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A B S T R A C T

Enzymatic processes for the remediation of wastewater containing organic pollutants are a promising alternative 
to advanced treatment processes that are often energy intensive and/or generate waste or by-products. For 
antibiotics, enzyme systems studied to date have been limited by substrate scope, pH tolerance, and stability. In 
this work, the remediation potential of two promiscuous H₂O₂-dependent enzymes is explored: the unspecific 
peroxygenase from Agrocybe aegerita (AaeUPO) and the chloroperoxidase from Curvularia inaequalis (CiVCPO), 
for the removal of four antibiotics commonly found in WWTP effluents and surface waters. While both enzymes 
showed a high removal potential for sulfamethoxazole (SMX) as a model antibiotic, CiVCPO was inactive in 
municipal wastewater, likely due to the presence of phosphate and nitrate. In contrast, AaeUPO remained active 
and stable within a suitable pH and temperature range. The transformation products showed decreased antibiotic 
activity against a susceptible strain of E. coli and decreased phytotoxicity, as indicated by the increased root 
length of Daucus carota. Peroxygenases are known to be sensitive to excess H₂O₂, and AaeUPO displays significant 
catalase activity at low substrate concentrations. To minimise H₂O₂-mediated inactivation, experiments were 
conducted at various H₂O₂ dosing rates in batch mode. Optimal conditions for the operation of a continuous 
enzymatic membrane reactor were then investigated, achieving over 95 % removal of SMX. This lays the 
groundwork for continuous operation and paves the way for efficient reactor design.

1. Introduction

To ensure the availability and quality of freshwater, a resource under 
increasing pressure, improved water management strategies must be 
implemented [1]. A key aspect is the efficient removal of recalcitrant 
and persistent compounds in wastewater treatment plants (WWTPs) [2]. 
Although conventional WWTPs are effective at reducing the organic 
load and nutrient content of wastewater, they largely fail to remove low 
molecular weight organic pollutants [3]. As a result, these compounds 
are discharged into natural waters and pose a risk to aquatic life. 

Antibiotics are of particular concern. Although their concentrations in 
waters downstream of WWTPs are typically below the minimum 
inhibitory concentration for acute effects, their presence can exert se
lective pressure favouring the emergence of antimicrobial resistance 
genes [4,5].

Source control strategies are challenging to implement due to the 
essential role of antibiotics in healthcare and the fact that a significant 
proportion (50–80 %) of administered antibiotics are excreted un
changed [6]. Therefore, reducing antibiotic levels in surface waters can 
only be effectively achieved through end-of-pipe strategies, such as the 
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Transformation product.

* Corresponding author at: CRETUS, Department of Chemical Engineering, Universidade de Santiago de Compostela, Santiago de Compostela 15782, Spain.
E-mail address: sabrinarose.deboer@usc.es (S. de Boer). 

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

https://doi.org/10.1016/j.jece.2025.115795
Received 4 October 2024; Received in revised form 30 January 2025; Accepted 13 February 2025  

Journal of Environmental Chemical Engineering 13 (2025) 115795 

Available online 14 February 2025 
2213-3437/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-4497-6588
https://orcid.org/0000-0002-4497-6588
https://orcid.org/0000-0003-0913-7866
https://orcid.org/0000-0003-0913-7866
https://orcid.org/0000-0002-7143-8451
https://orcid.org/0000-0002-7143-8451
https://orcid.org/0000-0003-4821-756X
https://orcid.org/0000-0003-4821-756X
https://orcid.org/0000-0001-7683-8342
https://orcid.org/0000-0001-7683-8342
https://orcid.org/0000-0002-4110-2631
https://orcid.org/0000-0002-4110-2631
mailto:sabrinarose.deboer@usc.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2025.115795
https://doi.org/10.1016/j.jece.2025.115795
http://creativecommons.org/licenses/by/4.0/


introduction of additional treatment stages. Currently, several physical 
and chemical processes can be used to remove micropollutants [7]; 
however, these methods face significant drawbacks, including sludge 
production and the use of chemicals and energy. As a result, environ
mentally friendly alternatives are gaining importance. Among these, 
enzymatic processes are considered a promising approach.

Enzymes offer several advantages over conventional processes: they 
are non-toxic, biobased and biodegradable. In addition, their catalytic 
activity can be enhanced by genetic engineering. Among the enzymes 
studied for micropollutant removal, laccases are the most extensively 
investigated [8,9]. Despite their high stability and relatively low cost, 
the substrate scope of laccases is limited to activated substrates such as 
phenols or N-hydroxides [10,11]. Target compounds lacking these 
functional groups, such as most antibiotics, can only be transformed in 
the presence of costly and often toxicity-inducing redox mediators [12], 
highlighting the need for new biocatalysts. In this work, the potential of 
two enzymes was investigated: the unspecific peroxygenase from Agro
cybe aegerita (AaeUPO, PaDa-1), [13–15] and the vanadium-containing 
chloroperoxidase from Curvularia inaequalis (CiVCPO) [16].

Peroxygenases such as AaeUPO are heme-thiolate enzymes that 
combine the H2O2-dependency of peroxidases and the high reactivity of 
P450 monooxygenases [17,18]. This opens up new possibilities for the 
conversion of priority pollutants and pharmaceuticals [19,20]. AaeUPO 
has demonstrated activity against sulfamethazine and sulfadiazine [21], 
but its activity against other antibiotics has yet to be explored. While 
several studies have elucidated the mechanisms of substrate conversion 
by AaeUPO [22,23], and a continuous reactor has been proposed for the 
conversion of model substrates ABTS and ethylbenzene [24], waste
water treatment processes at micromolar contaminant concentrations 
have not yet been investigated.

Similarly, no studies have reported antibiotic removal by CiVCPO. As 
member of the haloperoxidase family, CiVCPO oxidises halides to the 
corresponding hypohalites at the expense of H2O2 [25]. The reactive 
hypohalites leave the active site of the enzyme, allowing their interac
tion with a sterically challenging substrate. Under certain conditions, 
also singlet oxygen can be formed [26], that can contribute to the 
oxidative degradation of the target pollutants.

