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ARTICLE INFO ABSTRACT
Keywords: Biocatalytic degradation of micropollutants has been extensively explored in both batch and membrane reactors
Laccase in pg/L to mg/L concentrations and variable water compositions. The degradation of micropollutants by bio-
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catalytic membranes at environmentally relevant concentrations of ng/L range found in natural surface water
matrices has not yet been investigated, presumably because of the challenging concentration analysis.

This study investigated the limitations of biocatalytic degradation of estradiol (E2) micropollutant at envi-
ronmentally relevant concentrations by a biocatalytic membrane. The contributions of solute flux, hydraulic
residence time (HRT) and water matrix composition on reaction kinetics, the apparent rate of disappearance (or
reaction rate) and enzyme activity were examined. Two biocatalytic membranes were used: i) laccase entrapped
in an ultrafiltration (UF) membrane support (namely UF-SNPs) and, ii) laccase covalently bound to the nanofiber
matrix of a composite microfiltration (MF) membrane.

The three main findings are reported. Firstly, the apparent rate of E2 disappearance decreases significantly by
four orders of magnitude at a low micropollutant concentration of 0.1 pg/L, resulting in undetectable degra-
dation during filtration, irrespective of the biocatalytic membrane. Secondly, the solute mass transfer and HRT
control the biocatalytic degradation through the membranes resulting in different E2 removal. For the UF-SNPs
membrane, a removal of 31 % is achieved only by increasing the concentration to 3000 pg/L and at a flux of 60
L/m%h (HRT of 4.5 s) due to an increase in solute flux by an order of magnitude similar to the apparent rate of
disappearance. In contrast, the nano-MF membrane is ineffective in achieving biocatalytic degradation regardless
of E2 concentration, as the HRT is approximately seven times lower (0.6 s) than that of the UF-SNPs, and thus
insufficient for E2 to reach the catalytic site. Thirdly, the composition of the aqueous matrix plays a crucial role
in the control of laccase activity irrespective of the membrane. Indeed, laccase is inactivated predominantly by
chloride ions in synthetic carbonate buffer, since the typical NaCl concentration is about two orders of magnitude
higher than E2 concentration.

This study highlights that the slower kinetics achieved in the biocatalytic UF-SNPs and MF membranes are
ineffective in removing steroid hormone micropollutants at realistic concentrations in surface water matrices.
Further research is suggested to accelerate the reaction kinetics at such low concentrations and prolong the
residence time within the membrane.
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1. Introduction
1.1. Degradation of steroid hormone micropollutants by enzymes

Steroid hormone (SH) micropollutants are endocrine disrupting
chemicals found everywhere in surface waters (Bilal et al. 2021). This is
of great concern, as their interference with the endocrine systems of
biota and humans has been identified at concentrations as low as 1 ng/L
(Adeel et al. 2017, Wu et al. 2021). In the human body, SHs are
metabolised through reduction, hydroxylation and conjugation re-
actions, catalysed by enzymes, such as reductase, mono-oxygenase (e.g.
cytochrome), glucuronidase and sulfotransferase (Charni-Natan et al.
2019, Strott 2002). Inspired by nature, biocatalytic membranes are used
in water treatment, where micropollutants are degraded by enzymes
contained in fungi or bacteria (Khanzada et al. 2020, Nure and Nkam-
bule 2023).

Oxidative enzymes extracted from plants and fungi, such as laccase,
tyrosinase (with O5 as electron acceptor) and peroxidase (with HyO» as
electron acceptor), are the most commonly used enzymes in water
treatment to oxidize phenolic micropollutants, including estrogens
(Barbhuiya et al. 2022, Morsi et al. 2020, Shakerian et al. 2020). Lac-
cases from fungi are preferred to bacteria because they are extracellular,
which facilitates the extraction, and the enzymes have about 20 times
higher activity than those from bacteria, which is promising for degra-
dation of micropollutants (Margot et al. 2013). Laccase is preferable to
peroxidase and tyrosinase because (i) oxidation occurs without the
addition of peroxide (in the case of peroxidase) and (ii) the redox po-
tential (0.5 to 0.8 V) is higher compared to tyrosinase (-0.3 V). This
indicates that laccase is a stronger oxidant (Beck et al. 2018, Ghosh and
Mukherjee 1998). Previous studies reported the oxidation of estrogens
(estrone, 17p-estradiol, 17a-ethinylestradiol, estriol) by laccase mostly
in batch reactors (Auriol et al. 2007, Liu et al. 2021, Lloret et al. 2010),
immobilised on a nanofiber matrix (Rybarczyk et al. 2023, Zdarta et al.
2022a), and combined with ultra or nanofiltration (UF/NF), where the
membrane is used as a barrier to retain the enzyme in the solution (Asif
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et al. 2018, Asif et al. 2020, Lloret et al. 2013b, Nguyen et al. 2015). A
first attempt to develop a biocatalytic membrane where laccase is
immobilised on a polyelectrolyte multilayer membrane for the degra-
dation of ethinylestradiol (0.1 mg/L) during filtration has been pub-
lished (Zdarta et al. 2022c¢).

1.2. Biocatalytic degradation mechanism of steroid hormones by laccase

Laccase from white-rot fungi contains a catalytic site with four
coppers in the oxidation state 2", namely one type-1 (T1-Cu), one type-2
(T2-Cu) and two type-3 (T3-Cu) (see Fig. 1A) (Wang and Chen 2019).
The catalytic reaction occurs through the oxidation of four phenol
groups (i.e. four estradiol molecules) by T1-Cu and the subsequent
transfer of four electrons and H' to the trinuclear T2/T3-Cu group,
which reduces molecular oxygen to two water molecules (Catherine
et al. 2016, Sun et al. 2021). Phenoxy radicals are the products gener-
ated from the oxidation reaction of estradiol. These radicals can react
with each other through phenolic condensation or coupling, forming
polymeric products, such as dimers or oligomers (molecular weight up
to 1.8 kDa) with negligible estrogenic activity (Beck et al. 2018, Cath-
erine et al. 2016). A previous study reported that the first electron
transfer from the phenol group to the T1-Cu copper of laccase is the
limiting step of the oxidation reaction, controlled by the redox potential
difference between phenol and the T1-Cu site of laccase (Xu 1996). A
higher redox potential indicates a faster reaction rate.

1.3. Biocatalytic membrane design, kinetics and mass transfer limitation

In nature, enzymes are usually entrapped in biological membranes
and several attempts have been made to reconstruct this compartmen-
talization with synthetic membranes to perform enzymatic reactions
(Kiichler et al. 2016, Mazzei et al. 2024, Omidvar et al. 2021). In water
treatment, biocatalytic degradation of micropollutants is combined with
a single-step membrane filtration (Kumar et al. 2020). This is advanta-
geous as it allows the in-situ removal of micropollutants, while filtering
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Fig. 1. A) Mechanism of biocatalytic oxidation of estradiol by laccase, B) Methods of enzyme immobilization in water filtration membranes.
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water without concentrating these pollutants in the waste stream
(Kujawska et al. 2022, Luo et al. 2020, Morsi et al. 2020). Alternative
emerging processes used for micropollutant degradation are advanced
oxidation processes (e.g. photocatalytic and electrochemical mem-
branes), where the production of oxygen reactive species occurs by light
irradiation or electricity source (Kujawska et al. 2022). Although these
processes can effectively remove micropollutants at environmental
concentrations of ng/L (Lotfi et al. 2022, Lyubimenko et al. 2021), there
are still some limitations that can be overcome by using biocatalytic
membranes, such as: i) the damage of the polymeric membranes by both
irradiation and reactive oxygen species, ii) the loss of photocatalytic
activity due to limited light source penetration, and iii) the substantial
energy demand in the form of light or electricity required to start the
reaction (Hodges et al. 2018, Shi et al. 2019).

A schematic representation of the laccase immobilization methods
applied for the degradation of micropollutants is depicted in Fig. 1B.
Physical entrapment of the enzyme on a semi-permeable membrane
support or within a polyelectrolyte coating layer are the most commonly
used methods (Luo et al. 2020, Omidvar et al. 2021, Restrepo et al. 2024,
Vitola et al. 2019, Zhang et al. 2021). Specific examples of biocompat-
ible coating materials used for laccase immobilization, such as alginate,
gelatine and catecholamine layer coatings (De Cazes et al. 2015, Dong
et al. 2022, Marpani et al. 2015), layer-by-layer polyelectrolytes
(Jankowska et al. 2022a, Li et al. 2020, Popkov et al. 2023, Restrepo
et al. 2023, Zdarta et al. 2022c), and dopamine grafted coatings (Cao
et al. 2018, Li et al. 2018, Zhang et al. 2021) are reported in Table S1.
Alternative strategies for enzyme immobilisation include attachment to
microgel particles (Bilal et al. 2019, Vitola et al. 2017) and polymer or
ceramic nanomaterials, such as electrospun nanofiber and nanoparticles
(Dai et al. 2016, Jankowska et al. 2023, Jankowska et al. 2022b, Jan-
kowska et al. 2024, Moreira et al. 2017, Zdarta et al. 2020, Zhao et al.
2023). The electrospun particles or nanofibers increase the surface area
where the enzyme can be covalently immobilised, thus providing higher
enzyme loading compared to direct entrapment on a membrane surface
(Luo et al. 2020). Enzyme loading on the membrane is an important
factor controlling the reaction kinetics, as the reaction rate is directly
proportional to the enzyme concentration (Bisswanger 2017).

