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ABSTRACT

Plasma-driven H,0, generation offers a potential sustainable route for biotransformations, but its application is hindered by
challenges such as insufficient H,O, production and enzyme degradation. This study establishes plasma-driven biocatalysis using
a nanosecond pulsed microwave plasma torch (npMWPT), highlighting its unique advantages over previously applied sources.
npMWPT-driven biocatalysis addresses insufficient plasma-generated H,O, production by enabling continuous H,O, supply
while decoupling plasma treatment from enzymatic reactions. We investigated the effectiveness of npMWPT-driven biocatalysis
using both immobilized and free recombinant unspecific peroxygenase from Agrocybe aegerita (rAaeUPO) to convert ABTS and
ethylbenzene. For ABTS, immobilized rAaeUPO demonstrated reusability across five reaction cycles (turnover number TON
44,637 ymolprgs pmMOL ™, 4, upo)- The decoupling of npMWPT-based H,0, production resulted in a TON of 66,495 umol, gy pno;
pumoL™,, ..upo With ethylbenzene for free rAaeUPO, outperforming the use of immobilized rAaeUPO for the first time in plasma-
driven biocatalysis (TTN 22,116). Mixing optimization improved conversion rates, while observed enzyme inactivation under
continuous operation revealed that H,O, generation exceeded enzymatic consumption under the investigated conditions. The
present study identifies supply-demand matching as the key optimization target for npMWPT-driven biocatalysis. This proof-of-
principle work demonstrates the successful integration of spatially decoupled npMWPT H, 0, generation with peroxygenase-based
biocatalysis and provides a basis for future process-controlled plasma-driven biocatalysis.

biocatalytic and industrial applications. Despite their potential,
the industrial application of peroxygenases is limited by their sen-

1 | Introduction

Peroxygenases, including the recombinant unspecific peroxy-
genase (rAaeUPO) from Agrocybe aegerita [1], are a class of
heme-containing enzymes that catalyze various oxyfunctional-
ization reactions using hydrogen peroxide (H,0,), including
stereoselective hydroxylations [2] and epoxidations [3, 4] that are
challenging to achieve through conventional chemical methods.
These characteristics make peroxygenases highly attractive for

sitivity to H,0,, as the heme cofactor gets disrupted in a process
called suicide inactivation [5-7]. Consequently, an in situ H,0,
generation strategy is essential to control H,O, levels, thereby
optimizing enzymatic activity while preventing inactivation [8].

Several in situ H,0, generation strategies have been explored
including electrochemistry [9-11], photocatalysis [12-14], or
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enzyme cascades [2]. Each of these approaches offer distinct
advantages and limitations regarding controllability, scalability,
and compatibility for peroxygenase-based biocatalysis. Electro-
chemical H,0, generation is particularly attractive due to its
controllability, straightforward integration into flow systems, and
the possibility of coupling H,O, production directly to enzymatic
catalysis. Electrochemical systems combined with peroxygenases
have achieved high catalytic performances and turnover numbers
(up to 400,000 mol gy, pnor MOl 44.upo " based on the conver-
sion of ethylbenzene), demonstrating the considerable potential
of controlled H,0, supply for selective oxyfunctionalization
reactions [9]. However, limitations such as electrode stability,
mass transfer limitations, and the requirement for conductive
electrolytes can complicate process integration and long-term
operational stability.

An emerging alternative involves atmospheric pressure plasmas,
which produce H,O, along with a variety of other reactive
species. Beyond plasma-driven biocatalysis, the potential of
plasma-generated reactive species for selective oxidation chem-
istry have also been investigated for catalytic oxidation reactions
and environmental applications in plasma-liquid systems [15-
17]. These characteristics also make plasma systems attractive for
biocatalytic applications, where continuous plasma-based H,0,
generation can be used to drive peroxygenase-catalyzed reactions.
In contrast to the addition of concentrated H,O, stock solutions,
plasma-based generation allows continuous and tunable H,O,
supply directly coupled to the biocatalytic reaction system. This
may facilitate a more controlled adaptation of H,0O, supply
to the enzymatic demand, which is particularly relevant for
peroxygenases due to their sensitivity to excess H,O,. An initial
study employed a dielectric barrier discharge (DBD) plasma
source demonstrated the feasibility of using plasma-generated
H,O0, to drive enzymatic reactions [18]. However, limitations such
as enzyme inactivation by plasma-generated reactive species, pri-
marily through residue modification (e.g. histidine and cysteine
oxidation) [19-22] and peptide bond cleavage [23], or loss of
cofactor heme [18] pose challenges.

To address these challenges, enzyme immobilization has been
implemented as a method to increase enzyme stability under
plasma conditions [24]. Immobilization on inert carrier mate-
rials spatially separates the enzyme from the most reactive
plasma species, allowing especially short-lived reactive species
to recombine, thereby reducing their impact on the enzyme.
Additionally, immobilization facilitates the reuse of enzymes,
enhancing the overall efficiency of the process [25-27]. Notably,
the carrier material and immobilization chemistry affect both
plasma stability and protection efficacy [28].