In this work, the removal of four antibiotics was assessed: the sul
phonamide sulfamethoxazole (SMX) and its adjuvant trimethoprim 
(TMP), the fluoroquinolone ciprofloxacin (CIP), and tetracycline hy
drochloride (TET) from the tetracycline class. Although penicillins, 
cephalosporins, and macrolides are the most widely used antibiotics 
globally [27], they are more susceptible to abiotic and biotic hydrolysis 
in the environment [28]. Three selected substances—SMX, TMP, and 
CIP—are or have been considered in the Watch List under the Water 
Framework Directive [29], while TET is a common substrate in 
laccase-based removal studies [30].

Besides determining the substrate scope of the two enzymes, their 
applicability under conditions relevant to wastewater treatment is 
investigated. Given the known instability of AaeUPO in the presence of 
its cofactor H₂O₂, SMX removal is evaluated in fed-batch and continuous 
reactors at a laboratory scale. The effectiveness of the proposed enzy
matic treatment with AaeUPO was assessed not only in terms of the 
resulting transformation products but also through effect-based assays. 
Additionally, the impact of mixtures of multiple antibiotics on removal 
efficiency was studied to highlight the remaining challenges of enzyme- 
mediated remediation of wastewater pollutants.

2. Materials and methods

2.1. Chemicals

The PaDa-1 variant of AaeUPO (UPO 23®) was purchased from 
EvoEnzyme, Madrid, with a specific activity of 828 U/mg as freeze-dried 
powder, which was redissolved according to the supplier’s instructions. 
The enzyme solution was aliquoted and stored at − 20 ◦C. Each thawed 

batch was used for no more than one week and the activity was deter
mined before each experiment. CiVCPO was prepared following litera
ture procedures [31,32], with an activity of 3.9 U/mmol with respect to 
the monochlorodimedone (MCD) assay. 2,2′-azino-bis(3-ethyl
benzothiazoline-6-sulfonic acid (ABTS), purity > 98 % and hydrogen 
peroxide 30 % were purchased from Merck and stocks were prepared 
weekly and daily, respectively. The exact concentration of H2O2 was 
determined by titration with potassium permanganate standardized 
with calcium oxalate. Antibiotic standards were supplied by Merck 
(Sigma Aldrich), the standard 4-nitro-SMX was supplied by Toronto 
Research Chemicals.

2.2. Enzymatic activity assays

The activity of AaeUPO was determined by the ABTS assay using 
2 mM H2O2 and 1 mM ABTS in 0.1 M sodium citrate buffer at pH 4. The 
formation of the ABTS+. radical was monitored for 3 min by reading 
absorbance at 420 nm. One unit of activity was defined as the formation 
of 1 µmol/min of ABTS+. considering an extinction coefficient of 
36,000 L/(mol cm). The relative activity of CiVCPO was determined by 
plotting the linear range of bromophenol blue formation from a 40 µM 
solution of phenol red and 0.1 M KBr in sodium citrate buffer at pH 5.6, 
the absorbance was read at 592 nm (Fig. S2) [33]. All activity mea
surements were performed using a HT Biotek Synergi plate reader.

2.3. Screening degradation experiments

Experiments were performed in stirred amber vials (VReaction =

5 mL), at 22 ◦C, in buffer and secondary effluent from a municipal 
wastewater treatment plant (composition summarised in Table S1). The 
antibiotics of interest were prepared at 1 g/L in MeOH, except for 
tetracycline, which was dissolved in water. For AaeUPO, experiments 
were performed in potassium phosphate buffer (pH 7; 0.1 M), while for 
CiVCPO, sodium citrate buffer (0.02 M; pH 5.6) in the presence of 5 mM 
NaCl was used. The antibiotic concentration was chosen at 5 mg/L to 
facilitate the identification of transformation products. Unless otherwise 
stated, for pollutant spiking, the organic solvent was completely evap
orated prior to mixing with the water matrix. H2O2 was added in a single 
spike to reach a concentration of 0.2 mM in case of AaeUPO (500 U/L, 
ABTS) and 100 mM in case of CiVCPO (390 U/L, MCD). The following 
buffers were used for the pH activity experiments of AaeUPO: Sodium 
citrate buffer (0.1 M, pH 3–6), sodium phosphate buffer (0.1 M, pH 6–8), 
and sodium carbonate buffer (0.1 M, pH 8–9).

2.4. Initial rate experiments

Experiments were performed in stirred amber flasks in 5 mL sodium 
phosphate buffer (0.1 M, pH 7). The enzyme concentration was adjusted 
to 500 U/L. Experiments were started by adding 200 µL of H2O2, the 
amount of SMX added was corrected for dilution by H2O2. Samples of 
300 µL were taken every 10 s and immediately added to 10 µL of 100 mM 
NaN3 solution to deactivate the enzyme.

2.5. Fed-batch removal studies

Reactions were performed in 50 mL sodium phosphate buffer (0.1 M, 
pH 7), and in deionized water in stirred glass beakers. The initial SMX 
concentration was 3.4 µM. The hydrogen peroxide solution was dosed 
using a syringe pump (New Era Pump Systems, Inc.), applying flow rates 
of 1–4 mL/min. Samples were taken periodically to quantify H2O2, 
enzyme activity and SMX concentration. The pH was monitored in 
selected reactions with a glass electrode coupled to a Crison (USA) GLP- 
21 digital analyser.
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2.6. HPLC reaction monitoring

Samples were injected without further purification into a JASCO XLC 
HPLC system, equipped with a 311 MD diode array detector. Elution was 
performed on a Gemini® C-18 column (150 ×4.6 mm; 3 µm) (Phe
nomenex). To determine the removal of the four selected antibiotics, a 
gradient elution was performed using 5 % acetonitrile (ACN, mobile 
phase A) and 95 % water (mobile phase B) for 4 min, followed by 
increasing the ACN to 50 % for 15 min. After restoring the initial elution 
conditions, the column was equilibrated under these conditions for 
5 min. To resolve the SMX transformation products, elution was per
formed at 30 ◦C using isocratic conditions of 40 % acetonitrile (ACN, 
mobile phase A) and 60 % water with 20 mM (mobile phase B) from 0 to 
6 min, a gradient to 60 % mobile phase A and 40 % mobile phase B until 
8 min, and a return to the original conditions from 8 to 12 min. An in
jection volume of 20 or 100 µl was chosen depending on the initial 
concentrations. Chromatograms were processed using the HP Chrom
Nav® version 2.04.06 software.

