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Abstract: Means of eliminating water pollutants or transforming them into less hazardous com-
pounds by green catalysis are desired. The current work was developed with the goal of discovering
supports suited for laccase (Lc) immobilization. The effect of the chitosan (CS) molecular weight
(Mw) or the polyacrylic acid (PAA) addition was evaluated in microsphere formulation and enzyme
immobilization by ESEM, rheology, operational stability, and kinetics. As a practical application, the
synthesized products were tested in the methyl red (MR) decomposition and the product identifica-
tion was performed by high-resolution mass spectrometry. Depending on the required properties, the
laccase activity profile (pH, temperature, storage, and Michaelis-Menten parameters) and rheological
strength can be modulated by varying the molecular mass of CS or by adding PAA in the support
formulation. The immobilized products having the best features regarding MR degradation and
recycling abilities were the medium Mw CS microspheres and the system with low Mw CS complexed
by PAA, respectively. The degradation mechanism of the dye was proposed accordingly with the
identified products by mass spectroscopy. The findings emphasize the potential of the proposed
immobilization products to be exploited as viable biocatalysts for dye-contaminated water.

Keywords: Trametes versicolor Laccase; immobilization; glutaraldehyde; low molecular weight chitosan;
medium molecular weight chitosan; polyacrylic acid; methyl red decomposition

1. Introduction

Plenty of substances are required to meet the growing demands of the expanding
markets such as health, pharmaceutical, and fine chemical companies [1,2]. Catalysts are
used to respond quickly to the demand for such materials and to accelerate growth in the
chemical industry [3,4]. Scientists are increasingly concerned about environmental issues,
and they are investigating sustainable alternatives to conventional catalysts, including
the use of enzymes [5]. Enzymes are proteins with interesting properties, capable of
catalyzing various reactions in mild environmental conditions. From the multitude of
enzymes with commercial potential, laccases are remarkable due to the wide range of
applications in which they are used—such as biosensors, lignin degradation, wastewater
treatment, etc. [6-10]. In any case, exploiting laccases to their true value is difficult, due
to the low stability in the presence of harsh chemicals and physical stressors. Although
effective in the reactions they catalyze, these enzymes have a high production cost [11] and
are difficult to recover from liquid media where the majority of reactions take place [12]. To
address these issues, enzymes can be immobilized on solid support materials. The literature
presents various methods of laccase stabilization—such as cross-linking, absorption, and
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entrapment [13]. Regarding the support, a wide range of materials from metals to polymers
can be shaped into various structures with sizes of quantum dots up to centimeters. The
most effective method to immobilize laccase is by chemical linking to support, using agents
such as glutaraldehyde, EDC, DCC, cyanuric chloride, and epichlorohydrin [14]. For a
successful immobilization, both the cross-linker and support must be carefully chosen to
avoid unwanted phenomena such as low immobilization yields, deactivation of the enzyme
catalytic site, destruction of the protein structure, or even of the binding support [13,15].
While taking into account the above-mentioned features, there is interest in obtaining and
studying new types of supports which are resistant to environmental factors and which also
allow a good recycling of the immobilized enzyme. If these conditions are met, operational
costs can be reduced, and enzymes become a viable option for catalysts [16].

Chitosan is a natural polysaccharide, synthesized by deacetylation of chitin, extracted
from marine or plant-based sources (crustaceans, insects, microorganisms, fungus, sea-
weed) [17-20]. This type of biopolymer is often used as a material support to immobilize
enzymes. Using the coagulation method [21], spheres of different sizes can be obtained
which can later be used as supports to immobilize the case. Aspects such as the CS con-
centration used, the degree of acetylation and the CS molecular mass, the strength of the
base in the coagulation bath, and the amount of time the microsphere is left for coagulation
must all be taken into consideration in order to have an adequate support for enzyme
immobilization. Even so, after optimizing the parameters for obtaining the support, at
low pH or in the presence of physical stressors (high temperature or friction) the chitosan
microspheres become brittle. One way to stabilize the chitosan supports is to provide a
hard core, as found in core-shell systems [22], or to generate reinforcement of the structure
by mixing it with another type of polymer [23]. The latter method has advantages in terms
of simplicity, and also if a low-cost secondary polymer is used in the synthesis may be cost
efficient. When polyacrylic acid (PAA) and CS are mixed together, microspheres with good
resistance to physical and chemical stressors can be formed [24]. A prior investigation of
polymer microspheres made of CS and PAA shown that the addition of PAA significantly
increases the resistance to deformation [24]. The molecular weight of polymers is another
important parameter that can influence their solubility and reactivity, thus modulating
their practical applicability. In a recent scientific paper related to antitumor activities of
CS—selenium nanoparticles, it was demonstrated that CS with the highest molecular weight
had the best stabilization effect upon the nanoparticles, while easily releasing the cytotoxic
compound Se0 against HepG2 cells via electrostatic effect [25]. Another study showed that
both concentration and molecular mass of CS can affect the stability and release profile of
curcumin loaded liposomes [26].

