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Abstract: The search for more sustainable reaction conditions has been necessary to obtain more
selective processes. In this context, laccases have gained great notoriety in recent years. However,
these enzymes are unstable in organic solvents and have low thermal stability. Alternatively, con-
jugation with PEG (PEGylation) can be essential to overcome these problems. In this work, the
commercial laccase from Myceliophthora thermophila (LacMT) was subjected to PEGylation with PEG
functionalized as succinimidyl carbonate (mPEG-SC), followed by assessing its thermal stability
and catalytic activity. Mono-PEGylated LacMT derivatives were obtained, with less than 50% of the
enzyme remaining in its native form. In addition, 10% of the bi-PEGylated species was successfully
obtained according to gel electrophoresis analysis. The PEGylated derivatives showed a significantly
reduced ABTS oxidation activity (98 ± 3 U/mg) compared to the native LacMT (407 ± 9 U/mg)
but higher than the control enzyme without PEGylation (51 ± 2 U/mg), demonstrating that the
addition of activated PEG to the protein resulted in better protection against the harmful action
of the pH change required in the process. PEGylated LacMT retained more than twice the initial
activity of the native protein at 40 ◦C during 24 h. In addition, PEGylated LacMT exhibited kinetic
changes, whereas the catalytic turnover rate (kcat) of the PEGylated enzyme was reduced by 27%
compared to the control. These findings are being reported for the first time. This sets precedents
for constructing efficient catalytic systems involving laccases since no immobilized biocatalyst or
commercial conjugate contains these proteins.

Keywords: laccase PEGylation; polyethylene glycol (PEG); mPEG-SC; PEGYlation; laccase

1. Introduction

As global life expectancy continues to rise, the demand for food, energy, and consumer
goods has grown, leading to unprecedented levels of industrialization and the emergence
of new strategic sectors [1,2]. This rapid industrial growth has significant environmental
consequences, including substantial waste generation without adequate treatment and
pollution caused by large quantities of by-products [3–6]. To compound these problems,
there is a finite supply of fossil fuels, underscoring the urgent need to develop innovative
new protocols for synthesizing high-value-added compounds under more environmentally
sustainable conditions. This change is essential to promote the circular economy and
sustainable development [7,8].

In this context, enzymatic processes have gained significant attention due to their
ability to catalyze reactions under mild conditions, specifically lower temperatures and
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pressures. These processes are characterized by high selectivity, which minimizes the for-
mation of by-products and reduces the need for extensive separation steps [9–12]. Laccases
(EC 1.10.3.2; p-diphenol: oxidoreductases) have emerged as crucial biocatalysts among
enzymes of significant industrial value. These multiple copper oxidoreductases, mainly
involved in the biosynthesis and deconstruction of lignin in higher plants, have demon-
strated the ability to oxidize various organic and inorganic substrates, including aromatic
amines, phenolic compounds, and pharmaceuticals, while reducing molecular oxygen to
water [13–16]. This remarkable versatility has led to their application in various industrial
sectors, including the pulp and paper and food and beverage industries and in the remedi-
ation and removal of toxic compounds in industrial effluents in the pharmaceutical and
textile sectors [17–20].

Laccases are ubiquitous in various organisms and microorganisms, with fungal lac-
cases being the most widely studied due to their advantageous catalytic properties and
favorable production conditions. Eukaryotic production systems for these enzymes al-
low efficient secretion into the extracellular environment, facilitating recovery and pu-
rification [21]. A notable example is laccase from Myceliophthora thermophila (LacMT), a
monomeric protein with a molecular mass of 61.32 kDa. LacMT has demonstrated excep-
tional efficiency and selectivity in applications such as paper bleaching, dye and antibiotic
degradation, beverage clarification, and tissue whitening [22–24]. However, despite its
catalytic potential, LacMT has limitations in its free form, including low resistance to or-
ganic solvents, susceptibility to high shear forces, and reduced thermal stability [25]. To
overcome these challenges, several studies have explored the immobilization of LacMT on
solid and semi-solid supports, thus broadening the enzyme’s industrial applications and
expanding the types of reactors that can be used, with the main gains being more excellent
operational stabilities, activity retention, and increased application possibilities [26–29].
However, the selection of suitable supports, the complexities of functionalization and vari-
ous steps in developing complex protocols in some cases, the associated costs of reagents,
and the risk of low yields continue to represent significant obstacles [30]. Laccases have
been widely applied in photocatalytic reactions by our research group, where the homo-
geneous distribution of the enzyme in the medium is an essential factor in the success
of the oxidation reaction [9,27]. In this process, laccases immobilized on solid supports
threaten light distribution in the photoreactors. On the other hand, the direct incidence of
light on the surface of the laccases can cause hyperexcitation and conformational changes,
generating metastable intermediates with low or no activity. Thus, new ways of stabilizing
laccases in aqueous environments are essential for constructing new catalytic systems.

