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Abstract: Herewith we report the first attempt towards non-covalent immobilization of Trametes versicolor
laccase on neat and magnetically responsive highly porous polyamide 6 (PA6) microparticles and
their application for catechol oxidation. Four polyamide supports, namely neat PA6 and such carry-
ing Fe, phosphate-coated Fe and Fe3O4 cores were synthesized in suspension by activated anionic
ring-opening polymerization (AAROP) of ε-caprolactam (ECL). Enzyme adsorption efficiency up to
92% was achieved in the immobilization process. All empty supports and PA6 laccase complexes
were characterized by spectral and synchrotron WAXS/SAXS analyses. The activity of the immobi-
lized laccase was evaluated using 2,2’-Azino-bis-(3- ethylbenzothiazoline-6-sulfonic acid (ABTS) and
compared to the native enzyme. The PA6 laccase conjugates displayed up to 105% relative activity at
room temperature, pH 4, 40 ◦C and 20 mM ionic strength (citrate buffer). The kinetic parameters of
the ABTS oxidation were also determined. The reusability of the immobilized laccase-conjugates was
proven for five consecutive oxidation cycles of catechol.

Keywords: laccase; polyamide 6; enzyme immobilization; magnetic enzyme supports;
catechol oxidation

1. Introduction

Extracellular enzymes attract nowadays much attention by both industry and academia
in the constant search of greener, safer, and more cost-effective alternatives to traditional
catalytic systems [1,2]. However, the wide use of industrial-scale processes with enzymatic
catalysts is still restricted due to their high sensitivity to pH, temperature, and intolerance
to many common organic solvents. Moreover, the complete and fast recovery of enzymes
from the reaction medium in order to avoid sensory or toxicological effects, as well as
to allow their reuse, is still quite problematic [3]. These limitations can be resolved by
immobilization (conjugation) of the enzymes to prefabricated matrices of various nature,
geometry, and topography. Immobilized enzymes, apart from their application as reusable
heterogeneous biocatalysts, can serve as appropriate platforms for many other advanced
applications, e.g., development of biosensors, biofuel cells, design of micro- or nanosized
devices for controlled release of protein drugs, among others. [4]

Many immobilization techniques were used for the conjugation of the enzyme to a
polymeric support, the most important one being non-covalent adsorption (deposition),
entrapment (encapsulation), covalent bonding attachment (tethering), and cross-linking
of the enzyme [5]. The immobilization process necessitates a careful control to avoid
deactivation of the enzyme. As a rule, the immobilization method is selected on a case-by-
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case basis, although attempts to optimize this process by computer analysis and molecular
modelling have also been reported [6,7].

A large variety of supports have been employed for enzyme immobilization in the
form of beads, porous particles, membranes and micro- or nanosized fibers. Their com-
position includes inorganic materials [8] or organic polymers (polyacrylates, cross-linked
styrene-based copolymers, smart polymers, or modified polysaccharides [7]). Smart biocat-
alysts for industrial and biomedical applications produced by conjugation of enzymes to
stimuli-responsive polymer supports have attracted a growing interest [9]. The activity
of the enzyme can be favorably amplified by complexation with supramolecular linear-
dendritic block copolymers [10] or amphiphilic block copolymers self-assembling into
micelles or physical networks [11].

Among the big variety of industrially relevant enzymes, the group of laccases (EC
1.10.3.2, benzenediol:oxygen oxidoreductases) have generated significant biotechnological
interest since they require molecular oxygen as the final electron acceptor and release only
water as a by-product [12]. Laccases from different sources can be useful in a large number
of applications ranging from food additives and beverage processing to biomedical diag-
nosis, pulp delignification, wood fiber modification, chemical, or medicinal synthesis, for
production of biofuels [3,13,14]. Laccases have shown great promise in “green” synthesis
and as polymerization mediators [15–18], in industrial effluent treatment including dye
decolorization and degradation [19,20], as well as in wastewater and soil remediation [21].

Laccases have been frequently chosen for their ability to chemically modify hazardous
phenolic compounds thus limiting the environmental damage. Catechol is one of the
most toxic diphenol pollutants of soil and water that is most frequently remediated by
laccase [22–24]. Laccase-catalyzed treatment of catechol and other polyphenols toward
useful products or processes is well documented, namely polymerization to polycate-
chols [25–29], oxidation of polyphenols in food industry [30–32] and in-situ dyeing of
textile fibers [33–35].

Common synthetic polyamides, such as PA66 and PA6, in the form of films or electro-
spun nanofibers [36], nanofibrous membranes [37], or woven textiles [38] were shown to be
suitable supports for covalently immobilized laccase, the resulting conjugates being useful
as biocatalysts, in pollutant detoxification or decolorization of effluents. Very recently,
polyamide microparticles (neat, or with various payloads, including magnetic responsive
ones) were prepared opening new possibilities for immobilization of biomolecules. For
example, Dencheva et al. used activated anionic ring-opening polymerization (AAROP)
in suspension of ε-caprolacam (ECL) to produce high yields of neat and magnetically
responsive PA6 microparticles (MP) with controlled size, shape, and porosity [39]. Laccase-
adsorbed PA6 MP were used for the development of optical biosensor for catechol de-
termination with a detection limit of 11 µM and responding linearly to up to 118 µM
of catechol [40]. With some modification of the published procedure [39], AAROP of
γ-butyrolactam was employed by the same research group to produce neat and magnetic
responsive PA4 MP that proved to be effective supports of model proteins [41], in molecular
imprinting toward materials for protein recognition [42], or in laccase-containing biocat-
alysts for dye discoloration [43]. It is worth noting that chemically the polyamide micro
particular supports and biomolecules such as proteins, enzymes, RNA oligonucleotides etc.
are structural analogues permitting effective hydrogen bond formation in the polyamide-
biomolecule conjugate making thereby the effective non-covalent immobilization possible.

This study reports the first attempt towards non-covalent immobilization by adsorp-
tion of laccase from Trametes versicolor on neat and magnetically responsive highly porous
PA6 particulate supports. These supports include neat PA6 and PA6 carrying Fe micropar-
ticles, phosphate-coated Fe microparticles (FeP), or Fe3O4 nanoparticles synthesized by
AAROP of ECL in suspension. The morphology and the crystalline structure of all PA6-
laccase conjugates were analyzed by microscopy, spectral, and X-ray scattering techniques.
The specific and relative enzyme activities as well as the kinetic parameters were assessed
using 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic) acid (ABTS) as substrate. All
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PA6-laccase conjugates were tested as biocatalysts for catechol oxidation reusing them in
five consecutive cycles.

2. Results

Four PA6 supports, without and with magnetic susceptibility, were synthesized by
AAROP in suspension as described in Section 3.2. The scheme of the polymerization
representing the chemical structure of all substances involved is shown in Figure S1. The
microparticulate supports are produced as fine powders with white (PA6), grey (PA6Fe,
PA6FeP) or brownish color (PA6Fe3O4). Laccase from Trametes versicolor was immobilized
by physical adsorption on these four supports thereby preparing four conjugates: PA6-L,
PA6Fe-L PA6FeP-L, and PA6Fe3O4-L; the generic name for all laccase conjugates being
PA6@L.

2.1. Synthesis and Morphology of the Empty Microparticulate Supports

Some basic characteristics of the synthesized neat and magnetic PA6 MP are listed in
Table 1. The polymer yields were in the 40–50% wt% range indicating that the presence
of iron (0) micro- and iron (II, III) oxide nanosized particles did not affect the activity of
DL/C20 catalytic system and the kinetics of the AAROP reaction. These yields are deter-
mined after the removal of 2.3–3.3 wt% methanol-soluble oligomers by Soxhlet extraction.
Intrinsic viscosity [η] (see Supporting Information) of 0.983 dL/g was found for the neat
PA6 MP corresponding to a viscosity- average molecular weight of 27500 g/mol, which
should be the same for all PA6@L conjugates. The magnetic responsive samples were
found to include about 6 wt% of Fe or Fe3O4, which is sufficient to impart good magnetic
properties to the PA6 MP.

Table 1. Designation and some characteristics of the PA6 microparticles (MP) empty supports.