The present study was designed with the aim of finding a new support, which is
suitable for the immobilization of laccase from Trametes versicolor via cross-linking with
glutaraldehyde (GA). Chitosan with low or medium molecular weight (LCS and MCS) and
their mixture with polyacrylic acid (PAA) were used. All products were analyzed by ESEM
and rheological methods. The operational stability and kinetic profiles of the immobilized
laccase were investigated with a classic substrate 2,2’-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS). Methyl red (MR) is a chemical dye that affects
humans and animals as shown by recent studies [27,28]. Initially, a molecular docking
study was conducted to determine the type of interaction that occurs between laccase and
this hazardous dye. Then, the ability of the immobilized products to degrade the toxic MR
in a mediated reaction was evaluated in terms of degradability and recyclability properties.
The identification of the reaction products resulting from MR degradation was made using
high resolution mass spectrometry.

2. Materials and Methods
2.1. Materials

Wako Pure Chemical Industries Ltd., in Osaka, Japan, provided the Poly (acrylic
acid) (PAA, 25%, wt. aqueous solution) with Mw 166 kDa [29]. Low molecular weight
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and medium molecular weight chitosan (LCS and MCS, 75-85% deacetylated), acetic
acid, hydrochloric acid (37%), sodium hydroxide, ethanol, glutaraldehyde, laccase from
Trametes versicolor (0.78 U/mg, Mw 70 kDa [30]), citric acid, disodium phosphate, monosodium
phosphate, 2-(4-Dimethylaminophenylazo) benzoic acid, 2,2’-Azinobis (3- ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS; 98%), and methyl red dye (MR) were all bought
from Sigma-Aldrich.

2.2. Microsphere Preparation and Enzyme Immobilization

Chitosan with low or medium molecular weight was dissolved in 3% acetic acid in
order to prepare stock solution of 3 wt %. The stock solution of PAA 3 wt % was prepared
with water. All solutions were kept under magnetic string (250 rpm) for 24 h. Afterwards,
the polymer solutions were mixed so that the final concentrations of 2 wt % LCS or MCS
and 1 wt % PAA were obtained. A white gel was formed after combining the CS and PAA;
hence, a few drops of 37% HCl solution were added to create homogeneous mixture. The
mixtures were left overnight at room temperature under magnetic string (250 rpm). Using
a microperfusion needle of type 25 G, the solution of LCS or MCS and their mixtures with
PAA were extruded to create the beads in a coagulation bath filled with 250 mL of 1 M
NaOH aqueous solution and 26% ethanol. The beads were left in NaOH for 2 h to solidify
at 150 rpm. At the end of the solidification process the microspheres were washed with
water until the pH was neutral. Four types of polymeric microspheres were obtained LCS,
MCS, LCSPAA, and MCSPAA.

Each type of microsphere was treated with 0.75% Ga in phosphate buffer 0.2 M at
pH = 6, for 3 h, under magnetic stirring (150 rpm) and at room temperature. The unreacted
Ga was washed with water and sodium phosphate buffer. Finally, the beads were treated
with laccase solution 1 mg/mL for 4 h under magnetic stirring (150 rpm) and at room
temperature. A final wash with water to remove the free laccase was carried out and
afterwards the microspheres were stored in phosphate buffer pH = 6 in the fridge. To
calculate the amount of immobilized Lc onto 1 g of dry microspheres, a quantity of wet
microsphere was dried.

2.3. Characterization
2.3.1. ESEM

The micrographs of the wet microspheres before and after treatment with glutaralde-
hyde and laccase were obtained by environmental scanning electron microscope (ESEM-FEI
Quanta 200, Eindhoven, The Netherlands). The microspheres were positioned on metal
stabs with double sided carbon conductive tape and analyzed at 2 Torr pressure and
20-30 kV applied voltage for the GSED detector.

2.3.2. Rheology

Oscillation rheological tests were completed on a Kinexus PRO rheometer equipped
with a Julabo CF41 cryo-compact circulator, parallel-plate geometries of 20 mm and a
solvent trap to prevent water evaporation. Firstly, the linear viscoelastic region (LVER) was
evaluated at 25 °C using amplitude sweep stress measurement at 1 Hz. The LVER tests
were followed by frequency sweep stress, where the frequency was between 0.1 and 40 Hz
at1 Pa.

