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Abstract: There is a high number of well characterized, commercially available laccases with
different redox potentials and low substrate specificity, which in turn makes them attractive for a
vast array of biotechnological applications. Laccases operate as batteries, storing electrons from
individual substrate oxidation reactions to reduce molecular oxygen, releasing water as the only
by-product. Due to society’s increasing environmental awareness and the global intensification of
bio-based economies, the biotechnological industry is also expanding. Enzymes such as laccases
are seen as a better alternative for use in the wood, paper, textile, and food industries, and they are
being applied as biocatalysts, biosensors, and biofuel cells. Almost 140 years from the first
description of laccase, industrial implementations of these enzymes still remain scarce in
comparison to their potential, which is mostly due to high production costs and the limited control
of the enzymatic reaction side product(s). This review summarizes the laccase applications in the
last decade, focusing on the published patents during this period.
Keywords: laccase; structure; function; reaction; application; biocatalysis; patent

1. Introduction
Laccases (p–benzenediol: oxygen oxidoreductase EC 1.10.3.2) are multicopper-containing
oxidases that are able to oxidize a wide range of phenol compounds and amines. The reaction cycle
of laccase involves a one-electron substrate oxidation, a four-electron transport to the active site, and
the subsequent four-electron reduction of O2 to H2O.
The first discovered and characterized laccase had a blue color in solution, due to the
coordination of one of the copper molecules, but several laccases lacking this property have since
been discovered, which are named ‘yellow’ or ‘white’ laccases. The spectroscopic properties of
laccases have been used in the past for the identification of a polyphenol oxidase as a laccase,
together with the substrate specificity of the enzyme, but with the accumulation of data from
different enzymes and organisms, it became apparent that ‘laccase’ is a rather vague term, including
a wide range of oxidases with different properties. Together with the rapidly increasing availability
of genomic and transcriptomic data, a clear need for specific sequence motifs to identify and
annotate laccase genes in genomes have risen. Studies focusing on multiple protein sequence
alignments and phylogenetic analysis have tried to fulfill this need, such as the phylogenetic
analysis of with 350 multicopper oxidase sequences, the work of for the identification of a set of
signature sequences, and the work of correlating protein sequence alignment data with biochemical
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data regarding the substrate scope of 11 multicopper oxidases. Moreover, the accumulation of data
regarding new enzymes and genes over the last 20 years created the need for bioinformatics tools
and databases that are dedicated to the classification of multicopper oxidases and laccases. One such
effort is the LCCED database, (Laccase and Multicopper Oxidase Engineering Database,
https://lcced.biocatnet.de/ [4]), where the available sequences for multicopper oxidases are grouped
in 16 families.
The presence of laccases is widespread in bacteria, plants, fungi, and insects, which is a strong
indication of their involvement in various physiological processes. In plants, laccases participate
mostly in lignification, while the fungal counterparts are responsible for the microbial attack on
lignin.
The most attractive characteristics of laccases in terms of biotechnological applications are the
production of water as a by-product and the low substrate specificity. The substrate range of laccases
includes polyphenols, methoxylated phenols, and aromatic amines, as well as inorganic materials
[5]. The biotechnological applications of laccases have been the subject of research for more than 30
years, and they cover a wide scope of disciplines, among them electrochemistry, materials science,
polymer chemistry, biocatalysis and synthetic chemistry, food chemistry, and others. Laccases can
be applied in the food and feed industry, paper and pulp industry, cosmetics and pharmaceuticals
industry, textile industry, and many others, but their universal establishment as industrial
biocatalysts is still hindered by high production costs and relatively low stability [6].
The aim of the present work is to summarize the laccase applications in the last decade,
focusing on the published patents during this period. The enzyme industry is one of the
fastest-growing markets worldwide; it was valued at $7082 million in 2017, and is projected to reach
$10,519 million in 2024 at a compound annual growth rate (CAGR) of 5.7% from 2018 to 2024, while
the cost of enzymes for biofuel applications alone should total $1.0 billion in 2020, registering a
CAGR of 10.4% [7]. Laccases, due to their applicability in various industrial fields, have the potential
to account for a significant part of the global enzyme market. A previous patent review on laccases
was published in 2008 [8]; however, in the last 10 years, great progress has been made in the
application of laccases in various industrial fields, both at the laboratory scale, but also at the
industrial scale, as reflected in the vast numbers of submitted patents. Therefore, the present review
aims to summarize the latest patent and literature material through the presentation and discussion
of the major innovations and industrial trends.
2. Occurrence, Properties, and General Aspects of Laccases
Laccases are ubiquitous enzymes, since their presence spans almost all kingdoms of life, from
bacteria and fungi to plants and animals. Therefore, laccases participate in a great variety of
physiological processes. In terms of microbial laccases, the bacterial counterparts, such as the model
protein CotA from Bacillus subtilis, are usually intracellular, and they are considered to be
responsible for the production of dark endospore pigments, aiming at UV and oxidation protection
[9]. Laccases, similar to laccase-like multicopper oxidase (LMCO) CueO from E. coli, are associated
with copper homeostasis, and they only have a weak phenol oxidase activity [9]. Recently, data are
starting to accumulate supporting a certain involvement of bacterial laccases in lignin degradation.
For example, activity on small lignin-derived phenolics was shown for small, two-domain laccases
from the genus Streptomyces, [10], and from a thermotolerant Thermus sp. laccase [11].
On the other hand, fungal laccases are mainly extracellular, and they are involved in a number
of different physiological processes, such as wood degradation and delignification, virulence,
pathogenesis, pigmentation, and fruiting body formation [12]. Laccases are widely distributed in
fungi, and laccase genes and gene products have been found in basidiomycetes, ascomycetes, and
deuteromycetes. Extensive literature is available on laccases from basidiomycetes, especially
white-rot fungi [12], while some laccases have also been characterized from ascomycete saprotrophs
and ectomycorrhizal species. Many studies focus on lignin degradation and wood modification by
laccases, with or without the use of mediators [13–15], and as a result, laccases are now considered
essential enzymes in fungal lignocellulose degradation.
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Most bacterial laccases are active in a wide range of temperatures and pH values (30–85 °C and
3.0–9.0, respectively) [16], but the most extremophilic laccases found so far are of bacterial origin,
which is a fact of special importance for industrial applications [12]. The Km of bacterial laccases for
2,2′–azino–bis–(3-ethylbenzothiazoline–6–sulphonic acid (ABTS) and 2,6–dimetoxy phenol (2,6–
DMP) lies in the micromolar range [16], similar to fungal counterparts [17]. Fungal laccases usually
have acidic pH optima and isoelectric points, while most alkalophilic laccases reported to date are of
bacterial origin [16]. The molecular weight of most bacterial laccases can vary from 20 to 80 kDa [16],
while for fungal laccases, this range is usually 50–80 kDa [17]. Inhibitors of laccase activity include
several metals, EDTA, L–cysteine, azide, cyanide, glutathione, dithiothreitol, and thiourea, among
others [18]. Recent data regarding the structural basis of laccase inhibition by metals revealed the
binding of chloride and fluoride anions to the T2 copper center, and thus the inhibition of oxygen
reduction [19].
2.1. Structural Aspects, Mode of Action, and Redox Properties of Laccases
The laccase structure is mostly conserved among all known laccases. At present, 180 structures
are available in Protein Data Bank (PDB) corresponding to the keyword ‘laccase’, while 86 of them
have been added after 2015 (Table 1). PDB entries corresponding to the term ‘laccase’ have been
reviewed previously by [9].
Table 1. Laccase entries in PDB after 2015.
Organism
Streptomyces griseoflavus

