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Abstract

Laccase enzymes of were covalently coimmobilized on poly(glycidyl methacry-

late) microspheres. The objective of this work was to create a biocatalyst that

works efficiently in a wide range of pH. The coimmobilization was performed

using two different strategies to compare the most efficient. The results showed

that by correctly selecting the enzymes and concentrations involved in the

commobilization, it is possible to obtain a biocatalyst that works efficiently at

a wide pH range (2.0–7.0). The maximum activity values reached per gram of

support for the obtained biocatalyst were 41.90 U (pH 3.0), 40.89 U (pH 4.0),

and 39.54 U (pH 6.0). Moreover, the thermal, storage, and mechanical stabili-

ties were improved compared to the free and single-immobilized laccases. It

was concluded that enzymatic coimmobilization is an excellent alternative to

obtain a robust biocatalyst that works in a wide pH range, with potential envi-

ronmental and industrial applications.
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1 | INTRODUCTION

Laccases, extracellular multicopper enzymes that belong
to the group of oxidases were first described by Yoshidain
1883[1]and are one of the oldest known enzyme types.
Laccases are found in higher plants[2], fungi[3], bacte-
ria[4], and insects[5] and are excellent biocatalysts with
multiple chemical, industrial, and biotechnological appli-
cations[6,7] due to their ability to catalyze the oxidation of

a wide range of substrates (mainly phenols) using oxygen
from the air to produce water as a byproduct.[8]

Laccases act at various temperature and pH ranges,
and although their activities are generally higher at low
pH values and high temperatures, the optimal conditions
of each enzyme vary significantly depending on their
source.[9]Additionally, although the greatest effect is on
the oxidation of phenols, through the use of mediators,
the range of oxidizable compounds can be extended,
making it possible to oxidize a greater variety of organic
and inorganic compounds.[10]The mediators are a group
of low molecular weight compounds with high redox
potentials (usually above 900 mV) that have the ability to
improve the catalytic activity of the laccases and act as a
type of “electric launcher.” Once oxidized by the enzyme

Abbreviations: ABTS, 2,2-azino-bis-(3-ethylbenzthiazoline-6-sulfonic
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poly(N-vinylpyrrolidone); SEM, scanning electron microscopy; TvL,
Trametes versicolor laccase.
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to generate a very oxidizing intermediate known as
comediator or oxidized mediator that diffuses out of the
enzyme and are able to oxidize any substrate excluded by
size from the enzymes active sites.[11] The ability of
laccase enzymes to expand their range of substrates
makes them exceptionally versatile and useful in envi-
ronmental contaminant biodegradation.

Although laccase enzymes have many useful advan-
tages in bioremediation, such as low energy requirements
and environmental impacts, as well as high efficiency,
their use at an industrial level has been restricted due to
some characteristics (low stability, reusability issues, high
sensitivity to denaturing agents, and high production
costs).[12] Fortunately, many of these limitations can be
reduced by enzyme immobilization on suitable supports.
The immobilization of the enzyme refers to the confine-
ment of the enzyme in a different phase to the phase in
which the substrates and products are found.[13]Due to
the interaction with the support, immobilization usually
improves the structural stability of the enzymes, avoiding
denaturation due to changes in the reaction medium.[14]

Some of the advantages associated with enzyme
immobilization are the increased thermal, mechanical,
and storage stabilities, the possibility of reuse and the
easy extraction of the reaction media, which all enhance
enzyme application in industrial processes.[15,16] Enzyme
immobilization can be carried out on a wide variety of
materials using different methods of immobilization
depending on the desired final applications.[17] In the
current study, according to the results obtained in previ-
ous works,[18–20] nonporous microspheres of poly(glycidyl
methacrylate) (PGMA) were chosen as support for multi-
enzyme immobilization. Epoxy-activated supports are
almost-ideal ones to perform very easy immobilization of
proteins and enzymes at both laboratory and industrial
scale. These activated supports are very stable during
storage.[21] Hence, they can be easily and long-term han-
dled before and during immobilization procedures. Fur-
thermore, epoxy-activated supports are able to form very
stable covalent linkages with different protein groups
(amino, thiol, phenolic ones) under very mild experimen-
tal conditions.[22–24]