To date, three different plasma sources have been evaluated
for their application in plasma-driven biocatalysis. While the
general proof-of-principle was carried out using a dielectric
barrier discharge (DBD) source from Cinogy (Germany), enzyme
inactivation rates and limited treatable volumes (due to the geom-
etry of the source) restrict its scalability [18]. Subsequent studies
using plasma jet configurations showed improved results. Use of a
micro-scale atmospheric pressure plasma jet (W APPJ) in combina-
tion with immobilized rAaeUPO increased the achieved turnover
number up to 36,415 mol gy pno; MOL™ 44upo and enabled
treatment of larger volumes [29]. However, the application of the

UAPPJ was constrained by limited water concentrations in the
feed gas, since higher voltages are required for continuous plasma
ignition, which could damage the electrodes of the plasma source
[30]. The capillary plasma jet (CPJ) eliminated this limitation
by introducing a capillary between the electrodes, which allows
the application of higher input powers and thus higher water
admixtures to enhance the plasma-induced H,0O, production
[30-32]. CPJ-driven biocatalysis yielded a maximum turnover
number of 174,209 mol gy, pno; MOL™ 4 .upo using immobilized
rAaeUPO [31]. Nevertheless, in these plasma setups the liquid
is exposed to the plasma (DBD) or the effluent (WAPPJ, CPJ),
destroying plasma-unstable substrates and products. The use of
a plasma jet configuration also leads to significant evaporation
of organic substrates due to the constant gas flow [29, 31].
In this study, we explored the integration of a nanosecond
pulsed microwave plasma torch (npMWPT) for plasma-driven
biocatalysis by producing in-line H,0, in a preceding stage
via continuous dropwise water flow treatment. In addition to
avoiding plasma or effluent exposure of the reaction solution, this
approach provides a continuously generated H,O,-containing
stream whose concentration can potentially be adjusted through
plasma power, pulse parameters, gas flow rate, and liquid flow
rate. This enables future process-control strategies in which H,0,
generation is matched to enzymatic consumption, enabling a tun-
able and continuous co-substrate supply [31, 33]. Such controlled
H,0, delivery is particularly relevant for peroxygenase-catalyzed
reactions, where both insufficient and excessive H,0, concen-
trations can negatively affect catalytic performance and enzyme
stability. Furthermore, the decentralized on-demand generation
of H,0, directly coupled to the biocatalytic process reduces the
need for storage and handling of concentrated H, O, solutions. In
general, microwave plasmas offer several advantages, including
electrodeless operation, the potential tuning of H,O, generation
and potentially higher energy efficiency than other types of plas-
mas [34]. However, common microwave plasma temperatures
can exceed 4000 K [35], and such high temperatures are generally
detrimental for H,O,, often leading to its decomposition and
thereby limiting its overall production [33, 36]. Nonetheless, it
has been previously reported that modulating the microwave
signal in pulses of nanoseconds can sufficiently reduce the
temperature in the plasma at atmospheric pressure compared
to continues microwave applications [37]. Indeed, the nanosec-
ond pulse microwave plasma method improved the continuous
production of H,O, and allowed tunable concentrations in the
millimolar range (1-50 mmol L7'), using water under argon
plasma treatment [38]. This constantly produced and adjustable
H,0, can then drive the biocatalytic reaction.

2 | Results and Discussion

To enable effective integration of the npMWPT with biocatalysis,
it was first necessary to establish plasma operating conditions
that ensured consistent H,0O, production to drive the subse-
quent enzymatic biotransformation reactions. Thus, preliminary
investigations aimed to select appropriate plasma operating
parameters, including average input power, pulsation time, and
gas and liquid flow rates. A constant set of microwave parameters
was established, consisting of a pulsation duration (¢,,) of 500 ns
and interpulse time (f,;) of 1167 ns, corresponding to a duty
cycle of 30%. The total argon gas flow rate was kept constant
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TABLE 1 | Product formation and kinetic parameters of rAaeUPO
catalyzed ABTS conversion using npMWPT-treated water as H,O, source.

Substrate available (umol) 5
Substrate converted (umol) 2.28 + 0.04
Conversion rate (umol min™) 1.14 + 0.02
keat (s7) 380.31 + 0.63
Turnover number 45,637.10 + 76.26

(umolyprs UMOL ™ 4 upo)

at 8.7 L min~!, and the water flow rate was held constant at
2.5 mL min~!. Under these conditions, the specific energy input
(SEI) was estimated at approximately 1.03 kJ L™,,,. Overall,
the selected parameters yielded plasma-treated liquid containing
H,0, concentrations of 1.97 + 0.09 mmol L. The plasma-liquid
treatment was operated continuously, and liquid samples were
collected over a 4 h period of operation to verify the stability
of the liquid product (more details are included in Table S1).
The gas temperature was measured at around 2 cm away from
the plasma-liquid reaction environment with values of 45°C + 1.
Additionally, all the experiments were carried out using a cooling
coil downstream of the plasma zone, which further reduced the
liquid product’s temperature down to room temperature [38].
The optical emission spectroscopy analysis of the plasma-water
interaction zone revealed the presence of OH (A-X) (306 to
315 nm), hydrogen Balmer lines Ha (656 nm), HB (485 nm), and
Hy (420 to 430 nm); and atomic oxygen lines (777 and 844 nm).
The main species related to the formation of H,0, are the OH and
H species via electronic excitation and recombination reactions
as supported by detailed OES analysis reported previously [38].
Moreover, in this qualitative spectroscopic analysis, no emission
bands attributable to nitrogen-containing plasma species (315 —
380 nm [38]) were detected, which represents an advantage for
enzymatic reactions. Figure S3 summarizes a representative OES
spectrum for the selected experimental parameters. The OES
analysis was primarily used as a qualitative tool to verify the
reactive species present during the plasma-liquid interaction and
to confirm the absence of undesired air or nitrogen related species
that could negatively affect the subsequent enzymatic process.
A systematic quantitative correlation between plasma-generated
species and enzymatic performance would require variation of
plasma operating conditions and analysis of the resulting OES
trends, which was beyond the scope of the present proof-of-
concept study focused on in-line continuous plasma-driven H,0,
supply for biocatalysis. A more detailed and quantitative OES
analysis under varying plasma conditions for enzymatic processes
will be addressed in future studies.

