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Abstract In the present work, the use of magnetic mesopo-
rous silica microbeads (MMSMB) as supports was proposed
to produce magnetically-separable cross-linked enzyme ag-
gregates (MCLEAs). The effects of cross linking time, addi-
tion of bovine serum albumin as protein feeder, pH, glutaral-
dehyde concentration, and laccase:MMSMB mass ratio on the
immobilization yield and enzyme load were investigated. The
best conditions allowed the rapid preparation of MCLEAs
with high enzyme load, i.e., 1.53 U laccase/mg MCLEAs.
The stability of MCLEAs was improved with regard to low
pH, presence of chemical denaturants, and real wastewater
matrix, compared to free laccase. In addition, the novel bio-
catalyst exhibited good operational stability, maintaining up to
70 % of its initial activity after 10 successive batch reactions.
Finally, MCLEAs demonstrated its catalytic potential to trans-
form acetaminophen and various non-phenolic pharmaceuti-
cal active compounds as mefenamic acid, fenofibrate, and
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indomethacin from biologically treated wastewater effluent,
with similar or even higher efficiency than free laccase.
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Introduction

Laccases (benzenediol:oxygen oxidoreductases, EC 1.10.3.2)
are a type of lignin-modifying enzymes (LME) which consti-
tute promising biocatalysts in industrial and bioremediation
processes due to their wide substrate range and simple require-
ments of catalysis (Majeau et al. 2010). Nevertheless, two
major drawbacks limit their application in continuous
bioprocess. On the one hand, the susceptibility of free en-
zymes to inactivation over time due to unfavorable conditions
(i.e., unfavorable pH, chemical/biological denaturing agents,
or temperature) (Gasser et al. 2014). Another major obstacle is
related to the retention and reusability of the biocatalyst. In
order to mitigate these drawbacks and enhance the economy
of biocatalytic processes, immobilization and insolubilization
techniques for enzymes have been lately investigated (Brady
and Jordaan 2009).

In this sense, the insolubilization of enzymes as cross-linked
enzyme aggregates (CLEAs) is a simple technique to increase
the stability and reusability of biocatalyst (Sheldon 2011). The
preparation of CLEAs usually involves the precipitation from
solution followed by a cross-linking step using a bifunctional
reagent, such as glutaraldehyde. However, CLEAs may suffer
from some drawbacks such as softness or poor mechanical
stability, which make them difficult to handle in conventional
reactors and often causes leaching of enzyme in the reaction
medium (Wilson et al. 2002). In addition, the processes com-
monly applied to recover CLEAs from reaction medium,
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namely, centrifugation or filtration, lead to increase in CLEAs
size and clusters formation (clumping), resulting in internal
mass transfer limitations (Lopez et al. 2014). Hence, for many
applications, CLEAs may require a physical support to improve
their mechanical properties (Brady and Jordaan 2009).

The use of magnetic supports may be an alternative to
produce mechanical resistant and magnetically-separable
CLEAs, which can be recovered easily using a magnet instead
of centrifugation or filtration methods (Lopez et al. 2014). For
instance, magnetic CLEAs of a-amylase were successfully
applied to hydrolyze starch (Talekar et al. 2012). More recent-
ly, Lopez et al. (2014) produced magnetic CLEAs of lipase to
obtain biodiesel and biosurfactants.

In recent works done by Kumar et al. (2014) and Kumar
and Cabana (2016), this approach was applied for the first
time to laccase. Stable and magnetically separable biocatalysts
were obtained by immobilizing laccase CLEAs onto iron-
based magnetic nanoparticles previously functionalized with
3-aminopropyltriethoxysilane (APTES).

On the other hand, although laccase-based treatments have
been successfully applied towards the elimination of many
xenobiotics, most of works deal with single-compound solu-
tions comprising laccase substrates (i.e., mainly phenolic) in
buffer solutions or distilled water. Moreover, the transforma-
tion of non-laccase substrates requires the presence of media-
tors. Recent studies reported that the substrate spectrum of
laccase could be extended in mixtures when phenolic com-
pounds are present (Touahar et al. 2014). The latter may in-
volve cross-coupling reactions with non-phenolic com-
pounds. Thereby, this effect would compensate the absence
of specific laccase mediators (e.g., 2,2"-azino-bis(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS) or 1-
hydroxybenzotriazole).

Therefore, the first aim of this work was to produce robust
magnetically-separable MCLEAs using as support magnetic
mesoporous silica microbeads (MMSMB) already containing
amino groups, according to the scheme depicted in Fig. S1
(Electronic Supplementary Material, ESM). The characteriza-
tion of the novel MCLEAs and the evaluation of their catalytic
potential to remove a mixture of phenolic and non-phenolic
pharmaceutical active compounds (PhACs) from the second-
ary effluent of a municipal wastewater treatment plant were
additional objectives of this research.