Thermus thermophilus
Bacillus subtilis

E. coli
S. sviceus
Ochrobactrum sp.
Aspergillus niger
Thermothelomyces
thermophila
Steccherinum
murashkinskyi

Cerrena sp.
Pycnoporus sanguineus
Trametes hirsuta
Coriolopsis gallica
Botrytis aclada
Antrodiella faginea
PM–1

Reference

PDB Accession Number
Bacteria
6S0O, 6RHQ, 6FDJ, 6FC7, 5MKM
5O3K, 5O4Q, 5O4I
5MKM, 6S0O, 6RHQ, 6RH9, 6FDJ, 6FC7
5JX9, 5K5K, 5K7A, 5K84, 5K0D, 5K15, 5K3K, 5JRR, 5AFA
5ZLM, 5ZLL, 5ZLK
4YVN, 4YVU
4Q89, 4Q8B
6IM7, 6IM9, 6IM8
5YS1, 5YS5
4WTQ, 4UAH, 4UAN, 4W1T
6EVG
Ascomycetes
5LM8, 5LWW, 5LWX

no publication

6F5K

[27]

Basidiomycetes
6RGP, 6RHH, 6RHI, 6RHO, 6RHP, 6RHR, 6RHU, 6RHX,
6RI0, 6RI2, 6RI4, 6RI6, 6RI8, 6RII, 6RIK, 6RIL, 6RGH
5MEJ, 5MIG, 5MIE, 5MID, 5MIC, 5MIB, 5MIA, 5MI2, 5MI1,
5MHZ, 5MHY, 5MHX, 5MHW, 5MHV, 5MHU, 5MEW
5E9N, 5EHF
5Z22
5Z1X
5NQ7, 5NQ9, 5NQ8
5LDU
5A7E
4X4K
5EHF, 5E9N
5ANH