Sample PA6 Yield,
% a

% of
Oligo-mers

Real Fe Content,
RL, % b

[η],
dL.g−1

dmax,
µm dmax/dmin

PA6 47.8 2.4 -

0.983

30–35 1.2–1.4

PA6Fe 50.2 3.3 6.29 30–35 1.2–1.3
2.1–2.5

PA6FeP 45.4 2.7 6.25 30–35
55–60 1.1–2.2

PA6Fe3O4 41.5 2.3 6.05 35–40 1.2–1.3
a In relation to the ECL monomer. b Determined by thermogravimetric analysis (TGA) according to Equation (2) (See Materials and
Methods—Section 3.2.

The equivalent circular diameter dmax of the particles in all PA6 empty supports was
determined by optical microscopy with image-processing and was found to vary between
15 and 60 µm (Table 1, Figure S2 in the Supporting Information). The dmax distributions of
PA6, PA6Fe, and PA6FeP are centered in the 30–35 µm interval, while in the latter sample
there exist a second group of particles with dmax of 55–60 µm. Most of the PA6Fe3O4
particles are slightly larger with dmax of 35–40 µm. The distribution of the roundness
parameter dmax/dmin (Table 1, Figure S2) for the Fe- and FeP-containing samples is the
broadest ranging from 1.1 to 2.5. Roundness values above 2 can be attributed to self-
assembly of magnetized iron fillers to higher aspect ratio aggregates with their subsequent
coating with PA6 during the AAROP. Consequently, the iron-loaded MP contain in their
cores several iron microparticles, while the PA6Fe3O4 MP would expectedly contain more
iron oxide particles in the nanometer length scale.

Details on the morphology of the empty supports’ particles can be obtained by SEM
(Figure 1).
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The micrographs of the neat PA6 support (Figure 1a,b) display spheroidal particles 
with sizes in the 30–35 μm range, i.e., closely correspond to the dmax values in Table 1. At 
larger magnifications (Figure 1c), the PA6 particles display porous, scaffold-like topology 
with visible pore diameters in the range of 350–700 nm. The presence of Fe and FeP parti-
cles in PA6 MP (images d–e and g–i, respectively), does not significantly change the sur-
face topology maintaining the same visible pore size. Of particular importance for their 
use as supports is the interconnected character of the pores potentially enabling efficient 
multiple site enzyme adsorption and substrate transport. In addition, particles with rod-
like morphology appear with average sizes of 30 × 60 − 100 μm (Figure 1d,g) resulting 
from coating with PA6 of uniaxially aligned magnetized iron particles which, according 
to the manufacturer, have diameters of 1.5–3.5 μm. Expectedly, no such rods are present 
in the PA6Fe3O4 support wherein the iron oxide particles are nanosized (80–150 nm). As 

Figure 1. SEM images of empty PA6 particulate supports: (a–c) PA6; (d–f) PA6Fe; (g–i) PA6FeP; (j–l) PA6Fe3O4. The white
arrows point to the rod-like morphologies containing Fe or FeP microparticles.

The micrographs of the neat PA6 support (Figure 1a,b) display spheroidal particles
with sizes in the 30–35 µm range, i.e., closely correspond to the dmax values in Table 1. At
larger magnifications (Figure 1c), the PA6 particles display porous, scaffold-like topology
with visible pore diameters in the range of 350–700 nm. The presence of Fe and FeP
particles in PA6 MP (images d–e and g–i, respectively), does not significantly change the
surface topology maintaining the same visible pore size. Of particular importance for their
use as supports is the interconnected character of the pores potentially enabling efficient
multiple site enzyme adsorption and substrate transport. In addition, particles with rod-
like morphology appear with average sizes of 30 × 60 − 100 µm (Figure 1d,g) resulting
from coating with PA6 of uniaxially aligned magnetized iron particles which, according
to the manufacturer, have diameters of 1.5–3.5 µm. Expectedly, no such rods are present
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in the PA6Fe3O4 support wherein the iron oxide particles are nanosized (80–150 nm).
As verified in earlier studies on PA6 magnetic responsive microparticles, most of the
magnetic particulate fillers (especially the large Fe particles) are embedded in the core of
the respective MP [44].

2.2. Morphology and Laccase Content of the PA6-Laccase Conjugates

The zeta potential measurements (see the Supporting Information, Table S2) reveal
that at pH 7 the microparticles of the four PA6 supports are negatively charged with values
between −28.6 mV (PA6) and −16.7 mV (PA6FeP). Since the laccase isoelectric point is in
the range of 3–4, at pH > 4, the enzyme will be negatively charged as well. Preliminary
adsorption tests showed that the largest amounts of laccase are adsorbed at neutral pH,
therefore all adsorption experiments were performed at pH 7, in doubly distilled water
(DDW). Apparently, the adsorption immobilization of laccase upon PA6 MP is not offset by
electrostatic repulsion between the enzyme and the support.

Figure 2 shows the morphology of the PA6@L conjugates as revealed by SEM at
various magnifications. The histograms of the conjugate’s size- and shape distributions are
presented in Figure S3 of the Supporting Information. It seems that the laccase adsorption
process that requires shaking for 24 h and subsequent centrifugation splits the initial
MP agglomerates with average diameters of 30–40 µm to smaller entities of 3–8 µm,
whereby the visible surface topology of the conjugates and their roundness remain almost
unchanged. Evidently, the adsorbed enzyme is deposited deeply into the pores of the PA6
microparticulate supports and not on their surface.

The next characterization step of the laccase-adsorbed conjugates was to quantify
the amount of the adsorbed enzyme. The laccase quantification was based on its UV
absorbance in the 280–290 nm range [45,46] due to the presence of aromatic amino acid
residues: tryptophan, tyrosine, or phenylalanine. Thus, all supernatants after adsorption
immobilization were studied for residual laccase by UV spectroscopy. As indicated in
Table 2, 8–23% of residual laccase was found in the supernatants.

Table 2. Laccase immobilization on PA6 supports—basic data table.

Sample Residual Laccase
[mg/mL] a

Laccase on Support,
[mg] b

Laccase per g
Support [mg/g]

IE,c

[%]
dmax
µm

dmax
dmin

PA6-L 0.17 14.6 29.3 91.5 3–6 1.2–1.6

PA6Fe-L 0.38 12.9 25.9 80.8 4–8 1.2–1.5
2.1–2.5

PA6FeP-L 0.19 14.5 29.0 90.6 4–6 1.2–1.5
2.1–2.5

PA6Fe3O4-L 0.45 12.4 24.7 77.3 4–8 1.2–1.6
a Residual laccase in the supernatant after immobilization determined by standard curve based on the absorbance at λ = 286 nm. b The
amounts in this column are arithmetic means of four immobilizations, the standard deviation being in the range of 3–5%. c Immobilization
effectiveness (IE) is the ratio between the amounts of immobilized laccase and starting laccase used in the adsorption process. (see Equation
(3), Materials and Methods—Section 3.3.2.).

The maximum amount of laccase (29.3 mg/g or 91.5% from the enzyme amount) was
adsorbed by the PA6-L, followed by PA6FeP-L sample with 90.6% and the PA6Fe-L with
80.8% immobilization effectiveness (IE). The PA6Fe3O4-L conjugate displayed the lowest IE
of 77.3%. These values are better compared to previous studies on laccase immobilization
by covalent bonding on PA6 with IE of 59–71% [36], or close to that on carbon nanotube
supports, i.e., 60–90% [47].
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ers; on PA6—in bilayers, while on PA6Fe3O4 and PA6FeP the number of layers would 
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Figure 2. SEM images of laccase-adsorbed PA6 particulate supports: (a–c) PA6-L; (d–f) PA6Fe-L; (g–i) PA6FeP-L; (j–l)
PA6Fe3O4-L.

Employing the approach of Qui et al. [48], the data in Table 2 can provide information
about the mechanism of laccase adsorption on the PA6 supports in this study. Since the
size of laccase macromolecule is found to be 6.5 × 5.5 × 4.5 nm [49], its largest footprint on
a surface will be 35.8 nm2. The surface areas of the four PA6 supports determined by BET
(Table S3 of the Supporting Information) were in the range between 4.56 m2/g (PA6 MP)
and 7.40 m2/g (PA6Fe). Assuming that upon adsorption laccase molecules arrange in ideal
monolayers and that the laccase molecular weight is approximately 68 kDa, then 1.0 g of
PA6 support should theoretically adsorb between 14.3 mg (PA6 MP) and 23.4 mg (PA6Fe)
of enzyme. According to Table 2, the experimental values vary in the 24.7–29.3 mg range.
Consequently, the laccase adsorption on PA6Fe support should occur almost in monolayers;
on PA6—in bilayers, while on PA6Fe3O4 and PA6FeP the number of layers would vary
between 1.3 and 1.7, respectively. A comparison can be made with laccase immobilized
PA4 MP in our previous study [43] where deposition of laccase was found to occur in
4–5 layers. It should be noted that the deposition of the enzyme in ideal monolayers should
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be considered optimal, since no screening of the active centers or blockage of sites by upper
layers will occur.