2.4. UV-Vis Methodology
2.4.1. Laccase Assay

The spectrophotometric conditions—such as enzyme concentration and substrate,
pH, and temperature—were chosen to be suitable for the kinetic investigation. The stock
solutions had the following concentrations: 1 mg/mL free Lc solubilized in 0.1 M sodium
phosphate buffer pH = 6; 6 mg/mL ABTS solubilized in citric buffer pH = 4; 0.1 mg/mL MR
solubilized sodium phosphate buffer pH = 6 and 1.67 x 10~* M NaOH. For experiments
with immobilized enzymes, 0.05 g wet microspheres were used if not mentioned otherwise.
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The reaction media was citrate buffer pH 4 (if not specified differently) and the final volume
of 3 mL. The reaction was followed at 420 nm for the ABTS, while for the MR at 528 nm.
For the MR decomposition, the ABTS (1.94 x 10~> M) was used as an electron transfer
mediator [31].

2.4.2. Active Laccase Content Estimation

The amount of active enzyme immobilized on the obtained microspheres was de-
termined with a calibration curve. For this purpose, the Lc and ABTS stock solutions
from Laccase assay section were used. The free Lc concentrations ranged between 10 and
100 pL. while the ABTS was maintained constant at 20 pnL. The extended kinetic curve of
ABTS decomposition by Lc was obtained using the product concentration at 420 nm and
the extinction coefficient of 36,000 M~! cm~!. A linear fitting procedure was applied to
the initial portion of the extended curves for the determination of initial reaction rates
(r%). Finally, the obtained reaction rates were plotted as function of the considered Lc
concentrations and the slope and intercept used to estimate the Lc immobilized on the LCS,
MCS, LCSPAA, and MCSPAA polymeric microspheres.

2.4.3. Operational Stability

The measurements for pH, temperature, and storage time were conducted using
the Laccase assay with modifications as follows: the temperature influence was studied
between 25 and 70 °C at pH =4, the pH was varied between 2.6-7 and temperature was
kept constant at 25 °C, while the storage life was followed for 40 days using the laccase
assay with pH = 4 and working temperature of 25 °C.

2.4.4. Michaelis-Menten kinetics

The effect of ABTS concentration on the immobilized enzymes was investigated. The
ABTS concentration was of 2.50 x 107> up to 8.33 x 107> M, while for the immobilized
enzyme 0.05 g of wet microsphere were used in each experiment. The Lineweaver-Burk
plots were employed to calculate the Michaelis-Menten constant (Ky,), the maximum rate
(Vmax) and the turnover frequency (kcat) [32].

2.5. Molecular Docking

Fungal laccases contain four catalytic Cu atoms and the T1 Cu binding site, located
near the protein surface, is known to be the substrate binding and oxidation site [33].
Molecular docking studies of the substrates (ABTS, methyl red) with the enzyme from
T. versicolor were performed using AutoDock Vina software [34]. The crystal structure of
laccase (PDB ID:1GYC) was obtained from the RCSB Protein Databank [35]. The structures
of ABTS and methyl red were optimized using density functional theory with B3LYP
functional and 6-31G* basis set by Gaussian03 software [36], as previously reported for
other ligands [37,38]. AutoDock tools [39] were used to convert ABTS, methyl red and
enzyme structures to pdbqt format [40]. The rotatable bond of ABTS and methyl red
structures were automatically detected and assigned. Molecular docking of ABTS and
methyl red, both in the absence and in presence of ABTS, in the active site of the enzyme
was framed by a grid with the following coordinates: the center (X: 15.00, Y: 20, Z: 40), and

the dimension (X: 40.00A, Y: 40.00A, Z: 40.00A). The Lamarckian genetic algorithm (LGA)
was applied for local optimization of molecular complexes. In order to study the different
interactions between laccase and the selected substrates, the BIOVIA Discovery studio 2019
was used [41].

2.6. Practical Application
2.6.1. Discoloration of MR
The spectra between 200-800 nm were collected at fixed intervals in order to observe

the MR degradation in time. For this experiment the immobilized enzyme concentration
maintained constant at 1.5 x 107> M for all supports types which was determined from the
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calibration curve. The reaction volume (3000 nL) contained 5 puL. of ABTS and 100 uL. MR.
The reaction was followed until no modifications in spectra were observed. The absorbance
of MR at 528 nm was considered 100%.