An innovative approach, extensively applied to improve the properties of biophar-
maceuticals, therapeutic proteins, and other enzymes, is conjugation with poly(ethylene
glycol) (PEG) chains and known as PEGylation. This technique has gained momentum
in the pharmaceutical and biopharmaceutical sectors. PEGylated active compounds have
improved their pharmacodynamic properties, such as half-life time, renal clearance, and
resistance to proteolytic degradation, favoring better therapeutic regimens. In addition,
PEGylation can attenuate immune responses and increase thermal stability, thus improving
bioavailability and stability during storage [31–35]. For industrially applicable enzymes,
the main objectives of PEGylation are to increase thermal stability and enhance activity
in the presence of organic solvents, which generally cause harmful effects on the protein,
mainly the inversion of hydrophilic and hydrophobic domains. Thus, improving solubility
in these systems is also required [36–38]. The interaction of enzymes with polyethylene
glycol (PEG) can generate and stabilize structural modifications in proteins, allowing the
resulting conjugates to remain in solution for single-use applications. In addition, the
PEGylated derivative can be associated with enzyme immobilization techniques on solid
supports, combining the advantages of both approaches to improve functionality [39–41].

However, the literature on the PEGylation of LacMT is limited, indicating a significant
gap in our understanding of how this modification could improve the catalytic properties
of the enzyme in aqueous phase [42,43]. Therefore, this study aimed to investigate the PE-
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Gylation of LacMT through conjugation with PEG functionalized as succinimidyl carbonate
(mPEG-SC) and then evaluate its thermal stability and catalytic activity to establish a proof
of concept for the construction of new aqueous phase catalytic systems for photocatalysis.
Conjugation with mPEG-SC is relatively mild, modifying less than 5% of the free amino
groups of LacMT [44–46]. This study focuses on understanding how adding a limited
number of PEG chains influences the stability of LacMT. In contrast, studies such as that by
López-Cruz and colleagues have explored the effects of extensive PEGylation of laccase, in
which more than 50% of the protein’s amino groups have been modified [47]. This research
is promising for advancing the application of laccases in industrial processes, contributing
to more sustainable practices, and addressing urgent environmental challenges.

2. Results and Discussion
2.1. Laccase Conjugation
2.1.1. Buffer Change

PEGylation is a well-established technique for increasing the thermal stability of
therapeutic proteins and other enzymes. Due to the low reactivity and high strength of
conventional PEG, we began this study by investigating the conjugation potential of lac-
case from Myceliophthora thermophila (LacMT) using PEG functionalized as succinimidyl
carbonate (mPEG-SC) as an agent and then evaluating its effects on the thermal stability
and residual activity of the conjugates obtained. Due to the electrophilic nature of this suc-
cinimidyl group, it was essential to adjust the pH of the biomolecule to an alkaline level to
avoid protonation of electron-donating groups. Thus, the initial step involved transferring
the protein to a borate buffer at pH 9.0 using gel filtration chromatography (Figure 1). This
procedure ensured that the protein was maintained at the appropriate pH and removed
components from the enzyme’s commercial preparation that could potentially interfere
with the PEGylation process. pH 9 was selected because a prior experiment demonstrated
that PEGylation conducted at pH 8 resulted in over 80% of unconjugated protein. Laccase
conjugation with succinimidyl carbonate-functionalized polyethylene glycol at pH values
above 8 primarily occurs through the ε-amino groups of lysine residues [36]. The efficiency
of this reaction in this pH range increases significantly with rising pH levels [37], likely
attributable to the pKa of this amino group, which is approximately 10.5.
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Figure 1. Buffer exchange was performed using chromatography with Sephadex G-25 (HiTrap Desalting
column, 5 mL). The equilibration buffer consisted of 100 mM borate at pH 9, with a 5 mL/min flow rate.
A sample volume of 2 mL was injected, and the collected fractions are indicated between the vertical black
lines: continuous line, Abs280; dash-dotted line, Abs215; and dashed line, conductivity.
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2.1.2. LacMT Conjugation