Following the selection of plasma parameters to reliably pro-
duce H,0,, the next step consisted of integrating the plasma-
treated liquid with the enzymatic conversion reaction. Initially,
a decoupled experimental setup was chosen to verify the general
integration of the npMWPT in the process of plasma-driven bio-
catalysis. The conversion of the plasma-unstable substrate ABTS
by the rAaeUPO via its peroxidase activity (one-electron transfer
reaction) was analyzed using a continuous flow of plasma-treated
water as a H,0, source over a reaction time of 2 min (Table 1). Of
the 5 umol ABTS present in the reaction, 45.6% (2.28 umol) were

converted with a conversion rate of 1.14 ymol min~'. As a control
to assess whether potentially generated plasma species other than
H,0, had an adverse influence on the reaction, the experiment
was repeated but replacing the plasma-treated water with an
H,0, solution containing the same amount of co-substrate.
Product formation of 2.1 umol (+ 0.06) was confirmed again,
which was at the same level as achieved using the npMWPT.
This suggests that H,0, is in fact the dominant long-lived species
in plasma-treated water, as no reduction in product formation
due to side reactions involving other plasma species negatively
affecting enzyme activity could be detected. This decoupled
proof-of-principle experiment resulted in a turnover number of
45,637.10 umol,prs» UMOL™ .. upo, already exceeding the max-
imum reported pAPPJ-driven biocatalysis turnover value [29].
However, this turnover number was achieved based on the con-
version of the substrate ethylbenzene, whose turnover represents
a two-electron transfer reaction (peroxygenase activity). Never-
theless, the achieved ABTS conversion demonstrated, for the first
time, that plasma-driven biocatalysis is workable with plasma-
unstable substrates using H,O, generated by the npMWPT.

The process of enzyme immobilization is a key element of the
established plasma-driven biocatalysis, since it has generally been
shown that proteins are protected better against plasma-induced
inactivation when immobilized [24, 28]. Thus, the biocatalytic
efficiency has also been substantially increased by extending the
lifetime of the enzymes in plasma-driven biocatalysis [29, 31].
Additionally, immobilization allows the separation of enzymes
from the reaction mixture, reducing the contamination of the
product by enzymes, while immobilized enzymes can be reused
for multiple reaction cycles without additional purification and
recycling steps [25-27]. The potential utilization of immobilized
rAaeUPO with the npMWPT was tested by transferring enzyme-
loaded beads in a rotating bed reactor and adding 1 mL of ABTS
substrate solution. A continuous flow of plasma-treated water was
then supplied for 2 min and the absorbance was measured every
30 s to determine the product formation (scheme of the experi-
mental setup is displayed in Figure S2a). To confirm the previ-
ously stated benefit of using the immobilized enzymes in multiple
reaction cycles with the npMWPT in plasma-driven biocatalysis,
the ABTS conversion was repeated for a total of five reaction
cycles with the same set of enzyme-loaded beads (Figure 1).

During the first reaction cycle, 1.87 pmol ABTS* was formed in
2 min at a rate of 0.93 umol min~?, representing the highest
conversion rate of all five cycles. Subsequently, the product
formation was slightly reduced (0.63 pmol min™'), while no
significant decrease in conversion rate was observed after the five
cycles. Consequently, the process could presumably be continued
for further cycles with the same set of enzyme-loaded beads in
order to further increase the biocatalytic efficiency. However,
analysis of the residual enzyme activity after biocatalysis revealed
a substantial inactivation, showing only a residual activity of
10.42% (Table S2). The apparent loss of activity was presumably
promoted by the constant incubation of the enzymes in excess
H,0, conditions.

Within the five reaction cycles (total reaction time of 600 s),
it was possible to build up an accumulated product amount of
6.89 + 1.16 umol with a linear increase of 0.66 pmol,gzpg- min~!
(Figure 1b). This resulted in a turnover number of
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FIGURE 1 | Substrate (ABTS) conversion performing plasma-driven biocatalysis using immobilized rAaeUPO with npMWPT. (a) Conversion of
ABTS using immobilized rAaeUPO was tested by transferring 100 mg protein-loaded beads to a rotating bed reactor, which was placed in a vessel filled
with 1 mL ABTS (5 mmol L™!) dissolved in 100 mmol L™ citrate buffer (pH 5). Plasma-treated water was added at a flow rate of 2.5 mL min~! for
2 min, while the absorbance was measured every 30 s at 405 nm. To prove the reusability of the rAaeUPO-loaded beads, the whole reaction solution was
withdrawn from the vessel and the reaction cycle was repeated (total cycle amount of five). The total product amount was calculated under consideration
of the introduced dilution factor and based on the millimolar extinction coefficient (¢ = 36.8mmol L' cm™). (b) Accumulation of formed product
(ABTS* in umol) over the total run time of 600 s in five reaction cycles. Means and standard deviations reflect three independent experiments. Standard

deviations that are not visible were below 0.02 umol (a) or 0.1 pmol (b).