2.6.2. Degradation Product Identification

The XR FTMS Hybrid System QqFTMS mass spectrometry having a superconducting
magnetsolariX XR 15T was used for the identification of MR degradation products with
Lc. Using a Fourier transform—ion cyclotron resonance spectrometer—SolariX XR 15T
(Bruker Daltonics, Bremen, Germany)—the high-resolution mass spectrometry analysis was
performed. The samples were investigated by direct infusion and positive ESI ionization
with a flow rate of 120 puL/h, nebulization gas being N2 at a temperature of 180 °C. The
following parameters were used: pressure of 1.5 Barr Ny, flow rate of 5 L/min, 92-1500 m/z
mass range and source voltage of 5500 V and the MS spectra collected using monoisotopic
peak isolation.

2.6.3. Recyclability of Immobilized Laccase

The recyclability of immobilized products was completed in 5 cycles using MR. The
assay mentioned at section Laccase assay was used with a slight modification: 100 pL. MR
and a concentration of enzyme was of 1.5 x 10~ M were used for the free and immobilized
Lc. After each cycle, the microspheres with immobilized Lc were washed with phosphate
buffer. The first cycle’s reaction rate was assumed to be 100%.

3. Results and Discussion
3.1. Microsphere Characterization
3.1.1. ESEM Measurements

ESEM measurements were performed to investigate how the molecular weight of CS
and the addition of PAA alters the morphology of the microsphere surface. As a result,
images of microsphere before and after Lc immobilization are shown in Figure 1.

We observed that the LCS microspheres are smooth and free of pores. There were no
significant changes in the surface aspect after Ga treatment, whereas enzymatic treatment
causes the appearance of some deposits on the surface. MCS microspheres have very
small pores (1-5 micrometers) that disappear after being treated with Ga. The presence of
whitish deposits was also found after binding the Lc. In a study concerning the synthesis of
chitosan-lysozyme microspheres the authors showed that the white deposits are correlated
with immobilized protein presence on the support surface [42]. According to previous
research [24], the inclusion of PAA in the formulation of microspheres with LCS results in a
porous surface with pores of varying sizes (5-30 micrometers). The Ga treatment smoothed
the surface, whereas the Lc treatment produces reticulation. The smooth appearance of the
microspheres containing MCS and PAA is maintained even after treatment with Ga. The
surface then wrinkles as a result of the enzyme’s binding to the support. Similar findings
were reported for fungal laccase immobilization on glutaraldehyde cross-linked chitosan
beads and was argued that the microsphere aspect is owed to the enzyme coupling to
chitosan during the immobilization process [43].

3.1.2. Rheology

Water-based polymeric materials have also been studied from the point of view of
viscoelastic behaviors. Figure 2 shows the response of the storage and loss moduli when
the shear stress is applied at a constant frequency of 1 Hz, before and after the enzyme
immobilization procedure on the polymeric support.
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Figure 1. ESEM images of microspheres—(a) LCS, (b) MCS, (c) LCSPAA, (d) MCSPAA; their surfaces
before immobilization—(e) LCS, (f) MCS, (g) LCSPAA, (h) MCSPAA; after Ga treatment—(i) LCSGa,
(j) MCSGea, (k) LCSPAAGa, (1) MCSPAAGa; and after Lc immobilization—(m) LCSLc¢, (n) MCSLc,

(0) LCSPAALC, (p) MCSPAALc.
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Figure 2. Effect of shear stress on storage (G’) and loss (G”) moduli for the studied microspheres:
(A) before immobilization procedure and (B) after immobilization procedure.
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The linear viscoelastic region before the laccase immobilization process (Figure 2A)
highlights the effect of both the molecular mass of CS and the presence of PAA in the
composition of the microspheres. The LCS and MCS systems present a less extensive LVER
compared to those with PAA, especially the MCS which has a short linear region and is
followed by a plastic deformation after 10 Pa. Meanwhile, the LCSPAA and MCSPAA
systems have a very similar deformation behavior which is much better than those with
only CS, marking the fact that PAA helps to increase the resistance to deformation—an
effect given by the strong interactions between CS and PAA. After the immobilization stage
(Figure 2B), all the microspheres undergo a positive transformation from a rheological
point of view, increasing both the LVER and the value of the two viscoelastic moduli.
The most obvious viscoelastic improvement, after immobilization with Lc, was found in
the case of samples that contain only CS. Although the immobilization step leads to a
significant increase in the resistance to deformation for LCS and MCS, they still do not
exceed the mechanical resistance of microspheres with PAA. Therefore, we can assume that
the presence of PAA most significantly influences the mechanical performance; however,
the effect of the immobilization procedure cannot be neglected either, especially in the case
of microspheres with only CS.

The effect of frequency on the two viscoelastic moduli was also investigated for
polymeric supports. The data obtained in the case of the studied samples, before and after
the immobilization stage, are shown in Figure 3.