Materials and methods

Chemicals and enzyme

Commercial laccase from Trametes versicolor (>10 U/mg),
bovine serum albumin (BSA), ABTS (>98 %), glutaraldehyde

(25 % v:v), acetaminophen (=99 %), ketoprofen (=98 %), cy-
clophosphamide (=97 %), mefenamic acid (=98 %), caffeine
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(>99 %), indomethacin (>99 %), naproxen (>98.5 %),
fenofibrate (>99 %), trimethoprim (>98 %), and ibuprofen
(>98 %) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ethyl acetate, dichloromethane, formic acid, and
methanol were of the analytical grade and were purchased
from Fisher Scientific (Ottawa, ON, Canada). Magnetic meso-
porous silica microbeads (MMSMB; MAT540-SMY-AV)
were kindly provided by Materium Innovations (Granby,
QC, Canada). These consisted in magnetite nanoparticles
(40-50 nm) encapsulated in hollow mesoporous silica micro-
capsules with an average size around 20 um. The material
used is bearing both amino and vinyl groups on their surface
(information provided by Materium Innovations).

Enzyme activity

Laccase activity was measured by monitoring the oxidation of
ABTS to its cation radical (ABTS®") at 420 nm
(Emax=3.6x10* M™" ecm™"). Fifty microliters of laccase or
MCLEAs containing sample (diluted in 0.1 M acetate buffer,
pH 4.0) were added to 150 pL of 0.6 mM ABTS (in 0.1 M
acetate buffer, pH 4.0) in a 96-well plate. The ABTS oxidation
was monitored by measuring the absorbance at 420 nm over
60 s (6-s intervals) at 25°C. One unit (U) of activity was
defined as the amount of enzyme forming 1 pmol of
ABTS®" per min. Activity measurements were carried in a
96-well plate using a double-beam UV—Vis spectrophotome-
ter (SpectraMax Plus 384, Molecular Devices Corp.,
Sunnyvale, CA).

Magnetic CLEAs preparation

The initial conditions for preliminary immobilization assays
were established based on the work of Kumar et al. (2014) for
the synthesis of magnetically separable CLEAs. According to
these, pH value of 4, co-aggregation with BSA (laccase:BSA
ratio of 1:1 wiw), propanol as precipitant agent, and glutaral-
dehyde (5 mM) as cross linking agent were initially assayed.
The initial laccase:MMSMB ratio was 1:2 (w:w). One hun-
dred microliters of stocks of laccase and BSA (10 mg/L of
protein in 0.1 M sodium acetate buffer, pH 4), freshly prepared
at the beginning of each experiment, were added to 200 pL of
a solution of MMSMB (10 mg/mL in 0.1 M sodium acetate
buffer, pH 4) on 1.5 mL centrifuge tubes and shaken for
90 min at room temperature (24 +2 °C). Then, 1 mL of chilled
propanol was added and stirred for 90 min. When precipita-
tion occurred, glutaraldehyde was added into the suspension
to reach a final concentration of 5 mM and then shaken again
for 2, 6, or 22 h at room temperature (24 +2 °C). After cross-
linking, the MCLEAs were magnetically separated from the
mixture and washed thrice with sodium acetate buffer (pH 4)
to remove excess of glutaraldehyde and any unbound enzyme.
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Subsequently, the effect of several parameters onto the
MCLEAs formation was investigated: (i) a preliminary sorption
step where laccase, BSA, and MMSMB solutions were incu-
bated for 2 h at room temperature (24+2 °C) before precipita-
tion with propanol; (ii) presence or absence of BSA, (iii) pH
(0.1 M acetate buffer, pH 4, or 0.1 M phosphate buffer, pH 7),
(iv) concentration of glutaraldehyde (1, 2.5, 5, and 10 mM), or
(v) laccase:MMSMB ratio (1:1; 1:2; 1:3, and 1:4 wiw).

The immobilization yield (/Y) of the MCLEAs was esti-
mated based on the apparent laccase activity of the MCLEAs
formed (4y) relative to the initial applied laccase activity (4;)
(Eq. 1):
1Y(%) :ﬁ-IOO (1)

Ai

At the same time, washing losses (WL) were determined as
the relative difference between the apparent laccase activity of
MCLEAs formed (A4y) and the apparent laccase activity after
the cross linking step, just before washing (4py,) (Eq. 2):

Abw_Af .

WL(%) = 2
bw

100 (2)
Finally, the term enzyme load was defined as the apparent
laccase activity in unit per milligram of immobilized biocata-
lyst according to Eq. 3, where the dry weight (DW) of the
MCLEAs was obtained by lyophilizing the MCLEAs:

Ag

Enzyme load (U/mg) = Dw (3)

Characterization of MCLEASs
Magnetization curves and FTIR spectra

Magnetization curves of MMSMB and MCLEAs were re-
corded on a SQUID magnetometer (MPMS-5S XL
Quantum Design magnetometer). Fourier transform infrared
(FTIR) analysis was performed on a Nicolet FT-IR
spectrophotometer.

Optimum pH and temperature

The pH of maximum laccase activity (free enzyme and
MCLEAs) was investigated using 0.45 mM ABTS in a
0.1 M citrate—phosphate buffer (pH 2.6-8). The relative activ-
ity was calculated as the ratio between the activity at each pH
and the maximum activity attained.

The effect of temperature (30—60 °C) on the activity of free
laccase and MCLEAs was tested by determining the activity at
the corresponding temperature under standard conditions, i.e.,
0.45 mM ABTS in 0.1 M acetate buffer, pH 4. The relative

activity was determined as the ratio between the activity at
each temperature and the maximum activity attained.