2.7. Determination of transformation products by UHPLC-QToF

Samples were filtered through 0.22 µm PTFE filters. Untargeted 
analysis was performed by ultra-high performance liquid chromatog
raphy (Elute UHPLC 1300) coupled to a Compact model quadrupole 
time-of-flight (QToF) mass spectrometer (Bruker Daltonics). Chro
matographic separation was performed using an Intensity Solo C18–2 
HPLC column (100 mm × 2,1 mm, 1,8 µm; Bruker Daltonics, Bremen, 
Germany) and a pre-column, kept at 40 ◦C. The mass deviation correc
tion was performed by injecting an aqueous solution of NaOH and iso
propanol (50:50) with 0.2 % formic acid as the calibrant. Mobile phases 
(A) and (B) consisted of 0.1 % formic acid and 5 mM ammonium formate 
in water and methanol, respectively. The elution gradient consisted of 
0.1 min 96/4 (A/B) where the calibrant enters, followed by an 
increasing ramp 81.7/18.3 (1 min); 50/50 (2.5 min) and 0.1/99.9 
(14 min to 16 min) until returning to the initial conditions after 
16.1 min, maintaining isocratic conditions until the end of the run at 
20 min. Samples were acquired in Auto MS/MS mode with positive 
polarity, using an electrospray ionization (ESI) source detecting mainly 
pseudomolecular [M+H]+ ions, as reported previously with slight 
modifications [34]. Briefly, an acquisition rate of 8 Hz in 0.3 s cycles 
over a voltage range of 5–70 eV and a filtering amplitude of 
20–1000 m/z was used using Compass HyStar acquisition software. Ion 
source conditions were as follows: capillary voltage 4500 V, nebulizer 
pressure 29 psi, drying gas 8 L/min and gas temperature 220 ◦C.

Statistical analysis of the untargeted search was performed by 
MetaboScape® software Version 4.0.4 (Build 19) using the T-REX 3D 
algorithm. For the prediction of molecular formulae, SmartFormula was 
used, based on the exact mass comparison and the isotopic profile of 
each compound, with the maximum mass deviation error of 5 mDa and 
mSigma 50 set as acceptable parameters in all cases. The identifications 
obtained are validated with the Compound Crawler tool and their 
structural stability is confirmed with the MetFrag software, which 
combines the analysis of the in silico fragmentation of the possible 
candidates with the search in the main databases (ChemSpider, ChEBI, 
PubChem) and the use of spectral libraries: Mass Bank European and 
MassBank of North America (MoNA) and National Center for Biotech
nology Information (NCBI). The SMX transformation product 4-Nitro- 
SMX was further confirmed to have the same elution profile than the 
purchased standard.

2.8. Quantification of hydrogen peroxide

In the reaction mixtures, hydrogen peroxide was quantified photo
metrically using an enzymatic method or the FOX assay. For the enzy
matic method, ABTS was used as substrate in the presence of an excess of 
AaeUPO, and the end-point absorbance was determined at a wavelength 

of 418 nm after 5 min incubation (LOD of 8 µM and LOQ of 25 µM, 
Fig. S3). For lower concentrations, the original FOX assay protocol was 
adapted for measurement in the microplate reader. The reagent solution 
contained 0.1 mM xylenol orange, 0.25 mM ammonium iron (II) sul
phate, 25 mM H2SO4 and 100 mM sorbitol as signal enhancer, as pre
viously described [35]. For the assay, 285 µL of sample solution and 
15 µL of the reagent solution were mixed per well, and the absorbance at 
560 nm was read after 30 min incubation together with a calibration 
series. The LOD and LOQ were 0.1 and 0.3 µM, respectively (Fig. S3).

2.9. Continuous reactor setups

A continuously stirred enzymatic membrane reactor (EMR) was set 
up using a commercial Amicon® cell (V = 240 mL) connected to a feed 
reservoir with no air headspace (Fig. S9) [36]. The feed was supplied by 
a Masterflex L/S® peristaltic pump (Cole Parmer) regulated by a Mas
terflex L/S modular controller. Ultracel® 10 kDa regenerated cellulose 
ultrafiltration discs (Ø 63.5 mm) were used as the separation membrane 
and were handled according to the recommendations of the supplier 
(Merck Millipore). The pressure was kept below 13 psi, which allowed a 
stable flow rate of 2.5 ± 0.1 mL/min. The residence time distribution 
was determined by following the increase in conductivity in the effluent 
after a sudden increase in NaCl concentration in the feed from 0 to 1 g/L 
(Fig. S10).

2.10. Effect-based assays

2.10.1. Antibiotic susceptibility
In a preliminary screening step, bacteria with a high susceptibility to 

SMX were selected based on disk diffusion tests, considering the 
following strains: Escherichia coli K12, Acinetobacter baumanii M1.50, 
Streptococcus pneumoniae CECT 769 and Klebsiella pneumoniae H1.69. 
From these strains, E. coli and K. pneumoniae showed highest suscepti
bility and were selected for broth dilution assays. Stocks consisted in an 
aqueous solution of 100 mg/L SMX and the correspondingly concen
trated effluent from the continuous reactor. 15 µL of the stock were 
mixed with 135 µL of Mueller-Hinton Broth containing a 1:100 dilution 
of the overnight culture of the bacteria. Growth was monitored in trip
licates in 96-well U bottom shaped plates for 24 h at 37 ◦C reading the 
optical density at 600 nm (OD600).