Until now, the need for the use of biocatalysts for
industrial and environmental applications within the
framework of green chemistry is evident. Additionally,
the need for enzyme immobilization is recognized as a
necessary technology for the practical and commercial
viability of biocatalysts in industry. However, multiple
processes remain in which a single immobilized enzyme
cannot completely catalyze a reaction and therefore the
utilization of multiple cascade enzyme systems are neces-
sary.[25] In nature, this problem is solved by the presence
of different enzymes that carry out reactions sequentially,

as in the case of the Krebs cycle.[26] In this cycle, a com-
plex of eight highly ordered enzymes reacts sequentially
to maintain a high local concentration of the reaction
intermediates and reduce losses due to diffusion, which
increases catalytic efficiency.[27,28] Due to that,
coimmobilization cannot be replaced by the addition of
single-immobilized enzymes, since in the single-
immobilization a high local concentration of reaction
intermediates would not be achieved, which is particu-
larly important when pollutants degradation processes
are performed, because there is generation of highly toxic
intermediates.[25]

This work focuses on coimmobilization in order to
expand the maximum efficiency pH range of the biocata-
lyst. The obtained biocatalyst could be used in systems
where the conditions of the medium change continuously
and generate pH changes. Using this biocatalyst, the pH
changes of the medium will not generate a loss of the cat-
alytic efficiency, as if it would happen in single-
immobilized catalyst systems. However, the idea of this
study is to create a precedent that allows seeing coi-
mmobilized enzyme systems as an alternative to develop
biocatalytic systems that work efficiently in a wide vari-
ety of conditions. These systems include reactions that
are carried out under varying pH conditions, degradation
of different pollutants in the same sample,[29] or the con-
secutive degradation of a compound and its degradation
products.[25] All of the above, requires the use of coi-
mmobilized enzyme systems since it cannot be carried
out with single enzyme immobilized systems.

Until now, various approaches to enzymatic
coimmobilization have been proposed to expand the pH
range of maximum activity or increase the number of
substrates capable of biodegradation.[14,25,29,30] However,
the systems reported so far do not reach their maximum
possible efficiency in the entire pH range studied possibly
because the activities of the individually immobilized
enzymes were not taken into account when selecting the
amount of enzyme to be coimmobilized. For this reason,
a study that relates the amount of enzyme used in
coimmobilization and the activity of each enzyme when
immobilized individually remains necessary. In this way,
a system that works with maximum enzymatic activity
for the entire possible pH range according to the enzymes
used is possible to obtain.

In an attempt to imitate nature to solve industrial
problems and to extend the optimum working pH range
for the immobilized enzyme systems, we propose the
covalent coimmobilization of three laccase enzymes on
the same support and thus take advantage of the diversity
of properties that present various types of laccase
enzymes to expand the optimum pH range of the
resulting polymeric biocatalyst. In this context,
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coimmobilization presents several challenges, such as the
preservation of enzymatic activity for all immobilized
enzymes and allowance of high immobilization percent-
ages. Additionally, because the enzymes are large
(>10 kDa) possible steric effects are produced, so the
interactions should be reduced to the maximum to main-
tain enzyme activity. All these aspects can be controlled
through optimizing the conditions in which the
coimmobilization is carried out as these factors must be
suitable for all involved enzymes.

The main aim of this work was to construct a coi-
mmobilized laccase enzyme system to combine and
expand the maximum activity range of the three utilized
enzymes. To that end, three laccase enzymes were care-
fully selected (according to the maximum activity pH)
and used in the covalent immobilization on previously
synthesized PGMA microspheres. The polymeric biocata-
lyst was characterized by evaluating the enzymatic activ-
ity at different values of pH, temperature, reusability,
storage stability, and kinetic parameters.

2 | EXPERIMENTAL

2.1 | Reagents and materials

Commercial laccase fromMyceliophthora thermophila laccase
(MtL) was obtained from Novozyme (Bagsværd, Denmark).
Commercial laccases from Trametes versicolor (TvL) and
Aspergillus sp (ApL), glycidyl methacrylate (GMA), 2,20-
azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS),
Bradford reagent, bovine serum albumin (BSA), poly(N-
vinylpyrrolidone) (PVP), α,α0-azoisobisbutyronitrile (AIBN),
and N,N-dimethylformamide were purchased from Sigma-
Aldrich (Chile). The reagents for buffers solutions (formic
acid, ammonium acetate, and ammonium bicarbonate) were
obtained from Sigma-Aldrich (Netherlands). All the
chemicals were used as received without any treatment if
not otherwise specified.

2.2 | Laccase immobilization on
microspheres of PGMA

2.2.1 | Synthesis of PGMA microspheres

Microspheres of PGMA were obtained by dispersion poly-
merization as reported previously by Vera et al.[19]

Briefly, the polymerization of the monomer GMA was
carried out in the presence of AIBN and PVP in organic
medium (methanol and N,N-dimethylformamide) while
stirring for 8 hat 160 rpm under a nitrogen atmosphere at
65 ± 1�C. The obtained microspheres were washed with

methanol and characterized by scanning electron micro-
scope (SEM) and Energy-dispersive X-ray spectroscopy
(EDX) using a JEOL 6380LV SEM after coating with gold
under reduced pressure. The analysis was developed
using a Digital Micrograph 3.7.0 image analyzer for GMS
1.2 (Gatan Inc.).