2.3. Structure Characterization of PA6 Empty Supports and Laccase Conjugates

The PA6 porous microparticles obtained by AAROP have been extensively studied in
previous publications [39,44]. In this work, we will focus only on those characteristics of
the laccase-PA6 conjugates that could be related to their catalytic activity.

2.3.1. FTIR Spectroscopy

A FT-IR spectra comparison between the empty PA6 support, PA6-L, and the neat,
lyophilized laccase is presented in Figure 3. The narrow peaks at 3294 cm−1 in the neat PA6
support (trace 1) and in PA6-L (trace 2) were assigned to the valence stretching vibrations
in secondary NH groups belonging to PA6. Both spectra also show well-defined peaks
for Amide I at 1633–1635 cm−1 and Amide II at 1535 cm−1. This is a clear indication for
fixation of the trans-conformation of the -NH-CO- group, being typical for high molecular
weight polyamides. The laccase spectrum (trace 3) displays a strong broad band centered at
3315 cm−1 (characteristic of associated N-H bonds different than those in PA6), a weak peak
at 1643 cm−1 attributable to amide groups in the laccase peptide chains, and a complex
band centered at 1014 cm1. The spectrum of PA6-L sample in the 4000–1500 cm−1 zone
is a superposition of curves 1 and 3, the slight shift of its Amid I band being a result of a
combination of the latter with the weak laccase peak band. Notably, the strong complex
peak at 1014 cm−1 of the lyophilized laccase is not present in the adsorption-immobilized
laccase conjugate. A similar effect was observed in laccase-immobilized PA4 MP [43].
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3—native laccase.

2.3.2. Synchrotron WAXS

The activity of laccase physically adsorbed onto PA6 MP and the efficiency of the
immobilization process in each case will directly depend on the nature and strength of
the interactions at the enzyme/PA6 support interface. The postulated intense H-bond
formation between laccase and the polyamide support, which is its structural analogue,
should have some influence on the enzyme configuration, or the crystalline structure of the
polymeric support that can be probed by X-ray scattering techniques. It is also important
to know whether or not the interior pores and channels of the PA6 MP that are impossible
for direct SEM observation are filled with enzyme. Synchrotron WAXS and SAXS were
employed in an attempt to evaluate these factors in the empty PA6 supports and in the
respective PA6@L conjugates.

Figure 4 shows the comparison between the linear WAXS patterns of samples repre-
senting the four empty supports, as well as the four immobilized laccase samples. All WAXS
patterns display two strong reflections at q ≈ 14.2 nm−1 and 16.9 nm−1 that should be as-
cribed to the monoclinic unit cell of the α-PA6 with dα[200] = 4,43 Å and dα[002/202] = 3.73 Å.
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The visual inspection of the WAXS patterns of the PA6 supports in Figure 4a suggest
that the presence of Fe, FeP, or Fe3O4 fillers does not seem to change the crystalline struc-
ture maintaining unaffected the angular position and the relative intensities of the two
α-PA6 reflections.
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The patterns of the PA6@L samples presented in Figure 4b display no significant 
change of the form or position of two reflections assigned the monoclinic α-PA6. How-
ever, after laccase adsorption, a hump in the baseline appears at higher q-values due to an 
additional diffuse scattering (halo) related to the adsorbed laccase. Figure 4b also displays 
the pattern of the free laccase producing a wide scattering peak typical of disordered ma-
terials centered at = 12.9 nm . This means that the free lyophilized laccase is amor-
phous at the length scale of various angstroms that is probed by WAXS. 

Further information about the crystalline structure of the samples can be extracted 
after deconvolution of the WAXS patterns in Figure 5 by peak fitting. This procedure and 

Figure 4. Background-corrected linear WAXS patterns of: (a) Neat PA6 supports; (b) PA6@L samples;
1—PA6; 2—PA6Fe; 3—PA6FeP; 4—PA6Fe3O4. The laccase WAXS pattern is also shown in subfigure
b his is a figure. Schemes follow the same formatting.

The patterns of the PA6@L samples presented in Figure 4b display no significant
change of the form or position of two reflections assigned the monoclinic α-PA6. However,
after laccase adsorption, a hump in the baseline appears at higher q-values due to an
additional diffuse scattering (halo) related to the adsorbed laccase. Figure 4b also displays
the pattern of the free laccase producing a wide scattering peak typical of disordered
materials centered at q f ree

a = 12.9 nm−1. This means that the free lyophilized laccase is
amorphous at the length scale of various angstroms that is probed by WAXS.

Further information about the crystalline structure of the samples can be extracted
after deconvolution of the WAXS patterns in Figure 5 by peak fitting. This procedure and
the subsequent quantification of the PA6 polymorphs is made as indicated earlier [50]. All
structural information from the fitted WAXS patterns of the laccase conjugates is presented
in Table 3.
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Figure 5. Selected wide-angle X-ray scattering (WAXS) patterns with background correction ex-
emplifying deconvolution by peak-fitting: (a) Neat PA6 support; (b) PA6-L conjugate. AH1 and
AH2—diffuse peaks of the PA6 amorphous fraction s is a figure.

Table 3. WAXS analysis of empty PA6 supports and PA6-laccase conjugates.

Sample α—PA6
%

γ—PA6
% XWAXS

c % α/γ qimm
a nm−1 ∆qa nm−1

Laccase - - - - 12.9 0.0
PA6 32.7 11.6 44.3 2.82 - -

PA6-L 20.7 17.6 44.1 1.18 19.5 6.7
PA6Fe-L 20.8 13.8 40.0 1.51 19.7 6.8

PA6FeP-L 19.9 14.3 40.0 1.39 20.0 7.1
PA6Fe3O4-

L 20.1 18.1 43.2 1.11 19.5 6.6

Notes: The bolded values for XWAXS
c are determined excluding the adsorbed laccase amorphous reflection;

∆qa = qimm
a − q f ree

a ; XWAXS
c = WAXS crystallinity index. For more information, see the text.

All deconvolutions of the samples in this study show that excellent fits with regression
coefficients R2 ≥ 0.99 were only possible if along with the two peaks of α−PA6 and the two
amorphous halos AH1 and AH2, two more crystalline peaks were considered that should
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be assigned to an additional crystalline phase designated as γ-PA6 with pseudo-hexagonal
unit cell. The two PA6 polymorphs coexist and their relative content varies as a function of
the thermal prehistory and sample composition [50,51]. Table 3 displays structural data
extracted by deconvolution of the WAXS profiles of the PA6@L samples. In all of them,
the amorphous halo of the immobilized enzyme appears at qimm

a ≈ 20 nm−1. This shift
∆qa ≈ 7 nm−1 is significant and can be explained as follows. The laccase amorphous halo
is attributable to the adsorbed bulk laccase deposited on the surface and/or within the
pores of the PA6 particulate support. Since the amorphous halo in WAXS is related to
intermolecular interactions [52], its position must be dependent on the degree of packing
of the molecules (i.e., the density) of the respective amorphous phase. As pointed out
by Alexander [53], the dependence of the amorphous halo angular position qa on the
intermolecular distance ra is given as:

ra ∼
λ

2qa
, nm (1)

which is the reciprocal dependence typical of all diffraction phenomena. Thus, the larger
the scattering vector qa, value is, the smaller the intermolecular distance and consequently
the higher the density of this amorphous phase will be. Therefore, the higher the ∆qa values
in Table 3, the denser the packing of the immobilized laccase upon the PA6 support as
compared to the free enzyme. This densification can only be explained with more intensive
interaction between the laccase and the support via multiple H-bonds. In this context, in all
PA6@Lsamples ∆qa is the largest in the PA6FeP-L, followed by the PA6Fe-L, the PA6-L, and
the PA6Fe3O4-L samples. In accordance with Equation (1), in this sequence, the density of
the adsorbed bulk laccase decreases. Notably, with the PA6FeP-L sample the zeta potential
is the least in absolute value, meaning that here the repulsion between the MP and laccase
will be the weakest.