[20]
[21]
[20]
no publication
[22]
[23]
no publication
[24]
[25]
no publication
[26]

no publication
[28]
[29]
no publication
no publication
[30]
no publication
no publication
[31]
[29]
[32]

The molecular architecture of most laccases includes three cupredoxin domains with a β–barrel
structure, although laccases with two such domains have been discovered, which are named two–
domain or Small Laccases (SLACs, [20]). In a typical structure, a mononuclear copper–binding site
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T1 is situated in domain 3 close to the protein surface, and a trinuclear copper–binding site (TNC)
consisting of one T2 and two T3 copper atoms is formed by the proximity of domains 1 and 3 (Figure
1). Substrate one–electron oxidation takes place in the T1 copper, and the four–electron reduction of
O2 to H2O occurs in the TNC. The distinction of copper atoms in a laccase molecule is based on
spectroscopic data [3]. The topology of the T1 copper–binding site is formed by two His and one Cys
equatorial residues in trigonal coordination with the Cu atom, and two additional weakly– or non–
coordinating residues in an axial position [33]. A Met is usually found in one of these axial ligands of
low–redox potential (E0) (0.3–0.5 V versus normal hydrogen electrode (NHE) bacterial and plant
laccases, coordinating to the T1 copper center, in contrast to most fungal ones, which include a Leu
or Phe [3,9]. This Met is also observed in the recently solved structure of Thermus thermophilus laccase
(5JRR), and to the LMCO CueO (6EVG) from the bacterium Ochrobactrum sp. [26]. The existence of
Met as a fourth coordinating axial ligand at the T1 Cu center, or its replacement by a Phe or a Leu,
might affect, to a certain extent, the E0 of the enzyme. Laccases with non–coordinating residues at
this position generally have higher E0, and they are thus capable of oxidizing a wider array of
substrates [33]. For example, high E0 basidiomycete laccases (0.5–0.8 V versus NHE) usually have a
Phe, and medium E0 ascomycete laccases (0.4–0.7 V versus NHE) have Leu [27,33]. However, this
observation is not to be taken as a general rule, since for example, the M. thermophila laccase,
containing Leu in this position, has still a lower E0 than B. subtilis CotA laccase [34].

Figure 1. Schematic representation of the copper–binding site architecture in laccases (resting
oxidized state). The axial ligand can be either a Met, a Leu or a Phe (see text). Scheme adapted from
and [35].

Laccases operate as batteries, storing electrons from individual substrate oxidation reactions to
reduce molecular oxygen. The mechanism of O2 reduction was firstly described for low redox
potential laccases. As summarized by Jones and Solomon [36], the resting oxidized (RO) form of the
enzyme (Figure 1) is reduced by four electrons from a suitable reducing substrate. In the fully
reduced state, oxygen is bound to the trinuclear copper center (TNC). A two–electron reduction
results in the formation of a peroxide intermediate that is bound between one of the T3 copper ions
and a T2 copper ion. A second two–electron reduction results in the cleavage of the O–O bond and
the release of one water molecule, while the enzyme returns to the fully oxidized state (native
intermediate, NI). The O2 reduction mechanism was described only recently for high–redox