2.2.2 | Single laccase immobilization on
polymeric microspheres

All enzymes were previously washed (five times) by ultra-
filtration to remove external agents or impurities, follow-
ing the procedure previously described by Vera et al.[20]

Individual laccase immobilization was obtained by sepa-
rately mixing 10 mg of PGMA microspheres with a 1 ml
solution of 0.07 mg/ml of protein of each laccase (TvL,
MtL, and ApL). This amount was used based on a previ-
ous determination of the optimal protein amount, in
which all of the protein involved in the reaction was
immobilized (data not shown). The immobilization pro-
cess was performed in triplicate at pH 5.3 under stirring
with a Thermo Scientific Heraeus Heidolph rotatory
shaker for 24 hr at 21 ± 1�C. Then, the microspheres
were washed three times with consecutive steps of centri-
fugation and addition of phosphate buffer pH 5.3 to
remove the unbound enzyme. After the washing steps,
the activity of the free and immobilized enzyme, as well
as the protein concentration of the free enzymes was
determined. Finally, the immobilized enzymes were char-
acterized and compared with the free enzymes using the
methods described later.

2.2.3 | Coimmobilization of multiple
laccases

For laccase coimmobilization, two different strategies
were performed: (a) coimmobilization of the same
amount of protein and (b) coimmobilization of different
amounts of proteins based on the corresponding activities
of the single immobilized enzymes (see Table 1). In both
strategies, the coimmobilization was carried out in tripli-
cate using 10 mg of PGMA in a 1 ml solution and with
simultaneous mixing of all the enzymes in the amounts
indicated in Table 1. The maximum amount of enzyme
added in all cases corresponded to 10% of the carrier. This
percentage was determined in previous studies to avoid
interference due to blockage of the active site or aggrega-
tions between molecules due to immobilization.[20]

The immobilization procedure was the same as per-
formed for the immobilization of the single laccases
(described previously). Finally, the coimmobilized
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laccases were characterized and compared with the free
and single immobilized laccases.

2.3 | Laccase activity assay

The activities of the free, immobilized, and coi-
mmobilized laccases were determined by oxidation of
ABTS based on a previously published method.[31]

Briefly, the increase in the absorbance was assessed at
420 nm for 5 min using a UV–vis spectrophotometer. The
reaction mixture consisted of 10 mM ABTS (50 μl) and
the buffered sample (170 μl). The enzyme activity was
expressed in units (U), which is defined as the amount of
enzyme necessary to oxidize 1 μmol of ABTS per minute

under the given assay conditions. The measurements
were performed in triplicate and the results were
reported in U with the corresponding SD. The relative
activity was calculated as the enzyme activity in each
point divided by the laccase activity at the point of the
highest laccase activity in the same group of experiments
(pH, temperature, reusability, and storage stability).

2.4 | Protein determination

The protein concentration was measured via the Bio-Rad
protein assay following a previously established
method.[32] Briefly, 200 μl of a diluted Bio-Rad solution
(1:5 with MQ-water) were mixed with 10 μl of sample in

TABLE 1 Enzyme load of single immobilized laccases and protein amounts used for coimmobilizations

Applied laccase
Enzyme load immobilized
single laccase (U/g carrier)

Protein amount,
Strategy 1 (mg protein/g carrier)

Protein amount, Strategy
2 (mg protein/g carrier)

TvL 1.15 ± 0.05 2.3 5.25

MtL 1.91 ± 0.08 2.3 1.05

ApL 4.63 ± 0.16 2.3 0.70

Abbreviations: ApL, Aspergillus sp laccase; MtL, Myceliophthora thermophila laccase; TvL, Trametes versicolor laccase.

FIGURE 1 Representative SEM images of (a) the obtained neat microspheres of poly(glycidyl methacrylate) (PGMA) with oxirane

groups containing surfaces and (b) PGMA after co-immobilization with the TvL, ApL, and MtL enzymes. ApL, Aspergillus sp laccase; MtL,

Myceliophthora thermophila laccase; SEM, scanning electron microscopy; TvL, Trametes versicolor laccase [Color figure can be viewed at

wileyonlinelibrary.com]
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a 96-multiwell plate. The plate was shaken at 400 rpm
for5 min at 21 ± 1�C. Then, the absorbance was mea-
sured at 595 nm using a TECHCOMP UV2310II UV/vis
spectrophotometer. BSA was used as a standard for the
calibration curve. The measurements were performed in
triplicate and reported with the corresponding SD.