The α/γ ratio in the empty PA6 support is 2.82 and decreases to values in the 1.51–1.11
range after laccase adsorption in the PA6@L samples. This means that the PA6-laccase
interaction via hydrogen bonds may cause some slight rearrangement of the crystalline
phase leading to α−γ transition.

2.3.3. Synchrotron SAXS

The use of synchrotron SAXS allows further clarification of the structure of the PA6
MP before and after laccase immobilization. This method probes density periodicities
with dimensions in the 20–250 angstroms range, which includes the sizes of the crystalline
lamellae typically found in semi-crystalline polymers. Figure 6 displays the SAXS linear
profiles of the three empty and the respective PA6@L samples. To enable comparison, the
SAXS curve of the free laccase is also presented in Figure 6d.

All four empty PA6 supports in Figure 6a do not display resolved Bragg peaks.
This finding is in conflict with the XWAXS

c values of close to 44% found in the neat PA6
support, which means presence of predominantly crystalline lamellar stacks. Thus, the
1D-correlation functions γ1,r/Q were computed from the SAXS profiles (for details see [50]
and the references therein) of the free supports (Figure 6c). The latter undoubtedly demon-
strated the presence of lamellar periodicity with Bragg long spacings LB of 80 Å (for
PA6FeP), 84 Å (PA6Fe and PA6Fe3O4), and 95 Å for the neat PA6 supports. This LB val-
ues range is typical of annealed isotropic PA6 [50]. As seen from Figure 6c, curve 3, this
two-phase lamellar system is the most perfect in the PA6FeP support, whose correlation
function displays the best-expressed first maximum, i.e., the density distribution is the
narrowest with more homogeneous and perfect lamellar structure.
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Figure 6. Linear SAXS patterns after background subtraction and Lorentz correction of: (a) Empty
PA6 supports; (b) PA6@L and (c) linear correlation function of the empty supports. 1—PA6; 2—PA6Fe;
3—PA6FeP; 4—PA6Fe3O4. The laccase pattern is presented in Figure 6b for comparison. For more
detail see Materials and Methods—Section 3.2 and Ref. [50].

As seen from the SAXS patterns in Figure 6b, the amorphous free laccase does not
show any periodicity in the SAXS q-range. Nevertheless, the laccase-adsorbed supports,
with the exception of the PA6Fe3O4-L sample, display very well-resolved SAXS peaks
with LB = 86 Å. This evidences a much better phase contrast between the densities of
the amorphous and crystalline regions, as compared to the respective neat PA6 supports
(Figure 6a). Therefore, the SAXS curves in Figure 6b allow the conclusion that after laccase
immobilization most of the pores and channels of the empty supports get filled with



Catalysts 2021, 11, 239 12 of 26

enzyme whose density should be comparable to that of the amorphous PA6. This creates a
clearer density gradient between the amorphous and crystalline fractions of the lamellar
periodicity resulting in a better resolved SAXS peaks in the PA6@L samples. This effect
does not occur in the PA6Fe3O4-L sample, most probably because in that conjugate the
amount of the adsorbed laccase is the smallest (see Table 2, column 5).

2.3.4. Magnetization Studies

The two Fe-containing PA6FeP and PA6Fe supports were studied in a vibrating sample
magnetometer (VSM) at 23 ◦C. Notably, their magnetization curves were similar to that
of the pure Fe (Figure S4 in the Supplementary Materials). The saturation values of the
two PA6 supports were 13.44 emu/g and 12.70 emu/g, respectively. With a saturation
value of the neat Fe powder of 196 emu/g, the content of the ferromagnetic material in the
two supports was found to be in the 6.5–6.8%, almost coinciding with that found by TGA
(Table 1). Evidently, the VSM data of the PA6-based supports are strictly proportional to
their Fe content without other changes in the hysteresis loop.

2.4. Enzymatic Activity of PA6@L Conjugates

The catalytic activity of all PA6@L conjugates was studied using ABTS substrate in
20 mM citrate buffer (CB), pH 4, at room temperature (Table 4). Data on the total, specific,
and relative activities of each PA6@L sample are presented considering the free laccase
activity as 100%. The PA6@L samples contain in average 0.025–0.030 mg enzyme per mg
of support. Generally, the specific activity of the immobilized laccase (Table 4, column 3)
in all conjugates is very close to that of the free laccase, and in the case of PA6FeP-L the
relative activity (column 5) is with about 6% higher. This result can be considered quite
good keeping in mind that the immobilized laccases display typically lower activities than
the free ones due to limited mass transfer and obstruction of the Cu active centers [54]. The
activities of the PA6@L samples compare favorably to the results obtained with similar
systems based on PA4 [43], in which the immobilized laccase was 1.7–2.6 times less active
than the free enzyme. This effect can be attributed to the much larger pores on the surface
of the PA6 MP (350–700 nm versus 100–150 nm in the PA4 MP supports), causing less
mass-transfer limitations.

Table 4. Specific activity and kinetics parameters of free and immobilized laccase.

Sample Laccase Activity
[µkat L−1]

Specific
Activity per
mg Laccase

Specific
Activity per
mg lacc. and

mg MP

Relative
Laccase

Activity, [%]

Km,
mM

Vmax,
[µmol L−1 s−1

mg lacc−1]

Free laccase 2.67 22.23 - 100.0 0.27 5.48
PA6-L 2.37 18.13 3.63 81.5 0.70 5.99

PA6Fe-L 2.67 20.82 4.16 93.6 1.46 8.71
PA6FeP-L 3.39 23.49 4.70 105.7 4.31 9.74

PA6Fe3O4-L 2.60 21.25 4.25 95.6 2.42 6.03

Note: Laccase activity toward 0.1 mL ABTS (5 mM in DDW), CB 20 mM, pH 4, 25 ◦C). Km and Vmax are kinetic parameters determined in
accordance with the Lineweaver–Burk double reciprocal model (Equation (4) in Section 3.3.4. of the Materials and Methods). Each value in
column 1 is the mean of 4 independent measurements with a maximal standard deviation of 5%.

Table 4 also shows that, in general, the conjugates carrying ferromagnetic fillers
display higher relative enzyme activity, most probably due to some synergism between
the Cu-containing laccase active centers and the iron Fe0,+2,+3 from the carrier observed
by Arantes et al. [55]. The PA6FeP-L sample that displays the highest relative activity of
>105% has shown the largest enzyme densification on the MP support measured by WAXS
(Table 3, ∆q = 7.1 nm−1). Apparently, the denser packing of the laccase due to more intense
H-bond formation with the PA6 support is more important for the relative activity than its
internal area, which is the largest in the PA6Fe MP (Table S3)
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The kinetic parameters Km and Vmax of the enzymatic oxidation of ABTS substrate by
free and immobilized laccase are also presented in Table 4. Theoretically, Km is inversely
related to ABTS binding to the enzyme, whereas Vmax is directly related to the catalytic
power of the enzyme in transforming ABTS to oxidation products. As seen from Table 4, the
Km values for all PA6@L samples are significantly higher than that of the free laccase—from
2.6 times for the PA6-L to more than 16 times for the PA6FeP-L support. These results are
in agreement with earlier studies on immobilized laccase [56] explained with decreased
flexibility of the enzyme after immobilization. Such an explanation correlates perfectly with
our WAXS data suggesting the highest laccase densification in the PA6FeP-L and the lowest
in the PA6-L sample. Considering the Vmax parameter, however, all immobilized PA6@L
samples in Table 4 showed higher values than the free enzyme decreasing in the order:
PA6FeP-L > PA6Fe-L > PA6Fe3O4-L > PA6-L≥ free laccase. Apparently, the immobilization
of laccase on PA6 MP decreases its affinity to ABTS, depending on the type of the magnetic
filler used. At the same time and exactly in the same order, laccase immobilization enhances
the catalytic power for the same substrate. This can be explained by the fact that binding
and catalysis are two distinct steps in enzyme action that are related to different sites. Thus,
it can be hypothesized that in all PA6@L there is some distortion of the enzyme’s binding
site leading to lower substrate affinity. This same distortion leads to an optimization of
the catalytic site resulting in more effective substrate oxidation. Ones again, the PA6FeP-L
conjugate proved to be the best catalytic system.

