing the enzyme 
concentration, the electro-enzymatic system could be pushed to even 
higher space-time yields at YHEBA/EBA ~100%. In the fluidized bed 
reactor space-time yields of up to 38.83 ± 0.32 g/(L•d) and current 

efficiencies reaching up to 54.5 ± 12.5% were attained. While demon
strated at laboratory scale, consistent scale-up will require careful con
trol of fluidization behavior, current and potential distribution, and in- 
situ H₂O₂ generation to minimize gradients and sustain reactor perfor
mance. Extension of this concept to other peroxygenases or co-substrate- 
dependent enzymes will require adapting reaction conditions to ensure 
enzyme and co-substrate stability, particularly for halide-dependent 
systems where hypohalite intermediates may be sensitive to gas–liquid 
mass transfer.

Future improvements could focus on enhancing current efficiency 
through more efficient electrochemical catalysts and boosting enzyme 
performance by further optimizing reaction conditions, mainly salt 
concentration and pH, as well as by immobilizing the enzymes for 
enhanced stability. Alongside these measures, STYs could be further 
increased by raising in-situ H2O2 generation rates, for example via 
improved oxygen transport to the electrode surface. However, the pri
mary kinetic limitations persist in substrate inhibition at high EBA 
concentrations and EBA's limited solubility, challenges that could be 
addressed by continuous or semi-batch reactor configurations that 
enable effective EBA resupply.
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