Determination of kinetic parameters

Apparent kinetic parameters of free laccase and MCLEAs
were determined by measuring the laccase activity under stan-
dard conditions (i.e., 0.1 M acetate buffer, pH 4.0, at 25 °C)
using ABTS as substrate in the range 1.5-600 uM.
Experimental data were fitted to determine the Michaelis-
Menten parameters by minimizing the sum of squared
residuals.

Storage stability and leaching test

The storage stability was investigated by incubating free
laccase and MCLEAs in 0.1 M phosphate buffer at pH 7
and 4 °C for 1 month and measuring the residual activity
periodically.

In order to determine any leaching of laccase from
MCLEASs, these were washed to remove traces of free en-
zymes in the prepared MCLEAs suspension and incubated
in 0.1 M phosphate buffer, pH 7, for 6 h at 250 rpm and room
temperature (24+2 °C). After the incubation period, the
MCLEAs were separated from the buffer with an external
magnetic field. Subsequently, the laccase activity in the buffer
was measured to determine the amount of laccase leached
from MCLEAs biocatalyst.

Long term stability in wastewater

Stability of free laccase and MCLEAS in wastewater was eval-
uated by incubating 1000 U/L of the biocatalyst in 5 mL of
secondary effluent collected from the municipal wastewater
treatment plant (WWTP) in Magog (Qc, Canada) (Table S1,
ESM). The collected sample was filtered through 0.45 wm and
adjusted to pH 7 with acetic acid 1 M. Samples were taken
over a 1 month period, and the residual enzymatic activity was
measured.

MCLEAs reusability

Reusability of the MCLEAs was assayed by means of consec-
utive cycles of ABTS (0.9 M) oxidation in 0.1 M phosphate
buffer at pH 7. At the end of each 8-min oxidation cycle, the
immobilized enzyme was retained by applying a magnetic
field and the absorbance of the supernatant was measured
(420 nm). Subsequently, the supernatant was discharged, the
MCLEAs were washed once with the phosphate buffer, and
the procedure repeated with a fresh aliquot of ABTS. The
activity of the immobilized enzyme was considered to be
100 % in the initial cycle. These experiments were performed
in duplicate. A control assay with deactivated MCLEAs was
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conducted in parallel to verify that no ABTS oxidation oc-
curred in the absence of active laccase.

Stability of MCLEAs against denaturation

The effect of the pH on the enzyme stability was studied by
incubating laccase in 0.1 M citrate-phosphate buffer (pH 3, 5,
7, and 8.5) at room temperature (24+2 °C) during 24 h.
Samples were transferred to standard reaction mixtures in or-
der to determine the residual laccase activity as described in
“Enzyme activity” section. The residual activity was calculat-
ed referred to the value of the initial activity at each pH.

The thermal stability study was carried out by incubating
samples of the biocatalysts in 0.1 M citrate-phosphate buffer
(pH 7) at selected temperatures (20, 45, and 60 °C) and en-
zyme activity was periodically measured. The results were
expressed in relative form, assigning 100 % activity to the
initial measurement.

The stability of free laccase and MCLEAS laccase against
chemical denaturation was tested by incubating 500 U/L in the
presence of deactivating reagents CaCl,, CoCl,, ZnCl,
(25 mM), and hydrophilic organic solvents: acetone, acetoni-
trile, and methanol (50 %) at pH 7 and room temperature (24
+2 °C). The incubations lasted for 1 h and subsequently ac-
tivities were measured. The results for stability were given in
percentage, allocating 100 % activity to the value in phosphate
buffer at pH 7.

Pharmaceuticals degradation in secondary effluent

A sample of biologically treated wastewater was collected on
May 2015 from the effluent of the municipal WWTP in
Magog (QC, Canada) and filtered through 0.45 pm. The aim
of the filtration was to remove particulate solids and other
microorganisms, which could contribute to the elimination
of the target pollutants by adsorption or undefined biotrans-
formation, and hence, the evaluation of the sole enzymatic
transformation by laccase could be possible (Lloret et al.
2013). The pH (originally 7.4) was adjusted to pH 7 with
acetic acid 1 M and then spiked with each of the following
PhACs to attain initial concentrations in the range of 10—
50 pg/L: acetaminophen, ketoprofen, cyclophosphamide,
mefenamic acid, caffeine, indomethacin, naproxen,
fenofibrate, trimethoprim, and ibuprofen. Treatment of the
PhACs by both free laccases or MCLEAs was performed in
batch mode at 30 °C in 50-mL Erlenmeyer flasks with orbital
shaking at 150 rpm for 6 h. The final volume of samples was
10 mL. Biocatalysts (free laccase or MCLEA) were added to
obtain a final laccase activity of 1000 U/L. For controls, the
biocatalyst solutions were substituted by deactivated
MCLEAS or phosphate buffer solution. For each compound,
the enzymatic removal by MCLEAs and free laccase was
calculated according to the concentration detected in controls
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with inactivated MCLEAs and without enzyme, respectively.
The total removal of each compound by MCLEAs (including
the possible sorption onto the biocatalyst) was calculated
using as reference the control without enzyme. Tests were
performed in duplicate. After 6 h of reaction, MCLEAs were
magnetically separated and the pharmaceuticals were extract-
ed before analysis by ultra performance liquid chromatogra-
phy coupled with tandem mass spectrometry (UPLC-MS/MS)
as described in ESM (Touahar et al. 2014).