The relative proportions of the different protein species were quantified by analyzing
the SDS-PAGE gel image (Figure 2) using ImageJ software, ver. 1.54g (https://imagej.net/
ij/; accessed on 25 September 2024). The conjugation reaction demonstrated sufficient
efficiency for the objectives of this study, with less than 50% of the enzyme remaining in its
native form. Additionally, 10% of the bi-PEGylated species was successfully obtained. The
high yield observed in this conjugation reaction is consistent with results reported by other
researchers for PEG functionalization using succinimidyl carbonate [38]. In contrast, using
other functional groups, such as aldehydes, in the PEGylation of laccases typically results
in lower conjugation yields [39,40].
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Figure 2. Electrophoretic analysis of LacMT PEG conjugation. The reaction mixture was diluted 1:1
with a sample buffer and subsequently separated on a 15% polyacrylamide gel: S, molecular weight
standard; 1 and 2, conjugation reaction; and 3, native protein. monoPEGylated and biPEGylated
conjugates are marked with one and two arrows, respectively.

Figure 2 illustrates that each polyethylene glycol (PEG) chain increases by over 60 kDa
in the apparent molecular mass of conjugated protein. Despite the PEG having a molecular
weight of only 12 kDa, its strong interaction with water molecules significantly expands its
hydrodynamic volume, rendering it much larger than that of a globular protein with an
equivalent molecular mass. Similarly, Morgenstern et al. reported an increase of more than
50 kDa in the apparent molecular mass when lysozyme was conjugated with a 10 kDa PEG
chain [41]. However, this phenomenon has been reported for LacMT for the first time.

2.2. Interactive Effects of Conjugation, Temperature, and pH on the Enzymatic Activity of LacMT

The impact of PEGylation on the catalytic activity of LacMT was studied, and the effect
of pre-incubating the enzyme at various temperatures and performing the activity assay
at different pH levels was investigated. The relationship between temperature and the
catalytic activity of enzymes is complex. It can be influenced by several factors, one of the
most significant being the kinetic effect, first described by Arrhenius, where temperature
influences the movement and vibration of the protein affecting its three-dimensional
conformation and leading to permanent or transient changes where the stability of active
conformations can better recognize the substrate and perform catalysis [40,42]. On the other
hand, the influence of pH on enzyme activity is a well-established phenomenon. The pH of
the medium can significantly affect the ionization of various amino acid functional groups;
therefore, significant pH changes can lead to global changes in the three-dimensional
structure of the biomolecule subsequently affecting the solubility and catalytic activity of

https://imagej.net/ij/
https://imagej.net/ij/
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the enzyme [43]. This study aimed to assess whether the conjugation of polyethylene glycol
(PEG) chains alters the effects of pre-incubating the enzyme at temperatures that exceed
the standard assay temperature of 25 ◦C. In addition, the activity assay was carried out at
three different pH levels for each incubation temperature. This approach allowed us to
investigate whether PEGylation modulates the structural changes induced by incubation at
higher temperatures and the catalytic activity’s dependence on the assay buffer’s acidity.

A mixed-level factorial design was employed for this study (for more details, see the
Supplementary Materials), incorporating three levels each for temperature (25, 40, and
55 ◦C) and pH (3, 4, and 5), along with two conditions for conjugation (native or PEGylated
LacMT). The results (Figure 3) indicate that increasing temperature, pH, and PEGylation
negatively impact the catalytic activity of laccase.
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Figure 3. Enzymatic Activity at Different pH Values. Laccase LacMT samples, native (filled geometric
shapes) and PEGylated (empty geometric shapes), were incubated at 25, 40, or 55 ◦C for one hour.
After incubation, their ability to oxidize ABTS at specific pH values and 25 ◦C was measured.

Previous studies have indicated that temperature and pH can negatively affect enzyme
activity. The structural changes resulting from high temperatures and variations in pH can
influence the catalytic sites of proteins [42,43]. In addition, PEGylation can affect enzyme
activity through two primary mechanisms: changes in the protein’s tertiary structure due
to polymer conjugation and protection of the PEG in the enzyme’s active sites by steric
hindrance. However, an analysis of the standardized Pareto chart (Figure 4) revealed that
the combined effects of PEGylation with temperature or pH were positive (for more details,
see the Supplementary Materials).