Furthermore, we studied the influence of the pH, the ionic strength of the citrate buffer,
and the temperature on the activity of the free and immobilized laccase using ABTS. The
objective was to optimize the conditions of use of the PA6@L conjugates and to compare
their action to the free laccase in all of the cases studied. Thus, Figure 7 displays the
dependence of the laccase activity as a function of pH in the range of pH values between
3–7. The specific activity normalized per 1 mg laccase for all conjugates and the free laccase
are compared in Figure 7a. The relative activity represented as percentage of that of the
free laccase (taken as 100%) is compared in Figure 7b.

Catalysts 2021, 11, x FOR PEER REVIEW 14 of 27 
 

 

3 4 5 6 7

0

5

10

15

20

25

Sp
ec

ifi
c 

La
c 

ac
tiv

ity
, μ

ka
ta

l L
-1
 m

gL
ac

-1

pH

 Free Lacc
 PA6-L
 PA6Fe-L
 PA6FeP-L
 PA6-Fe3O4-L

a

 

3 4 5 6 7
0

20

40

60

80

100

R
el

at
iv

e,
 a

ct
iv

ity
, %

pH

 PA6-L      PA6Fe-L      PA6FeP-L      PA6Fe3O4-L b

 
Figure 7. Influence of pH on the activity of free laccase and PA6@L conjugates: (a) Specific laccase activity and (b) relative 
laccase activity as a function of pH = 3–7. Conditions: CB 20mM, 37 °C. The black dash line in Figure 7b shows the 100% 
level of the free laccase. 

As seen from Figure 7, laccase activity is strongly dependent on the pH value and 
exhibits the highest activity at pH 4–5, i.e., around its isoelectric point. The PA6Fe-L and 
PA6FeP-L samples even showed slightly increased activity as compared to free laccase. 
This can be due to some synergism between Fe0 and Cu active sites of the laccase already 
noted in the comments to Table 4. This effect was less pronounced with the PA6Fe3O4-L 
sample, that contains Fe2+/Fe3+ ions. It is noteworthy that in the wider pH range of 3–6, the 
PA6@laccase conjugates retain more than 80% of their activity. 

In a similar way, the influence of the ionic strength of the CB varied in the 10–100 
mM range and that of the temperature (25–60 °C) upon the specific and relative activity 
was followed for all conjugates and the free laccase. The optimum value of the ionic 
strength was 20 mM (Figure 8). As seen from Figure 9, the relative activity of immobilized 
laccase at elevated temperatures (50 and 60 °C) is 2–15 times higher compared to that of 
the free enzyme, which justifies its immobilization, the optimum value being at 40 °C. 

0 10 20 30 40 50 100

5

10

15

20

25

Sp
ec

ifi
c 

La
c 

ac
tiv

ity
, μ

ka
ta

l L
-1
 m

gL
ac

-1

Buffer ionic strength, mM

 Free Lacc
 PA6-L
 PA6Fe-L
 PA6FeP-L
 PA6-Fe3O4-L

a

 

10 mM 15 mM 20 mM 25 mM 50 mM 100 mM
0

10

20

30

40

50

60

70

80

90

100

110

120
 PA6-L      PA6Fe-L      PA6FeP-L      PA6Fe3O4-L

Buffer ionic strength

R
el

at
iv

e 
ac

tiv
ity

, %

b

 
Figure 8. Influence of ionic strength of the buffer on the activity of free laccase and PA6@L conjugates: (a) Specific laccase 
activity and (b) relative laccase activity. Conditions: CB 10–100mM, 37 °C. 

Figure 7. Influence of pH on the activity of free laccase and PA6@L conjugates: (a) Specific laccase activity and (b) relative
laccase activity as a function of pH = 3–7. Conditions: CB 20mM, 37 ◦C. The black dash line in Figure 7b shows the 100%
level of the free laccase.

As seen from Figure 7, laccase activity is strongly dependent on the pH value and
exhibits the highest activity at pH 4–5, i.e., around its isoelectric point. The PA6Fe-L and
PA6FeP-L samples even showed slightly increased activity as compared to free laccase.
This can be due to some synergism between Fe0 and Cu active sites of the laccase already
noted in the comments to Table 4. This effect was less pronounced with the PA6Fe3O4-L
sample, that contains Fe2+/Fe3+ ions. It is noteworthy that in the wider pH range of 3–6,
the PA6@laccase conjugates retain more than 80% of their activity.

In a similar way, the influence of the ionic strength of the CB varied in the 10–100 mM
range and that of the temperature (25–60 ◦C) upon the specific and relative activity was
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followed for all conjugates and the free laccase. The optimum value of the ionic strength
was 20 mM (Figure 8). As seen from Figure 9, the relative activity of immobilized laccase
at elevated temperatures (50 and 60 ◦C) is 2–15 times higher compared to that of the free
enzyme, which justifies its immobilization, the optimum value being at 40 ◦C.
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Figure 9. Influence of temperature of incubation on the activity of free laccase and PA6@L conjugates: (a) Specific laccase
activity and (b) relative laccase activity.

2.5. Oxidation of Catechol by PA6@L Conjugates

As mentioned in the Introduction, laccases have been used extensively for transfor-
mation of the toxic catechol to polymeric products [25–29]. Some studies related to the
mechanism of this synthesis showed that this is a two-step process including (i) enzymatic
oxidation of catechol to o-benzoquinone, and (ii) non-enzymatic reactions of polymeriza-
tion of the latter to higher molecular weight products [34,57]. As shown by Sun et al. [58],
the amounts of the forming benzoquinone can be quantified by UV-VIS based on the
absorption peak at λ = 410 nm typical of the conjugated quinonic system that is absent
in the starting catechol. This makes it possible to follow the kinetics of the enzymatic
reaction directly.

Figure 10 displays the combined results of these kinetic studies. The evolution of the
quinone absorption peak with time in the presence of native laccase is shown in Figure 10a,
and in the process catalyzed by the PA6FeP-L conjugate—in Figure 10b, as a representative
example for all PA6@L samples. Figure 10c presents the respective time dependence curves
A410

max = f (t) for all PA6@L conjugates and for the native laccase, wherein A410
max is the

UV-VIS absorption at λ = 410 nm. Figure 10d visualizes the deepening of color in the
cuvette with the catechol solution due to the action of the magnetic sensitive PA6@L laccase
conjugate, as well as the separation of the latter from the reaction medium by a constant
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magnet. The rate constants of the enzymatic oxidation caused by all samples studied are
also represented in Figure 10d. They were calculated as the slope of the linear segments
of the time dependencies in Figure 10c (0–45 min interval). The spectral study on the
laccase-catalyzed catechol oxidation reveals high rate constants for the PA6-L, PA6Fe-L
and PA6FeP-L conjugates, most of them being very close to or even slightly higher than
that of the free laccase. Only the rate constant of the PA6Fe3O4-L sample is statistically
lower. All these results are in good agreement with the previous data of this study on the
laccase content, activity, and densification on the respective PA6 supports.
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Figure 10. Kinetics of the enzymatic catechol oxidation by: (a) Free laccase; (b) PA6FeP-L conjugate; (c) absorbance time 
dependence plot = ( ) for all samples during the first 2 h of oxidation; (d) visualization of the color evolution in a 
catechol oxidation experiment and the rate constants for all laccase samples studied. 

Figure 10d also visualizes the attraction of the Fe-containing conjugates by constant 
magnets, which is an advantage that enhances their easy and complete removal from the 
reaction mixture and repeated reuse. Therefore, all PA6@L samples were removed from 
their supernatants after the first 3 h cycle, washed with methanol so as to free the surface 
of the MP carriers, and were subsequently reused for oxidation of fresh catechol aliquots, 
performing five cycles of 3 h altogether. The rate constants of the enzymatic reaction were 
calculated for each cycle from the slope of the kinetic dependence (Table 5) also showing 
the visual aspect of the supernatants at each stage. Significant enzymatic oxidation of cat-
echol is registered in each of the five cycles of PA6@L utilization. As expected, these rate 
constants were the highest during the first cycle, then they decreased to 42–45% during 
the second cycle and reached finally 22–27% of the initial values during the fifth cycle. 
Interestingly, the type of magnetic filler has some influence upon the conjugate’s activity 
only during the first cycle, after which all systems display similar oxidation activity. 