2.10.2. Seed germination
Seed germination was assessed following the procedure of Hillis et al. 

with some modifications [6]. Forty Daucus carota seeds were placed on a 
filter paper in a petri dish (Ø = 9 cm) containing 5 mL of the sample 
diluted in distilled water. A blank was performed in distilled water only. 
Dishes were sealed with Parafilm® and incubated in the dark at 22 ± 2 
◦C. Growth was monitored at 4, 7 and 9 days after the start of the 
experiment. Total length (sum of shoot and root length) was evaluated 
by manual tracing of backlit photographs of the plates with the software 
ImageJ (version 1.53.k) [37]. Data was tested for normality and ho
moscedasticity by the Shapiro-Wilk and the Levene test, respectively. 
Analysis of variance was performed by Welch-ANOVA and 
Games-Howell pairwise comparison as post-hoc test. All data analysis 
was performed with the software OriginPro 2024.

3. Results and discussion

3.1. Conversion of target antibiotics

In a first step, the elimination potential of the two oxidoreductases 
was determined for the four selected antibiotics (Fig. 1). Therefore, 
suitable buffered conditions were selected that would guarantee high 
enzyme activity. While AaeUPO shows highest activity for most sub
strates at pH values close to 7, CiVCPO requires slightly acidic condi
tions, the presence of halide ions, and absence of phosphate. Preliminary 
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experiments confirmed that the selected antibiotics were stable in the 
reaction matrix in the absence of the respective enzymes. This is 
attributable to the relatively low reactivity of H₂O₂ toward organic 
compounds in the absence of promotors [38]. In wastewater treatment 
applications, H2O2 is typically applied in combination with UV-C light, 
(photo)catalysts, or electrochemical processes to enhance the formation 
of reactive oxygen species, e.g. by disproportionation into hydroxyl 
radicals.

Comparing the removal of the four antibiotics in presence of AaeUPO 
(Fig. 1A) and CiVCPO (Fig. 1B), the substrate scope of the two enzymes 
was somewhat complementary, with AaeUPO being active on SMX and 
TMP while CiVCPO converted CIP, TET and SMX. The higher steric 
demand of CIP and TET may account for the poor conversion by 
AaeUPO, where binding to the active site is a prerequisite for conver
sion. This is not the case with CiVCPO, which primarily forms hypo
chlorite which then leaves the enzyme active site. At the selected 
conditions, in the presence of excess H2O2, OCl- mediates the oxidation 
of H2O2 to 1O2 [39], also indicated by the formation of gas bubbles 
during the removal experiments. In case of CIP, UHPLC-QToF confirmed 
cleavage of the piperazine ring (Fig. 1). Similarly, the 1O2-mediated of 
structurally related norfloxacin had also been reported to proceed via 
piperazine ring cleavage [40]. However, the reason for the recalcitrance 
of TMP remains to be elucidated. It has been previously reported that the 
reaction of TMP with 1O2 is slow and inefficient compared to other 
oxidative removal pathways [41,42]. Unfortunately, the transformation 
products of SMX and TET could not be identified to confirm the 

assumption that no chlorinated by-products are formed under the 
selected conditions.

In case of AaeUPO, the concentration increase of SMX and CIP 
(Fig. 1A) may have been caused by partial evaporation of the matrix 
during the experiment. Nevertheless, results from triplicate experiments 
confirm that the enzyme did not degrade these compounds. TMP- 
conversion could be attributed to primarily oxidative demethylation of 
the methoxy substituents and, to some extent, benzylic hydroxylation 
(Fig. 1). This is in line with the catalytic scope of AaeUPO [43–45]. The 
three transformation products observed in the case of SMX indicate a 
successive N-oxidation to the corresponding nitro group (Fig. 1). While 
N-oxidation has been reported for manganese peroxidase and chlor
operoxidases [46,47], peroxygenases have mainly shown N-oxidation of 
pyridine derivatives [48]. Very recently, additional pathways and sub
strates for AaeUPO-catalysed N-oxidations have been reported [49].

Since SMX was converted by both enzymes, their SMX-conversion 
performance under realistic conditions, i.e. in a municipal WWTP 
effluent, was further investigated (Fig. 2A and B). Interestingly, AaeUPO 
performed well but with CiVCPO no conversion was observed. A 
potentially too low chloride concentration was ruled out to explain the 
apparent inactivity, as shown in an experiment with supplementation of 
5 mM NaCl. CiVCPO was not inactivated (Fig. 2B, shaded area). 
Possibly, phosphate inhibition [50] (the phosphate concentration of the 
selected wastewater was 4.6 mg/L; 49 µM, Table S1) played a role. The 
presence of nitrate (8.9 mg/L (0.14 mM) in the effluent may also have 
contributed to the enzyme inhibition [51]. Further studies are needed to 

Fig. 1. Model antibiotics used and their conversion by AaeUPO and CiVCPO at pH 7 and pH 5.6, respectively (see Section 2.3 for further details). The upper graphs 
illustrate the removal time course (line graphs) together with the residual enzyme activity (shaded areas), while the lower panel shows the structure of the tentative 
transformation products. For AaeUPO, each antibiotic was degraded individually, while CiVCPO acted on the antibiotic mix. All removal batch experiments were 
conducted in triplicate.
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fully understand the apparent inhibition of CiVCPO in different types of 
wastewater. Despite the fast removal of SMX achieved with AaeUPO, its 
stability dropped considerably under the applied conditions, requiring a 
further optimization of the reaction conditions.

3.2. Evaluation of process window for SMX removal by AaeUPO

Municipal wastewater is characterised by a pH range between 7 and 
8.5 and temperature typically below 25 ◦C [52,53]. From an application 
point-of-view it is important that these conditions match the biocatalyst 
requirements for high activity and stability. Fig. 3A displays the initial 
SMX conversion rate of AaeUPO, as well as its stability at pH values 
between 3 and 9. Compared to laccases, which generally exhibit 
maximal activity at pH 3–5 for most substrates, the maximal rate of SMX 
conversion by AaeUPO was achieved at pH 5.5. Nevertheless, even at pH 
8, at least one-third of the maximal rate was achieved. Additionally, the 
enzyme stability was highest between pH 5 and 7, which is an acceptable 
range for wastewater treatment applications.