In addition to enzyme concentration, other factors controlling reac-
tion kinetics are substrate concentration (e.g. micropollutant) and so-
lution chemistry. The relationship between reaction rate and substrate
concentration is described by the Michaelis-Menten equation. This
relationship indicates that the reaction rate increases with increasing
substrate concentration until a maximum value is reached. At this
maximum, all enzyme molecules are complexed with the substrate,
consequently the enzyme becomes saturated (Punekar 2018). The re-
action rate follows first-order kinetics at concentrations below the
Michaelis-Menten constant (Ky;, which is the substrate concentration at
which the reaction rate is half of the maximum value), while it follows
zero-order kinetics (hence, independent of substrate concentrations) at
concentration above Ky (i.e. saturating conditions) (Bisswanger 2017).
In a previous study (Auriol et al. 2007), Ky for different estrogens
(estrone, estradiol, estriol and ethinyl-estradiol) was determined in a
range of 2.6 to 3.9 uM (corresponding to 0.8 and 1.0 mg/L) in phosphate
buffer.

Clearly, concentration is important, particularly for micropollutants,
where low concentrations mean that mass transfer often limits degra-
dation. At lower substrate concentrations, the reaction depends on
molecular contact between enzyme and substrate, which is limited by
diffusion mass transfer (Punekar 2018). The mass transfer limitation can
be overcome to some extent by immobilization on membranes
(Lyubimenko et al. 2021). In a biocatalytic membrane, in addition to the
diffusion of the substrate through the bulk solution and the porous
membrane structure, the reaction is influenced by convective mass
transfer of the substrate (e.g. micropollutants) from the bulk solution to
the enzymatic catalytic active site (Nagy et al. 2012). This was
confirmed in previous studies (Giorno et al. 2006, Gumi et al. 2008),
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where an increase in substrate conversion was observed when the water
flux was increased. This increase was attributed to more substrate
molecules reaching the biocatalytic active sites. In contrast, at low
convective flux, diffusive mass transport of the substrate becomes the
rate-limiting step in the reaction (Ansorge and Staude 1985).

1.4. Role of hydraulic residence time on enzyme kinetics in biocatalytic
membranes

When performing a catalytic reaction in a membrane reactor, the
hydraulic residence time (HRT) within the membrane can be a limiting
factor for the kinetics of the reaction and, consequently, for the removal
of micropollutants, as it affects the time for the substrate to reach the
enzymatic catalytic site (Levenspiel 1998). Previous studies with either
biocatalytic membranes (Ansorge and Staude 1985) or flow micro-
reactor configurations (Cardinal-Watkins and Nicell 2011, Lloret et al.
2013a), reported that decreasing the HRT of the microreactor shortens
the contact with the enzyme, making solute mass transport within the
pores the reaction limiting step. In this case, adsorption of micro-
pollutants on the membrane or adsorbent particles (e.g. activated car-
bon) can promote enzymatic degradation by prolonging the residence
time of the contaminant on the membrane beyond the HRT and this
enhanes the contact with the enzyme (Cao et al. 2016, Nguyen et al.
2016). At lower convective flux, hence longer HRT, the enzyme reaction
rate increases until it becomes constant, indicating that the reaction is
only dependent on diffusion mass transport at higher flux (Ansorge and
Staude 1985). A similar observation has been reported in a previous
study (Gebreyohannes et al. 2017), where the enzymatic reaction rate
was investigated at substrate concentrations where the enzyme is satu-
rated and, consequently, the reaction rate is no longer limited by vari-
ations in HRT. These studies indicate an interaction between
micropollutant concentration and HRT in controlling the enzymatic
reaction rate in a biocatalytic membrane. Although this has been
investigated under enzyme saturation conditions (concentrated feed
solution), it is relevant to further elucidate the role of HRT and solute
mass transfer when micropollutants are at environmental concentra-
tions (ng/L range), where the enzyme is unlikely to be saturated. In this
case, the contact time between the contaminant and the enzyme is ex-
pected to be crucial in controlling enzymatic degradation and, conse-
quently, micropollutant removal.

1.5. The challenge of enzymatic micropollutant degradation

Most biocatalytic membranes have been designed to treat waste-
water effluents, where micropollutants are concentrated above 100 pg/L
(Bilal and Igbal 2019, Zdarta et al. 2021). In studies with batch reactors,
removal of estrogens (e.g. estrone, 17f-estradiol, 17a-ethinylestradiol,
estriol) in the range of 60 to 90 % has been achieved using laccase within
1 h of reaction (Auriol et al. 2007, Liu et al. 2021, Lloret et al. 2010).
These studies verify the effectiveness of biocatalytic degradation by
laccase when operating in batch mode (hence prolonged contact time)
and using highly concentrated solutions. However, in surface waters,
micropollutants are present at concentrations from 0.001 pg/L to 0.5
pg/L (Bilal et al. 2021, Schroder et al. 2016), which can pose a challenge
for enzymatic degradation due to slower reaction kinetics (Rangelov and
Nicell 2015, 2018). Previous kinetic studies in batch reactors revealed
that, when estradiol concentration is decreased by one order of magni-
tude (from micro to nanomolar), laccase is predominantly in an oxidised
state, which is not catalytically active, and micropollutant degradation
requires a longer time (3 hours) to reach full removal (Rangelov and
Nicell 2018). In another study (Cardinal-Watkins and Nicell 2011), a
4-fold reduction in estradiol concentration (from 20 to 5 pM) resulted in
a 3-fold decrease in removal (from 60 to 20 %) in a bed column
configuration, attributed to a decrease in reaction rate at lower con-
centration. These batch studies highlight that micropollutant concen-
tration is a limiting factor for enzyme kinetics and it is relevant to
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investigate micropollutant degradation at more realistic concentrations
present in natural and wastewaters. Although effective removal (>85 %)
was achieved by a biocatalytic membrane for highly concentrated (0.01
to 5 mg/L) estrogen solutions (Zdarta et al. 2022c), no studies are re-
ported to assess the biocatalytic degradation during filtration, when
estrogens are present at low water concentrations of ng/L. In this case,
the enzymatic kinetics is expected to play an important role in con-
trolling the micropollutant degradation during the relatively short hy-
draulic residence times within the membrane.

In addition to micropollutant concentration, the composition of the
aqueous matrix can affect biocatalytic degradation. In fact, it has been
reported that testing biocatalytic reactions with buffers (e.g. phosphate
and acetate buffers), that are not representative of the natural water
composition, may result in an overestimation of enzymatic activity and
the reaction rate (Cardinal-Watkins and Nicell 2011, Maryskova et al.
2021). Some examples are summarized in Table S1. Several studies
found variable micropollutant removal in the range of 36 to 80 %, when
biocatalytic degradation is tested in real water and wastewater condi-
tions (Jahangiri et al. 2018, Lloret et al. 2013b, Maryskova et al. 2021,
Rybarczyk et al. 2023, Zdarta et al. 2022b), while removal above 80 %
has been observed with laccase when tested in synthetic buffer (see
Table S1). The high variability of elimination depends on the composi-
tion of the water matrix, where the presence of enzyme inhibitors (e.g.
salts, metals, solvents) may interfere with enzyme kinetics and ulti-
mately with removal (Rybarczyk et al. 2023, Zdarta et al. 2022b). A low
removal of 35 to 40 % of estrogens by laccase oxidation has been re-
ported using real wastewater (Rybarczyk et al. 2023), highlighting the
importance of studying the biocatalytic degradation of micropollutants
using a composition similar to natural water matrices.