  

Figure 10. Kinetics of the enzymatic catechol oxidation by: (a) Free laccase; (b) PA6FeP-L conjugate; (c) absorbance time
dependence plot A410

max = f (t) for all samples during the first 2 h of oxidation; (d) visualization of the color evolution in a
catechol oxidation experiment and the rate constants for all laccase samples studied.

It should be noted that the dependencies in Figure 10c are linear only up to 45–60 min
of oxidation time for all samples. From this point on, linearity is maintained only with
the native laccase, while with all PA6@L conjugates, a curvature appears. This apparent
delay of the quinone formation is most probably caused by the adsorption of quinonoid
compounds upon the PA6 MP carriers. In fact, this adsorption starts from the beginning of
the catechol transformation, but it becomes more pronounced after 45 min reaction time.
As seen from the images in Figure 10d, the microparticulate PA6@L conjugates become
darker and after 3 h reaction time they are completely black. This can be attributed to the
formation of highly conjugated o-benzoquinone imines (Schiff-bases) chemically bound on
the polyamide MP surface [59].
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Figure 10d also visualizes the attraction of the Fe-containing conjugates by constant
magnets, which is an advantage that enhances their easy and complete removal from the
reaction mixture and repeated reuse. Therefore, all PA6@L samples were removed from
their supernatants after the first 3 h cycle, washed with methanol so as to free the surface
of the MP carriers, and were subsequently reused for oxidation of fresh catechol aliquots,
performing five cycles of 3 h altogether. The rate constants of the enzymatic reaction were
calculated for each cycle from the slope of the kinetic dependence (Table 5) also showing
the visual aspect of the supernatants at each stage. Significant enzymatic oxidation of
catechol is registered in each of the five cycles of PA6@L utilization. As expected, these rate
constants were the highest during the first cycle, then they decreased to 42–45% during
the second cycle and reached finally 22–27% of the initial values during the fifth cycle.
Interestingly, the type of magnetic filler has some influence upon the conjugate’s activity
only during the first cycle, after which all systems display similar oxidation activity.

Table 5. Rate constants and visual aspects of the supernatants after five enzymatic oxidation cycles
with PA6@L conjugates and free laccase.

Oxidation
Cycle Sample

Enzymatic Catechol
Oxidation Rate

Constant,
k, min−1

Visual Representation of 5
Consecutive Catechol

Oxidation Cycles

5

PA6-L 0.0043 ± 2.69.10−4
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2.6. Structure of Polycatechol Products

Theoretically, the polymerization of catechol will be accompanied by a clear change
of the free phenolic OH group concentration in reaction medium. Expectedly, the initial
solution of catechol before oxidation by native laccase or by PA6@L conjugates does not
show any absorption at 410 nm for quinonoid compounds. As seen from Figure 10a–c,
some benzoquinone amounts appear after 15 min of enzyme-mediated oxidation that
increase almost linearly during the first 3 h of the process. After 24 h of reaction, however,
the quinone absorption peak either disappears completely (Figure 10a), or significantly
decreases in intensity (Figure 10b). This can be due to the fact that the first enzymatic stage
of oxidation to benzoquinone was completed and the non-catalytic polymerization of the
latter to polycatechol has started. As indicated by Su et al. [26], both processes of catechol
transformation are accompanied by a decrease in the free phenolic OH groups in the system
that can be quantified by the Folin–Ciocalteu method [60]. Therefore, we followed the
evolution of the free OH-group content in the oxidation processes during all consecutive



Catalysts 2021, 11, 239 17 of 26

cycles catalyzed by PA6@L conjugates and in one cycle mediated by free laccase. In doing
so, the supernatants after 3 h process and the DMSO-soluble solid products after the fifth
cycle were analyzed (Table 6).

Table 6. Determination of free phenolic OH groups.

Sample Absorbance
at 750 nm

Free OH, a.u.
Gallic acid

Free OH
µmol

Catechol

Free OH
Group

Retention

Catechol 20 mL 25 mM 0.450 518.102 0.0250 100.0

Free laccase 0.148 148.963 0.0072 28.8

I cycle

PA6-L 0.242 263.861 0.0127 50.9

PA6Fe-L 0.254 278.529 0.0134 53.8

PA6FeP-L 0.204 217.413 0.0105 42.0

PA6Fe3O4-L 0.241 262.638 0.0127 50.7

II cycle

PA6-L 0.291 323.754 0.0156 62.5

PA6Fe-L 0.335 377.536 0.0182 72.9

PA6FeP-L 0.289 321.309 0.0155 62.0

PA6Fe3O4-L 0.386 439.874 0.0212 84.9

III cycle

PA6-L 0.358 405.649 0.0196 78.3

PA6Fe-L 0.369 419.095 0.0202 80.9

PA6FeP-L 0.309 345.756 0.0167 66.7

PA6Fe3O4-L 0.405 463.098 0.0223 89.4

IV cycle

PA6-L 0.364 412.983 0.0199 79.7

PA6Fe-L 0.376 427.651 0.0206 82.5

PA6FeP-L 0.316 354.312 0.0171 68.4

PA6Fe3O4-L 0.378 430.095 0.0208 83.0

V cycle

PA6-L 0.371 421.539 0.0203 81.4

PA6Fe-L 0.385 438.652 0.0212 84.7

PA6FeP-L 0.324 364.090 0.0176 70.3

PA6Fe3O4-L 0.396 452.097 0.0218 87.3

Solid residue
after cycle V

Free laccase * 0.085 71.958 0.0035 13.9

PA6-L 0.035 23.278 0.0011 4.5

PA6Fe-L 0.023 9.027 0.0004 1.7

PA6FeP-L 0.016 0.119 0.0001 0.0

PA6Fe3O4-L 0.270 13.777 0.0007 2.7
Note: * In this case the solid residue is after one cycle and contains only dark brown powder product. In all
other cases the solid residue represents the PA6@L microparticulate conjugates covered by black polycatechol
products. The linear regression for cycles I-V is: y = 8.1812.10−4.x + 0.02613; The linear regression for the OH
groups determination in the solid residue after Cycle V is: y = 8.42.10−4.x + 0.054.

The concentration of phenolic OH groups in the starting catechol solution was con-
sidered 100%. In the oxidation with free laccase, after three hours, the supernatant lost
about 71% of the free OH groups due formation of benzoquinone. Working with PA6@L
conjugates led to a lesser percent of OH group loss—from 58% for the PA6FeP-L sample
to 46% for PA6Fe-L. During the second, third, and fourth oxidation cycles the fraction of
oxidized catechol OH groups was in the range of 15–38%, 10–33%, and 17–31%, respec-
tively. The last oxidation cycle resulted in 13–30% elimination of phenolic OH groups.
The results are in agreement with the kinetic data showing that the oxidation rate is the
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highest in the beginning and decreases after each consecutive oxidation cycle. This can be
seen in the photograph in Table 5 visualizing the color change in the supernatants after
each cycle. In all cases, the best-performing immobilized laccase conjugate was PA6FeP-L,
i.e., the conjugate with the largest amount of highly densified laccase and showing the
highest activity.

Studying, in a similar way, the DMSO-soluble dark-brown solid product after 24 h
of oxidation by free laccase displayed 14% of residual phenolic OH groups. The fact
that this product was insoluble in the aqueous buffer solution suggests that most prob-
ably polycatechol was formed. According to the MALDI-TOF structural studies of Su
et al. [61], the smaller the total content of free OH groups, the higher the molecular weight
of polycatechol formed.

The solid residue after the fifth cycle of PA6@L-mediated catechol oxidation represents
PA6 support microparticles covered by polycatechol products. The test for free phenolic
OH groups showed very low residual concentration in these DMSO extracts, not exceeding
3.0–4.5%, the concentration in PA6FeP being virtually zero (Table 6). This observation
suggests relatively high molecular weight of the polycatechol formed, which was confirmed
by our thermal characterization by DSC and TGA.