Not surprisingly, the initial rates of SMX removal also exponentially 
increased with reaction temperature (Fig. 3B). An Arrhenius fit (Fig. S4) 
yielded an activation energy (EA) of 50 ± 6 kJ/mol, comparable with 
previously determined activation energies [54,55]. Moreover, the sta
bility of AaeUPO decreased with increasing temperature, in concordance 
with previous works [13]. However, at temperatures below 25 ◦C, that 
are typical for wastewater, the stability appeared reasonably high.

3.3. Interaction of the reacting species

While single pulse dosing of H2O2 offers advantages in handling, 
especially in microliter-scale screening studies [56], the concentrations 
selected are often not optimized to achieve the maximum removal po
tential of the enzyme. Although H2O2 is an essential cofactor to activate 
the catalytic site of the enzyme, many peroxide-dependent enzymes are 
deactivated upon its presence in excess [57]. Monitoring of all reacting 
species during the sequential addition of AaeUPO and H2O2 illustrates 
the ambivalent influence of H2O2 concentration on substrate conversion 
and enzyme stability (Fig. 4).

Substrate conversion by AaeUPO occurs either by peroxygenase or 
peroxidase-like pathways after reactive compound I is formed by H2O2 
binding and water release. Already in the first phase all initial SMX was 
consumed and hydroxylamine (TP1), nitroso (TP2) and nitro (TP3) in
termediates were detectable (Fig. 4A and B). However, AaeUPO had 
already been inactivated within 30 minutes, while H2O2 remained at a 
concentration of 50 µM. The next dose of active enzyme completed the 
transformation into TP3 with some traces of a yet undefined further 
intermediate (TP4) was observed. The concentration of TP3 did not vary 
significantly upon further addition of AaeUPO and H2O2. The immediate 
decrease of the H2O2 concentration upon addition of a third pulse of 
enzyme after completion of substrate conversion illustrates the catalase 
activity of the enzyme when, in the absence of other substrates, Com
pound I binds an additional H2O2 molecule that is converted to O2 and 

Fig. 2. Time course of removal of antibiotics by AaeUPO (A) and CiVCPO (B) in municipal WWTP effluent (pH 6.9). In case of CiVCPO, the removal was also 
evaluated in an effluent that was supplemented with 5 mM NaCl. Residual enzyme activity is indicated by shaded areas. Experiments were conducted in triplicate.

Fig. 3. A) Influence of pH on initial rate of SMX removal (purple) and residual activity after 8 h incubation (green) B) Influence of temperature on initial rate of SMX 
removal (blue) and residual activity after 3 h of incubation (green). Conditions: 900 µg/L SMX; 0.2 mM H2O2; 500 U/L AaeUPO. All experiments were performed 
in triplicate.
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water upon restoration of the resting state (Fig. 4C) [22]. This pathway 
is however prone to a malfunction (Fig. 4D) initiated by the binding of a 
third H2O2 molecule to yield the reduced compound III and ultimately 
leading to the destruction of the catalytic site (“heme bleaching”), 
potentially by reactive oxygen species (ROS) formed by the reaction of 
Compound III with additional H2O2 molecules [22]. This mechanism is 
likely to be the main reason for the fast enzyme deactivation and shows 
the need for a more adequate H2O2 dosing strategy.

3.4. Process optimisation in fed batch mode

To further understand the AaeUPO-catalysed SMX-conversion, the 
Michaelis-Menten parameters for both substrates were estimated by 
initial rate experiments (Fig. S7). The KM value for SMX was 62 μM. For 
H2O2, an apparent KM value of about 23 μM was determined with a 
pronounced substrate inhibition, which can be attributed to the oxida
tive inactivation of AaeUPO. To mimic the intended continuous process 
conditions, the apparent rate dependence was also determined at 
different H2O2-dosing rates (Fig. 5). The SMX conversion rate increased 
with the H2O2-dosing rate in a saturation-type behaviour similar to 
classical Michaelis-Menten kinetics. As a result, the SMX conversion rate 
did not increase linearly with increasing H2O2 supply rate. However, 
since H2O2 accumulation was not observed as long as active enzyme was 
present, this difference can be attributed to an increasing catalase ac
tivity of AaeUPO, additionally giving rise to an increasing enzyme 
deactivation by the catalase malfunction pathway. Consequently, at the 
selected SMX concentration, hydrogen peroxide dosing rates > 15 µM/h 
should be avoided to prevent inefficient use of H2O2 and excessive 
enzyme deactivation. At dosing rates below 15 µM/h, the H2O2 con
centration in the reactor remained stable below 0.5 µM as long as an 
organic substrate was present (SMX, TP1 and TP2) (Fig. S6).

Indeed, as shown in Fig. 6A, the stability of the enzyme was signif
icantly improved in a fed-batch experiment with a dosing rate of 
23.7 µM/h H2O2 and an initial SMX concentration of 50 mg/L 
(approximately 200 µM) compared to the experiments shown in Fig. 5
(900 µg/L or 4.3 µM). In these experiments, additional reaction products 
were detected in the HPLC samples (Fig. S8), and in addition, the for
mation of a yellow precipitate was observed. This is probably the result 
of azoxy product formation that was recently described to be catalysed 

by AaeUPO [49]. Apparently, however, these transformation pathways 
requires higher substrate concentrations, which are unlikely to occur in 
real wastewaters. The influence of substrate concentration on the 
observed transformation product spectrum has also been reported for 
laccase-catalysed lignin polymerization [58], and should be considered 
when drawing conclusions from removal studies at high substrate 
concentrations.

In a second experiment, the effect of an additional SMX spike added 
just prior to complete SMX removal was investigated (Fig. 6B). It was 
hypothesized that the stability of the enzyme could be prolonged due to 
the increased availability of SMX. Although the H2O2 concentration 
could be kept stable, a stepwise decrease in activity was observed after 
the second spike, with subsequent stabilization until the substrate dosed 
in the second spike was depleted. The results highlight the need for a 
process design in which the peroxide concentration is dynamically 

Fig. 4. A) Sequential addition of AaeUPO and hydrogen peroxide to achieve complete removal of SMX (red). Transformation products: TP1 (blue); TP2 (dark purple), 
TP3 (violet), TP4 (orange) were determined relative to the SMX standard. The grey shaded area depicts the residual H2O2 concentration, and the green shaded area 
represents the residual AaeUPO activity B) Tentative reaction sequence from SMX to TP4 C) Catalase reaction scheme D) Catalase malfunction reaction scheme.