2.5 | The effect of pH and temperature
on laccase activity

The activities of the laccases (immobilized, coi-
mmobilized, and free) under different conditions of pH
and temperature were measured following the procedure
previously. In this study, the pH values analyzed (2.0–
8.0) were maintained using formic acid (pH 2.0), ammo-
nium acetate buffer (0.02 M, pH 3.0–6.0), and ammo-
nium bicarbonate (pH 7.0–8.0).The thermal stability
(activity at different temperatures) was measured from 20
to 65 ± 1�C. The measurements were carried out using
preheated buffer solutions at the optimum pH of each
enzyme (free and immobilized). In the case of the coi-
mmobilized enzymes, the thermal stability was measured
at the three pH values with maximum activity (3.0, 4.0,

and 6.0). The activities were measured in triplicate and
the results were reported with the corresponding SD.

2.6 | Kinetics properties

To determine the kinetic parameters including the
Michaelis–Menten constant (Km), the maximum reaction
rate (Vmax), the turnover number (Kcat), and the catalytic
efficiency (Kcat/Km), the activity of the free and single
immobilized enzyme was measured while increasing the
ABTS concentration from 0.5 to 20 mmol/L and
maintaining the amount of enzyme used in each study.
The parameters were determined from the Lineweaver–
Burk plot as detailed before.[20]

2.7 | Reusability and storage stability

The reusability of the coimmobilized enzymes was stud-
ied following six consecutive reaction cycles. The solution
free or immobilized enzymes were mixed with a solution
of 5 mmol/L ABTS in buffer solutions at three pH values
(3.0, 4.0, and 6.0) and the activity was measured for

FIGURE 2 The effect of pH

on the activity of free (a)

immobilized (b) and

coimmobilized (c) laccase

enzymes at 25�C [Color figure can

be viewed at

wileyonlinelibrary.com]
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5 min. Subsequently, the immobilized enzymes were fil-
tered and washed with a buffer solution at the pH of the
respective study to remove any unreacted ABTS. A new
cycle was initiated by reacting the enzymes again with
unoxidized ABTS in a fresh buffer solution. For the stor-
age stability study, the laccase enzymes (free,
immobilized, and coimmobilized) were stored at two dif-
ferent temperatures (25 ± 1 and 4 ± 1�C) and the activity
was measured for 20 days. These experiments were per-
formed in triplicate and were reported with the
corresponding SD.

2.8 | Statistical analysis

All measurements were performed in triplicate and were
expressed with the corresponding SD unless indicated
otherwise. The significant differences between the means
were evaluated using the statistical software SPSS version
25. The data were analyzed by one-way analysis of vari-
ance (ANOVA) and the significant differences between
the means were analyzed with the Duncan test with a
significance of 5%. Additionally, to compare the means
between pairs of data, a t-test was performed for indepen-
dent samples with a confidence interval of 95%. The
values were considered significant when p < .05.

3 | RESULTS AND DISCUSSION

3.1 | Laccase immobilization on PGMA
microspheres

The synthesis of the microspheres used for laccase immo-
bilization was carried out by dispersion polymerization.
The functional monomer chosen for the polymerization
was GMA, which has epoxy groups capable of reacting
with the amino groups from the lysine amino acids

FIGURE 3 The effect of temperature on the activity of free and immobilized enzymes from (a) TvL, (b) MtL, (c) ApL, and (d)

coimmobilized and single-immobilized enzymes. ApL, Aspergillus sp laccase; MtL, Myceliophthora thermophila laccase; TvL, Trametes

versicolor laccase

FIGURE 4 Reusability studies on the coimmobilized enzyme

system on PGMA microspheres at the three pH values with

maximum activity. PGMA, poly(glycidyl methacrylate)
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present on the enzyme surface to generate covalent
bonds.[19,24] The obtained nonporous microspheres (see
Figure 1a) were 2.85 ± 0.16 μm with high homogeneity
and dispersity of 1.014 ± 0.166.[19,33] These characteristics
of size, morphology, and functional group density are
suitable for a carrier with multipoint-attachment that
reportedly increase the stability of the immobilized
enzyme.[34]

Once the carrier was constructed, the laccase
enzymes previously selected according to the maximum
activity pH (3.0, 6.0, 7.0 for free TvL, ApL, and MtL; and

3.0, 4.0, 6.0 for single-immobilized TvL, MtL, and ApL)
were covalently immobilized separately and in combina-
tion (see Table 1) to expand the working range of the syn-
thesized polymeric biocatalyst. The immobilization
conditions of the laccase on the PGMA microspheres
were previously optimized using MtL enzymes.[20] In the
studies carried out previously with MtL, the effect of
immobilized enzyme concentration was evaluated, in
order not to lose enzyme activity due to steric prob-
lems.[20] After immobilization, the SEM micrographs rev-
ealed a thin and rough layer on the surface of the