Catalysts 2019, 9, 1023

5 of 25

potential Trametes versicolor laccase [35]. The authors supported that the mechanism is essentially the
same with low–redox potential laccases, but with a few differences. Contrary to the low–redox
potential laccases, in high redox potential laccases, the T1 copper reduction is very fast, and thus, the
rate–determining step of the reaction is the intramolecular electron transfer for the reduction of the
native intermediate. That is why laccases with T1 sites that have high redox potential are of special
interest in biotechnological processes as bleaching and bioremediation agents.
Nonetheless, the redox potential of a given laccase usually can determine the substrate range
that the enzyme is able to oxidize. However, the non–phenolic parts of lignin have redox potentials
up to 1.5 V, and therefore cannot be oxidized by laccases. This recalcitrant part of lignin can still be
oxidized by laccases with the use of suitable mediators, which are small molecules that are first
oxidized by laccases to radicals; then, they attack the substrate through different mechanisms, such
as electron or radical hydrogen atom transfer [37]. A wide array of compounds has been used in the
literature as mediators, such as 2,2,6,6–tetramethyl–1–piperidinyloxy (TEMPO), ABTS ([14], 1–
hydroxybenzotriazole (1–HBT) [38], syringaldehyde, vanillin, α–naphthol [39], and others. The
laccase-mediator system (LMS) has been used for the removal of residual lignin in biomass [13,40],
or the treatment of recalcitrant pollutants, such as antibiotics or other drugs [41], pesticides [42],
industrial textile wastewater [43], and even synthetic fragrances [44]. LMS has been also used for the
oxidative synthesis of platform chemicals [45].
2.2. Production of Laccases
The efficient mass production of laccases for industrial purposes still has to be achieved.
Laccase production in an efficient and cost–effective manner has been the focus of many research
and industrial efforts through the years. The production of laccases in their native hosts poses many
problems regarding the yield and productivity. Especially for high–E0 laccases, which are usually
derived from basidiomycetes, the production of enzymes in submerged continuous cultures is
hindered by the slow growth rates and the subsequent low productivities. However, technical
issues, such as the changes in rheology properties of the culture caused by the fungal growth, also
hinder the production of such enzymes. Moreover, the isolation and purification of laccases from the
culture broth is a tedious and costly procedure.
Several efforts have been made in order to overcome these issues. For example, the detailed
optimization of the culture medium can have a significant effect on the production yields of laccases
from white–rot fungi. Schneider et al. used an optimization approach based on a central composite
rotatable design to optimize in detail the carbon and nitrogen sources of the medium, aiming at the
optimization of laccase production from Marasmiellus palmivorus. The maximum titer obtained was
3420 U mL−1 in a 5 L tank reactor.
The use of inducers can significantly enhance the production yield, contributing to the
feasibility of the process. For example, the induction of laccases from Trametes versicolor with the use
of vanillic acid was used as a strategy to increase laccase yield, resulting in almost 590 U L−1 in flasks
and 785 U L−1 in an airlift tank reactor [47]. The combination of this approach with the quest for new
basidiomycete strains with improved laccase expression profiles was the strategy used by [48]. The
authors reported a new strain, Hexagonia hirta, with an improved laccase expression profile. The
laccase production, with the use of Cu2+ and 2,5–xylidine as inducers, reached 1944.44 U ml−1 and
5671.30 U mL−1, respectively.
However, the use of inducers can increase greatly the cost of the procedure; therefore,
cultivation strategies must be designed, including cheap industrial byproducts as growth media, or
as inducers, in order to lower the cost of the overall process. A similar approach was adopted by
[49]. The authors used olive oil mill wastewater, supplemented with suitable nitrogen sources, for
the growth of Pleurotus citrinopileatus strain, which resulted in a maximum laccase production of
7777.8 U L−1.
Most recently, the same strategy was adopted by for the production of laccase from Ganoderma
lucidum in 30 L bioreactors. The authors used the hemicellulose–rich, beechwood organosolv
pretreatment stream as a growth medium for the cultivation and obtained up to 596 U L−1 of laccase
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activity. Economic analysis of the process resulted in a € 1.08 kU−1 for laccase production from this
system, corresponding to a price 78 times lower than the average price of commercially available
enzymes.
Over the last 20 years, the tools of DNA manipulation were widely employed in order to tackle
these issues. The efforts and challenges related to the heterologous expression of laccases in
heterologous hosts have been previously reviewed by [51]. Specifically, for high–E0 basidiomycete
laccases, numerous efforts have been made for their production in heterologous hosts, mainly
yeasts, such as Saccharomyces cerevisiae and Pichia pastoris, but also filamentous fungi, such as
Trichoderma reesei and Aspergillus sp. [52]. Unfortunately, fungal laccases are extremely difficult to
obtain in an active form and in sufficient quantity in a heterologous host. The reasons remain unclear
to date, but insufficient post–translational modifications, differential glycosylation levels, and codon
usage were previously suggested [52]. As a result, the careful optimization of all production
parameters must be performed in the heterologous production systems in order to obtain sufficient
yields for commercialization. A successful example is the heterologous expression of a Trametes
versicolor laccase in Pichia pastoris [53]. After the optimization of several parameters, the laccase titer
reached 18,123 U L−1 in a 5 L tank reactor. The production levels obtained for POXA1b laccase from
Pleurotus ostreatus in P. pastoris reached 42 U mL−1 for an inducible expression system and 60 U mL−1
for a constitutive system [54]. Gu et al. demonstrated the enhanced expression of two laccase
isozymes from Coprinus comatus in P. pastoris by fusing an additional 10 amino acid tag at the N–
terminus. The laccase expression reached 689 and 1465 U L−1, and the authors attributed this
expression enhancement to the correct processing of the polypeptide chain by the P. pastoris cells.
The production of bacterial laccases can also be improved by their heterologous expression in
eukaryotic hosts, as shown by [55]. The expression of a mutant Bacillus licheniformis LS04 laccase,
constructed by site-directed mutagenesis, resulted in 2.1-fold higher activity in P. pastoris, reaching a
final titer of 347 U L−1 after process optimization.
3. Patent Search for Microbial Laccases of the Past Decade
3.1. Laccase-Related Patents Analysis
This review aims to demonstrate the wide and expanding applications of microbial laccases in
various industries, with a focus on the patents registered during the past decade. Similar patent
reviews were published in 2008 and 2015 covering patents until 2007 and 2013 [8, 56] with the
current review extending over the years 2008–2019 (patents granted up to 1 October 2019).
Taking the number of patents disclosing laccase-related applications for each year over the past
decade
(Figure
2)
and
using
three
different
databases
(SciFinder®,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6148602/), WIPO (World Intellectual Property
Organization, https://www.wipo.int), and EPO (European Patent Office, https://www.epo.org), an
upward trajectory in the number of laccase-related patent applications is evident in recent years,
even including the data for year 2019 that was not complete at the time of analysis. The overall
patent count applying ‘laccase’ search term was 2626, 1238, and 1287, respectively. The additional
search limit to the published year was ‘Title and Abstract’ for SciFinder and ‘Front page’ for WIPO
and EPO. That SciFinder recovered almost double the number of patents suggests the
comprehensiveness of this database, as it combines the Chemical Abstracts Service CAS and
Medline databases. The average annual number of laccase-related patents was 339 (SciFinder) and
165 and 175 in WIPO and EPO, with maxima in 2016, 2018, and 2015, respectively (Figure 2). The
number of scientific literature (books, articles, editorials, thesis) in this same time frame is 4.4-fold
times higher in comparison to the number of patents, which suggest that the research interest for this
group of enzymes is still high and that possibly the trend of filed patents will maintain a steady
incline in years to come. From 2626 patents, almost half (1247) have been filed by the industrial
sector, and the top 10 companies have been listed in Figure 3. Each of the specifically mentioned
patents within this review is listed in Table S1.
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Figure 2. Total number of laccase-related patents registered globally and yearly trend analysis.
SciFinder®, WIPO (World Intellectual Property Organization), and EPO (European Patent Office)
databases were used. * Up to 1 October 2019.