44,125.89 pmol,gre MmoL™,..upo, Which was at a very
similar level to the turnover of ABTS using the free enzyme
(45,637.10 pmol,prg- umoL™,,..upo)- In control experiments,
in which the flow of plasma-treated water was replaced with
co-substrate solutions (1.97 mmol L), the same level of product
formation was confirmed (8.28 umol + 1.23, Figure S4). In
addition, the residual activity of the enzyme-loaded beads after
the control experiments was 7.2%, which was comparable to
the residual activity observed after npMWPT-driven reactions.
This demonstrates that no negative influence on the catalytic
reaction occurred due to potential other plasma-generated
species, and that product formation is attributable mainly
to the enzyme-driven reaction involving the co-substrate.
Furthermore, the comparable residual activities observed after
both plasma-based and control reactions strongly indicate that
the pronounced enzyme inactivation was primarily caused by
the excess H,0, conditions rather than by additional plasma-
generated reactive species. Overall, we conclude that biocatalysis
proceeds at a slower conversion rate when the immobilized
enzyme is introduced (catalytic constants: 380 s~ free rAaeUPO;
70.42 st immobilized rAaeUPO). It has been reported previously
that immobilization may lead to a reduction in the general
activity of enzymes [18]. However, the immobilization-induced
increase in enzyme stability and especially the increase of their
lifetime under plasma treatment conditions led to a positive
effect on the biocatalytic efficiency in previously established
plasma-driven biocatalysis setups [18, 29, 31]. In this study, the
same turnover number was achieved in just one-fifth of the
reaction time by using the free enzyme, showing no advantage
for using immobilized rAaeUPO in terms of efficiency in
npMWPT-driven biocatalysis. The rather indirect treatment of
the enzyme with the npMWPT results in a low inactivation level
of the free enzyme. Plasma-induced inactivation and especially
degradation of proteins is primarily caused by short-lived
and highly reactive species (e.g. OH radicals) [23, 28]. Since
rAaeUPO comes only into contact with the plasma-treated water

during npMWPT-driven biocatalysis, the short-lived and highly
reactive plasma species presumably have already reacted before
reaching the enzyme. Consequently, their detrimental effect
on the activity of the free enzyme is likely negligible, thereby
diminishing the efficiency-enhancing effect typically associated
with enzyme immobilization. This interpretation is further
supported by control experiments in which the plasma-treated
water supply was replaced by co-substrate solutions containing
identical concentrations of hydrogen peroxide (1.97 mmol L™).
Under these conditions, comparable product formation was
observed (8.28 pumol + 1.23, Figure S4). These results show
that plasma-generated by-products do not measurably interfere
with the catalytic reaction and confirm that product formation
originates from the enzyme-catalyzed conversion driven by the
plasma-supplied co-substrate.

After confirmation of the general feasibility of utilizing npMWPT
in plasma-driven biocatalysis on the basis of ABTS conversion
employing the peroxidase activity of rAaeUPO, we aimed to
transfer the process to the model reaction for the peroxygenase
activity of the enzyme, namely the conversion of ethylbenzene
to (R)-1-phenylethanol. As previously for ABTS, a proof-of-
principle approach was initially chosen by adding 50 mmol L™!
ethylbenzene and rAaeUPO (50 or 100 nmol L) to 1.5 mL
npMWPT-treated water. After 10 min incubation under constant
mixing to assure sufficient exposure of the enzyme to the organic
substrate, the product conversion was analyzed (Figure 2).

The substrate ethylbenzene was available in excess together
with a total of 3 pmol plasma-produced co-substrate H,O,, of
which approx. 50% (1.43 umol) was converted into the product
(R)-1-PhOl when applying 0.075 nmol rAaeUPO. With the aim
of achieving higher conversions, the experiment was repeated
with twice the amount of enzyme (0.15 nmol), resulting in
the production of 2.88 pumol (R)-1-PhOl converting almost the
entire amount of co-substrate. The endpoint measurement
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FIGURE 2 | Ethylbenzene conversion using npMWPT-treated water
in combination with free rAaeUPO. Plasma-treated water (1.5 mL) was
mixed with 50 mmol L' ethylbenzene and 50 or 100 nmol L' (0.075 or
0.15 nmol) free rAaeUPO. After 10 min incubation under rapid mixing,
150 pl sample was withdrawn for gas chromatography (GC) analysis.
Means and standard deviations represent three independent experiments.

TABLE 2 | Product formation and kinetic parameters of rAaeUPO
(0.15 nmol) catalyzed ethylbenzene conversion using npMWPT-treated
water as H,O, source.

Substrate available (umol) 3
Substrate converted (umol) 2.88 +0.22
Conversion rate (umol min™) 0.28 + 0.02

Koot (571) 32.07 + 2.46
Turnover number 19,239.50 + 1,479.32

(umOlgy.1-phor pumoL ™ 4 .upo)

of the product formation resulted in a conversion rate of
0.288 umol ), pno; Min*, a catalytic constant of 32.07 s™, and a
turnover number of 19,239 umol gy, pnoj MMOL™ 4. upo (Table 2).

To verify that the observed product formation was attributable
to the enzymatic reaction driven by hydrogen peroxide, a control
experiment was performed in which the npMWPT-treated water
was replaced by an H,0, solution at equivalent concentrations
while maintaining the same enzyme concentration (0.15 nmol
rAaeUPO). Under these conditions, a comparable product con-
centration was obtained (2.71 umol + 0.47), confirming that
other potentially generated plasma species did not significantly
influence the catalytic reaction.