Fig. 5. Pink dots: Maximum SMX removal rate determined at different H2O2 
dosing rates in fed batch experiments; grey diamonds: H2O2 efficiency in terms 
of the ratio between SMX removal rate and H2O2 addition rate, Green squares: 
apparent enzyme deactivation rates, according to the observed linear decrease 
in activity in Fig. S6. The dashed line illustrates a hypothetical 1:1 relation 
between SMX removal rate and H2O2 dosing rate.
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adapted to the available substrate concentration and never accumulates 
in excess over the substrate.

3.4.1. Continuous operation of AaeUPO in a membrane reactor
Based on the results obtained in the batch reactor, an enzymatic 

membrane reactor (EMR) based on a commercial Amicon® stirred cell 
coupled to a peristaltic pump was operated (Fig. S9). In this configura
tion, the H2O2 feed rate can be adjusted to the substrate concentration 
present in the reaction mixture. The theoretical and experimental resi
dence times were 85.7 min and 88.6 min, respectively at a flow rate of 
2.5 ± 0.1 mL/min, with a characteristic residence time distribution for 
an ideal continuously stirred tank reactor (CSTR) (Fig. S10). Fig. 7 shows 
the profiles of SMX removal, enzyme activity and H2O2 concentration in 
three continuous removal experiments at a feed rate of 3.2 ± 0.2 µM/h 

SMX and different H2O2 dosing rates.
At a feed concentration of 42 µM H2O2, conversion of more than 

95 % SMX could be reached during a period of 150 min. However, the 
enzyme was deactivated at a rate of 3.4 ± 0.4 U/(L•min), so that a 
second pulse of fresh enzyme was added after 100 min of operation 
(Fig. 7A). Diminishing the H2O2 feed concentration to 20 µM (Fig. 7B) 
had two effects. Firstly, the conversion of SMX was lower, but could be 
maintained at > 90 % for 150 min without any further enzyme dosing. 
Secondly, the enzyme deactivation rate could be lowered to 2.7 ± 0.2 
U/(L•min). Fig. 7C shows that a H2O2 feed concentration of 12 µM 
resulted in an average SMX conversion of 73 ± 4 % over 180 min. 
Considering the absence (c<0.1 µM) of H2O2 in the effluent, the reaction 
was presumably H2O2-limited. Interestingly, SMX removal slightly 
increased at longer reaction times, accompanied by a shift in the 

Fig. 6. A) Removal of SMX by AaeUPO under a) 23.7 µM/h H2O2, 500 U/L AaeUPO, 50 mg/L SMX, sodium phosphate buffer pH 7 0.1 M, 22 ◦C; B) 15.4 µM/h H2O2, 
500 U/L AaeUPO, 900 µg/L SMX in each pulse, deionized water, 22 ◦C. green: enzyme activity, purple: SMX concentration. Grey: hydrogen peroxide.

Fig. 7. Concentration of SMX (purple dots), H2O2 (grey diamonds) and residual enzyme activity (green area) during continuous removal experiments in deionized 
water, pH 6 ± 0.5. A) 45 µM H2O2 feed, enzyme addition at t = 35 min and t = 105 min B) H2O2 µM H2O2 feed; enzyme addition at 35 min C) 12 µM H2O2 feed; 
enzyme addition at 35 min D) summary of the apparent reaction rates within the reactor.
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occurrence of the additional transformation products (TP1-TP3). This 
may result from minor conformational changes in the enzyme, altering 
substrate affinity. Further kinetic studies in the presence of different 
amounts of the respective transformation products are required to 
elucidate this relationship. Even at these H2O2 limited conditions, the 
activity of AaeUPO dropped by an approximate rate of 2.5 ± 0.5 U/ 
(L•min). Therefore, in addition to heme bleaching caused by excess 
H2O2, other deactivation processes must be occurring. To further narrow 
down the origin of the enzyme deactivation, additional experiments 
were performed. The mechanical stability against shear forces in the 
reactor was monitored by measuring the enzyme stability during three 
consecutive days while the pump was stopped overnight (Fig. 8A).

Apart from some fluctuations due to the interruption of the flow, the 
enzyme deactivation was considerably slower than in the experiments in 
the presence of H2O2 and SMX (Fig. 7). The flow rate changed only 
slightly during the experiment, indicating minor effect of fouling. When 
the enzyme was exposed to an influent H2O2 concentration of 20 µM 
(Fig. 8B), the enzyme stability was in fact maintained slightly longer 
than in presence of SMX (Fig. 7B). This apparent contradiction to the 
stabilising effect of the substrate observed in Fig. 6A can be explained by 
the fact that in the EMR, the H2O2 concentration was virtually zero, and 
instead, the concentration of the products was high. Although no 
destabilising or inhibiting effect of TP3, 4-nitro-SMX, was observed, 
previous studies reported that the 4-hydroxylamine SMX intermediate 
(TP1) can react with structurally similar cytochrome P450 mono
oxygenases [59]. For peroxidases, the addition of high molecular weight 
additives as glycerol or polyethylene glycol (PEG) could significantly 
improve the enzyme mechanical stability and resilience in presence of 
radicals [60,61]. To explore its potential for AaeUPO stabilisation, PEG 
with a molecular weight of 35000 g/mol was selected. The high 

molecular weight guarantees its retention by the 10 kDa membrane and 
prevents it from oxidation by AaeUPO [62]. As can be seen in Fig. 8C, the 
addition of PEG (35,000 g/mol) significantly increased the stability of 
AaeUPO during continuous shaking at 22 ◦C in the absence of H2O2 and 
substrate in batch. However, as shown in Fig. 8D, in the continuous 
operation of the reactor, the addition of 100 mg/L PEG a dosing rate of 
20 µM/h H2O2 led to no increase of enzyme stability in comparison with 
the results displayed in Fig. 7B. If the formed intermediates contribute to 
the deactivation, adjusting the residence time could alter their 
steady-state concentration in the reactor. A decrease in residence time 
could also increase the apparent SMX removal rate at higher H2O2 feed 
concentrations (Fig. 7D). Since in the present configuration the flow rate 
is limited by the flux across the membrane, either smaller reactor vol
umes, or immobilisation strategies that allow membrane -free activity 
retention could be applied [24,63].