Results and discussion
MCLEASs preparation

The preparation of traditional CLEAs consists of two main
steps, the aggregation by precipitation followed by the cross
linking of the enzymes. It is expected that in the presence of a
support containing amino groups not only intermolecular
cross-linking of the sorbed enzyme occurs but also cross-
linking to the amino groups of particles. Starting with the
conditions established by Kumar et al. (2014), a series of
parameters were tested to maximize the enzyme load while
maintaining a high immobilization yield. Several cross linking
times were initially evaluated aiming at establishing the time
required to obtain the highest enzyme load, as it has been
demonstrated that, whereas a too short cross linking time
could result insufficient and lead to poor immobilization yield
and operational stability, prolonged cross linking may be det-
rimental to enzyme activity (Talekar et al. 2013). As hardly
differences were observed at 2, 6, and 24 h, (Table 1, run 1-3),
the lowest cross linking time was selected to design a rapid
process for MCLEAs preparation. Omitting the sorption step
led to a slight increase in the immobilization yield (9.3
+0.4 %) (Table 1, run 4), probably due the lower time of
laccase exposure to acidic pH. Although several studies re-
ported that the use of protein feeders rich in lysine amine
residues, such as BSA or egg white, in the preparation of
CLEAs resulted in higher activity recovery and stability
(Jiang et al. 2014), it was observed that in absence of BSA,
the immobilization yield was two-fold higher than with the
albumin (run 4 and 5). This is in accordance with a previous
study of Cabana et al. (2007), who stated the same negative
effect of BSA on laccase from Coriolopsis polyzona. The
inadequate exposure of the catalytic centers to ABTS owing
to the shielding effect of BSA and mass transfer limitations
from the substrate solution to the laccase active site (Cabana et
al. 2007) may be behind this fact. Besides, in the presence of
albumin, laccase and BSA compete for binding to the support,
resulting in a lower available surface for laccase attachment.
Regarding pH, a considerable increase in enzyme load and
immobilization yield was attained when the MCLEAs were
produced at pH 7 (Table 1, run 6). The higher laccase stability
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Table 1  Effects of experimental parameters on MCLEAs formation

Run Sorption step (h) pH BSA:Lac Glut(mM) Lac:MMSMB Cross linking time (h) WL (%) 1Y (%) Enzyme load (U/mg MCLEAs)
1 2 4 11 5 1:2 2 27.7+9.1 35+1.5 0.11+£0.03
2 2 4 11 5 1:2 6 292+09 22+0.01 0.06+0.001
3 2 4 11 5 1:2 22 109+04  3.0+0.03 0.12+0.001
4 - 4 11 5 1:2 2 455+36 93+04 0.25+0.001
5 - 4 - 5 1:2 2 31.7£10.7 192+1.7 0.59+0.05
6 - 7 - 5 1:2 2 31.2+£5.0 39.0+£09 1.53+£0.04
7 - 7 - 1 1:2 2 512+74 27.6+44 0.89+0.16
8 - 7 - 2.5 1:2 2 394+3.0 36.6+2.0 1.28+0.11
9 - 7 - 10 1:2 2 28.0+49 351+3.0 1.19+0.28
10 - 7 - 5 1:1 2 67.5+£32 169+2.0 1.12+0.03
1 - 7 - 5 1:3 2 22.8+6.0 42.1+2.0 0.94+0.003
12 - 7 - 5 1:4 2 17.0+09 41.5+09 0.75+£0.001

and the more favorable reactivity of glutaraldehyde with ami-
no groups at pH 7 are likely to enhance the immobilization
yield (Migneault et al. 2004). In this sense, it was reported that
the reaction between glutaraldehyde and amine groups is re-
versible at pH above 3, except in the range of pH 7 to 9 where
only a little reversibility is observed and a high immobilization
yield in CLEAs is expected (Talekar et al. 2013). Apart from
reversibility issues, it was found that in aqueous solution at
acidic pH, glutaraldehyde is mostly present in a monomeric
form, whereas alkaline pH promotes the existence of a poly-
meric form. This one is preferable to obtain CLEAs with more
space among the aggregates, preventing the occurrence of
diffusional restrictions (Talekar et al. 2013).

Glutaraldehyde is a common cross-linking agent for CLEA
synthesis as it is inexpensive and available in commercial quan-
tities (Sheldon 2011). Cross linker concentration is a crucial
parameter in CLEAs production, and it is evident from the
previous works that there is an optimum value for glutaralde-
hyde concentration (Talekar et al. 2013). In the current study,
the concentration of glutaraldehyde was fixed at 5 mM. Lower
glutaraldehyde concentrations increased washing losses, lead-
ing to lower enzyme loads (0.89+0.16 and 1.28+0.11 U/mg
biocatalyst for 1 and 2.5 mM of glutaraldehyde, respectively)
due to insufficient cross-linking. On the other hand, increasing
the glutaraldehyde concentration up to 10 mM had a negative
impact on laccase activity (Table 1, run 7-9) as, despite the
lower washing loss, the final enzyme load was considerably
lower than for 5 mM glutaraldehyde (1.19+0.28 versus 1.53
+0.04 U/mg biocatalyst). In this case, rigidification of the en-
zyme molecule due to excessive cross linking may render into
loss of enzyme flexibility, which is essential for its activity.
Rigidification may also impede the substrate to reach the active
site of laccase due to steric hindrance (Talekar et al. 2013).