FIGURE 5 Storage stability studies at 25 and 4�C of free and immobilized enzymes from (a) TvL, (b) MtL, (c) ApL, and (d)

coimmobilized and single-immobilized enzymes at 4�C. ApL, Aspergillus sp. laccase; MtL, Myceliophthora thermophila laccase; TvL,

Trametes versicolor laccase [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 The Michaelis–Menten kinetic parameters (KM, Vmax, Kcat, and [Kcat/KM]) of free and single-immobilized enzymes

Enzyme KM (mM) Vmax (μmol/[min mg]) Kcat (1/s) Kcat/KM (1/[s mM]) R2

MtL free 5.7 ± 0.4 676.4 ± 16.5 1,127.33 197.78 0.991

MtL immobilized 7.3 ± 1.2 395.1 ± 25.6 658.51 90.21 0.971

TvL free 2.3 ± 0.4 355.6 ± 15.9 474.11 204.75 0.881

TvL immobilized 2.5 ± 0.5 110.2 ± 5.3 146.95 58.15 0.876

ApL free 8.3 ± 1.0 614.1 ± 31.2 1,125.7 134.85 0.978

ApL immobilized 5.4 ± 0.8 165.1 ± 9.2 302.64 55.59 0.947

Abbreviations: ApL, Aspergillus sp laccase; MtL, Myceliophthora thermophila laccase; TvL, Trametes versicolor laccase.
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microspheres, which can be attributed to the coi-
mmobilized TvL, ApL, and MtL enzymes (see Figure 1b).
To confirm that the surface roughness was due to the
presence of the enzymes, EDX measurements were per-
formed while monitoring the presence of copper (which
is in the enzyme active site). However, because the four
copper atoms per enzyme are internal to the active site,
the percentage of copper was not significant. During the
measurements, the presence of 6.68% N was determined
on the rough surfaces (see Figure 1b), which was absent
in the microspheres before the immobilization. The mea-
sured amount of nitrogen on the surface of the micro-
spheres also confirms the presence of enzymes as a result
of the nitrogen from the amino acids such as lysine and
alanine in their three-dimensional structure.

3.2 | The effect of pH

The effect of the pH on the activity of free, immobilized,
and coimmobilized enzymes was evaluated in the range
of pH from 2.0 to 8.0 as depicted in Figure 2. For the free
enzymes of TvL, ApL, and MtL (see Figure 2a), the maxi-
mum activity values were obtained at pH 3.0, 6.0, and
7.0, respectively. For the individual immobilizations (see
Figure 2b), the optimal activity of TvL and ApL was
maintained at pH 3.0 and 6.0, respectively. However, the
optimum pH of MtL was shifted after immobilization,
resulting in a new optimal value of pH 4.0. Furthermore,
in all cases the loss of activity at pH values different from
the optimal was lower than the loss shown for the free
enzymes.

For coimmobilization (see Figure 2c), when Strategy 1
was applied by adding equal parts of protein in the
coimmobilization process (TvL-MtL-ApL-PGMA-1), the
system showed two activity maximums near pH 4.0 and
7.0. Although, while working pH work range for this sys-
tem was expanded, the contribution of TvL to the total
activity of the polymeric biocatalyst is very low. On the
other hand, when immobilization Strategy 2 (TvL-MtL-
ApL-PGMA-2) was used, in which the protein addition
was based on the specific activity of each single-
immobilized enzyme, the resulting new system had three
activity maximums near pH 3.0, 4.0, and 6.0. For this strat-
egy, the maximum activity values were 41.90 ± 1.75 U/g
of support (pH 3.0), 40.89 ± 1.17 U/g of support (pH 4.0),
and 39.54 ± 1.65 U/g of support (pH 6.0).

Additionally, when the pH values differed from the
optimal values (except for pH 5.0), the reduction in
activity was significantly lower than those presented for
the immobilization Strategy 1 (p < .05 when comparing
the means at pH 2.0, 3.0, 6.0, and 8.0). Therefore, all the
coimmobilization processes performed in this study were

carried out using coimmobilization Strategy 2 with the
amounts of protein indicated in Table 1.