1.6. Laccase inhibition by chloride ions and organic solvents

The presence of enzyme inhibitors, which can bind to the laccase
catalytic site or the enzyme-pollutant complex, is one crucial factor for
the lower efficiency of micropollutant degradation in real water matrix
compositions. Among various inhibitors, inorganic salts (e.g. sodium
chloride) and solvents are the most common, and their inhibition de-
pends on salt and solvent types as well as concentration (Chapple et al.
2019, Zdarta et al. 2022b). A fourfold reduction in the reaction rate with
an increase in chloride ion concentration up to 50 mM has been
observed in a previous study (Raseda et al. 2014). The inhibition has
been attributed to the reversible binding of chloride ions to the laccase
catalytic active site. Similarly, a 20 % reduction of the reaction rate was
found at chloride concentrations below 5 mM (Margot et al. 2013).
Regarding solvent inhibition, it was reported that polar organic solvents
(e.g. acetone, methanol, ethanol) can reduce the laccase reaction rate by
10 %, when used at fractions below 10 % (Kim and Nicell 2006). A
molecular dynamic simulation study demonstrated that inhibition by
polar organic solvents (such as ethanol) is attributed to weak hydrogen
bonding interactions with the amino acids of laccase (Jafari et al. 2020).
These weak interactions replace the water molecules in the enzyme
hydration shell with solvent molecules, altering the laccase structure
(Jafari et al. 2020). Further investigation is required to elucidate the
significance of laccase inhibition when the enzyme is used in a bio-
catalytic membrane to degrade micropollutants at environmental con-
centrations of ng/L, where the pollutant concentration is likely to be
several orders of magnitude lower than the salt (order of g/L) or solvent
(mg/L) concentrations.

The present study aims to provide novel insights into the enzymatic
kinetics and the limitations of steroid hormone micropollutant degra-
dation using biocatalytic membranes at environmental concentrations
and electrolyte background similar to natural water compositions. The
contribution of solute mass transfer, water matrix and HRT on the
enzymatic kinetics and ultimately, the steroid hormone removal is
evaluated to answer three main research questions: i) which factors limit
the degradation of steroid hormone micropollutants at environmentally
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relevant concentration by biocatalytic membranes (e.g. kinetics, solute
flux, water matrix)? ii) is the enzyme kinetics compatible with the HRT
in a biocatalytic membrane operated at micropollutant environmental
concentration of ng/L? iii) what is the contribution of the water matrix
composition on the biocatalytic membrane activity and kinetics? Two
biocatalytic membranes with immobilized laccase were prepared (i) as a
nanobiocatalyst into an ultrafiltration (UF) membrane support and, (ii)
in a microfiltration (MF) nanofiber composite membrane. This provided
different ranges of HRT within the membrane at similar water flux. The
results are expected to identify the limiting factors for the biocatalytic
degradation of steroid hormone micropollutants under realistic envi-
ronmental concentrations and synthetic water matrices.

2. Materials and methods
2.1. Biocatalytic membrane design

Two biocatalytic membranes were designed to provide: i) a different
spatial location of the enzyme in the membrane (entrapped within the
support or attached on the membrane surface directly in contact with
the feed solution), and ii) different ranges of HRT (hence contact time)
typically used in UF and MF membranes operated at variable water flux.
One biocatalytic membrane reactor consisted of a composite UF mem-
brane with a nanobiocatalyst (enzyme + silica nanoparticles, namely
SNPs) entrapped in a sandwich configuration (UF-SNPs) (Fig. 2A, B, C).
The second biocatalytic membrane reactor comprised a nanofiber
composite MF membrane, namely nano-MF, where the enzyme was
covalently attached by electron beam irradiation and subsequent
chemical coupling in the nanofiber matrix (Fig. 2 D, E, F). The bio-
catalytic membrane reactors provided similar enzyme loadings of 3 and
2 g/m? for the nano-MF and UF-SNPs, respectively, (see Table S6), while
the range of HRT was more than 10 times higher in the UF-SNPs (4.5 s to
0.2 s) compared to the nano-MF (0.6 s to 0.03 s), when operated at
similar flux values (see Figure S7). HRT was calculated considering the
UF support thickness (where the nanobiocatalyst was entrapped) and
the nanofiber matrix thickness with the enzyme covalently attached (see
Eq. S2). In the case of nano-MF, HRT was calculated considering the
nanofiber matrix thickness, where most of laccase was expected to be
immobilized by electron beam and chemical coupling, although a min-
imal binding to the MF support cannot be excluded. The larger HRT in
the UF-SNPs is related to a higher thickness of the UF membrane support
(150 pm in Table 1) compared to the nanofiber matrix thickness (15 + 4
pm) estimated from SEM images shown in Figure S3. The different range
of HRT is expected to contribute significantly to the contact between the
micropollutant and the enzyme, and consequently the removal.

Two different supports were used for the biocatalytic membranes to
retain the nanobiocatalyst within the membrane (in the case of the UF-
SNPs) and to provide negligible adsorption of steroid hormones, which
can obscure removal by enzymatic degradation. A UF regenerated cel-
lulose membrane (Ultracel PLHHK, Millipore, USA) with a molecular
weight cut off (MWCO) of 100 kDa was used for the UF-SNPs membrane
preparation. For the nano-MF, a hydrophilic microfiltration poly-
vinylidene fluoride membrane (MF GVPP-PVDF, Millipore, USA) was
used for the deposition of an electrospun PVDF nanofiber matrix. The
membrane characteristics (e.g. porosity, membrane thickness and mean
pore diameter) are listed in Table 1.

2.2. Materials

Laccase from Trametes versicolor (Lac Trv, Sigma Aldrich, specific
activity ranges 0.5 to 1.4 pMol/min.mg from manufacturer) was the
enzyme used for the biocatalytic membrane preparation, as the oxida-
tion of estrogens has been demonstrated in the literature (Beck et al.
2018). Fumed silica nanoparticles (SNPs, Sigma Aldrich, average
diameter of of 0.2-0.3 ym from the manufacturer) were used for Lac Trv
immobilisation and nanobiocatalyst preparation. Silica was selected due
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Fig. 2. Schematic of UF-SNPs (A, B, C) and nano-MF (D, E, F) membrane design and preparation steps.

Table 1
Membrane type, materials, porosity and thickness.
Membrane type Material Porosity Support thickness (um) * Membrane thickness Mean pore diameter (um) Ref.
(um)’
UF Regenerated cellulose 0.5 150 230 0.018" (Nguyen et al. 2021)
support: polypropylene
ME-PVDF Polyvinylidene-fluoride 0.7 - 130 0.2¢ (Lyubimenko et al. 2021)

? estimated from FESEM images of support thickness reported by (Nguyen et al. 2021),
b calculated as the equivalent sphere diameter of MWCO using D=2e2.0374 10~ !* MW®52 (Worch and E. 1993),

¢ from manufacturer,
4 including support and dense skin layer for UF

to its chemical and thermal stability and its previous application in
laccase immobilisation (Moreira et al. 2017). Amino groups on the SNPs
particles and cross-linking with Lac Trv was performed with 3-amino-
propyltriethoxysilane (APTES, Alfa Aesar, purity 98 %) and glutaral-
dehyde (GA, Grade II, 25 % in water, Sigma Aldrich, Germany),
respectively. The electrospun nanofiber matrix was prepared using N,
N-dimethylformamide (DMF, 99 %, Sigma-Aldrich, Germany) as a sol-
vent and PVDF (1015/1001, Solvay, Belgium) as polymer. The coupling
of Lac Trv with the PVDF nanofiber was performed using 2-aminoethyl-
methacrylamide hydrochloride (AEMA, purchased from Sigma Aldrich)
during electron-beam-induced grafting. For the covalent bonding with
the aminated PVDF nanofiber matrix, 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC, Sigma Aldrich) and
N-hydroxysuccinimide (NHS, Sigma Aldrich) were used. To determine
Lac Trv activity, 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, Thermo Fisher, MW 548.7 g/mol) was used, as
it is reported to be the substrate model for determining Lac Trv activity
(Bourbonnais et al. 1998). ABTS as well as E2 feed solutions were pre-
pared with two different water matrices: i) a phosphate buffer composed
of disodium phosphate (NayHPO4) and citric acid monohydrate
(CgHgO7, 99.9 %, VWR, Germany) 0.1 M, commonly used to evaluate
enzyme activity, and ii) a synthetic carbonate buffer composed of so-
dium chloride (NaCl 10 mM, VWR Chemicals, Germany) and sodium
carbonate (NaHCO3 1 mM, Bernd Kraft, Germany, 99.7 % purity) to
reproduce a natural water background.