Finally, different laccase:microparticles (Lac: MMSMB) ra-
tios were evaluated (Table 1, run 10-12) using the best con-
ditions previously established. Decreasing the amount of

microparticles to a ratio of 1:1 led to higher washing losses,
which resulted into lower immobilization yield (16.9 +2.0 %).
On the other hand, the increase in the amount of microparti-
cles resulted into much lower enzyme load.

According to these results, the conditions assayed in run 6
were applied to produce a large amount of MCLEAs for the
subsequent experiments (characterization of the MCLEAs
formed and elimination of pharmaceuticals from wastewater).

Characterization
Microparticles and MCLEAs Properties

The FTIR spectra of the MMSMB and final MCLEAs con-
firmed the presence of both amine and vinyl groups (Fig. S2,
ESM). The vibration bands around 450 and 600 cm ™' deter-
mine the characteristics of (Fe—O) vibrations. The presence of
amine groups has been verified by stretching vibrations of
amine in the region of around 3300 cm ™. The silica-coated
magnetite sample shows a band around 1050 cm™' corre-
sponding to the stretching vibrations of Si—O-Si, and it is
associated with the motion of oxygen in Si—O-Si antisymmet-
ric stretch due to the asymmetric stretching bonds of Si—-O-Si
in SiO,. The band around 450 cm™ ! is for Si-O-Si or Si-O-Si
bending modes. The absorption bands around 1600 and
1400 cm ™" were ascribed to the stretching vibration of C=C
and bending vibration of C—H in vinyl groups.

The saturation magnetization (Ms) was 8.0 and 8.6 emu/g
for the MCLEAs and MMSMB, respectively, which resulted
enough to show a rapid response (below 30 s) to an external
magnetic field of 200 mT (Fig. S3, ESM). The slight decline
in the magnetization moment of MMSMB after laccase at-
tachment was the consequence of the decrease in the amount
of the magnetic moment per unit weight of MCLEAs. The
magnetization curves showed slight hysteresis, characterized
by coercive fields (H.;) around 285 Oer and remnant
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magnetization (M;) of 1.7 and 1.9 emu/g for the MCLEAs and
MMSMB, respectively. This trend reveals a
superparamagnetic behavior.

Optimum pH and Temperature

A comparative study between free laccase and MCLEAs was
conducted aiming to study the effect of pH and temperature on
the activity (Fig. S4, ESM). Free laccase showed the maxi-
mum activity at pH 3 whereas the optimal pH for MCLEAs
was found around 2.6. In the range 3—6, free laccase showed a
slightly higher relative activity (no more than 8 % of differ-
ence), whereas at pH above 6, the relative activity of both
biocatalyst forms was identical. Regarding optimal tempera-
ture, both free and MCLEAs laccases displayed maximal cat-
alytic activities in the range of 40-50 °C.

pH and Thermal Stability

One of the most important factors affecting the enzymatic
stability is pH. For this reason, its effect on laccase stability
was investigated by incubating the MCLEAs and free enzyme
in citrate-phosphate buffer at pH 3, 5, 7, and 8.5 for 24 h
(Fig. 1).

A drastic increase in the stability of laccase at pH 3 was
observed after MCLEASs formation; at the end of the incuba-
tion period, MCLEAs exhibited a residual activity above
43 %, whereas free laccase was completely inactivated, which
confirmed the usefulness of insolubilization as a way to pro-
tect the enzyme. This is in accordance with most of published
studies, which report increase in acid stability after laccase
immobilization (Songulashvili et al. 2012; Zhang et al.
2015). At higher pH values, no significant differences were
found between free laccase and MCLEAs.

Regarding thermal stability, no improvement was observed
for MCLEAs in comparison with free laccase and both were
completely deactivated after 3 h of incubation at 60 °C and
neutral pH (Fig. S5, ESM). The lower stability for the
immobilized laccase in comparison with the free one at
45 °C is difficult to explain, although a similar behavior was
previously reported by Masuda et al. (2013) for the enzyme
formaldehyde dehydrogenase immobilized onto mesoporous
silica (MPS). These authors hypothesized that the enzyme
immobilized on the MPSs suffered a faster denaturalization
owing to thermal energy transmitted from silica wall.

Resistance against Chemical Inhibitors

Figure 2 shows residual activities of free laccase and
MCLEAs to high concentrations (25 mM) of halide salts,
ZnCl,, CoCl,, CaCl,, and organic solvents (50 % v:v) at neu-
tral pH. It is evident that MCLEAs displayed higher resistance
against organic solvents than free laccase. For instance, after
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1 h of incubation in the presence of acetonitrile (50 % v:v), free
laccase was nearly deactivated whereas MCLEAs exhibited
around 12 % of residual activity. In acetone, the residual ac-
tivity of MCLEAs was 1.7-fold higher than for free laccase.
The higher stability of enzyme in the presence of organic
cosolvents after CLEAs formation has been observed in sev-
eral works, and it was attributed to the rigidity of the biocat-
alyst formed (Ba et al. 2014). In the same way, the MCLEAs
showed higher residual activity than the free enzyme in the
presence of the chaotropic salts ZnCl,, CoCl,, and CaCl,.
These results confirmed that MCLEAs formation increases
laccase resistance against chemical inhibitors.