Figure 11 displays the DSC scans in heating and cooling modes of the PA6 and PA6-L
samples, as well as of the solid product obtained with PA6-L catalyst from catechol (PA6-L-
Polycat) after the fifth oxidation cycle. In the same figure, the thermograms of the solid
material prepared with free laccase (Free Lacc-Polycat) are also presented.
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The Free-Lacc-Polycat (trace 4 in Figure 11) is a semcrystalline polymer material with
a melting temperature of 203 ◦C that crystallizes at 148 ºC when cooling at 10 ◦C/min.
This thermal behavior is distinct from that of the neat PA6 support (trace 1) and the PA6-L
conjugate before using it as a catalyst (trace 2). They both melt at 210 ◦C and crystallize in
the 154–157 ◦C interval. The PA6-L-Polycat sample (trace 3) shows a broad melting peak at
198 ◦C during the heating scan and, in cooling mode, a crystallization exotherm at 139 ◦C.
These single melting and crystallization peaks suggest co-crystallization of the PA6 support
and the polycatechol formed upon its surface.

The fact that the polycatechol products are accumulated upon the PA6 support is
confirmed by the TGA traces in Figure S5 of the Supporting Information. Thus, the PA6-L-
Polycat sample displays circa 8% of carbonized residue at 550 ◦C. This value is very close
to the sum of the residues of the PA6-L sample (3.8%) and of the solid product obtained
with free laccase (3.8%).

To elucidate the structure of the polymeric products of catechol oxidation, 1H NMR
spectroscopy was employed with the solid residue of the supernatants after the first
oxidation cycle with PA6-L. As seen from Table 6, half of the initial free OH groups
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disappear due to the formation of polymer products. It can therefore be hypothesized that
the protons of the residual hydroxyl groups are extensively involved in a strong hydrogen
bonding along the polymer backbone in accordance with the structure of the predominantly
ortho-ortho linked repeat units (Figure 12).
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Figure 12. Expanded 1H NMR spectrum of the solid residue after the first oxidation cycle of catechol. Polymerization
mediated by PA6-L. Solvent CH3OD, room temperature, 600 MHz.

In notable distinction to previously reported structural studies of polycatechol
oligomers [62], the aromatic region of the 1H NMR spectra is rather complex. The strong
signals centered at 6.64 ppm and 6.73 ppm could be assigned to the meta-(a) and para (b)
protons in the repeating units (see structure in Figure 12). The fact that these signals are
not doublets indicates that other similar structures are also present, and their characteristic
signals overlap (see for example the structure in the graphical abstract). The weak peaks at
6.78 ppm and 6.84 ppm indicate the presence of catechol monomer and the signals in the
7.2–7.5 ppm region might be caused by small amounts of low molecular weight structures
formed through C-C coupling of the initial catechol radicals (Figure 13).
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Figure 13. Tentative repeating unit structure resulting from C-C coupling of catechol radicals formed
in the initial stages of PA6@L mediated polymerization.

The lack of signals characteristic of OH groups could be explained by the previously
mentioned hydrogen bond interactions along the oligomer/polymer chains and the fast
deuterium-proton exchange with the NMR solvent.

3. Materials and Methods
3.1. Materials

The 2PD functional monomer for the PA4 synthesis and all solvents used in this work
are of analytical grade and were supplied by Sigma Aldrich, Portugal. The laccase from



Catalysts 2021, 11, 239 20 of 26

Trametes versicolor (≥0.5 U/mg) was also purchased from Sigma-Aldrich and used without
further purification. As activator of the anionic polymerization of ECL the commercial
product Brüggolen C20 from Brüggemann Chemical (Germany) was employed containing,
according to the manufacturer, 80 wt% of aliphatic diisocyanate blocked in ε-caprolactam.
The polymerization initiator sodium dicaprolactamato-bis-(2-methoxyethoxo)-aluminate
(Dilactamate, DL), which is also a commercial product was supplied by Katchem (Czech
Republic) and used without further treatment. Soft, non-insulated iron particles (Fe
content > 99.8%), with average diameters of 3–5 µm were kindly donated by the manu-
facturer BASF, Ludwigshafen, Germany. The Fe3O4 magnetic particles are a product of
Sigma-Aldrich with >99% purity and grain sizes of 50–80 nm. Diammonium 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) with a purity of ≥98% (HPLC), as well as
malachite green and bromophenol blue dyes were purchased from Sigma-Aldrich, Portugal.
All buffer solutions in this work were prepared with DDW.

3.2. Instrumentation and Methods

Fourier-transform infra-red spectroscopy with attenuated total reflection (FTIR-ATR).
The FTIR-ATR spectra were collected in a Perkin-Elmer Spectrum 100 apparatus using a
horizontal ATR attachment with ZnSe crystal. Spectra were acquired between 4000 and
600 cm−1 accumulating up to 16 spectra with a resolution of 2 cm−1. The PA4 samples
were studied in the form of fine powders.

Ultraviolet-Visible spectroscopy (UV-VIS). The UV-VIS analysis was performed on a
Shimadzu UV-2501 PC spectrometer. The absorbance at λ = 286 nm of the aqueous solutions
after immobilization, placed in quartz cuvettes, was measured to determine the protein
content and calculate the immobilization efficiency (IE). The assessment of the laccase
activity was performed using ABTS as substrate measuring the absorbance at λ = 414 nm
as previously indicated by Claus et al. [19]. One unit of laccase activity expressed in µkatals
corresponds to the amount of enzyme transforming 1 µmol ABTS per second at pH 4
and 25 ◦C. The kinetics of catechol oxidation was monitored by measuring the absorption
maxima at 410 nm and the absorbance at λ = 750 nm was used for the assessment of the
total content of free OH groups.

Scanning electron microscopy (SEM). The SEM studies were performed in a NanoSEM-
200 apparatus of FEI Nova using mixed secondary electron/back-scattered electron in-lens
detection. The pulverulent samples were observed after sputter-coating with Au/Pd
alloy in a 208 HR equipment of Cressington Scientific Instruments with high-resolution
thickness control.

Thermo-gravimetric analysis (TGA). The real iron load, RL, in the magnetic responsive
PA6 micro-particulate supports was established by means of thermo-gravimetric analysis
(TGA) in a Q500 gravimetric balance (TA Instruments), heating the samples in the 40–600 ◦C
range at 20 ◦C/min in inert atmosphere. The RL was calculated according to:

RL = (Ri − RPA6)× 100, [%] (2)

where RPA6 is the carbonized residue at 600 ◦C of the neat PA6 particles and Ri represents
the carbonized residue of the respective Fe- or Fe3O4—containing PA6 MP.

Differential scanning calorimetry (DSC). The DSC measurements were carried out in a
200 F3 equipment of Netzsch at a heating/cooling rate of 10 ◦C/min under nitrogen purge.
The samples were heated to 260 ◦C, cooled down to 0 ◦C, and then heated back to 260 ◦C.
The typical sample weights were in the 10 to 15 mg range.

Synchrotron X-ray studies. Synchrotron wide- (WAXS) and small-angle X-ray scat-
tering (SAXS) measurements were performed in the NCD-SWEET beamline of the ALBA
synchrotron facility in Barcelona, Spain [63]. Two-dimensional detectors were used, namely
LH255-HS (Rayonix, Evanston, IL, USA) and Pilatus 1M (Dectris, Switzerland) for register-
ing the WAXS and SAXS patterns, respectively. The sample-to-detector distance was set to
150.3 mm for WAXS and 2696.5 mm for SAXS measurements, the λ of the incident beam
being 0.1 nm and the beam size 0.35× 0.38 mm (h× v). The 2D data from the two detectors
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were reduced to 1D data using pyFAI software [64]. For further processing of the WAXS
and SAXS patterns the commercial package Peakfit 4.12 by SeaSolve was implemented.

NMR analyses. The NMR analyses of the polymerization mixtures were performed in
methanol-d on a Bruker Avance 600 MHz instrument at room temperature.

3.3. Sample Preparation and Activity Testing
3.3.1. Synthesis of Empty or Magnetic PA6 Microparticulate Supports

The PA6 MP supports were synthesized by AAROP as previously described by
Dencheva et al. [39]. In a typical synthesis, 0.2 M of ECL was added to 150 mL of a
mixed hydrocarbon solvent (toluene/xylene 1:1 by volume) while stirring, under nitrogen
atmosphere, refluxing the reaction mixture for 10–15 min. In the magnetic responsive sup-
ports, 3 wt% of the respective ferromagnetic filler were added at this stage. Subsequently,
3.0 mol% of DL and 1.5 mol% of C20 were introduced. The reaction time was always 2 h
(from the point of catalytic system addition) and the temperature was maintained in the
125–135 ◦C range, at a constant stirring of about 800 rpm. The PA6 supports formed as fine
powders and were separated from the reaction mixture by hot vacuum filtration, washed
several times with methanol for elimination of unreacted monomer and dried in a vacuum
oven at 60 ◦C. To remove the low-molecular weight PA6 fraction, Soxhlet extraction with
methanol for 4 h was applied. Altogether four PA6 supports were synthesized: PA6, PA6Fe,
PA6FeP, and PA6Fe3O4.