2.3. Nanobiocatalyst preparation and loading into the UF membrane

The nanobiocatalyst (SNPs + Lac Trv) was prepared by cross-linking
Lac Trv with the amino-functionalised SNPs using a method reported in
previous studies (Moreira et al. 2017, Zimmermann et al. 2011). The
reaction mechanism is shown in Fig. 2A. The amino groups were created
on SNP particles by adding APTES at a concentration of 4.3 uMol/g to an
SNP’s suspension of 10 g/L dissolved in a disodium phosphate solution
(NapHPO4eH20, Merck Millipore, Germany) 0.1 M and pH 7. The re-
action was carried out for 24 hours in a shaker at 150 rpm and 20 °C. The
bonding of Lac Trv to the amino groups of the SNP particles was sub-
sequently achieved by adding GA 1 mmol/g and a specific volume of Lac
Trv to obtain a final enzyme concentration of 1.2 g/L (from a Lac stock
solution of 200 g/L) and activity of 20,000 pMol/min.L. The
cross-linking reaction was performed in a shaker for 1 hour at 150 rpm
and 20 °C (see Table S3 for detailed description of the reaction method).
Different APTES, GA, and Lac Trv concentrations were tested to find the
optimal conditions for Lac immobilisation (see Figure S1 and S2). A
specific nanobiocatalyst activity of 2.1 + 0.3 pmol/min.mg was ob-
tained, which is similar to the specific activity obtained in a previous
study (2.6 pMol/min.mg) (Moreira et al. 2017) using similar SNP par-
ticles and immobilisation method.

The nanobiocatalyst was loaded into the UF membrane support,
following a method from a previous study (Nguyen et al. 2021). A
nanobiocatalyst suspension of 0.2 g/L was prepared by adding 3.2 mL of
stock solution 20 g/L (activity 25,500 pmol/min.L) to 320 mL of diso-
dium phosphate solution 0.1 M, pH 7. The suspension was filtered in a
stainless-steel dead-end cell at 1 bar with the UF membrane support
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layer facing the solution and a membrane area of 38.5 cm? (Fig. 2). The
filtration was performed under unstirred conditions to allow a uniform
deposition of the nanobiocatalyst particles onto the support until the
entire feed volume was permeated. The UF sandwich configuration
(Fig. 2C) was obtained by adding another UF membrane underneath to
prevent the loss of SNPs in the permeate during filtration. The UF
membrane loaded with the nanobiocatalyst was stored in
phosphate-buffered saline (PBS) solution 0.1 M, pH 7 and 4 °C.

2.4. Laccase immobilisation on the MF composite nanofiber membrane

The MF composite nanofiber membrane was prepared by electro-
spinning of 3 mL solution of PVDF (21 %, w/v) dissolved in DMF using a
flow rate of 0.5 mL/h and a Y4 A4 PVDF MF membrane support sheet
(Fig. 2D). The voltage was set at 15 kV and the distance from the col-
lector was 20 cm. The description of the electrospinning system is re-
ported in a previous study (Lin et al. 2024). The nanofiber diameter and
the cross-section of the nanofiber matrix thickness were analysed by
scanning electron microscopy (SEM, JEOL JSM-IT500 InTouchScope™)
at an accelerating voltage of 15 kV after gold coating. The cross-section
thickness was used to calculate the HRT in the matrix, which is the time
during which contact between Lac and the substrate occurs.

Lac Trv immobilisation on the MF composite membrane was per-
formed in two steps: i) amino functionalisation of the PVDF nanofiber
matrix (Fig. 2E), and ii) covalent bonding of the membrane amino
groups with the COOH groups of Lac Trv (Fig. 2F). The amino func-
tionalisation was performed by electron beam-induced grafting of AEMA
using a self-built electron accelerator at an acceleration voltage of 160
kV, beam current of 10 mA and Nj atmosphere (Schmidt et al. 2018).
The covalent coupling of Lac Trv with the aminated PVDF was per-
formed using a solution containing an enzyme concentration of 10 g/L,
20 g/L of EDC and 2 g/L of NHS, following the conditions reported in
previous studies (Jahangiri et al. 2014, Schmidt et al. 2018). The reac-
tion was performed in a phosphate-buffered saline solution (PBS, 50
mM, pH 7.4 + 0.2) for 16 hours at room temperature. The reaction steps
are detailed in Table S4. The biocatalytic membranes were rinsed with
water four times for 15 minutes each and stored in PBS solution at pH
7.4 + 0.2 and 4 °C.

2.5. Determination of laccase activity during filtration

The catalytic activity of an enzyme is the variation in the reaction
rate of a specific chemical reaction in an assay system. The activity is
usually reported as the reaction rate (moles of substrate converted per
unit time) normalised by the reactor volume. Laccase activity was
determined for the free Lac Trv in the stock solution, SNPs suspension
and the biocatalytic membrane to confirm enzyme functionality and
evaluate whether the catalytic site was available for reaction after
immobilisation in the membrane. The activity of the Lac Trv stock so-
lution and SNPs suspension was determined in batch in a quartz cuvette
and UV-vis and calculated with Eq. S1. The activity of the biocatalytic
membrane during filtration was determined by calculating the apparent
rate of ABTS disappearance. The apparent rate of disappearance during
filtration (, mol/s.m?) was determined from a mass balance in a
continuous flow reactor as shown in Eq. (1) (Giorno et al. 2017, Lev-
enspiel 1998):

. dvc
IN = OUT + PROD + ACC= (Q:¢)y = (Q:C)pyr + (r'V) + i (€8]
where Qqn, our and ¢y oyt are the flow rate (m®/s) and concentration
(mol/m3) of the reactant in the feed and permeate side, respectively, and
V is the reactor volume (m?). From Eq. (1), ¥ was normalised by the
catalytic membrane area (A, mz) and calculated with Eq. (2)
(Lyubimenko et al. 2019), assuming that: i) no ABTS was retained in the
feed side (ACC=0), ii) the filtration system was operated at a constant

Water Research 272 (2025) 122902
feed flow rate (Qf = Qp) (Giorno et al. 2017).

,_Q (=)

T (2)
where Q, is the permeate flow rate (m3/min) and Cep (umol/m3) is the
ABTS concentration in the feed and permeate, respectively. Considering
that the filtration system was operated in flow-through mode and ABTS
(Mw is 0.55 kDa) was not retained by the UF (MWCO of 100 kDa) and
the MF membrane based on size exclusion, the assumptions to apply Eq.
(2) are valid.

To determine the biocatalytic membrane activity during filtration, a
feed solution containing different concentrations of ABTS from 0.5 to
0.001 mM was filtered through the membrane in a micro cross-flow
system (micro-CF) operating in flow-through mode (with the retentate
side closed) at a fixed flow rate of 0.65 mL/min and a biocatalytic
membrane area of 2 cm?. A schematic of the micro-CF system is shown in
Figure S4 and a description of the system characteristics is reported in a
previous study (Imbrogno and Schafer 2019). Details of the filtration
protocol are reported in Table S7.

ABTS solutions were prepared in phosphate and carbonate buffer
(NaCl-NaHCO3) at pH 3 + 0.2, as this is reported to be the optimal pH
for the reaction of ABTS with Lac Trv (Raseda et al. 2014). The depletion
of ABTS concentration in the feed and permeate side was monitored by
measuring the absorbance of aqueous samples with a UV-vis spectro-
photometer (Perkin Elmer Lambda 365) at a wavelength of 340 nm. The
concentration was calculated using the extinction coefficient obtained
from the calibration curve. The latter was determined by measuring the
absorbance of different ABTS concentrations in a range from 0.0006 up
to 0.1 mM (calibration and limit of detection are shown in Figure S5).

2.6. Determination of enzyme kinetics with the Michaelis-Menten
equation

The enzymatic kinetic was investigated to determine the contribu-
tion of different water matrices on the reaction rate and Lac affinity,
which is defined as the strength of the binding between the substrate and
enzyme catalytic site (Punekar 2018). The enzyme kinetics is described
by the Michaelis-Menten equation, Eq. (3), where three kinetic param-
eters can be determined: i) the maximum apparent rate of disappearance
(r;nax, mol/s), which is the highest reaction rate achievable when the
enzyme is fully saturated by the substrate, ii) the Michaelis -Menten
constant (Ky;, M), which is defined as the ABTS concentration providing
half of the maximum reaction rate and is a measure of enzyme affinity,
iii) the reaction rate constant (K;, 1/s) as a first-order kinetic reaction
from the ratio r,,,,/ Ky . These parameters are determined by plotting
the reaction rate r’(mol/s) as a function of ABTS concentrations (Cagrs,
M) in the feed (Bisswanger 2017):

" I ax CABTS
re Ky + Caprs @
At higher Ky values, the affinity for ABTS is reduced (Bisswanger
2017). The Michaelis-Menten equation is based on several assumptions:
i) one ABTS molecule is converted into a product, ii) the product for-
mation is proportional to the ABTS-Lac complex formation, iii) the
ABTS-Lac complex depends on ABTS concentration, iv) the reaction
reaches steady-state at enzyme saturating conditions (Bisswanger 2017).
A linearised form of Eq. (3) gives the Lineweaver-Burk equation Eq. (4),
which is used to estimate Ky from the slope (Ky/r,,,) and 1/r, . from
the intercept by plotting the inverse of r’ versus the inverse of caprs
(Drioli and Giorno 2010):