3.5. Removal of antibiotic and phytotoxic effect

As complete mineralization of contaminants is typically not achieved 
by enzymatic pollutant removal strategies, the primary goal is to pro
duce transformation products with decreased environmental effect. 
However, as discussed in previous studies, this cannot always be ach
ieved [64,65]. An increase in toxicity toward Daphnia magna for the 
sulphonamides sulfadiazine and sulfamethazine had been observed after 
batch treatment with AaeUPO[21]. The authors attribute this to residual 
H₂O₂ in the reaction effluent. In our work, H₂O₂ does not appear in 
significant amounts in the treated effluent due to the catalase activity of 
the enzyme. Therefore, the contribution of metabolites to the observed 
toxicity cannot be ruled out. Short-term bioassays, such as the standard 
Microtox assay, which monitors luminescence inhibition in the marine 

Fig. 8. Stability of AaeUPO in different conditions: A) in continuous reactor in the absence of SMX and H2O2 B) in continuous reactor at a feed H2O2 concentration of 
20 µM C) Comparison of AaeUPO stability in batch in the presence (green dots) and absence (grey squares) of 400 mg/L PEG D) continuous removal of SMX (purple 
dots) at a H2O2 feed concentration of 20 µM in the presence of 400 mg/L PEG, at 240 min, a second pulse of AaeUPO was added to reach a concentration of 250 U/L, 
grey diamonds represent the H2O2 concentration.
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microorganism Aliivibrio fischeri, are typically less sensitive to bacte
riostatic antibiotics like SMX. As a result, more pronounced effects are 
observed with prolonged incubation times [66,67]. Majewsky et al. [68]
compared the two measurement approaches for A. fischeri and generally 
reported higher toxicity for NO₂-SMX than for SMX. Interestingly, in this 
case, the metabolites had a more pronounced effect on short-term 
luminescence inhibition than on long-term growth inhibition.

The marine bacterium A. fischeri might not be fully representative for 
the effects on wastewater and freshwater environments. Therefore, the 
growth inhibition effect on bacteria commonly found in wastewater was 
assessed. The strain Escherichia coli K12 exhibited the highest suscepti
bility to SMX in an agar disk diffusion assay and was thus selected for the 
broth dilution assay in the presence of treated and untreated spiked 
water samples. Growth inhibition (I [%]) can be calculated from the 
ratio of the integrated growth curves at concentration cx and in the 
absence of pollutant c₀ using Eqn I. 

Iexp =

⎛

⎜
⎜
⎜
⎝

1 −

∫t

t=0

OD600,cx

∫t

t=0

OD600,co

⎞

⎟
⎟
⎟
⎠

• 100 (I) 

Plotting the calculated inhibition percentages against the applied 
concentrations enables fitting the data to the Hill equation (Eqn II), 
where the inflection point provides an IC₅₀ value of 0.58 mg/L for SMX, 
with a Hill coefficient of 1.8 ± 0.5 and a coefficient of determination 
(R²) of 0.95. 

Ifit = I0 +
Imax • c(Antibiotic)a

IC50 + c(Antibiotics)a (II) 

The IC50 value for the treated effluent could not be reliably calcu
lated since the applied amount of the concentrated effluent did not reach 
the maximum inhibitory concentration, but Fig. 9A clearly shows a 
reduction of the growth inhibiting effect.

It should be noted that, due to the relatively high IC₅₀ of SMX in this 
case, at least a tenfold concentrated sample is required to achieve an 
appropriate ratio with the bacterial broth during the assay. Because of 
the observed changes in the pattern of transformation products at 
elevated concentrations, the assay was performed using concentrated 
effluent.

Concerningly, antibiotics have not only an inhibiting effect on 

pathogenic bacteria but also on terrestrial plant species [69]. It is ex
pected that the implementation of advanced treatment technologies will 
be driven not only by stricter regulations but also by increasing water 
scarcity. Wastewater reuse for irrigation is a likely scenario that must be 
considered when evaluating the success of a treatment technology. 
Therefore, the effect of enzymatic treatment of SMX-contaminated 
water on germination and root length of Daucus carota seeds was eval
uated (Fig. 9B), a species known for its high sensitivity to sulphonamide 
antibiotics [6].

Based on regulatory standards, a germination index of at least 60 % 
in the control should be achieved before measuring root length [6]. 
Compared to the control, germination indices were lower in the pres
ence of both SMX and 4-NO₂-SMX, with the lowest values observed for 
4-NO₂-SMX. Interestingly, the average root length after seven days of 
incubation at two different concentrations of 4-NO₂-SMX was higher 
than in the corresponding concentrations of SMX, suggesting that 
enzymatic treatment may reduce phytotoxicity. However, due to the 
high variance in root length measurements, only a few populations 
showed significant differences (p < 0.05). Unexpectedly, the lower 
concentrations showed a greater inhibitory effect on both root length 
and germination index. This can be explained by a hormetic effect, 
where an organism shows a stimulatory response to increasing con
centrations of a stressor, as previously reported for heavy metals and 
antibiotics [70,71]. The observed variance in root length is largely due 
to differences in the timing of germination, which could be minimized 
by continuous monitoring of root elongation rates [72].