3.3.2. Immobilization of Laccase by Physical Adsorption

A typical immobilization was carried out by first preparing the laccase solution in
DDW with concentration of 2 mg/mL. Five hundred milligrams of each PA6 support
were introduced into 8 mL of this laccase solution and the four sample tubes were incu-
bated at 37 ◦C for 24 h using a laboratory orbital shaker. Thereafter, the samples were
centrifuged, the supernatant was decanted, and the laccase-immobilized PA6@L samples
were washed two times with distilled water to remove the non-adsorbed laccase. UV
analysis of the supernatants was performed to determine the residual laccase and calculate
the immobilization efficiency, IE, expressed as:

IE =
C0 − Cs

C0
× 100, % (3)

where C0 is the starting laccase concentration and Cs is the laccase content in the resultant
supernatant after completion of the immobilization process. To calculate Cs, the absorbance
at λ = 286 nm characteristic for the proteic part of the enzyme was measured and the
laccase concentration was determined using a standard calibration plot. This direct UV
method provided the most reliable data with the highest reproducibility and the lowest
standard deviation between the individual measurements being in the range of the 3–5%.
The indirect Bradford and bicinchoninic acid colorimetric assays produced data dispersions
of up to 15% and 30%, respectively. Altogether, four samples of laccase immobilized by
adsorption on PA6 MP were prepared and designated as PA6-L, PA6Fe-L, PA6FeP-L, and
PA6Fe3O4-L; generic name PA6@L. They were stored in semi-dry conditions at 4 ◦C. The
basic characteristics of the PA6@L samples are listed in Table 2.

3.3.3. Laccase Activity Assay

Native laccase and all conjugates of laccase-immobilized PA6@L were assayed for
their activities using ABTS as a color-generating substrate. The rate of the formation of
ABTS-cation radical (ABTS+·) due to the catalytic action of laccase was proportional to
the enzyme activity. In a typical assay of free laccase, 0.06 mL of the enzyme solution
(2.0 mg/mL in 25 mM citrate buffer, CB, pH 4) and 0.84 mL of the same CB were introduced
into the spectrometer cell, followed by 0.1 mL of freshly prepared 5 mM solution of ABTS
in DDW. During the next 60 s the absorbance at 414 nm (ε414 = 36,000 M−1.cm−1) was
measured every 1 s. To determine the activity of the PA6@L conjugates, 5 mg of each
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sample were placed directly into the UV cuvette, adding 1.0 mL of 25 mM CB, pH 5 and
0.1 mL of ABTS solution. Then, the absorbance at 414 nm was measured each second
during 1 min.

In all tests, the enzyme activities were expressed in microkatals. One microkatal of
enzyme activity (µkat) was defined as the amount of enzyme that converted 1.0 µmol of
ABTS to ABTS+· per second, at pH 4 and 25 ◦C. The enzyme activity assay was always per-
formed in duplicate, and the standard deviations in measurements were consistently below
3%. Throughout this study, enzyme activities are expressed in µkat per liter (µkat. L−1).
Table 4 contains the data of PA6@L activity (ABTS substrate). The specific activity was
calculated by normalizing the activity per 1 mg of enzyme. The relative activity of PA6@L
in percentage was determined as a relation to the activity of the free laccase taken as 100%.

3.3.4. Determination of the Kinetics Parameters of the Enzymatic Oxidation

Kinetic tests were carried out at room temperature in 20 mM citrate buffer, pH 4,
using ABTS as a substrate and varying the substrate concentration from 0.2 to 1 mM. Free
laccase and all PA6@L conjugates were studied. The kinetics parameters Km and Vmax were
determined according to the Lineweaver-Burk double reciprocal model, as follows:

1
V0

=
Km

Vmax
.
1
S
+

1
Vmax

(4)

where V0 is the initial catalytic rate and S is the substrate concentration.

3.3.5. Kinetics of Enzymatic Oxidation of Catechol by Laccase-Immobilized PA6@L

The enzymatic oxidation of catechol was performed directly in the cuvette for UV-
VIS monitoring of the process. Thus, 20 mg of wet PA6@L particles loaded with about
2.6–3.0 nkat/mL laccase were introduced into the cuvette. Then 1 mL of 25 mM catechol
solution in citrate buffer (pH 4, 20 mM) were added. Every 5 min full UV-VIS spectrum
was taken measuring the intensity of the absorption maxima at 410 nm. After 3 h the
supernatant was decanted and guarded for further studies. The PA6@L particles after this
first catalytic cycle were washed three times with 1 mL methanol to extract the soluble
oxidized catechol products deposited on the MP surface and were then subjected to second
oxidative cycle by adding a new portion of 1 mL catechol solution. Thus, the reusability
of all four PA6@L conjugates for enzymatic catechol oxidation was evaluated during five
consecutive cycles. As a control, catechol oxidation with free laccase was also performed
once at the same conditions.

3.3.6. Determination of the Total Content of Free OH Groups

The initial catechol solution, the supernatants from every oxidative cycle, and the
solid products after the last fifth cycle were analyzed for total content of free phenolic
OH groups using the Folin–Ciocalteu spectrophotometric method [65]. Thus, 40 µL of the
liquid sample (initial catechol solution or supernatants) were mixed with 800 µL 10-fold
diluted Folin–Ciocalteu reagent in an Eppendorf self-locked tube. After 2–3 min, 800 µL of
7%w/v sodium carbonate aqueous solution were added under stirring and the volume
in the tube was adjusted to 2 mL by adding 360 µL double distilled water. After 1 h at
room temperature, the absorbance at 750 nm was measured against blank in a UV-VIS
spectrophotometer. In the case of the solid materials obtained with free laccase after 24 h
and after the fifth cycle with all PA6@L samples, 3 mg of each of these solids were taken and
dissolved in 40 µL DMSO, adding thereafter the same amounts and types of reagents as in
the previous sample series. The total content of free OH groups was assessed by plotting
a calibration curve with gallic acid (from 100 mM to 1000 mM, with linear regression
coefficient r2 = 0.99875). The consolidated data on free phenolic OH groups are presented
in Table 6.
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4. Conclusions

This is the first report on catechol transformations mediated by Trametes versicolor
laccase immobilized on PA6 supports. It differs from the previous study on PA4-based
laccase conjugates [43] in several crucial aspects. The PA6 microparticulate supports were
synthesized by AAROP at 120ºC and atmospheric pressure, while for the PA4 supports
temperatures as low as 40ºC and vacuum were needed for the polymerization to produce
microparticles. These differences in the reaction conditions resulted in different topog-
raphy, morphology, and crystallization behavior of the particulate supports. Thus, the
much porous PA6-based supports led to a laccase immobilization efficiency of 77–92%,
while with the PA4@L conjugates these values were lower, varying in the 53–81% range.
Moreover, the relative laccase activity of the PA6@L conjugates reached 106%, i.e., some
of them were more active than the native laccase itself at the same reaction conditions.
Meanwhile, the maximum relative activity of the PA4-laccase conjugates did not exceed
60%. Another important difference is that in the study of the PA4-laccase conjugates,
two different immobilization techniques were applied—physical adsorption after, and
entrapment during the AAROP. The latter technique is impossible with the PA6 supports.
All these findings suggest different but possibly complementary applications of the two
types of laccase conjugates, which, in our opinion, justifies their detailed investigation.

All PA6@L complexes of this study were characterized by IR spectroscopy and syn-
chrotron WAXS/SAXS analyses. It was shown that the enzymatic activity was promoted
by the presence of iron cores (regular and phosphate-coated Fe0) in the microparticles, as
compared to the native free laccase. All PA6@L conjugates were able to mediate the trans-
formation of catechol over up to five repeating cycles. The resulting reaction mixtures have
complex compositions as revealed by NMR spectroscopy. More importantly, the majority
of them are not soluble in aqueous media, a good proof of concept for the applicability of
these new systems for detoxification of wastewater streams.
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