=t @
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2.7. Steroid hormone micropollutants and water matrix

Radiolabeled [2,4,6,7-H] estrone (E1, 3.48 TBq/mM), [2, 4, 6,
7-3H] p-estradiol (E2, 2.59 TBq/mM), [1,2,6,7->H] progesterone (P,
3.63 TBq/mM), and [1,2,6,7-H] testosterone (T, 2.94 TBq/mM) (pur-
chased from Perkin Elmer USA) were used in ethanol solution with an
activity of 37 MBq/mL, corresponding to 1 mCi. Batch and filtration
experiments were performed with E2 as representative steroid hormone
micropollutant, because it is reported in the watch list of the 2022 Eu-
ropean Commission (European Parliament Commission implementing
decision (EU), 2022) and is effectively oxidised by Lac Trv (Beck et al.
2018). T, E1 and P were used to evaluate biocatalytic degradation
during filtration in phosphate buffer and the results are shown in
Figure S9. E2 solutions were prepared using the synthetic carbonate
buffer (NaCl-NaHCO3) and phosphate buffer at pH 5.0 + 0.1. This pH
was selected as it is within the range of optimal pH (4-6) for the
oxidation of estrogens with Lac Trv (Auriol et al. 2007, Lloret et al.
2010). E2 concentration in the solution was varied from 0.1 ug/L, which
is representative of steroid hormone concentration in surface water
(ranging from 0.001 pg/L up to 0.5 pg/L) (Bilal et al. 2021, Schroder
et al. 2016) to 3000 pg/L, which is close to E2 solubility limit in water
(8900 ug/L) (Shareef et al. 2006). For E2 concentrations above 100 ng/L
(0.1 pg/L), a fixed volume (10 % v/v) of non-labeled E2 stock of 1, 5, 10
and 30 mg/L in methanol was added to the radiolabeled E2 solutions
(100 ng/L).

2.8. Steroid hormone micropollutant analysis

To determine the total tritium (H>) concentration from non-degraded
hormone molecules, oligomeric products and free H, a liquid scintil-
lation counter (LSC, 4910 TR, Perkin Elmer, USA) was used. The analysis
was performed by mixing 1 mL of aqueous hormone solution with 1 mL
of a scintillation cocktail (Ultima Gold LLT, Perkin Elmer, USA) (Bridle
et al. 2016). To quantify the concentration of the oxidised steroid hor-
mones molecules by the enzyme, their concentration was measured with
ultra-high performance liquid chromatography combined with a flow
scintillation analysis (UHPLC-FS) (Lyubimenko et al. 2020), where the
depletion of the hormone peak area caused by the enzymatic degrada-
tion was quantified. A calibration curve with standard concentrations
was determined for LSC and UHPLC-FS to calculate hormone concen-
tration. The calibration curves and the limit of detection are shown in
Figure S6.

2.9. Determination of steroid hormone degradation in batch experiments
and kinetics

E2 degradation by the nanobiocatalyst was assessed in batch to
determine the reaction rate and the kinetic parameters (r:nax, Ky and K;)
in a range of concentrations from 0.1 pg/L up to values close to E2
solubility limit (3000 pg/L) using different water matrices (phosphate
buffer and synthetic carbonate buffer). The Michaelis-Menten equation
was applied to calculate the three kinetic parameters using Eq. (3) and
Eq. (4). The batch degradation experiments were performed by adding 1
mL of the nanobiocatalyst suspension (20 g/L with an initial activity of
20,800 + 4900 uMol/min.L) to an E2 solution to have a final volume of
100 mL with an enzymatic activity of 197 + 38 uMol/min.L. The batch
reactor (E2 + nanobiocatalyst) was stirred in an incubator shaker
(Innova 43 R, New Brunswick Scientific, USA) for 24 hours at 200 rpm
and 22.5 + 0.5 °C. Various samples of 5 mL were taken at specific times
(5, 10, 20, 30, 60, 120, 240, 360 and 1440 min) and centrifuged
(Centrifuge Sigma 3-16L model, Germany) at 4200 rpm for 2 min in
plastic conical vials to precipitate the nanobiocatalyst. A supernatant
volume of 3 mL was used for LSC (1 mL) and UHPLC (2 mL) analysis. The
nanobiocatalyst was re-suspended in the remaining supernatant and
added back to the reactor flask.
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2.10. Steroid hormone degradation in filtration experiments

The micro-CF system in flow-through mode was used to evaluate E2
removal by the biocatalytic membranes at environmentally relevant
concentrations and different water matrices, as well as the removal of
E1, P and T. The filtration was performed with a biocatalytic membrane
area of 2 cm? and a fixed flow rate of 0.2 mL/min, corresponding to a
water flux of 60 L/m?h and HRT of 4.5 s in the UF-SNPs membrane and
0.6 s in the nanofiber matrix of the nano-MF membrane. HRT was
calculated using Eq. (S2). The filtration protocol is described in Table S8.
A feed volume of 150 mL containing E2 concentrations of 0.1 pg/L and
3000 pg/L in different water matrices (synthetic carbonate buffer of 10
mM NaCl and 1 mM NaHCOg, a phosphate buffer 0.1 M) was filtered and
100 mL of permeate volume was collected. The filtration was performed
at a temperature of 23.2 + 0.5 °C and an applied feed pressure of 1.1 +
0.2 bar

3. Results & discussion

Initially, the enzymatic kinetics was evaluated in batch to determine
whether the ‘speed’ of E2 degradation was compatible with the range of
HRT and solute flux in a biocatalytic membrane. Subsequently, the
enzymatic activity was investigated at different water matrix composi-
tions to determine the inhibition mechanisms of chloride ions, which are
usually contained in natural waters.

3.1. Estradiol removal by the nanobiocatalyst in batch and kinetics

E2 removal and kinetics were evaluated in batch to determine the
extent of the reaction rate by the nanobiocatalyst, when E2 concentra-
tion was increased from a representative environmental concentration
of 0.1 ug/L up to a concentration close to the solubility limit (3900 pg/L)
(Shareef et al. 2006), in different water matrices. E2 removal as a
function of concentration in phosphate buffer and synthetic carbonate
buffer (representative of natural water background) is shown in Fig. 3.

The results revealed that E2 removal increased with concentration
and the removal was higher in phosphate buffer compared to synthetic
carbonate buffer. Indeed, a full removal of 99 % was obtained at con-
centrations above 100 pg/L in phosphate buffer, while a similar removal
was achieved in synthetic carbonate buffer only at higher concentrations
of 3000 pg/L, which is close to E2 water solubility limit (3900 pg/L)
(Shareef et al. 2006). E2 removal in phosphate buffer is consistent with a
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Fig. 3. E2 removal at different E2 concentration in batches (disodium phos-
phate/citric acid 0.1 M, 10 mM NaCl, 1 mM NaHCO3, pH 5.0 + 0.1, 22.5 °C,
200 rpm, 24 hours, lac activity 197 + 38 uMol/min.L, stock SNPs 10 g/L, SNPs
mass 10 mg).
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previous study (Gamallo et al. 2018), who reported 90 % removal in
batch with similar water matrix composition (phosphate buffer and E2
concentration of 3000 pg/L) and nanobiocatalyst (Laccase immobilised
on fumed silica nanoparticles). A similar removal of 92 % was reported
when Lac Trv was immobilised in a nanofiber matrix and the degrada-
tion was performed in batches in phosphate buffer (Zdarta et al. 2022a).

When E2 concentration was decreased to 0.1 pg/L, the removal
dropped to 17 + 7 % and 55 % in synthetic carbonate and phosphate
buffer, respectively. The overall trend of E2 removal in batch revealed
that E2 degradation by the nanobiocatalyst was influenced by E2 con-
centration and the water matrix composition. Two hypothesis can be
drawn to explain the different removal in phosphate and synthetic car-
bonate buffer with varying E2 concentration. The first hypothesis is the
inhibition of laccase by chloride ions, which can explain the lower
removal in the synthetic carbonate buffer. This is supported by previous
studies performed with real wastewaters, where a decrease in estrogens
removal ranging from 35 to 40 % was reported due to the presence of
enzyme inhibitors (e.g. salts, metals, solvents) that can interfere with
enzymatic kinetics (Rybarczyk et al. 2023, Zdarta et al. 2022b). The
second hypothesis is the slowdown of the reaction kinetics with the
decrease in E2 concentration, resulting in lower removal when E2
degradation was performed at realistic environmental concentration.
Indeed, previous kinetic studies in batch reactors (Rangelov and Nicell
2015, 2018) reported a lower E2 degradation, when the concentration
was decreased by one order of magnitude, which was attributed to
slower reaction kinetics.