Figure 3. Number of laccase-related patents filed by companies in the 2008–2019 period.

As mentioned, the enzyme market is one of the most fast-growing markets worldwide. Among
the top 10 companies that filed laccase-related patents, three of them (Novozymes, Dow DuPont,
and DSM) are regarded as major enzyme market players (Figure 3). Apart from the obvious market
leader in enzyme production such as Novozymes, Danisco (which is now a member of the DuPont
family), a Danish bio-based company with activities in food production, enzymes, and other
bioproducts, as well as a wide variety of pharmaceutical grade excipients, is the second one in
regard to laccase-related patents covering production improvements and laccases that operate at
lower temperatures (WO2019089898A1, US20110302722A1, US20140123404A1). Noteworthy are
L’Oreal (Clichy, France) and Jiangsu Redbud Dyeing Technology Co Ltd. (Outer Ring S Rd,
Changshu, Suzhou, Jiangsu, China), covering hair dyeing and fiber degumming applications of
laccases, respectively (e.g., WO2019072697A1, WO2019046396A1, CN102086533A, CN102517648A)
while Shengling Biotechnology Ltd. Co (Yuanji Rd, Yuanlin Township, Changhua County, 51062
Taiwan China) is offering enzymatically prepared nutraceuticals. On the other hand, the increasing
demand of specific and eco-friendly alternative biocatalysts has encouraged the establishment of
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small companies offering customized formulations of laccases (e.g., Gecco Biotech). Indeed, major
factors driving the enzyme market are the growing diversity in enzyme applications and niche
products and more stringent environmental norms curbing the use of chemicals. Health awareness
is a factor increasing demand for food quality, safer production processing, and improved
environmental impact. Therefore, carbohydrases and proteinases are expected to dominate the
enzyme market; however, oxidoreductases, including laccases, are gaining importance due to their
increasing usage in food and beverage, textile, and pharmaceutical/cosmetic industries.
Using SciFinder categorization (CA section titles), based on keywords, 10 clear categories were
formed (Figure 4) allowing for certain overlap (single patent covering two different applications),
and an additional ‘miscellaneous’ category was formed to cover patents only mentioning laccase as a
part of a certain process or application. These categories are similar to the ones recognized in the
recent review of the scientific literature regarding laccases by Mate and Alcalde [57]. Patents
covering applications in lignin removal and modification are the most frequent, while they are
closely followed by patents covering biochemical aspects (identification, directed evolution,
expression, fermentation) and biocatalytic applications as well as applications in obtaining bioactive
compounds (Pharma/Cosmetics/Agrochemicals) with Bioremediation in fifth place with 10% of total
number of patents in this period. On the other hand, scientific literature concerning the use of
laccases for bioremediation was the most abundant (29%) (Table S2). From this, the application of
laccases for larger scale bioremediation or the degradation of waste, particularly plastic waste, can
be expected in the near future.