Storage Stability and Enzymes Leaching

Storage stability at 4 °C and neutral pH did not differ consid-
erably for free laccase and MCLEAs (mean values are not
significantly different at p <0.05; see Fig. S6, ESM), which
maintained residual activities above 74 % after 30 days. In
relation to the leaching test, negligible leaching of laccase
from MCLEAs was detected after incubation for 6 h at
250 rpm.

Reusability of laccase

Apart from stability, the reusability of the biocatalyst is an
important feature to be considered in view of its large scale
application. The reusability of MCLEAs was investigated by
applying consecutive cycles of ABTS oxidation. As it can be
seen from Fig. 3, the activity of MCLEAs was above 100 %
during the first 5 cycles, indicating that no significant deacti-
vation or leaking occurred during oxidation or washing pro-
cedure. The increase in the activity up to third cycle could be
explained considering the different forms that laccase can
present: native intermediate, resting oxidized, and partly re-
duced (Shleev et al. 2006). For instance, Tavares et al. (2015)
also observed the activation of laccase immobilized in multi-
walled carbon nanotubes along the first four cycles of ABTS
oxidation, and hypothesized that laccase molecule may be
passing from the resting state to the catalytic state.

After the 6th cycle, a gradual loss of activity started, prob-
ably because of enzyme deactivation during the consecutive
batches, and after 10 cycles of ABTS oxidation and separa-
tion, laccase MCLEAs retained 70 % of the initial activity.
This is in the range reported by other studies evaluating the
immobilization of laccase onto silica carriers. For instance,
Patel et al. (2014) immobilized laccases onto SiO,
nanocarriers and observed a residual activity of 93.7 and
82.5 % after 5 and 10 cycles of ABTS oxidation, respectively,
whereas Rekuc¢ et al. (2009) reported a residual activity of
65 % after 10 cycles of ABTS oxidation for different laccases
immobilized onto silica carrier.
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Kinetic Parameters

Table 2 presents the apparent Michaelis—Menten kinetic pa-
rameters for free and MCLEAs laccases using ABTS as sub-
strate. In comparison to free laccase, a lower affinity of
MCLEAs for ABTS was found as indicated by increase in
the Ky value (0.038+0.003 mM and 0.064 +0.006 mM, re-
spectively). These results are in agreement with several stud-
ies reporting laccase immobilization (Fernandez-Fernandez et
al. 2013) and could be attributed to several factors as diffu-
sional limitations, conformational changes on the protein mol-
ecule after immobilization or steric hindrance (Talekar et al.
2013). Nevertheless, the affinity for the substrate was still
higher than that of other enzymes immobilized onto porous
supports, which have displayed higher Ky, values (Fernandez-
Fernandez et al. 2013, Songulashvili et al. 2012). In contrast,
Cabana et al. (2007) did not find appreciable changes in Ky
value after the insolubilization of laccase from C. polyzona in
CLEAs, and Kumar et al. (2014) reported higher affinity of
functionalized magnetic nanoparticles bonded to laccase
CLEAs for ABTS, in comparison to the free laccase from T.
versicolor. The turnover number (K, for the free laccase and
MCLEAs showed that the maximal rate for free laccase is
slightly higher than for MCLEAs. As result, the catalytic ef-
ficiencies K ./Ky for MCLEASs laccase was 1.9-fold lower
than for the free laccase.

Stability in Wastewater

The stability of the biocatalyst in a real environmental matrix
must be evaluated in order to estimate the operational lifetime
for bioremediation process. For this reason, the stability of the
MCLEAs and free laccase in a municipal wastewater second-
ary effluent was tested by exposing the biocatalysts to a sam-
ple of biologically treated wastewater (characteristics are
shown in Table S1, ESM). From Fig. 4, it is evident that
MCLEAs are more resistant against real wastewater matrices
than the free laccase.

Stabilization of laccases in wastewater matrix after immo-
bilization or insolubilization has been reported in the previous
works. For instance, laccase from 7. versicolor immobilized

8 12 16 20 24 O 4 8 12 16 20 24
Time (h) Time (h)

onto fumed silica nanoparticles exhibited a residual activity
above 40 % after 14 days of incubation in municipal waste-
water secondary effluent, which resulted 4-fold higher than
the activity retained by the free laccase (Arca-Ramos et al.
2015a).