To elucidate the contribution of E2 concentration and water matrix
on the reaction rate by the nanobiocatalyst, kinetic parameters such as
the Michaelis-Menten constant (Ky;), the maximum apparent rate of
disappearance (r;max) and the reaction rate constant (K;) were calculated.
The apparent rate of disappearance as a function of E2 concentration
and the kinetic parameters for different water matrix are shown in Fig. 4.

The apparent rate of disappearance increased by four orders of
magnitude (from 61013 mol/s.L to 5-10~° mol/s.L) with the increase
of E2 concentration from 0.1 pg/L to 500 ug/L and remained almost
constant at 7-10~° mol/s.L when E2 concentration was further increased
to 3000 pg/L in phosphate buffer. A similar trend with a lower rate of
disappearance was observed in the synthetic carbonate buffer. The
lower rate of disappearance at lower E2 concentration confirms previous
reports, where a slowdown of the reaction kinetics for E2 degradation by
laccase was observed when the concentration was reduced from 50 to
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Fig. 4. E2 apparent rate of disappearance in batch at different E2 concentra-
tions (disodium phosphate /citric acid 0.1 M, 10 mM NacCl, 1 mM NaHCO3, pH
5.0 + 0.1, 22.5 °C, 200 rpm, 24 hours, lac activity 197 + 38 uMol/min.L, stock
SNPs 10 g/L, SNPs mass 10 mg).
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0.5 uM (Rangelov and Nicell 2015, 2018). It was reported that at very
low substrate concentration, laccase can stay in an intermediate resis-
tant oxidized state, which limits the catalytic cycle.

The trend shown in Fig. 4 confirms that saturation of the nano-
biocatalyst was reached at E2 concentration of 500 pg/L, which is two
orders of magnitude higher than the concentration of 0.1 pg/L. Ac-
cording to Michaelis-Menten kinetics, under saturating conditions, the
majority of enzyme molecules are complexed with E2 molecules avail-
able in solution, and the rate of disappearance becomes independent of
E2 concentration (Punekar 2018). This suggests that at environmental
concentration of 0.1 pg/L, the nanobiocatalyst is not in the optimal
substrate concentration condition to have most laccase molecules
complexed with E2, which explains the significant decrease in the
apparent rate of disappearance and consequently the lower removal.

To confirm that the lower removal was caused by a reduced rate of
disappearance, the reaction rate was compared with the diffusion rate,
which was calculated considering the diffusion time, the diffusion sur-
face area in the flask and E2 diffusion coefficient in water (see Eq. S3). A
diffusion rate of 1.4e¢10'! mol/s.L. was obtained, which is about 2 or-
ders of magnitude higher than the reaction rate (or rate of disappear-
ance) calculated at 0.1 pg/L (6010~ 2 mol/s.L). The higher diffusion rate
confirms that the biocatalytic oxidation was not limited by diffusion
mass transfer at low E2 concentration and the lower removal was caused
by the lower rate of disappearance.

To evaluate how the water matrix composition affected the enzy-
matic kinetics, the kinetic parameters Ky, rmax and the rate constant K;
were determined from the linearised plot of the apparent rate of
disappearance as a function of E2 concentration (see Figure S8). The
kinetic parameters are listed in Table 2.

Results revealed that rin.x at enzymatic saturating conditions
decreased by one order of magnitude when the reaction was performed
in a synthetic carbonate buffer. This means that the lower E2 removal in
the synthetic carbonate buffer was caused by the inhibition of chloride
ions, which reduced the apparent rate of disappearance. In contrast, the
variation of Ky was within the calculated error for phosphate buffer
(0.012 mM corresponding to 3300 ug/L) compared to synthetic car-
bonate buffer (0.010 mM corresponding to 2730 pg/L), which means
that the binding of the laccase catalytic site with E2 was not affected by
the water matrix. According to previous studies (Enaud et al. 2011,
Raseda et al. 2014), the inhibition of laccase by chloride ions can occur
by hindering the electron transfer from the copper T1-Cu to the cluster
T2 and T3-Cu, which can limit the accessibility of E2 molecules to the
catalytic site (competitive inhibition) or slow down the oxidation reac-
tion by the E2-laccase complex (uncompetitive inhibition). The insig-
nificant variation of Ky suggests that the inhibition was not competitive
for the binding to the catalytic site and that chloride ions reduced the
reaction rate by binding the complex Lac-E2.

Consistent with the decrease in the apparent rate of disappearance, a
reduction in the rate constant (k;) from 1.8.10 3 1/sin phosphate buffer
to 3.4-10~* 1/s in a synthetic carbonate buffer indicates that E2 oxida-
tion by the nanobiocatalyst was faster in phosphate than synthetic car-
bonate buffer (hence the presence of chloride inhibition). A similar
result is reported in previous studies where a decrease in the rate con-
stant for E2 oxidation by laccase (range 6.5 to 7.5.107% 1/s) was
observed in the presence of inhibitors, such as phenolic and humic acid
(Liu et al. 2021, Sun et al. 2021). To further confirm that the lower E2

Table 2
Michaelis-Menten parameters for E2 oxidation determined in presence of
phosphate and NaCl-NaHCO3 water matrices.

Kinetic parameters Phosphate buffer Synthetic carbonate buffer

Ky (mM) 0.012 + 0.003 0.010

(3300 pg/L) (2730 pg/L)
' max (- 1078 mol/s.L) 2.2+ 0.6 0.3+0.1
K. (-10731/s) 1.8 0.3
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removal and slower kinetics in synthetic carbonate buffer was caused by
the inhibition of chloride ions, the laccase activity was investigated in
carbonate and phosphate buffer (Fig. 7) and under different NaCl con-
centrations (Figure S10). The lower activity in synthetic carbonate
buffer and the decreased activity with increasing NaCl concentration
demonstrate the dominant inhibition of laccase by chloride ions in
synthetic carbonate buffer.

3.2. Estradiol removal by the biocatalytic membrane in filtration

In the second step, E2 removal was investigated using the bio-
catalytic membrane reactors to evaluate whether the reaction kinetics
are compatible with the HRT and solute flux during filtration. E2
breakthrough at different E2 concentrations and water matrices is
shown in Fig. 5A and B.

When E2 filtration was performed at concentration of 0.1 pg/L, E2
degradation did not occur as the ratio cp/c¢ remained mostly close to
one, indicating no E2 degradation by the biocatalytic membranes irre-
spective of the water matrices. To explain this result, E2 solute flux and
the apparent rate of disappearance for E2 degradation at 0.1 ug/L were
compared. Under this concentration, a solute flux in the range of 1.2
mol/s to 1.4-10~ > mol/s for UF-SNPs and nano-MF was obtained, which
is about one order of magnitude lower compared to the rate of disap-
pearance determined in batch (range 1.7 mol/s to 6.2-10" " mol/s). This
indicates that the solute flux through the membrane was slower than the
reaction rate, hence E2 degradation was limited by solute mass transfer
through the membrane.