The conservation of a high relative activity at differ-
ent pH values indicates an excellent synergy of all
immobilized enzymes, which apparently show high resis-
tance to denaturation caused by pH changes. This high
resistance can be attributed to the multipoint-attachment
due to the support used.[34]

Recent publications have reported coimmobilization
as an innovative strategy to generate a new system by
combining the properties of several enzymes to achieve
greater ranges of usability.[14,35,36] Until now, studies
such as those carried out by Ammann and coworkers[29]

have only considered the coimmobilization of equal
amounts of protein, which as demonstrated in
coimmobilization Strategy 1 extends and improves the
range of functionality of the system. The specific activity
that each enzyme contributes to the new polymeric bio-
catalyst does not optimize the range of action, which
results in an incomplete and inefficient system compared
to the optimized system presented in this work.

3.3 | Effect of temperature on the
activity of enzymes

To assess the effect of immobilization on the thermal sta-
bility of the enzymes, the activity was evaluated in the
temperature range of 20–65�C as shown in Figure 3.
Figure 3a–c compares the activity values obtained for the
free and single-immobilized enzymes from TvL, MtL, and
ApL, respectively. The enzyme activity increased as the
temperature increased, and at 65�C (maximum activity
value) the single-immobilized enzymes showed superior
activity compared to their free enzyme counterparts,
which indicates an increase in resistance to denaturation
as a result of immobilization.[37,38] Figure 3d compares
the activity of the coimmobilized enzymes with respect to
single-immobilized enzymes. The coimmobilized enzyme
system achieved greater activity at a lower temperature,
which in the case of an industrial process would reduce
costs. Additionally, after enzymatic coimmobilization a
higher relative activity at 20�C and at 40�C was achieved
with a p-value of .003 and .007, respectively. These results
demonstrate that the increased stability of the enzyme
towards denaturation remain efficient in the coi-
mmobilized system. Because the amount of enzyme
added to the system did not exceed 10% with respect to
the support, favorable interactions could occur, which
increase the stability after immobilization generated
mainly by the multipoint attachment between the
enzyme (lysine superficial groups) and the support
(epoxy groups).
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3.4 | Reusability

Reusability is a very important aspect of industrial pro-
cesses, and was therefore evaluated in the coimmobilized
enzyme system at the three maximum activity pH values
as shown in Figure 4. After 6 cycles, more than 60% of
the initial activity was maintained and the behavior for
the three pH values analyzed was similar (in Cycle 6
there no significant differences were found between the
three measurements, p-value = .577). These results dem-
onstrate the maintenance of enzyme activity with respect
to the others and in general suggest that the system pre-
sents good conservation in terms of activity. This aspect
highlights the biggest difference between the use of free
or immobilized enzymes, because if the free enzymes
were simply mixed, the generated system could only be
used once. The percentage of activity obtained after Cycle
6 for immobilized enzymes is superior to those previously
reported, in which they have found residual activities of
around 30% after 7 cycles of reuse.[39–41] There are differ-
ent explanations for the decrease in activity after the sixth
study cycle, such as the leaching of free or noncovalently
immobilized enzyme from the support or partial denatur-
ation.[42,43] These results suggest that this biocatalyst can
be used at an industrial level, reducing the cost of the
process due to the possibility of reuse of the biocatalyst.

3.5 | Storage stability

Storage stability is another key aspect of enzymatic
immobilization that generates advantages between the
use of solid biocatalyst and the use of free enzymes. The
stability was measured at different temperatures (4 and
25�C) for 25 days to evaluate activity preservation at the
recommended storage temperature and at room tempera-
ture. The results for the free, immobilized and coi-
mmobilized enzymes are shown in Figure 5. In general,
when comparing the free and immobilized enzymes, the
immobilized enzymes acquired a higher stability at both
storage temperatures. As shown in Figure 5a, after
25 days of storage, the increase in stability was 22% (at
25�C) and 16% (at 4�C) for the immobilized TvL com-
pared to the free enzyme. In the case of MtL (see Fig-
ure 5b), the improvement in the stability of the
immobilized enzyme with respect to the free enzymes
was 13% (at 25�C) and 8% (at 4�C). For ApL (see Fig-
ure 5c), the difference between the stability of the free
and immobilized enzyme was 14% (at 25�C) and 1% (at
4�C). According to the statistical analyses, MtL, TvL, and
ApL presented significantly higher values of storage sta-
bility at 25 and 4�C. Finally, when comparing the stabil-
ity of the immobilized enzymes with the coimmobilized

enzyme system (at 4�C, Figure 5d), no marked differ-
ences were observed at most points (1, 3, 9, and 25 days).
No significant differences between the values (p-values
equal to 1.00, .964, .439, .101 for 1, 3, 9, and 25 days,
respectively) were found, which could indicate that the
immobilization and coimmobilization strategies generate
a higher storage stability of the immobilized enzymes.
The increased stability can be attributed to limitations in
the freedom of conformational changes due to the multi-
point attachment between the enzyme and the support,
which protects the enzyme from denaturation.[18,34,44] In
this way, enzymatic immobilization is an excellent alter-
native to preserve high enzymatic activity for a longer
time.[39]