A iB
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Figure 3. Effect of applied frequency on storage (G’) and loss (G”) moduli for the studied micro-
spheres: (A) before immobilization procedure and (B) after immobilization procedure.

The rheological fingerprint highlights a viscoelastic gel character where the elastic
component predominates (G’ > G”) over the entire frequency range, this behavior is found
in the case of all the materials regardless of whether it is before or after Lc immobilization.
The influence of the molecular mass of CS on the values of the storage and loss moduli is
not significant, as can be seen in Figure 3, while the addition of PAA leads to the increase
in the values of the rheological moduli. As was also observed in the case of the LVER
region determination data, the Lc binding procedure on the polymeric supports lead to an
improvement in the viscoelastic behavior of the studied gels, especially for the LCS and
MCS systems. This can be attributed to the reaction environment during immobilization
(ionic strength and pH), thus the buffer based on salts leads to the removal of water from the
polymer networks, and the microspheres tend to shrink. The rheological study highlights
the positive effect of the addition of PAA, but also of the immobilization stage. Thus, the
MCSPAALc system, closely followed by LCSPAALCc, presents the best rheological results.

3.2. Estimation of Active Immobilized Laccase Content on Immobilized Products

The amount of Lc immobilized on the polymeric supports was estimated using a
calibration curve. Figure S1 from Supplementary Materials shows the calibration curve
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representing the initial degradation rate of ABTS (r%) as a function of the free Lc concen-
tration. We found that the active amount of Lc immobilized on 1 g of polymeric support
was 3.05 mg for MCS, followed by LCS with 2.24 mg, MCSPAA has 1.57 mg/g dry support,
and 1.49 mg for LCSPAA. As can be seen, the presence of PAA reduces the amount of
immobilized enzyme regardless of chitosan molecular weight. This is due to interactions
between the two polymers, which results in a reduction in the number of amino groups
available for binding laccase with GA. In addition, the amount of immobilized Lc was
affected by the molecular mass of CS, a higher molecular mass allowing a better immobi-
lization. A study regarding the immobilization of the same type of laccase onto amberlite
beads revealed that a similar amount of immobilized enzyme found for the LCS support
was found [44]. Similar amounts of laccase were obtained also for magnetic chitosan—clay
composite beads [45]. In other studies, higher amounts of enzyme were deposited onto the
supports, but different immobilization agent was used [24,32].

3.3. Operational Stability

The operational stability of the Lc immobilized on polymeric supports was evaluated
by pH, temperature, and storage days. The obtained results are presented in Figure 4.

100

80 -

60 4

Rezidual rate (%)

100 4
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Figure 4. Effect of (a) pH, (b) temperature, and (c) storage on the immobilized Lc activity.

The pH profile (Figure 4a) of the immobilized LCS products reaches a maximum at
pH = 3, after which the activity gradually decreases, with only 20% of the initial activity
remaining at pH = 7. The MCS profile has a plateau between pH 2.6 and 4 where the
bound Lc activity is almost constant (approximately 100%), then it decreases similarly
to the LCS system. The pH profile of the LCSPAA system does not change significantly
between 2.6 and 5, but between pH 6 and 7, a significant decrease from 80% to 40% is
observed. MCSPAA exhibits an obvious maximum at pH = 4, then gradually decreases
to approximately 20% at pH = 7. Regarding thermal behavior (Figure 4b), we noticed
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that LCSLc and MCSLc activity has a plateau between 25 °C and 40 °C; and after 60 °C,
the activity drops abruptly. The systems formed by LCSPAALc and MCSPA ALc exhibit
maximum activity at 30 and 40 °C, respectively, after these temperatures the behavior of
the systems without PAA was respected. For 40 days, the storage behavior of immobilized
Lc was studied (Figure 4c). It was observed that molecular weight of CS helps to keep the
activity of the immobilized Lc on MCS or MCSPAA at about 90% for 20 days. Meanwhile,
Lc immobilized on LCS and LCSPAA shows a similar behavior, but slightly lower activity
compared to the microspheres containing CS of medium molecular weight. After 20 days,
the activity of all immobilized products tends to decrease, although it still retains at least
40% of its initial activity at the end of the storage period.

3.4. Michaelis—Menten Kinetics

Using the Michaelis-Menten method, the impact of substrate concentration on the
immobilized products was examined. The Ky, forecasts the enzyme affinity toward the
substrate while the Vnax displays the enzyme maximal rate at which the active sites are
saturated with substrate molecules. Another important parameter is the ket which is
turnover number and is calculated the ratio between the Viax and the concentration of
the active enzyme. Figure 5 shows the Lineweaver—Burk linear regressions obtained by
representing the 7 for the immobilized products as function of the ABTS concentration.