When the filtration was performed with an increased E2 concentra-
tion of about three orders of magnitude (3000 ug/L), a decrease of the
cp/cs ratio to 0.74 + 0.08 was observed in both water matrices and for
the UF-SNPs membrane, removing 31 % of E2. Increasing E2 concen-
tration (keeping the same water flux) increased the solute flux by four
orders of magnitude (2.5-1071! mol/s), which is similar to the apparent
rate of disappearance obtained in filtration (1.1-107'! mol/s). This
suggests that at E2 concentration of 3000 ug/L, the solute mass transfer
is no longer a limiting factor and E2 degradation by the biocatalytic
membrane occurred. This hypothesis is consistent with other studies
performed with either biocatalytic membrane reactors or catalytic
membranes, where an increase in product formation and rate of disap-
pearance was observed with the increase in solute flux, due to an in-
crease of solute mass transfer, which allowed more substrate molecules
to reach the catalytic site (Giorno et al. 2006, Gumi et al. 2008, Lyubi-
menko et al. 2021).
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Surprisingly, when the nano-MF membrane was filtered, a decrease
in the cp/csratio was not observed at the same E2 concentration of 3000
pg/L, although the solute flux (3.3-107!! mol/s) was similar to the UF-
SNPs membrane. Two main hypotheses were postulated to explain
these results: i) different enzyme loading in the membrane porous
structure compared to UF-SNPs, ii) different HRT, which is a relevant
parameter affecting the performance of a biocatalytic membrane
(Ansorge and Staude 1985, Luo et al. 2014). The immobilized mass of
enzyme in the UF-SNPs (2 g/ m2) and nano-MF membrane (3 g/ mz) was
similar, which is consistent with the similar activity determined with
ABTS at the same conditions shown in Fig. 7. The similar enzyme
loading could be plausible considering that the non-woven porous
structure of the UF support (for the UF-SNPs) and the nanofiber matrix
(for the nano-MF) show similar porous structure. This suggests that the
insignificant biocatalytic E2 degradation was not caused by a lower
enzyme loading. To evaluate the second hypothesis, HRT was compared
for the two biocatalytic membranes. Considering the UF support thick-
ness of the sandwich configuration, an HRT of 4.5 s was calculated for
the UF-SNPs biocatalytic membrane, which is seven times higher than
the HRT in the nanofiber matrix thickness of the nano-MF membrane
(0.6 s). This means that the contact between E2 molecules and laccase in
the nano-MF membrane was too short for the oxidation . These results
suggest that solute mass transfer and HRT were the two main limiting
parameters to achieve E2 degradation in the biocatalytic membrane
reactors at environmental relevant concentration. While increasing E2
concentration close to the water solubility limit enhanced the solute flux
(hence the solute mass transfer) through the membrane, the degradation
was not effective in achieving high E2 removal during filtration (31 %).
In the next step, the contribution of HRT on laccase activity was inves-
tigated to determine whether the enzymatic reaction rate is compatible
with the HRT range and water flux typically used in UF/MF.

3.3. Contribution of hydraulic residence time and solute flux on laccase
activity

Laccase activity was investigated at different water fluxes spanning
the range of UF/MF to determine whether the oxidation rate of the
biocatalytic membranes is limited by solute mass transfer and the resi-
dence time within the membrane. ABTS removal and rate of disap-
pearance as a function of water flux are illustrated in Fig. 6A and B. The
variation of the rate of disappearance with HRT and solute flux is re-
ported in Fig. 6C and D.

For the UF-SNPs membrane, ABTS removal was constant at 78 % in
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Fig. 6. A) ABTS removal and apparent rate of disappearance as a function of B) water flux, C) hydraulic residence time and D) solute flux by UF-SNPs and nano-MF
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ABTS 0.2 mM).

phosphate buffer, while decreased from 43 % to 21 % with the increase
of flux above 300 L/m>h and in synthetic carbonate buffer (hence the
presence of chlorides) (Fig. 6A). This is consistent with the trend of the
rate of disappearance, which increased linearly with water flux in
phosphate buffer, while it reached a plateau at flux above 300 L/m2.h in
synthetic carbonate buffer (Fig. 6B). These results indicate that laccase
activity was enhanced by the increase of water flux in phosphate buffer,
likely due to the increased solute flux, allowing more ABTS molecules to
be transported through the UF-SNPs membrane. This hypothesis is
confirmed by the trend in Fig. 6D, where the apparent rate of disap-
pearance increased with the solute flux, hence the solute mass transfer.
Similar findings are reported in a previous study (Gumi et al. 2008),
where it was observed an increase in the butyl laurate permeate flux (the
product of the enzyme reaction) with increasing water flux. This was
attributed to a higher substrate solute flux, providing more molecules
near the enzymatic catalytic site. In another study (Nagy et al. 2015), it
was investigated the enzymatic conversion of oleuropein to aglycone in
a biocatalytic membrane reactor. It was reported that at shorter resi-
dence times and higher water flux, the concentration of oleuropein
through the membrane was controlled by the convective flow. Higher
conversion to aglycone was observed with longer residence time (> 50 s)
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and low convective flow (hence water flux).

An opposite trend was observed in synthetic carbonate buffer
(Fig. 6B), where the apparent rate of disappearance increased with the
solute flux above 1.3-10~> mol/s.m? indicating that at higher flux above
300 L/m2.h, laccase activity was no longer limited by the solute mass
transfer. In this case, the residence time within the membrane became
the controlling parameter for the reaction rate as shown in Fig. 6C and D.
This is particularly relevant in the presence of inhibitors, such as chlo-
ride ions in synthetic carbonate buffer. Indeed, in this case, the ABTS
molecules required longer contact time (hence higher HRT and lower
flux) to bind the catalytic active site. Previous studies with continuous
flow micro-reactors, packed bed reactors and photo and biocatalytic
membrane reactors (Cardinal-Watkins and Nicell 2011, Lloret et al.
2013a, Lyubimenko et al. 2021, Vitola et al. 2019) have reported that
HRT is a crucial parameter controlling the enzymatic reaction, leading
to higher product conversion with longer residence time, which is
consistent with the higher rate of disappearance at lower HRT, as
depicted in Fig. 6C.

In the case of the nano-MF membrane (Fig. 6A), ABTS removal
decreased from 78 % to 24 % and from 23 % to 5 % with the increase of
flux above 300 L/m2h, in phosphate and synthetic carbonate buffer,
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respectively. The apparent rate of disappearance increased to about
1.0-107° mol/s.m? at higher fluxes without a linear increase as observed
for the UF-SNPs membrane. This suggests that in the nano-MF mem-
brane, HRT played a critical part in controlling laccase activity and the
reaction rate, independently of the water matrix composition. The
apparent rate of disappearance remained almost constant with the in-
crease of solute flux (Fig. 6D), while it increased exponentially by nearly
two times when reducing HRT, as shown in Fig. 6C. The results imply
that in the presence of inhibitors (e.g. chloride ions in carbonate buffer)
and for MF biocatalytic membrane design (i.e. a highly permeable
membrane), HRT within the membrane is the dominant parameter
controlling laccase activity and consequently the reaction rate. This is
especially relevant when the biocatalytic membrane is applied for
micropollutant degradation in real natural waters with variable
composition, where the presence of inhibitors, such as salts, heavy
metals and organic matter (e.g. phenolic and humic acids) can reduce
laccase activity or compete with the micropollutant to bind the catalytic
site of laccase (Liu et al. 2021, Rybarczyk et al. 2023, Sun et al. 2021).

3.4. Role of water matrix on laccase activity and kinetics

In the next step, laccase activity and kinetic parameters (namely Ky
and rpax for ABTS) were determined in phosphate and synthetic car-
bonate buffer to evaluate how the water matrix affects enzyme affinity
(hence the binding of ABTS with the catalytic site) and the reaction rate.
ABTS removal and the apparent rate of disappearance at different ABTS
concentrations and water matrices are reported in Fig. 7A and B.

For the UF-SNPs membrane, ABTS removal remained unchanged at
about 82 % irrespective of ABTS concentration in phosphate buffer,
while it decreased from 72 % to negligible removal (<1 %) in synthetic
carbonate buffer with decreasing ABTS concentration from 0.5 mM to
0.01 mM (corresponding to 0.02 ug/L) (Fig. 7A). This result specifies
that at ABTS concentration close to environmental hormone concen-
tration and in synthetic carbonate buffer, laccase was mostly inactive,
and the oxidation rate of ABTS was insignificant. In presence of higher
concentration of solvent (e.g. methanol) an insignificant variation of
laccase activity was observed in synthetic carbonate buffer (see
Figure S11), while decreased significantly by four times at higher NaCl
concentration (see Figure S10).

This further confirms the dominant inhibitory effect of chloride ions
on laccase in synthetic carbonate buffer and low ABTS concentration.
Previous studies investigating the oxidation rate of laccase with ABTS in
presence of NaCl reported inhibition of laccase activity by chloride ions,
which can bind the catalytic site, hindering substrate reduction, or bind
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the ABTS-laccase complex, slowing down the enzymatic kinetics (Enaud
et al. 2011, Raseda et al. 2014). In synthetic carbonate buffer, NaCl is
present at a concentration two orders of magnitude higher (10 mM) than
ABTS (0.01 mM), making the dominant inhibition by chloride ions
plausible to fully inactivate laccase. By increasing the ABTS concentra-
tion by five times (0.05 mM corresponding to 0.1 pg/L), the removal
increased to 50 % until it became almost constant at 72 % (close to the
removal in phosphate buffer) at ABTS concentrations above 0.4 mM.
This trend of ABTS removal suggests that chloride ions might compete
with ABTS molecules to bind the catalytic site (competitive inhibition),
and the inhibition is mitigated with increasing ABTS concentration.