3.6. Mixture effects

Even when focusing on a single contaminant, the removal process 
depends not only on the concentrations of substrates, cosubstrates and 
enzymes, but also on the transformation products formed. In more 
realistic scenarios, several antibiotics and other wastewater constituents 
are likely to be present simultaneously, which could influence the 
removal kinetics of each. We conducted removal experiments with 
various combinations of antibiotics under continuous H2O2 feeding. 
Using a H2O2 dosing rate of 37 µM/h and an initial antibiotic concen
tration of 5 mg/L each, SMX degradation reached 100 % within one 
hour, unaffected by the presence of TMP (Fig. 10A and C). Conversely, 
when considering the removal of TMP, in the SMX-TMP mixture, less 
than 15 % TMP removal was observed after 2 hours, compared to 60 % 
removal of TMP alone in the same timeframe. Interestingly, in this case, 

Fig. 9. A) Growth inhibition of E. coli calculated by formula (II). The considered time frame for growth curve comparison ranged from 0 to 2000 s. Data was fitted 
with the Hill equation. Individual growth curves with standard deviations from biological triplicates can be found in Fig. S11 B) Left Y axis: Root length of D. carota in 
the presence of different concentrations of SMX and 4-NO2-SMX after 7 d of incubation. Right Y axis: germination index (blue squares) dashed horizontal lines 
indicate the minimal germination index of the blank required by the ASTM (American Society for Testing and Materials) and Environment Canada (E. Can.).
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a higher rate of enzyme deactivation was observed, demanding the 
addition of a second pulse of active enzyme after 80 minutes (Fig. 10B). 
The slower removal rate of TMP compared to SMX suggests a lower 
affinity for binding to Compound I. As a result, when TMP is the only 
substrate available, enzyme deactivation occurs more rapidly due to a 
greater proportion of heme bleaching compared to productive substrate 
conversion.

When TET was also present in the mixture, the removal rate of SMX 
slightly decreased, while the H₂O₂ concentration remained relatively 
stable below 2 µM, indicating higher enzyme stability (Fig. 10D). In a 
mixture of the four antibiotics—SMX, TMP, CIP, and TET—the removal 
of SMX remained unchanged compared to the previous case (Fig. 10E). 
Interestingly, TMP removal was more efficient, while TET and CIP were 
not removed at all, consistent with the batch experiments shown in 
Fig. 2. A significant observation was made in the presence of 0.5 % (v/v) 
methanol (Fig. 10F): the removal of the four antibiotics nearly ceased, 
except for SMX. Meanwhile, enzyme activity remained constant, and no 
H₂O₂ was detected. It has been demonstrated that methanol is a substrate 
for AaeUPO [73], and in this case, the methanol concentration repre
sents a thousand-fold excess over the applied micropollutant concen
tration and acts as a competitive inhibitor. To control the solvent used in 
micropollutant spiking, it is crucial to either use inert alternatives or to 
evaporate the solvent before adding it to the water matrix. In addition, 

the stabilizing effect of other natural organic substrates may be an 
interesting area for further studies on the influence of more complex 
water matrices.

4. Conclusions

Even though all of the considered antibiotics could be removed by at 
least one of the applied oxidoreductases, transitioning from laboratory 
experiments to real-world applications requires considering factors 
beyond removal efficiency. It is essential to evaluate enzyme function
ality under varying process conditions (pH, temperature) to ensure 
compatibility with real wastewater. In this regard, despite its broader 
substrate scope and higher stability, CiVCPO failed to remove the target 
antibiotics in WWTP effluentr, highlighting the need for further inves
tigation into inhibition mechanisms. While AaeUPO remained active in 
wastewater, fed-batch studies revealed the challenge of optimising the 
H₂O₂ dosing rate to minimise the unproductive catalase mechanism at 
low substrate concentrations. To further assess its feasibility, a contin
uous system was operated to enhance the catalytic performance of the 
biocatalyst. An enzyme dose of 500 U/L successfully removed over 90 % 
of SMX within 150 minutes before additional enzyme dosing was 
required. The desired removal efficiency could be further adjusted based 
on the H₂O₂ feed provided. Future work should focus on implementing 

Fig. 10. Removal of antibiotics in different combinations in distilled water; pH 6.5 A) SMX alone B) TMP alone C) Mix of SMX and TMP D) mix of SMX, TMP and TET 
E) Mix of SMX, TMP, TET and CIP F) Mix of SMX, TMP, TET and CIP in the presence of 0.5 % MeOH. Blue triangles: c(TMP); Black diamonds: c(CIP); Brown squares: c 
(TET); Pink dots c(SMX); Light blue diamonds: c(H2O2); Green shaded area: residual enzyme activity.
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an appropriate control system for H₂O₂ and enzyme dosing, depending 
on the pollutant concentration in the feed, to improve process stability. 
In addition, mutual inhibition effects in more complex substrate 
matrices were observed and need to be considered for practical appli
cations. While this study focused on evaluating the technological chal
lenges of enzymatic treatment, the widespread adoption of enzyme- 
based treatment technologies will ultimately depend on their eco
nomic competitiveness with existing treatment processes. Although the 
studied enzymes are not yet economically on par with established large- 
scale processes, advancements such as increased expression levels in 
heterologous hosts, simplified downstream processing, and enhanced 
stability through enzyme engineering and suitable immobilization 
techniques may change this in the future.
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M. de Cazes, M.P. Belleville, J. Sanchez-Marcano, J. de Gunzburg, O. Couillerot, 
J. Völker, J. Oehlmann, M. Wagner, Removal of antibiotics in wastewater by 
enzymatic treatment with fungal laccase – degradation of compounds does not 
always eliminate toxicity, Bioresour. Technol. 219 (2016) 500–509, https://doi. 
org/10.1016/j.biortech.2016.08.004.

[66] B.I. Escher, A. Baumer, K. Bittermann, L. Henneberger, M. König, C. Kühnert, 
N. Klüver, General baseline toxicity QSAR for nonpolar, polar and ionisable 
chemicals and their mixtures in the bioluminescence inhibition assay with 
Aliivibrio fischeri, Environ. Sci. Process. Impacts 19 (2017) 414–428, https://doi. 
org/10.1039/C6EM00692B.

[67] T. Backhaus, L.H. Grimme, The toxicity of antibiotic agents to the luminescent 
bacterium Vibrio fischeri, Chemosphere 38 (1999) 3291–3301, https://doi.org/ 
10.1016/S0045-6535(98)00560-8.

[68] M. Majewsky, D. Wagner, M. Delay, S. Bräse, V. Yargeau, H. Horn, Antibacterial 
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