6x10
5x10" o
4x10”
o
s
e 3x107
2x10" LCSLc
® MCSLc
. ® LCSPAALc
1x10" 4 ® MCSPAALc
T :§ T ;3 T ¥ T T
1x10* 2x10* 3x10* 4x10* 5x10*

1/[ABTS] (M)

Figure 5. The Lineweaver-Burk plots of Lc immobilized on different microspheres (the lines are best
fit of the obtained experimental data with the Michaelis-Menten model).

The obtained parameters—Kp, Vimax, and keat—are listed in the Table 1.

Table 1. Michaelis—-Menten parameters.

System K (M) Vmax (M-s~1) Keat (s71) Keat/Km M~1s—1)

LCSLc 1.85 x 1074 2.60 x 1077 423 2.29 x 104

MCSLc 245 x 1074 3.33 x 1077 391 1.60 x 10*
LCSPAALc 0.40 x 1074 0.60 x 107 2.49 6.22 x 10*
MCSPAALc 0.93 x 1074 1.10 x 10~7 2.61 2.82 x 10%

We noticed that the Ky, values for the studied systems are of the same order of magni-
tude, but higher than those of the free Lc, suggesting that the enzyme active site affinity
toward the ABTS is slightly diminished [24]. This phenomenon is commonly reported in
literature and is linked to the substrate molecules limited access to the enzyme active site
as a result of potential alterations in the secondary and tertiary structure brought on by the
immobilization process [46]. The Vnax of all products has the same order of magnitude
and compared to the free enzyme, the values are lower for the products with PAA, while
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the LCS or MCS microspheres help the immobilized enzyme in gaining a better activity.
The keat represents the turnover number which describes how many substrate molecules
are transformed into products per unit of time by an enzyme molecule. The best turnover
number was assigned to the enzyme immobilized onto LCS microspheres while the one
onto MCS microspheres had similar value. The Lc immobilized onto mixed polymeric mi-
crosphere has the ke, slightly lower implying that the immobilized Lc structure encounters
diffusion limitation. This observation is in agreement with literature data reported [47,48].
Another approach to determine whether the immobilization procedure has an effect on
enzyme activity is to estimate the specificity constant (ksp). The ksp, is obtained by dividing
the keat with Ky and is closely related to the catalytic efficiency of a given enzyme on a
particular substrate. As a result, greater ratios are associated with higher catalysis rates.
LCSPAALc had the highest ks, followed by the Lc immobilized on MCSPAA supports.
The Lc immobilized on simple CS microspheres exhibited a reasonable ksp, which agreed
with free Lc [24]. Based on the values from Table 1, we can conclude that the microspheres
containing MCS have a positive influence on the enzyme immobilization, providing a good
turnover number, whereas the PAA addition in the microsphere formulation generates
immobilized Lc with higher catalytic efficiency toward the studied substrate.

3.5. Molecular Simulation

Molecular docking was used to predict the optimum binding mode between ligand
and receptor. The binding mode of ABTS and the active site of laccase was shown in
Figure 6.

PRO ILE
ALA A:299 A:301
A:433 o
é A:435 GLY
THR 29
A:430
GLN
ALA A:237
PRO A:410 PHE
A:394 239
ed
ASN A:300 i
A:208 ‘ A!238
- :
08
A\ H \ ',H
- ()/ \u(' TYR
- | o, A:244
ne SER .
GLY A:427 GLU 1 %
A:411 A:302 [(GIN
LEU
A:305
[ P Tahesed
] Ak
| Peakot

Figure 6. Molecular docking of ABTS and laccase; (a) the substrate is presented as stick and balls
and the enzyme as solid ribbon and (b) two-dimensional diagram, the close aminoacid residues are
presented in green, dashed lines represent intermolecular interactions of different origin (hydrogen
bonds—green lines; 7-1t/m-cation stacking—pink/purple lines; van der Waals interactions and other
hydrophobic forces—light green lines).

The molecular docking results showed hydrogen bonds, electrostatic and hydrophobic
interactions between ABTS and laccase. Four residues GIn242, Tyr244, Arg423, and GIn237
participated in the formation of hydrogen bonds with ABTS; whereas Phe239, Ala433,
Ile301, and Pro394 present hydrophobic interactions with the substrate. The binding
affinity of ABTS with the enzyme is —8.30 kcal mol 1.