In case of the nano-MF membrane, ABTS removal was four times
lower in synthetic carbonate buffer compared to phosphate buffer,
consistent with a lower rate of disappearance, which decreased by three
times in synthetic carbonate buffer (Fig. 7B). Interestingly, an opposite
trend of ABTS removal was observed with the increase of ABTS con-
centration in the presence of synthetic carbonate buffer compared to the
UF-SNPs membrane. Truly, with the nano-MF membrane, ABTS removal
decreased with the increase of ABTS concentration above 0.2 mM from
82 to 54 % and from 27 to 13 % in phosphate and synthetic carbonate
buffer, respectively. This trend aligns with the rate of disappearance,
which became almost unchanged at ABTS concentrations above 0.2 mM
in both water matrices, presenting that laccase saturation was reached at
concentrations above 0.2 mM, independently of the water matrix
composition. The results shown in Fig. 6C, revealed that in the nano-MF
membrane, HRT played a crucial role in controlling the rate of disap-
pearance, hence the time available for ABTS molecules to permeate
through the membrane and reach the catalytic site of the enzyme. HRT
in the nano-MF was about seven times lower (0.2 s) compared to the UF-
SNPs membrane (1.4 s). Hence, the time available for ABTS to overcome
the inhibition by chloride ions was insufficient even at higher ABTS
concentrations, which can explain the lower removal trend in synthetic
carbonate buffer compared to phosphate buffer.

3.5. Inhibition of laccase activity by sodium chloride

To evaluate the inhibition mechanism by chloride ions, the
Michaelis-Menten parameters (Ky; and rq,,¢) were determined, and the
values are reported in Table 3. The linearised plot and inhibition
mechanisms are illustrated in Fig. 8.

The variation in kinetic parameters revealed a different inhibition
mechanism of chloride ions for UF-SNPs and nano-MF membranes.
Indeed, in the case of the UF-SNPs membrane, an increase in Ky of 1.5
times in synthetic carbonate buffer was observed, while the maximum
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Fig. 7. (A) ABTS removal and (B) apparent rate of disappearance as a function of ABTS concentrations and different water matrices (disodium phosphate/citric acid
0.1 M, 10 mM NaCl, 1mM NaHCO3, pH 3 + 0.1, 0.65 mL/min, 23.2 &+ 0.5 °C, SNPs loading 17 g/mz) determined with UF-SNPs and Nano-MF membranes.

11



A. Imbrogno et al.

Table 3
Michaelis-Menten parameters for ABTS oxidation determined in presence of
phosphate and synthetic carbonate buffer from the linearized plot in Fig. 8.

Kinetic parameters UF-SNPs Nano-MF
K, phosphate (MM) 1.9+0.1 0.5+ 0.1
Kwm,Nacl/Natco3 (mM) 2.8+ 0.1 0.21 £+ 0.03
¥ max, phosph. (- 107° mol/s.m?) 8.3+ 0.2 2.4+0.3
1 maxNacl Narcos (- 107° mol/s.m?) 8.3+ 0.2 0.5+ 0.1

rate of disappearance remained unchanged. This outcome agrees with
the linearised plot in Fig. 8, where the slope of the fit did not change with
the water matrix. The increase of Ky; indicates that chloride ions reduced
the enzyme affinity for ABTS, hence the binding strength with the cat-
alytic active site without interfering with the oxidation rate. This is
typical of competitive inhibition, as chloride ions prevent the binding of
ABTS to the catalytic site of laccase (Raseda et al. 2014). Indeed, by
increasing NaCl concentration ABTS removal and apparent rate of
disappearance decreased by four times as shown in Figure S10.

In the case of the nano-MF membrane, a decrease of Ky by 2.5 times
and ;e by almost five times was observed. This demonstrates that
chloride ions increased the affinity of ABTS molecules for the catalytic
site while significantly decreasing the oxidation rate. This trend suggests
the dominance of uncompetitive inhibition, where the binding of chlo-
ride ions occurs only to the enzyme after the formation of the laccase-
ABTS complex, without interfering with the binding to the catalytic
site of the free enzyme. When chloride ions bind the ABTS-laccase
complex, the enzymatic structure and the catalytic site may be rear-
ranged, which strengthens the binding of ABTS to the catalytic site,
resulting in higher affinity (Punekar 2018). The dominance of uncom-
petitive inhibition is further confirmed by the linearised plot, where the
fitting lines for both water matrices are parallel, indicating that both
kinetic parameters vary (Punekar 2018).

Previous studies have reported a mixed inhibition mechanism of
chloride ions for ABTS oxidation by laccase, encompassing competitive
and uncompetitive inhibition. In one study (Raseda et al. 2014), it was
observed an increase in Ky with rising NaCl concentration, while the
reaction rate decreased fourfold, attributed to dominant competitive
inhibition by chlorides directly binding to the active site. This result is
consistent with the variation of the kinetic parameters observed for the
UF-SNPs membrane. Similar findings are confirmed in another study
(Enaud et al. 2011), where the inhibition of laccase by chloride ions
occurred through interaction with the copper T1-Cu, preventing the
binding of ABTS and subsequent electron transfer to the copper
tri-nuclear cluster. This reduces the oxidation rate and enzyme affinity,
which aligns with the results of the present study. Uncompetitive
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inhibition is mentioned as another mechanism of chloride ion, occurring
through the binding of chloride to the enzyme complexed with ABTS
(Champagne et al. 2013, Enaud et al. 2011, Raseda et al. 2014). In this
case, the oxidation rate is predominantly reduced.

4. Conclusions

The intention of this research was to elucidate the limitations of
steroid hormone micropollutant degradation by different biocatalytic
membranes. The enzymatic reaction was performed during filtration
using various water matrix compositions and environmentally relevant
concentrations of pollutants in ng/L range.

Batch results revealed that the rate of disappearance decreased
significantly by four orders of magnitude when E2 concentration
approached 0.1 pg/L, with an insignificant removal of 17 % in synthetic
carbonate buffer (containing chloride ions) and 55 % removal in phos-
phate buffer. This highlighted that the reaction kinetics of estradiol at
realistic concentrations were drastically reduced, resulting in an insig-
nificant enzymatic reaction in the biocatalytic membrane. The solute
flux at the lowest possible water flux of 60 L/m%h (corresponding to
HRTs of 4.5 s in the UF-SNPs and 0.6 s in the nano-MF membranes) was
still one order of magnitude lower than the apparent rate of disap-
pearance. By increasing E2 concentration to 3000 pg/L, removal of 31 %
could be achieved with the UF-SNPs membrane as the solute flux
approached a similar order of magnitude to the rate of disappearance;
hence, the biocatalytic degradation was no longer limited by the solute
mass transfer. In contrary, no removal was observed with the nano-MF
membrane due to a sevenfold lower residence time compared to the
UF-SNPs membrane, despite a similar solute flux. These results revealed
that solute flux (hence the solute mass transfer) and HRT were the two
main limiting factors for E2 degradation at environmental concentra-
tions and laccase activity, resulting in ineffective biocatalytic degrada-
tion of E2 during filtration to achieve high removal.

The water matrix composition (i.e. phosphate and synthetic car-
bonate buffer containing NaCl) affected the E2 rate of disappearance and
laccase activity, resulting in dominant inactivation of laccase, especially
when E2 was at environmental concentration, as NaCl concentration
was two orders of magnitude higher in the synthetic carbonate buffer. A
mixed inhibition mechanism of chloride ions was observed when laccase
activity was tested with ABTS substrate. Indeed, competitive inhibition
was dominant in the UF-SNPs membrane, while for nano-MF, the inhi-
bition was mostly uncompetitive, meaning that chloride ions bind to the
laccase complexed with ABTS.

The results highlight that E2 oxidation by the tested biocatalytic
membrane design is not effective for micropollutant removal at realistic
concentrations commonly found in surface water, although a partial
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degradation could be achieved with the UF-SNPs membrane. This in-
vites further research to enhance the performance of UF-SNPs mem-
brane for the degradation of micropollutants under more realistic
natural water compositions. Specifically, future strategies could be
directed towards i) accelerating the reaction kinetics at hormone envi-
ronmental concentrations, for instance, by using enzyme mediators
(such as ABTS and 1-hydroxibenzotriazole), which promotes the elec-
tron transfer between the oxidized enzyme and E2 molecules, ii) pro-
longing the residence time within the membrane by loading both UF
support of the UF-SNPs membrane, or immobilising the enzyme on an
alternative substrate with a high affinity towards the micropollutant.

Supporting information

The supporting information includes a table with an overview of
previous studies on the design of biocatalytic membranes for micro-
pollutant degradation with laccase, a section with the description of the
nanobiocatalyst preparation, enzyme loading and XPS analysis of the
nano-MF membranes and SEM images of the nanofiber matrix cross-
section, filtration protocol and a schematic of the filtration system,
LSC, UHPLC and UV-vis calibration, ABTS rate of disappearance and
removal with different NaCl and methanol concentration, raw data of
the filtration and batch reactor experiments, a description of the error
analysis.
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