Figure 4. Distribution of 2626 laccase-related patents deposited from 2008–2019 according to the
keyword classification and CA section titles of the SciFinder database.

A number of laccases are commercially available (Table 2); however, pilot and industrial-scale
applications of laccases are hampered by the high cost of the enzyme, and high cost and the potential
toxicity of mediators (if needed). The quality of the enzyme preparation has also been pointed as
crucial for both the price and the application [58]. In the study of Osma et al. analyzing the
production costs of Tremetes pubescens laccase by wild-type strain, the culture medium was identified
as the most significant factor influencing the overall enzyme cost.
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Table 2. Commercially available laccases.a
Supplier

Laccase Origin or Main Application

Trametes versicolor
Rhus vernicifera (plant laccase)
Sigma-Aldrich (USA)
Agaricus bisporus
Myceliophthora thermophila
Myceliophthora thermophila
Cerrena unicolor
Bacillus subtilis
Escherichia coli
Creative Enzymes (USA)
Coriolus versicolor
Trametes versicolor
Rhus vernicifera (plant laccase)
Pleurotus ostreatus
Agaricus bisporus
Jena Bioscience (Germany)
Trametes versicolor
United States Biological (USA)
Trametes versicolor
GECCO Biotech (The Netherlands)
Bacillus licheniformis
Novozymes A/S (Denmark)
Brewing
Novozymes A/S (Denmark)
Cork production
Novozymes A/S (Denmark)
Wood pulp delignification
Novozymes A/S (Denmark)
Fabric bleaching
Novozymes A/S (Denmark)
Fabric finishing
Americos Industries Inc. (India)
Fabric bleaching
Americos Industries Inc. (India)
Fabric bleaching
Apollo Chemical Co, LLC (USA)
Fabric bleaching
Ab Enzymes GmbH (Germany)
Fabric finishing
Amano Enzyme USA Co. Ltd.
Color enhancement in food products
Genencor Inc. (USA)
Fabric bleaching
Genencor Inc. (USA)
Fabric finishing
Genencor International Inc.
Fabric bleaching
Season Chemicals (China)
Fabric bleaching
Lignozym GmbH (Germany)
Wood pulp bleaching
Zytex Pvt. Ltd. (India)
Fabric bleaching
Puridet Asia Ltd. (Hong Kong)
Fabric bleaching
Tri-Tex Co. Inc. (Canada)
Fabric bleaching
Proenzimas Ltd. (Colombia)
Fabric bleaching
Condor Speciality Products (USA)
Fabric bleaching
Sunson Industry Group Co. (China)
Fabric bleaching

Product Catalog Number or
Trade Name
38,429
L2157
40,452
SAE0050
NATE-1592
NATE-1578
NATE-1570
NATE-1569
NATE-0371
NATE-0374
NATE-0373
NATE-0372
NATE-0370
EN-204L
L0850
–
Flavourstar
Suberase
Novozym® 51003
DeniLiteI and II
Novoprime Base 268
Americos laccase P
Americos laccase LTC
APCOZYME II-S
Ecostone LC10
LACCASE Y120
Primagreen Base LT100
IndiStar
PrimaGreen EcoFade LT100
Bleach Cut 3-S
Lignozym®-process
ZyLite
Purizyme
Trilite II
Lacasa Ultratex
Hypozyme
Prozyme® LAC

Colotex Biotechnology Co.(China)

Fabric finishing

Cololacc BB

DyStar GmbH (Germany)

Fabric finishing

Lava ® Zyme LITE

a Data was obtained and gathered by analyzing the main enzyme suppliers for the laccases or from
the review of literature regarding the major industrial applications of laccases.