The binding mode of methyl red with laccase in the absence of ABTS was presented in
Figure 7.
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Figure 7. Molecular docking of methyl red and laccase; (a) the substrate is presented as stick
and balls and the enzyme as solid ribbon and (b) two-dimensional diagram, the close aminoacid
residues are presented in green, dashed lines represent intermolecular interactions of different origin
(hydrogen bonds—green lines; m-alkyl—pink line; van der Waals interactions and other hydrophobic

forces—light green lines).

Methyl red binds at the active site of laccase with a lower binding affinity (—6.9 kcal mol~!)
than ABTS. Five hydrogen bonds and one hydrophobic interaction were noted between
amino acid residues of laccase (Ala410, Ser409, Ser427, GIn237) and methyl red. When
ABTS is already bound at the laccase binding site, the molecular docking results (Figure 8)
revealed a decrease in methyl red binding affinity with the enzyme (—6.6 kcal mol~1).

PRO
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Figure 8. Molecular docking of methyl red with ABTS and laccase; (a) methyl red is presented as stick
and balls colored in yellow, ABTS as stick and balls colored in red and the enzyme as solid ribbon
and (b) two-dimensional diagram, the close amino acid residues are presented in green, dashed lines
represent intermolecular interactions of different origin (hydrogen bonds—green lines; van der Waals
interactions—light green lines; hydrophobic forces—pink lines).
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Hydrogen bonds between His458, Pro163, Ala393, and Asn264 and methyl red, and
hydrophobic interactions with Phe162 and Phe265 were observed. It has been reported that
N¢ H-atom of His458 was involved in the actual electron transfer [49] and Asp206 residue
forms crucial interactions with laccase substrates.

3.6. Practical Application

Since the theoretical findings from molecular simulation were promising we studied
the ability of the free and immobilized Lc to degrade the MR dye. This dye was chosen
because research indicates that it is harmful (mutagenic or carcinogenic), pollutes water,
and has an impact on both aquatic and human life [27]. As a result, eliminating MR or
transforming it into less hazardous compounds by green catalysis is preferable.

3.6.1. Discoloration of MR and Recyclability

Expanding the laccase activity over a wide range of substrates may be carried out
using redox mediators. In this particular case, MR catalysis with free or immobilized
laccase was mediated by ABTS because MR degradation was a slow process. This type of
reaction occurs when substrates are too large and may be sterically hindered, have poor
affinity constants, or excessively high redox potentials in comparison to the free enzyme.
Figure 9 depicts the breakdown of MR in the presence of ABTS and an immobilized or free
enzyme followed spectrophotometrically at the wavelength A = 525 nm. The concentration
of MR chosen in this study is similar to that found in real water and is considered toxic for
aquatic fauna and flora [50].

100

80+
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40 -
=== Free Lc

1 —e—LCSLc

20{ —e—MCSLc

| —e—LCcsPAALc
—e— MCSPAALc

Discoloration efficiency (%)

T T T T T T T T T T
0 5 10 15 20 25

Time (min)
Figure 9. Degradation reaction of MR in the presence of free or immobilized Lc M and ABTS.

The results showed that—even if mediated—the reaction takes place slowly. Thus,
free Lc and LCSPAALc degrade only 20% of the amount of MR in 20 min, while the rest
of the products have a better degradation efficiency, reaching 70% for MCSLc. There are
studies showing the degradation of MR by laccase is a slow process. Therefore, literature
presents that actinobacterium from Zhihengliuella sp. ISTPL4 is able to degrade 98.87% of
0.5 mg/mL methyl red dye degradation in 12 h [28]. In another study, cross-linked laccase
aggregates are able to degrade a similar amount of MR in 10 h [51].

Thus, we can say that the MCSLc product has the best features in the mediated
degradation of MR both in terms of concentration and degradation time, suggesting that
chitosan with medium molecular weight is beneficial for immobilization. Yet, the activity
of the Lc immobilized onto LCS and MCSPAA cannot be neglected.
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3.6.2. Recyclability of Immobilized Laccase

To be efficient, an immobilized product must resist numerous recycling cycles. Thus,
Figure 10 shows the reusability of immobilized products in five cycles toward MR in the
presence of ABTS.

Bl LcsLc
Bl vcsLc
L LCSPAALC
Il vcSsPAALc

100

80

60 -

40

Residual activity (%)

20

Cycle number

Figure 10. Reusability of immobilized products used for MR discoloration.