This suggests that PEG conjugation may be an essential ally in improving the resistance
of LAcMT against the adverse effects of pre-incubation at elevated temperatures and
variations in pH in the activity assay.
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Effect of PEGylation on LacMT Activity at Different pH Values

First, the enzymatic activity of PEGylated and native LacMT was evaluated at pH
3 and 25 ◦C. A control sample containing only non-PEGylated LacMT was subjected to
identical buffer exchange processes and subsequently evaluated to discern whether the
observed effects on enzyme activity were attributable to conjugation or the various buffer
exchange steps. The results expressed in Table 1 indicate that commercial LacMT exhibited
a significantly higher specific activity than the control sample and the PEGylated enzyme.
This decrease in the enzymatic activity of the control sample can be attributed to the protein
denaturation processes resulting from the rapid pH changes during buffer exchange via gel
filtration chromatography [44]. On the other hand, the enzymatic activity of the conjugated
protein was almost double that of the control sample.

Table 1. Enzymatic Activity at pH 3.0 and 25 ◦C.

Sample Activity (U·mg−1)

LacMT 407 ± 9
PEGylated laccase 98 ± 3

Control 51 ± 2

Su et al. [40] studied the PEGylation of LacMT with mPEG-propionaldehyde (1:6 mole
ratio) at pH 5.1, in which they reported that PEGylation increased the enzyme’s catalytic
activity. However, their study was aimed at polymerization activity rather than oxidation
per se. In contrast, Mayolo-Deloisa and colleagues [39] observed a reduced enzymatic
activity when they studied the PEGylation of laccase from Trametis versicolor, and their
method was based on ABTS oxidation (the same assay used in this research). The conjugate
studied by these authors was also based on PEG functionalized as an aldehyde and reacted
at pH 5.1. Under these conditions, it is reported that PEGylation occurs mainly through the
N-terminus of the protein [45]. At the same time, our study focused on conjugation through
the ε-amino groups of the lysine residues. It is plausible to speculate that the enhanced
enzymatic activity of the PEGylated protein compared to the control sample is due to
the stabilization provided by the covalently linked PEG chains during pH fluctuations
after the PEGylation reaction. However, more experiments are still needed to explore the
confirmation of this hypothesis, as this is the first time this phenomenon has been reported
for LacMT.

In a second experiment, enzyme activity was evaluated at three different pH values
to assess the influence of PEGylation on pH-dependent catalytic activity. As shown in
Table 2, the enzymatic activity decreased as the pH increased from 3 to 5, both for the native
enzymes (commercial laccase and control) and for the PEGylated enzyme.



Catalysts 2024, 14, 887 7 of 12

Table 2. Enzymatic activity at different pH levels relative to activity at pH 3.1 The average of the
three replicates for each sample at pH 3 was defined as 100%.

Relative Activity (%) 1

pH LacMT Control PEGylated Laccase

3 100 ± 2 100 ± 3 100 ± 3
4 87 ± 1 86 ± 2 86 ± 2
5 68 ± 1 71 ± 1 76 ± 1

However, significant differences in activity between the groups were observed at
pH 5, as determined by analysis of variance (p = 0.0081) (for more information, see the
Supplementary Materials). Although the enzymatic activity of the native enzyme was
consistent between the two samples, the PEGylated enzyme showed higher activity, which
was consistent with the results of an LSD multiple range test. Similar findings were
reported by Mazlan et al. [46], who demonstrated that the immobilization of Trametis
versicolor laccase on methacrylate-acrylate microspheres altered the pH dependence of
the enzyme. This effect was attributed to the stabilization of the tertiary structure of the
immobilized protein. In the present study, the conjugation of PEG chains similarly reduces
the enzyme’s sensitivity to pH variations, possibly through structural stabilization.

The impact of PEGylation on the kinetic parameters of the enzyme was investigated
at pH 3 using ABTS as the substrate. The control and PEGylated enzymes exhibited typical
Michaelis-Menten kinetics. The catalytic turnover rate (kcat) of the PEGylated enzyme was
reduced by 27% compared to the control (Table 3). This reduction may be attributed to
alterations in the active site of certain positional isomers within the conjugated enzyme, as
the conjugate comprises a mixture of positional isomers [37].

Table 3. Catalytic constant for LacMT, native and PEGylated.