After confirming the proof-of-principle for the implementation of
npMWPT in plasma-driven biocatalysis based on the decoupled
setup for the conversion of the organic substrate, we set out to
analyze the reaction under continuous supply of the co-substrate
utilizing the free enzyme (scheme of the experimental setup is
displayed in Figure S2a). To this end, rAaeUPO was placed in an
ethylbenzene buffer mix and a constant flow of plasma-produced
H,0, was provided, which was stopped after 2 min. Immediately
after the two minutes, a first sample was withdrawn (‘after
reaction’). The reaction solution was then incubated for 10 min to
allow conversion of residual H, O, (‘after incubation’). In an initial
attempt, the reaction mixture was mixed with the aid of magnetic

(R)-1-PhOI [umol]
N w E [6;] (o2}

-
L

after reaction after incubation

FIGURE 3 | Ethylbenzene conversion using continuous flow of
npMWPT-treated water in combination with free rAaeUPO. Ethylben-
zene (50 mmol L™!) was mixed with free rAaeUPO (0.1 nmol) in a total
volume of 1 mL potassium phosphate buffer (100 mmol L7, pH 7).
Continuous flow of npMWPT-treated water at a flow rate of 2.5 mL min~!
was added over a time frame of 2 min, while the solution was mixed
using an empty rotating bed reactor at 900 rpm. After 2 min, the flow of
plasma-treated water was stopped. Samples (150 ul) were withdrawn for
GC analysis directly after 2 min (‘after reaction’) and after further 10 min
incubation (‘after incubation’) to allow conversion of residual H,O,.
Means and standard deviations reflect three independent experiments.

stirring to ensure that the poorly water-soluble ethylbenzene
had sufficient interactions with the enzyme (Figure S5). This
resulted in the formation of only 2.22 pmol (after reaction) or
2.72 umol (after incubation) (R)-1-PhO], although 10 umol co-
substrate H,O, was present. To test whether the low conversion
(~ 25%) was due to insufficient mixing, the experiment was
repeated using a rotating bed reactor, which was not filled with
immobilized enzymes but was only used for improved mixing
(Figure 3). Directly after 2 min, 4.33 umol (R)-1-PhOl was formed,
showing already improved substrate conversion. After further
incubation, apparent residual H,O, was converted resulting in an
increased product formation of 6.65 umol (R)-1-PhOl. Comparable
product concentrations were obtained in control experiments
in which the plasma-treated water supply was replaced by co-
substrate solutions with equivalent concentrations (1.97 mmol
L), yielding 3.95 umol + 0.34 (‘after reaction’) and 6.21 umol +
0.74 (‘after incubation’) (R)-1-PhOl. Employing the constant flow
of plasma-produced H,0, with free rAaeUPO, a turnover number
0f 66,495.06 umol gy, pno MMOL ™, 4,,upo Was achieved. In contrast
to the ABTS-based turnover numbers, this value is directly com-
parable with previous plasma-driven biocatalysis setups since it
is based on the same catalyzed reaction. Using the npMWPT-
driven biocatalysis, a higher turnover number was achieved
compared to the pAPPJ [29]. A 2.5-fold higher turnover number
was realized using the capillary plasma jet in an 11 h catalysis
[31]. Interestingly, immobilized rAaeUPO was used in the other
two plasma jet-based processes to achieve the respective turnover
numbers through protection of the enzyme, whereas in this
study promising biocatalytic efficiencies were achieved for the
first time employing free rAaeUPO in combination with online
plasma-based H,0, production. In addition, higher turnover
numbers could previously only be achieved with longer reaction
times, which especially increases gas consumption and thereby
costs [31]. The improved conversion (~ 65%) by introducing the
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FIGURE 4 | Substrate (ethylbenzene) conversion performing plasma-driven biocatalysis using immobilized rAaeUPO with npMWPT. (a,b)
Conversion of ethylbenzene with immobilized rAaeUPO was analyzed by loading 200 mg enzyme-loaded beads into a rotating bed reactor. The flow of
substrate (100 mmol L' ethylbenzene in 100 mmol L' potassium phosphate buffer, pH 7) was combined with the continuous flow of the plasma-treated
water (total flow rate of 5 mL min~!) and continuously supplied to the reaction vessel with the rotating bed reactor for a total run time of 30 min. Every
455, samples of 3.75 mL were withdrawn to prevent overflowing of the reaction vessel, while four samples were pooled in one reaction tube (total volume
of 15 mL). (a) To analyze product formation in the respective 3 min time frame, 150 pl sample was withdrawn for GC measurement. (b) Accumulation
of (R)-1-PhOl performing plasma-driven biocatalysis calculated by addition of all measured (R)-1-PhOl amounts during the 30 min biocatalysis. Means

and standard deviations represent three independent experiments.

empty rotating bed reactor for better mixing also highlights the
importance of sufficient mixing when working with the organic
substrate ethylbenzene. This has previously been discussed in
the context of plasma-driven biocatalysis in association with
substrate limitation, as the jet configurations resulted in a rather
high level of substrate evaporation due to the poor solubility of
ethylbenzene [29, 31]. However, this limitation may be overcome
with the npMWPT-driven biocatalysis by introducing a suitable
mixing method.

For conversion of ABTS, it was previously demonstrated that
immobilization did not provide any advantages in the biocatalytic
conversion efficiency. Nevertheless, the general implementation
and optimization of plasma-driven biocatalysis using immo-
bilized enzymes is advantageous for future process costs and
the separation of the product from the enzyme. Hence, the
ethylbenzene conversion was also investigated using immobilized
rAaeUPO. A major challenge was the poor solubility of ethyl-
benzene and thus the need for sufficient mixing. Once again,
a rotating bed reactor was used for this purpose, but this time
it was filled with enzyme-loaded beads. In addition, a second
pump was introduced to ensure a constant flow of ethylbenzene.
This flow was combined with the flow of npMWPT-treated water
and was supplied as a combined flow to the reaction batch
containing the rotating bed reactor, ensuring that both substrate
and co-substrate were supplied to the enzyme at the same
time (scheme of the experimental setup is displayed in Figure
S2b). Plasma-driven biocatalysis was carried out over a period
of 30 min, while product formation was analyzed every 3 min
(Figure 4a). Within the first 9 min, the product formation was
constant (0.5 - 0.59 umol ), pno; min™). Subsequently, product
formation decreased over time, resulting in a conversion rate of
0.08 pumol gy, pho Min~" after 24 min. At the last measurement
point (27 - 30 min), no product was detected. The apparent
enzymatic inactivation was confirmed by testing for residual

activity of the immobilized enzymes. In total, 7.61 pmol gy, pno;
were produced using a continuous supply of plasma-treated water
and substrate (Figure 4b), resulting in a total turnover number of
22,116.49 pmol gy pno; HMOL™, 44upo (Table S3). Control exper-
iments were performed under otherwise identical conditions,
replacing the plasma-treated water with H,0, solutions supply-
ing an equivalent amount of co-substrate. Comparable product
formation and reaction kinetics were observed (Figure S6).