3.6 | Kinetic parameters

The kinetic parameters KM, Vmax, Kcat and the catalytic
efficiency (Kcat/KM) were determined for the free and sin-
gle-immobilized enzymes and are summarized in Table 2.
For the determination of these constants, the experi-
ments were carried out at 25�C and at the previously
determined optimum pH for each enzyme. The kinetic
parameters were obtained from the Michaelis–Menten
and Lineweaver–Burk graphs, which are shown in Fig-
ure S1-S3. The KM value is related to the affinity of the
enzyme towards the substrate with a lower value of KM

signifying a higher affinity. In the case of MtL and TvL,
the KM value increased when the enzymes were
immobilized, indicating that the affinity of these enzymes
towards ABTS decreased after immobilization. In the
case of ApL, the value of KM decreased, which indicates
that the affinity of the enzyme towards the substrate
increased. The Vmax value decreased after immobilization
for all enzymes, which indicates a decrease in the sub-
strate conversion rate, probably due to the three-dimen-
sional rearrangement of the enzyme caused by the
interaction with the support, which could generate diffu-
sional limitations.[45] Kcat, which indicates the maximum
number of substrate molecules converted into product
per unit time per molecule of enzyme, decreased after
immobilization in all cases. Finally, the catalytic effi-
ciency (Kcat/KM) also decreased after immobilization in
all cases. This tendency is common in immobilization
processes due to the enzyme-support interaction.[45,46]

4 | CONCLUSIONS

The study carried out in this work proposes an efficient,
unsophisticated, and simple method for the immobilization
of three enzymes through a multipoint interaction (TvL,
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MtL, and ApL). According to the data shown in this work,
a precedent is generated for the correct coimmobilization
of enzymes on different supports, which in general must
have a high density of active surface functional groups, suf-
ficient mechanical, chemical resistance, and microbial
decomposition. The obtained polymeric biocatalyst pres-
ented a wide pH range of maximum catalytic activity (3.0–
6.0) due to the contribution of each immobilized enzyme
on the polymeric support. The obtained system was com-
pared to the free and single-immobilized enzymes in terms
of thermal stability. After immobilization, the temperature
necessary to reach the maximum relative activity was
reduced. Regarding reusability, coimmobilized enzyme sys-
tem was able to preserve more than 60% of the initial activ-
ity after 6 cycles of reuse. In terms of stability, the results
showed that both the individually immobilized enzymes
and the coimmobilized enzymes were able to retain greater
stability at both 25 and 4�C.

The catalytic efficiency decreased for all immobiliza-
tions due to the interactions of the enzymes with the sup-
port. The results demonstrated that by selecting
appropriate enzymes, a system that works efficiently in
the desired range of action with higher catalytic activities
at different pH values and better mechanical, thermal,
and storage stability than many of those previously
reported is possible to obtain. Laccase enzymes
immobilized on PGMA microspheres can be an excellent
biocatalyst with multiple possible applications to indus-
trial, environmental, and laboratory level.
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Polym. Sci. 2015, 132, 41981.
[23] V. Lettera, C. Pezzella, P. Cicatiello, A. Piscitelli,

V. G. Giacobelli, E. Galano, A. Amoresano, G. Sannia, Food
Chem. 2015, 196, 1272.

[24] G. Bayramoglu, B. Kaya, M. Y. Arica, Food Chem. 2005,
92, 261.

[25] F. Jia, B. Narasimhan, S. Mallapragada, Biotechnol. Bioeng.
2014, 111, 209.

[26] J. M. Lowenstein, Citric Acid Cycle, Academic Press, Massa-
chusetts, USA 1969.

[27] G. Toole, S. Toole, Essential A2 Biology for OCR, Nelson
Thornes, Cheltenham 2004.

[28] J. Kay, P. D. J. Weitzman, Krebs' Citric Acid Cycle: Half a Cen-
tury and Still Turning; Biochemical Society Symposia, Biochem-
ical Society, London 1987.

[29] E. M. Ammann, C. A. Gasser, G. Hommes, P. F. X. Corvini,
Appl. Microbiol. Biotechnol. 2014, 98, 1397.

[30] M. Yu, D. Liu, L. Sun, J. Li, Q. Chen, L. Pan, J. Shang,
S. Zhang, W. Li, Int. J. Biol. Macromol. 2017, 103, 424.