Sample Vmax (µM min−1) KM (mM) kcat (min−1) kcat/KM (min−1 mM−1)

PEGylated Laccase 597 0.9 8.8 × 105 9.8 × 105

Control 8996 1.4 1.2 × 106 8.5 × 105

Conversely, PEGylation led to a nearly 40% decrease in the Michaelis constant (KM)
(Table 3), suggesting an enhanced enzyme affinity for the substrate. This phenomenon
might be explained by the amphiphilic nature of PEG, which could facilitate the interaction
between the enzyme and ABTS. Notably, the catalytic efficiency (kcat/KM) remained compa-
rable between the two forms of the enzyme. Similar findings were reported by López-Cruz
et al. for the extensive conjugation of LacMT [47]. The present study demonstrated that
such effects on the kinetic parameters can be achieved through the conjugation of laccase
with a minimal number of PEG chains.

2.3. Effect of PEGylation on the Thermal Stability of Laccase

The effect of PEGylation on thermal stability was evaluated by measuring the enzy-
matic activity of native and PEGylated laccase at 25 ◦C following incubation at 40 ◦C for 1,
2, 4, 6, and 24 h. The results (Figure 5) indicated that at the final time point, the PEGylated
enzyme retained more than twice the initial activity of the native protein.

Several studies have reported that PEGylation enhances the thermal stability of pro-
teins, including laccase [37,47,48]. Two primary mechanisms have been proposed to explain
this effect: (i) steric hindrance that blocks degradation pathways through hydrophobic in-
teractions and (ii) the creation of non-specific steric hindrance that disrupts intermolecular
interactions contributing to thermal instability [49].
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Figure 5. Thermal Stability of PEGylated Laccase. Laccase LacMT samples, native (circles) and
PEGylated (triangles), were incubated at 40 ◦C. At designated time points, aliquots were taken, and
the ability to oxidize ABTS at pH 3.0 and 25 ◦C was measured. Residual activity was expressed
relative to the initial activity of each sample at time zero.

3. Materials and Methods
3.1. Materials

Laccase from Myceliophthora thermophila expressed in Aspergillus oryzae (Novozym
51003® laccase) and methoxy polyethylene glycol succinimidyl carbonate (mPEG-SC)
with a molecular weight of 12 kDa were purchased from Sigma-Aldrich (Merck, Berlin,
Germany). All other reagents used were of analytical grade.

3.2. PEGylation of LacMT

Initially, to perform the LacMT PEGylation reaction with mPEG-SC, it was necessary
to change the pH of the sample since the commercial preparation is at pH 7. For this
purpose, a buffer was changed to pH 9 so the protein’s surface would be negatively
charged and react with mPEG-SC. In addition, this buffer change made it possible to
eliminate possible compounds from the commercial preparation that could interfere with
the reaction. Size exclusion chromatography with a G25 column (HiTrap Desalting, 5 mL,
Cytiva, Malborough, MA, USA) changed the buffer. The mobile phase was boric acid buffer
pH 9 (100 Mm). Once the buffer was changed, 1 mL of enzyme extract was divided into
aliquots in 1.5 mL centrifuge microtubes, and 12 kDa mPEG-SC was added at a molar ratio
of 1:5 proteins/PEG in triplicates. The system was left to react at 4 ◦C overnight. Once the
reaction was complete, the PEGylated and non-PEGylated enzymes were changed from
pH 9 buffer to pH 7 buffer using 100 mM sodium phosphate pH 7 buffer. The PEGylated
and non-PEGylated samples, as well as the control samples, were subjected to protein
quantification, as well as enzymatic activity, which will be described below.

3.3. Assessment of Laccase Activity

The laccase activity of all samples was determined by monitoring the oxidation ABTS
to ABTS+• ratio at 420 nm using a ThermoScientific™ GENESYS™ 150 UV-Visible Spec-
trophotometer as described in previous studies [9]. To 100 microliters of the laccase
solution, 1.7 mL of buffer at the desired pH and 200 µL of ABTS solution were added. The
absorbance at 420 nm was monitored immediately at five-minute intervals, and the reaction
was quenched with a concentrated acidic hydrochloric solution. One unit (U) of the laccase
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activity was defined as the amount of laccase forming 1 µmol of ABTS+• per minute and
could be calculated using Equation (1):

Laccase activity (A)
(

U.mg−1
)
=

A × 106 × V
E× t × m

(1)

where A is the absorbance of ABTS+· at 420 nm (E is the molar extinction coefficient of
radical cation ABTS+• at 420 nm = 36,000 L.mol−1 × cm); V represents the total volume of
the reaction (L); t is the reaction time (min); 106 is the conversion factor from M to µM; m is
the amount of protein (mg).