3.2. Laccase Production and Improvement
One of the major patent groups within the last decade is dealing with the identification,
recombinant expression, and enzyme improvement through directed evolution, fermentation
conditions, and immobilization.
The relative uniformity of most of laccase’s properties might pose some issues in regard to their
utilization in specific applications. For example, the low solvent tolerance of most laccases might be
an impediment for their biocatalytic applications, since the water solubility of most phenolic
substrates is rather low, and the use of organic solvents is desirable. Moreover, most laccases known
to date have acidic pH optima, which can prohibit their use in systems operating at alkaline
conditions. A few examples of such processes are lignocellulose pretreatment for ethanol
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production, hair coloring, textile dyeing, and human body implants [60]. The two most popular
approaches to these issues are the discovery of novel enzymes with desired properties, and genetic
engineering for the modification of the properties of known counterparts.
Regarding the operation in alkaline conditions, a few native laccases have been reported to be
active in a broad pH range. Most recently, a laccase from Sporothrix carnis was described, with pH
optimum at 7, a broad pH stability profile, and satisfactory stability in the presence of various
solvents [61]. A novel white laccase from Myrothecium verrucaria was shown to be stable over
alkaline pH and effective at the delignification of agroindustrial residues. Regarding bacterial
counterparts, a bacterial laccase from Bacillus subtilis was described by Kumar et al. [63], operating
optimally at pH 8.5 and maintaining the activity for 24 h at 55 °C. The authors demonstrated the
polymerization of various phenolic compounds by the enzyme toward a large variety of different
hair dyes. A second laccase with satisfactory activity in alkaline conditions and significant tolerance
in high salt concentrations was isolated from a Bacillus sp. strain [64]. Moreover, a novel laccase gene
was isolated from a marine metagenomic library [65], and the corresponding enzyme was found to
be stable in a wide temperature range and in the presence of organic solvents. The laccase was
applied successfully to the decolorization of different dyes.
Tailoring the laccase catalytic properties by rational design and directed evolution has been
carried out as well, which has often been guided by computational simulations. Scheiblbrandner et
al. [66], by employing a directed evolution approach, detected the amino acid residues close to the
T1 copper-binding site, which play a major role in the performance of the laccase from Botrytis aclada
in alkaline conditions. Thus, they obtained mutants with fivefold higher specific activities at pH 7.5.
Yin et al. succeeded at shifting the pH optimum of Lcc9 from Coprinopsis cinerea to pH >8.0 by a
directed evolution approach. The double mutant was shown to have improved performance in the
decolorization of indigo dye. With the same method, an evolved Myceliophthora thermophila laccase
was obtained and applied at the synthesis of C–N heteropolymeric dyes at pH 9 [67]. A
knowledge-gaining directed evolution approach was employed for the design of a Melanocarpus
albomyces laccase mutant [68], bearing two amino acid substitutions close to the T1 copper-binding
site. The mutant was shown to have a threefold improved turnover number at pH 9.8. Rasekh et al.
managed to improve the stability of Bacillus sp. laccase in the presence of organic solvents by
introducing hydrophobic residues to the surface of the protein. The chimeric laccase from parent
Pycnoporus cinnabarinus and Coriolopsis sp. laccases also showed improved stability in organic
solvents [70]. The GreeDo and Lc OB-1 mutants of fungal laccase were obtained by combining
computational design and directed evolution methods; these are recent examples of the
improvement of activity and stability in high redox potential laccases [71,72]. Furthermore, a
computational methodology accumulating beneficial interactions between a laccase and a target
substrate has proved to be useful through a repurposing strategy to design a novel polar-binding
scaffold to anchor negatively charged groups to POXA1b laccase [73]. Within recent patents
regarding laccase producing strains and/or mutants are the ones covering high-producing mutant
strains of Myrothecium verrucaria such as strain 3H6 with laccase yields of 3409 U L−1, representing
improvement of 55.6% in comparison to that of the wild-type strain (CN109868224A). Similarly, at
least a threefold increase in laccase yield from T. versicolor was reported as a consequence of
applying ultrasound during the fermentation process (CN108285894A). Additionally, the
improvement of enzyme properties is commonly addressed, such as with a S208G/F227A double
mutant of CotA laccase with improved catalytic efficiency, thermal stability, and tolerance to
alkaline environments (CN109439635A). These efforts are also represented by the production of
recombinant laccase by construct formation including the Phanerochaete chrysosporium laccase gene,
where the recombinant enzyme showed 39% higher activity compared to the bacterial enzyme
(CN108018295A). On the other side, more and more patents are covering the methods to immobilize
and/or recycle laccases (CN109652386A; KR20190033780A). Interestingly, silica, and more recently
graphene, carbon nanotubes, and nano zirconium have been suggested as suitable laccase carriers
(CN 107988196A, KR20180041065A, CN107858344A). However, natural materials such as bacterial
nanocellulose (TWI622646B20180501) and diatoms have also been covered in the patents
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(CN105063008A). Along the lines of lowering costs and resource intensity, a report presenting the
use of raw materials in the liquid medium during laccase production was described. The authors
used agricultural by-products such as shaddock peel for this purpose (CN106119215A).
4. Major Applications of Microbial Laccases