VERA ET AL. 10 of 11

https://orcid.org/0000-0002-8469-995X
https://orcid.org/0000-0002-8469-995X
https://orcid.org/0000-0002-5157-0535
https://orcid.org/0000-0002-5157-0535
https://orcid.org/0000-0002-4613-1159
https://orcid.org/0000-0002-4613-1159
https://orcid.org/0000-0002-7920-5441
https://orcid.org/0000-0002-7920-5441


[31] D. Huber, A. Ortner, A. Daxbacher, G. S. Nyanhongo, W. Bauer,
G. M. Guebitz, ACS Sustain. Chem. Eng. 2016, 4, 5303.

[32] A. Pellis, V. Ferrario, M. Cespugli, L. Corici, A. Guarneri,
B. Zartl, E. Herrero Acero, C. Ebert, G. M. Guebitz,
L. Gardossi, Green Chem. 2017, 19, 490.

[33] R. F. T. Stepto, Pure Appl. Chem. 2009, 81, 351.
[34] C. Mateo, J. M. Palomo, G. Fernandez-Lorente, J. M. Guisan,

R. Fernandez-Lafuente, Enzyme Microb. Technol. 2007, 40, 1451.
[35] S. Arana-Peña, C. Mendez-Sanchez, N. S. Rios, C. Ortiz,

L. R. B. Gonçalves, R. Fernandez-Lafuente, Int. J. Biol.
Macromol. 2019, 131, 989.

[36] J. Luo, L. Ma, F. Svec, T. Tan, Y. Lv, Biotechnol. J. 2019, 14,
1900028.

[37] S. A. Costa, T. Tzanov, A. Paar, M. Gudelj, G. M. Gübitz,
A. Cavaco-Paulo, Enzyme Microb. Technol. 2001, 28, 815.

[38] M. Taheran, M. Naghdi, S. K. Brar, E. J. Knystautas,
M. Verma, R. Y. Surampalli, Sci. Total Environ. 2017, 605, 315.

[39] M. Asgher, S. Noreen, M. Bilal, Chem. Eng. Res. Des. 2017,
119, 1.

[40] M. Naghdi, M. Taheran, S. K. Brar, A. Kermanshahi-Pour,
M. Verma, R. Y. Surampalli, Sci. Total Environ. 2017, 584–585, 393.

[41] M. Fernández-Fernández, M. �A. Sanromán, D. Moldes, Bio-
technol. Adv. 2013, 31, 1808.

[42] E. Skoronski, D. H. Souza, C. Ely, F. Broilo, M. Fernandes,
A. Fúrigo, M. G. Ghislandi, Int. J. Biol. Macromol. 2017, 99, 121.

[43] N. R. Mohamad, N. H. C. Marzuki, N. A. Buang, F. Huyop,
R. A. Wahab, Biotechnol. Biotechnol. Equip. 2015, 29, 205.

[44] M. C. P. Gonçalves, T. G. Kieckbusch, R. F. Perna,
J. T. Fujimoto, S. A. V. Morales, J. P. Romanelli, Process Bio-
chem. 2019, 76, 95.

[45] L. M. P. Sampaio, J. Padr~ao, J. Faria, J. P. Silva, C. J. Silva,
F. Dourado, A. Zille, Carbohydr. Polym. 2016, 145, 1.

[46] Y. Wu, Y. Jiang, J. Jiao, M. Liu, F. Hu, B. S. Griffiths, H. Li,
Colloid Surf. B 2014, 114, 342.

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Vera M, Fodor C,
Garcia Y, Pereira E, Loos K, Rivas BL.
Multienzymatic immobilization of laccases on
polymeric microspheres: A strategy to expand the
maximum catalytic efficiency. J Appl Polym Sci.
2020;137:e49562. https://doi.org/10.1002/app.49562

11 of 11 VERA ET AL.

https://doi.org/10.1002/app.49562

	Multienzymatic immobilization of laccases on polymeric microspheres: A strategy to expand the maximum catalytic efficiency
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Reagents and materials
	2.2  Laccase immobilization on microspheres of PGMA
	2.2.1  Synthesis of PGMA microspheres
	2.2.2  Single laccase immobilization on polymeric microspheres
	2.2.3  Coimmobilization of multiple laccases

	2.3  Laccase activity assay
	2.4  Protein determination
	2.5  The effect of pH and temperature on laccase activity
	2.6  Kinetics properties
	2.7  Reusability and storage stability
	2.8  Statistical analysis

	3  RESULTS AND DISCUSSION
	3.1  Laccase immobilization on PGMA microspheres
	3.2  The effect of pH
	3.3  Effect of temperature on the activity of enzymes
	3.4  Reusability
	3.5  Storage stability
	3.6  Kinetic parameters

	4  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTERESTS
	REFERENCES