The comparatively low total turnover number achieved clearly
highlights the limitations as well as the advantages of npMWPT-
driven biocatalysis. The initial conversion rates (up to 9 min) were
relatively constant. However, the product formation proceeded at
a rate of 0.55 umol min~!, while theoretically 5 umol min~ H,0,
were supplied. Thus, a 10-fold H,0, excess affected the rAaeUPO,
which potentially leads to the rather severe inactivation. Due
to the increasing inactivation, the H,O, excess also increases
further during biocatalysis, resulting in complete inactivation of
the enzyme after 30 min and thus comparatively low product
formation. A real-time quantification of H,0, concentrations
during biocatalysis was not performed in the present study.
Therefore, the temporal evolution of local H,0O, concentrations
during enzymatic turnover and their quantitative correlation
with enzyme inactivation could not be resolved in detail. Never-
theless, the comparable residual enzyme activities and product
formations observed in control experiments (Figure S6) using
externally prepared H,0, solutions strongly indicate that the
observed enzyme inactivation was primarily associated with
excess H,0, exposure rather than additional plasma-generated
reactive species. The reactor concept thus needs to be adapted,
especially on the enzymatic side, so that H,O, excess is prevented
by applying increased enzyme loading for faster conversions.
As this is only partially possible in our present setup due to
the geometries of the rotating bed reactor, this requires future
optimization. Generally, the implementation of a different reactor
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concept is conceivable. A column-based reactor setup instead of a
rotating bed reactor may be a suitable option, as the investigated
plasma source already provides a continuous flow of plasma-
treated water that could be coupled to the enzyme-filled column
[39-41]. Such a column reactor setup combined with a continuous
flow of H,0, stock solutions has already been tested with the
unspecific peroxygenase from Agrocybe aegerita, resulting in
promising results [42].

This limitation shows that the npMWPT shifts the process bottle-
neck away from the H,O, generation, which is no longer limiting,
to the controlled co-substrate utilization by the enzymatic reactor.
Therefore, future adjustments should focus on optimizing the
reactor design to ensure the efficient conversion of the now
abundantly available co-substrate H,O,. The npMWPT setup
demonstrates that continuous plasma-generated H,O, supply can
also be accomplished using a nanosecond pulsed microwave
plasma source coupled with peroxygenase-driven biocatalysis. In
contrast to previously investigated plasma configurations involv-
ing direct plasma or plasma-effluent exposure of the reaction
mixture [29, 31], the spatial separation of H,0, generation and
enzymatic conversion in the present setup may provide advan-
tages regarding substrate compatibility and reduced exposure of
the enzyme to short-lived reactive plasma species. The novelty
of the npMWPT-based co-substrate production is thus not the
general plasma-based generation of H,O, itself, but the imple-
mentation of a nanosecond pulsed microwave plasma source as a
continuous in-line H,0, supply source spatially decoupled from
the enzymatic reaction environment. While the present study pri-
marily focused on demonstrating the general compatibility of the
npMWPT concept with plasma-driven biocatalysis, the plasma
source inherently offers the possibility to tune species production
through adjustment of plasma operating parameters such as
power input, pulse conditions, and gas or liquid flow rates. Future
studies may therefore exploit this tunability to dynamically adapt
H,0, generation rates to the enzymatic demand to improve
catalyst stability and overall process efficiency. While continuous
dosing of externally prepared H,O, solutions remains a potential
strategy for peroxygenase catalysis, it relies on the continuous
consumption of a pre-prepared feedstock. In contrast, plasma-
based H,0, generation provides the opportunity to continuously
regenerate the co-substrate directly within the process, thereby
opening the perspective of future recirculation-based reactor
concepts in which the reaction medium is continuously recycled
through the plasma unit. Such concepts could, in principle,
maintain an approximately constant reaction volume while
reducing buffer consumption, product dilution, and downstream
wastewater generation.

Importantly, the presented npMWPT architecture extends this
concept further by spatially separating plasma treatment from
the enzymatic reactor. Unlike previously reported plasma-driven
biocatalysis systems, this architecture combines continuous
plasma-based H, O, generation with the ability to process plasma-
sensitive substrates while minimizing direct exposure of the
enzyme to short-lived reactive plasma species. Consequently, the
process is not limited by the compatibility of substrates or biocata-
lysts with the plasma itself but rather by the efficient utilization of
the generated H,O,. This shift in the process bottleneck highlights
that the proposed architecture decouples H,O, generation from
plasma compatibility constraints and instead places the focus on

reactor engineering and matching co-substrate generation with
enzymatic consumption.