Performance of MCLEASs for the Removal
of Pharmaceuticals from Biologically Treated
Wastewaters

In order to test the catalytic potential of the biocatalyst in real
matrices, free laccase and MCLEAs were applied for the re-
moval of a mixture of PhACs from spiked biologically treated
wastewater effluent. Although laccase mainly targets pheno-
lic, aromatic, and aliphatic amines, it was shown that the spec-
trum of laccase substrates can be extended in mixtures when
reactive radicals (e.g., phenoxyl radicals) are generated (Jeon
et al. 2012). For this reason, the solution of PhACs was de-
signed to include phenolic (acetaminophen) and aniline
(mefenamic acid) compounds, which are directly oxidizable
by laccase, as well as non-laccase substrates (ketoprofen, cy-
clophosphamide, caffeine, indomethacin, naproxen,
fenofibrate, trimethoprim, and ibuprofen). The PhACs con-
centrations in controls and reacting mixtures after the treat-
ment are shown in Table S5 (ESM). The enzymatic activity
at the end of the experiment of 6 h duration was 771+29 U/L
and 898 +63 U/L for free laccase and MCLEAs, respectively.

100 A
80 1

60 1

Ljf'ﬁl

Acetonitrile Methanol Acetone
(50% v:v) (50%v:v)  (50% v:v)

Residualactivity (%)

CaCl,
25mM

CoCl,
25 mM

Fig.2 Residual activity (4/4,) of free laccase (white bars) and MCLEAs
(black bars) after 1-h incubation with denaturants (mean of triplicates +
standard deviation)

ZnCly
25mM
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Fig.3 Residual activity (%) of MCLEAs after batch oxidations of ABTS
in phosphate buffer pH 7 (mean of replicates + standard deviation)

The removal of the selected PhACs by free and immobilized
laccases after 6-h treatment is depicted in Fig. 5. For
MCLEA:s, the total removal percentage may result from two
mechanisms, sorption on MCLEAS (grey bar, resulting from
the experiment with inactivated MCLEAs) and enzymatic
transformation (black bar, which results from the difference
between the total PhAC removal by MCLEAs and the remov-
al by inactivated MCLEAs). Nevertheless, the contribution of
sorption was low or negligible for the majority of the PhACs.
Significant removal of 4 out 10 of the investigated PhACs was
observed. Free laccase was able to remove 80 % of acetamin-
ophen after 6 h of contact time; whereas for the MCLEAs, the
removal percentage was considerably lower, reaching 34 %.
Acetaminophen is a phenolic compound susceptible to be de-
graded by laccase, as it has been demonstrated in the previous
researches (Kumar and Cabana 2016; Lu et al. 2009; Touahar
et al. 2014). Lu et al. (2009) found that the laccase-catalyzed
transformation of acetaminophen followed second-order ki-
netics on the concentrations of both the substrate and the en-
zyme, and they reported a removal percentage of 73 % for an
initial concentration of acetaminophen of 7.56 mg/L by
1000 U/L of laccase after 1-h treatment at pH 7. The extremely
high concentration of acetaminophen used in such study likely
explains its much faster transformation in comparison to the
observed in our work. In addition, the real wastewater matrix
may also be negatively affecting the transformation rate of the
PhAC:s. In this sense, Kumar and Cabana (2016) evaluated the
removal of 100 pg/L of acetaminophen from a mixture of
PhACs in buffer solution by 1000 U/L of immobilized
laccase. The much higher removal attained in such previous
work (85 %) in comparison to the current one may be indic-
ative of the negative impact of real wastewater matrix. In this

Table 2  Apparent kinetic parameters for free laccase and MCLEAs

Free laccase MCLEAs
Ky (UM) 38.5+3.1 64.3+6.7
K (s 153.7+1.3 134.6+6.7
KoKy (s uM™h 4.00+0.29 2.10+0.11
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Fig. 4 Residual activity of free laccase (white circle) and MCLEAs
(black circle) during 30 days of incubation in a wastewater effluent

collected from the WWTP of Magog (Qc, Canada) (mean of triplicates
+ standard deviation)

sense, previous studies reported loss of removal efficiencies of
bisphenol A and estrogens when comparing laccase-based
treatments in wastewater and buffer, due to the presence of
compounds which could compete with the target compounds
for the enzyme or certain inorganic ions with inhibitory effect
on laccase activity (Arca-Ramos et al. 2015b; Lloret et al.
2013).

The non-phenolic PhACs mefenamic acid, fenofibrate, and
indomethacin were partially removed by laccase. This fact
may be explained based on the chemical structures (Fig. S7,
ESM). In general, electron donating groups (EDG) such as
amine (—NH,), hydroxyl (~OH), alkoxy (—OR), alkyl (—R),
and acyl (—COR) are prone to oxidative attack whereas elec-
tron withdrawing groups (EWG) such as amide (—~CONR;),
carboxylic (-COOH), halogen (—X), and nitro (—NO,) group
generates an electron deficiency and diminish the reactivity of
the molecules (Yang et al. 2013). Mefenamic acid is an aniline
compound and is known to be a substrate of laccase. Margot et
al. (2013) studied the removal of mefenamic acid at high con-
centrations from buffered solutions and demonstrated the in-
fluence of initial activity and pH on the removal rate. For
instance, for pH 7.2 and 888 U/L of laccase, the percentage