When required, the laccase solution was incubated at specific temperatures in a
thermal bath for one hour before the assay.

3.4. Determination of Kinetic Parameters

Kinetic parameters were determined using ABTS as the substrate, with concentrations
ranging from 0.01 to 2.00 mM. Initial enzyme activity at each substrate concentration was
measured as described in Section 3.3 under reaction conditions of pH 3 and a temperature of
25 ◦C. The Michaelis constant (KM) and maximum reaction velocity (Vmax) were calculated
using the Michaelis–Menten equation:

V =
Vmax[S]
Km + [S]

(2)

where V represents the reaction rate, and [S] is the substrate concentration. The data were
further analyzed using double-reciprocal plots (Lineweaver–Burk plots), and the linear
model was fitted to the data using Microsoft Excel 2023.

3.5. Protein Quantification

Total protein concentration was determined by the colorimetric Bradford method
(Bradford Reagent, Sigma-Aldrich, B-6916, Washington, DC, USA) [50]. The absorbance
of the protein–Coomassie G-250 complex was measured at 595 nm using a plate reader
spectrophotometer (BioTek Epoch 2, Winooski, VT, USA). An analytical standard curve
was generated using bovine serum albumin at 1 to 10 µg/mL concentrations.

3.6. Analysis by Electrophoresis

Polyacrylamide gel electrophoresis [51] was used in this work to determine the profiles
of PEGylated proteins, and concentrator and separator gels were prepared. The concen-
trating gel was made up of 2.1 mL of distilled water, 0.5 mL of 30% monomer solution,
0.38 mL of 1M Tris-base buffer—pH 6.8, 0.03 mL of 10% SDS, 0.03 mL of 10% ammonium
persulphate (APS), and 0.003 mL of Temed (free radical stabilizer). The 12% separating
gel was made up of 1.7 mL of distilled water, 2.0 mL of 30% monomer solution, 1.3 mL of
1M Tris-base—pH 8.8, 0.05 mL of 10% SDS, 0.05 mL of 10% APS, and 0.002 mL of Temed.
For each sample to be analyzed, 15 µL of the sample and 15 µL of the sample application
solution (1.25 mL of 1M Tris-base, 2 mL of 10% SDS, 0.5 mL of mercaptoethanol, 4 mL of
0.05% bromophenol blue, 1 mL of glycerol, and 1.25 mL of distilled water) were added to
250 µL microtubes. The samples were taken to a 95 ◦C bath for 10 min. A total of 20 µL of
the sample was applied to each well. The vat (Bio-Rad, Hercules, CA, USA) was connected
to the source, and the source was switched on at a voltage of 130 V. When the samples
reached the bottom edge of the gel, the source was switched off. The gel was placed in a
container, and the dye solution (Coomassie Brilliant Blue—CBB) was added. The gel was
left in contact with the dye solution for an hour and a half. After this time, the dye solution
was removed, and the bleach solution that had been in contact with the gel overnight was
added. Densitometric analysis of the stained gels was conducted using ImageJ software,
ver. 1.54g.
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3.7. Thermal Stability

Samples (200 µL in 0.7 mL Eppendorf microtubes) of both conjugated and native
enzymes were incubated in a water bath at 40 ◦C for 1, 2, 4, 6, and 24 h. After incubation,
the samples reached room temperature, and enzymatic activity was measured as described
in Section 3.3. Residual activity was calculated relative to the activity of the enzyme,
whether PEGylated or not, without prior heat treatment.

4. Conclusions

In this work, we were able to demonstrate that our simple protocol for conjugating
Myceliophthora thermophila laccase with mPEG-SC was able to improve its thermostability
where, after 24 h, the PEGylated preparation retained more than twice the initial activity of
the native protein at 40 ◦C. This stability is being reported for the first time. It sets prece-
dents for constructing efficient catalytic systems involving laccases since no immobilized
biocatalyst or commercial conjugate contains these proteins, which have the potential for
application in various industrial sectors.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal14120887/s1: Table S1: Unprocessed data of specific enzymatic
activity for the experimental design analysis, Table S2: Estimated effects for specific enzymatic activity,
Table S3: Analysis of variance for specific enzymatic activity.