For all products, a decrease in activity was observed after the first cycle as follows:
LCSPAALc decreased with 20%, MCSPA ALc with 30% while LCSLc and MCSLc decreased
with 35%. As the enzyme becomes less stable after the second batch cycle, it is possible
that newly generated products or undegraded MR are responsible for the inactivation.
Similar behavior has been observed for Aspergillus sp. laccase cross-linked on chitosan
during syringaldazine degradation [52]. Interestingly, after the second cycle the activity is
maintained almost constant, a decrease of less than 10% is observed after the fifth cycle.
The enzyme activity loss during the recycling procedures was reported for other types
immobilized laccase [32], and may be due to the accumulation of dye and/or reaction
products into the active sites of the enzyme after repeated uses [24], or loss of enzyme
molecules during each batch [53].

3.6.3. Degradation Product Identification

The reaction products of MR decomposition in presence of laccase were firstly inves-
tigated by UV-Vis spectrophotometry and the comparison between spectra is presented
in Figure S2 from Supplementary Materials. Since the MR discoloration was mediated
by ABTS, it was noticed that substrate competition appeared when the dye concentration
dropped lower than the mediator one. The presence of the absorption maxima at 420 nm
specific for the ABTS®** radical was detected in all systems. We observed that at the end
of the reaction time all spectra have similar peaks, and we concluded that the reaction
mechanism is the same, regardless of microsphere composition or whether the enzyme was
in the free or immobilized form.

The reaction products were identified by high-resolution mass spectrometry analysis
and the obtained monoisotopic MS spectra are found in Figures 53-56 from supplementary
material. Initially, when the reaction started, the monoisotopic MS peaks of MR (1) and
ABTS adduct with sodium ions were identified at 270.12 m/z (Figure S3) and 558.98 m/z
(Figure S4.). As the reaction toked place, an intermediary partially reduced product (2)
was identified having 272.13 m/z (Figure S5.). At the end of the reaction, the product with
311.12 m/z was identified as the adduct of N,N-Dimethyl-p-phenylenediamine (4) with
citric acid (Figure S6) and the reaction mechanism is suggested in Scheme 1.
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Scheme 1. Proposed degradation mechanism of MR in presence of Lc mediated by ABTS.

From the MS spectra, we proposed the mechanism described in Scheme 1. It was
assumed that the degradation mechanism of MR by laccase in presence of ABTS, firstly
implies the cleavage of the diazo bond and formation of a hydrazo derivative. Next, the
reduction of the hydrazo bond takes place and is followed by the formation of aminobenzoic
acid and dimethyl phenylenediamine.

Although N,N-Dimethyl-p-phenylenediamine is toxic in certain dosages, this sub-
stance is not considered to be either persistent [54], or bioaccumulated [55]. Therefore, in
real life applications, this product may be further degraded using complimentary tech-
niques such bacterial digestions [56,57], or even electrochemically [58]. The reaction product
(3) was expected to be anthranilic acid which is not considered toxic for mammals [59], and
was not found among the monoisotopic MS peaks of the decomposed MR solution.

4. Conclusions

The immobilization of laccase from Trametes versicolor was performed by glutaralde-
hyde crosslinking on microspherical supports. The water-based microspheres were for-
mulated with pure chitosan having different molecular weights or by mixing them with
polyacrylic acid. As shown by rheological measurements, the support resistance to mechan-
ical stress was improved when the chitosan was complexed with polyacrylic acid. Surface
modifications of the microspheres were observed by ESEM and generated by the type of
chitosan, polyacrylic acid presence, and laccase immobilization. The catalytic performance
of all immobilized products was also tuned by the support chemical content. Methyl red
degradation was followed spectroscopically; and at the end of the reaction, the degradation
products were identified. The high-resolution mass spectrometry revealed that the degra-
dation products are less toxic than the parent compound. The findings highlight the unique
properties of the presented materials, which might be employed in the immobilization of
other enzymes or in the elimination of other harmful chemicals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings12121965/s1, Figure S1: The calibration curve of free
laccase in presence of ABTS substrate. The straight line represented the best linear fit of the data;
Figure S2. The UV-Vis spectra of MR in presence of ABTS and free and immobilized Lc after 20 min;
Figure S3. The FT-ICR-MS spectra of MR (A. Buffer, B. MR, and C. Simulated spectra of MR); Figure S4.
The FT-ICR-MS spectra of ABTS (A. Buffer, B. ABTS adduct with sodium ions, and C. Simulated
spectra of ABTS); Figure S5. The FT-ICR-MS spectra of partially reduced MR (A. Buffer, B. Partially
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reduced MR, and C. Simulated spectra of partially reduced MR); Figure S6. The FT-ICR-MS spectra
of the N,N-Dimethyl-p-phenylenediamine (A. Buffer, B. N,N-Dimethyl-p-phenylenediamine with
citric acid, and C. Simulated spectra of N,N-Dimethyl-p-phenylenediamine with citric acid).
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