3 | Conclusion

In conclusion, this study demonstrates the proof-of-principle
of npMWPT-driven tandem biocatalysis by integrating contin-
uous plasma-based H,O, generation in-line with peroxygenase-
catalyzed reactions. The spatial decoupling of H,O, generation
from the enzymatic reaction enabled the conversion of plasma-
sensitive substrates such as ABTS and allowed ethylbenzene
oxyfunctionalization using free rAaeUPO. Notably, under the
conditions tested, free rAaeUPO outperformed immobilized
rAaeUPO during short reaction times, indicating that the indirect
exposure of the enzyme to plasma-treated water can reduce
the need for immobilization as a protective strategy. At the
same time, the continuous-flow experiments with immobilized
rAaeUPO revealed that enzyme inactivation was mainly caused
by excess H,0,. Therefore, further development should focus on
reactor design, enzyme loading, mixing, and dynamic matching
of H,0, generation with enzymatic demand. This proof-of-
concept work establishes a spatially decoupled, continuous
npMWPT-based H,0, supply architecture for plasma-driven
biocatalysis, demonstrating the compatibility of on-demand and
in-line plasma-generated H,O, with peroxygenase catalysis while
enabling independent optimization of plasma and biocatalytic
processes. The comparable conversions obtained with plasma-
treated water and externally prepared H,O, solutions highlight
that H,0, supply-demand matching is the key design criteria
for future reactor optimization. Future developments should
additionally focus on constant-volume operation with controlled
H,0, delivery while maintaining separation of the reaction
medium from the plasma, considering parameters such as H,0,
utilization, catalyst lifetime, space-time yield, and energy and
argon demand.

4 | Experimental Section
4.1 | Plasma Source

The plasma-water reaction system consists of a coaxial plasma
torch reactor (Heuermann HF-Technik GmbH) connected to a
solid-state microwave source (TRUMPF Hiittinger Microwave).
The gas flow was fed into the torch using mass flow controllers
(MFC, Vogtlin Instruments), and the liquid was fed via a 1.8 mm
(0.d.) stainless steel tube connected to a water pump (IHM,
Eldex, USA). A thermocouple was located approx. 2 cm away
from the plasma zone to follow the temperature of the reaction
environment. The quenching of the plasma zone was achieved
using a metallic loop stainless steel tubing (1/8” i.d.) placed
below the plasma-liquid interaction zone. The liquid product was
collected downstream using a three-way valve that allows to take
a specific amount of sample when required. An optical fiber
connected to a UV-vis detector (USB2000, Ocean Optics, USA)
served as an optical emission spectrometer (OES), enabling real-
time monitoring of species during the plasma-water interaction.
The OES was primarily used to identify the species present in the
plasma phase and to confirm the absence of undesired nitrogen-
or air-related species that could interfere with the subsequent
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enzymatic process. Due to the limited spectral resolution of
the system, quantitative analysis of the detected species was
not possible. Since all enzymatic experiments were performed
under constant plasma operating conditions, the plasma chem-
istry remained essentially unchanged throughout the study. A
schematic representation of the experimental set up is shown
in Figure S1. The main parameters to establish during pulsed
operation of the microwave source are the time of active pulse
(t,y) and the time of inactive pulse (¢,;), where the sum of both
represents the total pulse period. The fraction of t,, over the
total pulse period represents the duty cycle (DC) (Equation 1).
Furthermore, the specific energy input (SEI) used for the reaction
can be estimated through Equation 2.

t_on _
m = duty Cycle (1)
SEI (kJ /L) = —Bower (kW) @)

gas flow rate (L/s)

4.2 | H,0, Measurement

The H,0, concentration was measured using the common
titanium oxysulfate (TiOSO,) method, where the absorption
intensity of the yellow-colored pertitanic acid complex (H,TiO,)
at 407 nm is proportional to the reacted H,0, [43]. For preparing
a sample, a 1:1 mixture of the plasma-treated liquid and a TiOSO,
solution (0.156 M) was prepared, and 5 mL of deionized water was
added. Further details can be found in [44].

4.3 | Enzyme Preparation and Immobilization

rAaeUPO was purified as described previously [45]. For immo-
bilization, amino (HA403 M) functionalized beads (Resindion,
Italy) were used. In a suitable vessel, 500 mg beads were
weighed and washed thrice with 5 mL potassium phosphate
buffer (100 mmol L™, pH 7). Carrier materials were incubated for
3 hin the presence of 0.5 % (w/v) glutaraldehyde in a total volume
of 5 mL potassium phosphate buffer (100 mmol L™, pH 7). After
incubation, beads were washed thrice with potassium phosphate
buffer to remove the glutaraldehyde. Finally, enzyme (2 nmol)
was added, and immobilization was carried out overnight at 8°C
with overhead shaking.

4.4 | Binding Efficiency

Enzyme binding efficiency was evaluated by measuring residual
enzyme activity in the supernatant after immobilization. Using
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as
substrate, either rAaeUPO (2 nmol) or supernatant after immo-
bilization was added to 100 mmol L7'sodium citrate buffer
(pH 5) containing ABTS (5 mmol L™). An equivalent volume
of H,0, (2 mmol L) was added to initiate the reaction, while
product formation was monitored at 405 nm using a microplate
reader (Biotek Epoch, Germany). Final concentrations were
2.5 mmol L™ ABTS, 1 mmol L™! H,0,, and 50 mmol L™ citrate.
Unimmobilized rAaeUPO served as a control.

4.5 | Enzyme Activity Assays

Proof-of-principle of the potential compatibility of the plasma-
generated H,0, with enzymatic conversions was carried out with
different configurations, varying the substrate and the enzyme
immobilization status.

4.5.1 | ABTS Conversion Using Free rAaeUPO

ABTS (5 mmol L) was mixed with 50 nmol L™! (0.05 nmol) free
rAaeUPO in 100 mmol L™! sodium citrate buffer (pH 5) and a total
volume of 1 mL. Plasma-treated water was added at a flow rate of
2.5 mL min~! for 2 min and endpoint absorbance was measured
at 405 nm using a microplate reader (Biotek Epoch). For control
experiments, H,0, feedstock (1.97 mmol L™!) was added at a flow
rate of 2.5 mL min~ for 2 min using a peristaltic pump (LabN1-
II/AMC4(10) pump, Drifton, Denmark) instead of plasma-treated
water. Based on the millimolar extinction coefficient of ABTS (e
= 36.8 mmol L' cm™), the total product amount was calculated
under consideration of the introduced dilution factor.