Author Contributions: L.L.O.G., conceptualization, methodology, software, validation, investigation,
data curation, writing—original draft preparation; R.H.S.F., methodology, investigation, data curation,
formal analysis; vs. methodology, software, validation, writing—original draft preparation; R.W.,
writing—review and editing, visualization, resources; J.R., conceptualization, resources, project ad-
ministration, supervision, writing—original draft preparation, writing—review and editing, funding
acquisition; I.I.J., conceptualization, resources, project administration, supervision, writing—original
draft preparation, writing—review and editing, funding acquisition. V.S., conceptualization, valida-
tion, formal analysis, investigation. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Brazilian government through Fundação Carlos Chagas
Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ), Grant Numbers: E-203.267/2017,
E-26/211.620/2019, and E26/201.367/2022; Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq), Grant Number: 315160/2021-7 and 406524/2023-8; and by Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES).

Data Availability Statement: The raw data supporting this article’s conclusions will be made
available by the authors of this article, and Supplementary Data can be made available upon request.

Acknowledgments: The authors thank the Coordination for the Improvement of Higher Education
Personnel (CAPES), CNPq and FAPERJ for financial support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Barbier, E.B.; Burgess, J.C. Economics of Water Scarcity and Efficiency. Sustainability 2024, 16, 8550. [CrossRef]
2. de S. Lira, K.R.; Zardini, R.T.; de Carvalho, M.C.C.; Wojcieszak, R.; Leite, S.G.F.; Itabaiana, I., Jr. Agroindustrial wastes as a

support for the immobilization of lipase from Thermomyces lanuginosus: Synthesis of hexyl laurate. Biomolecules 2021, 11, 445.
[CrossRef] [PubMed]

3. Agency, E.E. Global Average Air Temperature Anomalies. Available online: https://www.eea.europa.eu/data-and-maps/daviz/
global-average-air-temperature-anomalies-6#tab-dashboard-01 (accessed on 28 August 2024).

4. Eurostat. Greenhouse Gas Emissions by Source Sector. Available online: https://ec.europa.eu/eurostat/databrowser/view/env_
air_gge__custom_12545162/default/table?lang=en (accessed on 27 August 2024).

5. Kurkela, E.; Kurkela, M.; Frilund, C.; Hiltunen, I.; Rollins, B.; Steele, A. Flexible Hybrid Process for Combined Production of Heat,
Power and Renewable Feedstock for Refineries: Managing seasonal energy supply and demand for heat and power in Europe.
Johns. Matthey Technol. Rev. 2021, 65, 333–345. [CrossRef]

6. Nations, U. The Sustainable Development Goals Report 2023. Available online: https://unstats.un.org/sdgs/report/2023/The-
Sustainable-Development-Goals-Report-2023.pdf (accessed on 18 September 2024).

https://www.mdpi.com/article/10.3390/catal14120887/s1
https://www.mdpi.com/article/10.3390/catal14120887/s1
https://doi.org/10.3390/su16198550
https://doi.org/10.3390/biom11030445
https://www.ncbi.nlm.nih.gov/pubmed/33802693
https://www.eea.europa.eu/data-and-maps/daviz/global-average-air-temperature-anomalies-6#tab-dashboard-01
https://www.eea.europa.eu/data-and-maps/daviz/global-average-air-temperature-anomalies-6#tab-dashboard-01
https://ec.europa.eu/eurostat/databrowser/view/env_air_gge__custom_12545162/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/env_air_gge__custom_12545162/default/table?lang=en
https://doi.org/10.1595/205651321X16013744201583
https://unstats.un.org/sdgs/report/2023/The-Sustainable-Development-Goals-Report-2023.pdf
https://unstats.un.org/sdgs/report/2023/The-Sustainable-Development-Goals-Report-2023.pdf


Catalysts 2024, 14, 887 11 of 12

7. Kokkinomagoulos, E.; Kandylis, P. Grape pomace, an undervalued by-product: Industrial reutilization within a circular economy
vision. Rev. Environ. Sci. Bio/Technol. 2023, 22, 739–773. [CrossRef]

8. Kurkela, E.; Kurkela, M.; Hiltunen, I. Production of synthesis gas from biomass residues by staged fixed-bed gasification-results
from pilot test campaigns. Chem. Eng. Trans. 2021, 86, 7–12.

9. do Nascimento, M.A.; Haber, B.; Gomez, M.R.; Leão, R.A.; Pietrowski, M.; Zieliński, M.; de Souza, R.O.; Wojcieszak, R.; Itabaiana,
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