Removal (%)
w3

<% ¢ R
&\c & & 1% Q,)Q & < & & éso
& & &S ¥ SIS
g & & RN
5 ¥ v

Fig. 5 Removal of PhACs by adsorption (grey bar) and enzymatic
transformation (black bar) by MCLEAs; and free laccase (white bar) in
filtered secondary effluent at pH 7 from Magog WWTP for a contact time
of 6 h at 30 °C (mean of replicates + standard deviation)
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of removal was 39 %; whereas for pH 5.7 and 562 U/L, 98 %
of mefenamic acid was transformed after 5.5 h. On the other
hand, fenofibrate and indomethacin contain functional groups
with electron donor properties in the laccase reaction as acyl in
fenofibrate or alkoxy and alkyl in indomethacin (Tran et al.
2010; Yang et al. 2013). Radicals resulting from the laccase
treatment of the phenolic PhAC such as acetaminophen could
interact with electron donor groups present on non-phenolic
PhACs, enhancing their transformation (Touahar et al. 2014).
Removal 0of 20 % of fenofibrate (1 mg/L) after 14-h reaction at
pH 5 and 750 U/L of free laccase was reported by the only
previous work evaluating the enzymatic transformation of
fenofibrate by free laccase in a mixture of pharmaceuticals
(Touahar et al. 2014). Tran et al. (2010) reported the complete
removal of indomethacin from a mixture of PhACs under
much more favorable conditions: 6000 U/L of free laccase in
acetate buffer at pH 4.5. To our knowledge, no studies were
found evaluating the laccase catalyzed-transformation of
fenofibrate or indomethacin as a single component.
Interestingly, the removal of mefenamic acid and
fenofibrate was much higher for the MCLEAs (above
40 % for both compounds) than for the free laccase.
A possible reason could be the creation of a concentra-
tion gradient of substrate onto the surface of the
MCLEAs. In this sense, the high hydrophobicity of
mefenamic acid (Kow of 5.12) and fenofibrate (Kow of
5.19) may be promoting their absorption onto MCLEAs
due to the presence of free vinyl groups, making these
PhACs more available for enzymatic attack.
Nevertheless, this is not evident from Fig. 5, since sorp-
tion contribution for mefenamic acid and fenofibrate
was similar to that for acetaminophen (which was re-
moved faster by free laccase). Other possible explana-
tion is related to conformational changes and/or chemi-
cal modifications of enzymes after immobilization. In
this way, it is common to observe a certain decline in
enzyme activity towards its natural substrate, as it was
observed for ABTS (“Kinetic parameters” section).
Nevertheless, in many cases, the target substrate is quite
far from the physiological one and it is not unlikely to
obtain biocatalysts with superior-specific activity to-
wards a particular substrate (Rodrigues et al. 2013).
Such random hyperactivation produced by a particular
immobilization method towards a particular substrate
may be based on the casual generation of a more active
enzyme form, and it would be more likely to occur with
enzymes having a flexible active center. For instance, it
was reported that porous CLEAs of papain displayed
higher catalytic efficiency than the free enzyme towards
BSA, but for the substrates N-benzoyl-L-arginine ethyl
ester (BAEE) and ovalbumin, free papain exhibited
higher catalytic efficiency than the insolubilized enzyme
(Wang et al. 2011). Therefore, the increased activity of

MCLEAs towards mefenamic acid and fenofibrate may
be justified based on this random hyperactivation. In the
case of indomethacin, the percentage of transformation
by free laccase and MCLEAs was almost identical,
around 20 % for both.

The remaining PhACs showed low or negligible enzymatic
degradation (<5 %) after the 6-h treatment under the evaluated
conditions. Whereas slight removal of naproxen by laccase
was reported (Marco-Urrea et al. 2010a; Tran et al. 2010);
ibuprofen and ketoprofen showed different behavior depend-
ing on their treatment as single pollutants, where no removal
was appreciated (Marco-Urrea et al. 2010b; Marco-Urrea et al.
2009) or in a mixture, where partial removal was observed
(Kumar and Cabana 2016; Tran et al. 2010). In the current
study, the low concentration of PhACs (in the range of pg/L)
may be diminishing the chance to have cross reaction between
radicals and pollutants, and the synergistic effect of other com-
pounds mediating transformation of non-phenolic molecules
could be limited (Margot 2015). Furthermore, the wastewater
matrix could also affect someway the laccase-catalyzed trans-
formation of PhACs. For instance, the content of organic mat-
ter may hamper the transformation of PhACs.

Finally, caffeine and trimethoprim seem recalcitrant during
the laccase treatment of a mixture of pharmaceuticals
(Touahar et al. 2014). The in vitro degradation of cyclophos-
phamide by laccase had not been studied before but, in a
recent work, this antineoplastic drug (10 mg/L) showed nei-
ther degradation nor sorption by 7. versicolor pellets after 8-
day treatment (Ferrando-Climent et al. 2015).

Conclusions

A rapid method to produce robust magnetically-separable
CLEAs of laccase was developed. These showed higher sta-
bility against inhibitors, acidic pH, and wastewater than free
laccases and can be reused after their recovery by a magnet.
When applied for the elimination of a cocktail of PhACs from
spiked real secondary effluent, the MCLEAs showed the abil-
ity to transform the phenolic compound acetaminophen and
certain non-phenolic PhACs as mefenamic acid, fenofibrate,
and indomethacin, with similar or even higher efficiency than
free laccase. Therefore, MCLEAs could constitute interesting
biocatalysts to remove target micropollutants from specific
effluents after optimizing the removal conditions.
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