4.5.2 | Decoupled Continuous ABTS Conversion Using
Immobilized rAaeUPO

Conversion of ABTS using immobilized rAaeUPO was tested by
transferring 100 mg protein-loaded beads to a rotating bed reactor
(built in-house, dimensions: @ 2 cm - 0.7 cm), which was placed
in a vessel filled with 1 mL ABTS (5 mmol L) dissolved in
100 mmol L7 citrate buffer (pH 5). Plasma-treated water was
added at a flow rate of 2.5 mL min™! for 2 min with absorbance
measured every 30 s at 405 nm using a microplate reader (Biotek
Epoch) (Figure S2a). To prove the reusability of the rAaeUPO-
loaded beads, the whole reaction solution was withdrawn from
the vessel and replenished, repeating the reaction with the same
set of beads for a total of five cycles. For control experiments,
H,0, feedstock (1.97 mmol L) was added at a flow rate of
2.5 mL min™! for 2 min using a peristaltic pump (LabN1-
1I/AMC4(10) pump, Drifton) instead of plasma-treated water. The
total product amount was calculated considering the introduced
dilution factor and based on the millimolar extinction coefficient
(¢ = 36.8mmol L' cm™). Residual activity of protein-loaded
beads was checked by recovering the beads from the rotating
bed reactor and washing them thrice with potassium phosphate
buffer. Enzyme activity was determined as described for the
binding efficiency analysis but in a total volume of 1 mL using
10 ul beads. Samples were shaken during turnover to ensure
sufficient substrate supply. Every 2 min over a total of 10 min
reaction time, aliquots of 100 pl were removed and measured
using a microplate reader (Biotek Epoch) at a wavelength of
405 nm. Enzyme activity was calculated based on the linear
slope of the kinetic. Untreated rAaeUPO-loaded beads served as
a control for 100% residual enzyme activity.

4.53 | Ethylbenzene Conversion Using Free rAaeUPO

Plasma-driven biocatalysis converting ethylbenzene as substrate
was initially evaluated using 1.5 mL plasma-treated water, which
was mixed with 50 mmol L™ ethylbenzene and 50 or 100 nmol L™}
(0.075 or 0.15 nmol) free rAaeUPO. After 10 min incubation
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with vigorous mixing, 150 ul samples were withdrawn for gas
chromatography (GC) analysis. As a control, 1.5 mL H, O, solution
(1.97 mmol L) was mixed with 50 mmol L ethylbenzene and
100 nmol L free rAaeUPO.

4.54 | Decoupled Continuous Ethylbenzene Conversion
Using Free rAaeUPO

For decoupled continuous-flow conversion of ethylbenzene,
50 mmol L™ ethylbenzene was mixed with 100 nmol L7!
(0.1 nmol) free rAaeUPO in a total volume of 1 mL potassium
phosphate buffer (100 mmol L™, pH 7). Plasma-treated water was
continuously added at a flow rate of 2.5 mL min~ for 2 min. The
solution was mixed using a magnetic stirrer or an empty rotating
bed reactor at 900 rpm. After 2 min, the flow of plasma-treated
water was stopped. Samples (150 pl) were withdrawn for GC
analysis directly after 2 min and after further 10 min incubation
to allow conversion of residual H,0, (Figure S2a). For control
experiments, H,0, feedstock (1.97 mmol L) was added at a
flow rate of 2.5 mL min~' for 2 min using a peristaltic pump
(LabN1-1I/AMC4(10) pump, Drifton) instead of plasma-treated
water.

4.5.5 | Coupled Continuous Ethylbenzene Conversion
Using Immobilized rAaeUPO

Conversion of ethylbenzene using immobilized rAaeUPO was
investigated by transferring 200 mg enzyme-loaded beads to the
previously described rotating bed reactor. A substrate vessel was
prepared containing 100 mmol L™ ethylbenzene in potassium
phosphate buffer (100 mmol L™, pH 7) and combined with the
continuous flow of plasma-treated water. The combined flow of
substrate and plasma-treated water (flow rate of 5 mL min~') was
added to the reaction vessel containing the rotating bed reactor
for a total run time of 30 min (Figure S2b). Every 45 s, samples
of 3.75 mL were withdrawn to prevent overflow of the reaction
vessel, while four samples were pooled in one reaction tube
(total volume of 15 mL). To analyze product formation in the
respective 3 min time frame, 150 pl samples were withdrawn for
GC measurement. After 30 min of biocatalysis, residual activity
of protein-loaded beads was determined as described previously
for the ABTS conversion. As a control, the same experiment was
repeated substituting the plasma-treated water flow with a bulk
co-substrate solution (1.97 mmol L™!) at a flow rate of 2.5 mL min~!
using a peristaltic pump (LabN1-II/AMC4(10) pump,
Drifton).

4.6 | Analysis of (R)-1-PhOl

Samples of 150 ul were withdrawn and mixed with the same
volume of ethyl acetate containing 2 mmol L™ l-octanol as
internal standard. The organic phase was transferred to a new
vial, dried with MgSO, and analyzed by gas chromatography
(Shimadzu GC 2010 system equipped with Hydrodex f-6TBDM
column, Macherey-Nagel, Germany). Samples were analyzed
following an isothermal program (120°C, 11 min). Concentrations
were determined based on a calibration curve that used racemic
1-PhOL
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