4.1. Lignin Removal and Modification
Lignin is an irregular polyphenolic polymer synthesized by a polymerization of phenyl
propanoid units, namely coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol [74]. During the
papermaking process, the fibrous raw material (most commonly wood) is converted into pulp,
which is subsequently converted to paper. The pulping process serves to remove non-cellulosic
material from raw fiber, one of which is lignin [75]. Conventionally, pulping is done either
mechanically by the grinding of raw material against an abrasive surface or chemically by acid
(Sulfite) or alkaline (Kraft) processes. The former requires large amounts of electrical energy and
produces paper that turns yellow and brittle over time, and the latter produces lower pulp yields
with the drawback of requiring large amounts of water and producing toxic waste [6]. Plant laccases
play an important role in the lignification of cell walls, and the primary role of laccases in
microorganisms, especially white-rot fungi, is considered to be the degradation of plant lignin. As
such, they were found to be highly promising for the paper production process—from the initial
biopulping, biobleaching, delignification, and biografting of the pulp fibers to the deinking of
recycled paper and the treatment of industrial effluents. Recent advances in the delignification of
paper and pulp have been reviewed by Singh and Arya [6]. The authors pointed out that there are
several bottlenecks at present for the industrial application of laccases to this sector, the most
important of which are related to the cost of mediators and enzyme production.
Significant research efforts have been devoted to the depolymerization or modification of lignin
by microbial laccases in the past 20 years. The highest numbers of patents regarding laccases within
the last decade fall into the category of lignin removal and modification (Figure 4). This is partially
due to the intensive research and development efforts in the implementation of the concept of
integrated biorefineries based on lignocellulosic biomass globally from 2010 [76,77]. Both processes,
lignin removal and modification, now aim at the production of either small compounds as novel
chemical building blocks, or at the development of new biomass-based materials. Recent examples
include the production of benzaldehyde compounds and vanillin from lignin [78], the development
of lignin-based controlled-release fertilizers [79], and the improvement of antioxidant activity of
lignin [80], but also the modification of pulp for wood fiber insulation boards manufacturing [81].
Indeed, recent patents regarding the use of laccases in the paper industry are mostly dedicated to the
incremental improvements of the established processes either through the addition of chemical
mediators or the improved laccase variants (CN108823177A, CN109098025A). Some of the beneficial
aspects of laccase use in papermaking, which were outlined previously in this paragraph, were also
mirrored in the patent literature, with reports in the pulping process (CN107653726A,
CN108442162A). Improvement of the properties of wastepaper was also a notable field of
application in the patent literature, where laccases offer less fiber loss, higher whiteness, and an
overall improved reusability of paper (CN105178084A, CN105133409A). The bioremediation utility
of laccase in the paper industry was showcased by the treatment of chlorine bleaching effluent in
combination with the salen complexes of different transition metals (CN106045004A).
4.2. Biocatalysis
The use of laccases in organic synthesis (biocatalysis) is another field of application for these
biotechnologically relevant enzymes. This application has been grouped with patents dealing with
biochemical aspects of the laccases (Figure 4) including the identification of novel ones, recombinant
expression, and directed evolution, which are covered in Section 3.2. A wide range of different
compounds has been synthesized by laccase-mediated oxidation, with or without the use of
mediators. These include phenolics, antibiotics, oligomers or polymers, and others. A recent review
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regarding the biocatalytic synthesis of bioactive compounds by laccases was written by Kudanga et
al. [82], and previously, a thorough review of laccase applications in organic synthesis was presented
by Mogharabi and Faramarzi [83]. Recent synthetic efforts include the direct synthesis of furans
from aliphatic diallyl ethers through a chemoenzymatic metathesis/aromatization cascade [84], the
oxidation of 4–hydroxy–chalcones [85,86], the coupling of coumarins with acetone [87], the
whole-cell catalyzed oxidation of 1,4–dihydropyridines [88], a sustainable iodination of phenols [89],
the coupling of 4–phenylurazole with a number of aromatic compounds [90], the synthesis of
triaminated cyclohexa–2,4–dienones from catechol [91], the synthesis of ferulic acid and ethyl
ferulate derivatives [92], hydroxycinnamoyl peptides from ferulic acid and carnosine [93],
coumestan derivatives [94], iodinated phenolic compounds [95], caffeic acid dimers [96], ferulic,
sinapic, coumaric acid, and –OH dilignol dimers [97], and the oxidation of thioethers to sulfoxides
[98]. In WO 2016050988A1, a chemoenzymatic preparation of biphenyl compounds by oxidative
coupling is described, and similarly, a synthesis of binaphthyl compounds was reported in
CN101418321A. In an additional relevant example, naturally occurring flavonolignan silybin was
synthesized by the oxidation of the taxifolin and coupling with coniferyl alcohol (CN105400843A).
Among non-phenolic natural products, indole alkaloids catharanthine and vindoline were coupled
in a procedure involving laccase catalysis (EP2135872A1) (Table S1).
4.3. Pharma/Cosmetics/Agrochemicals
Applications of laccases in medicinal chemistry have shown their presence as an emerging field
for their application, including the development of antibiotics, anticancer drugs, antifungal drugs,
sedatives, and in detoxifying the toxic compounds [99]. Namely, due to their ability to transform a
wide range of organic compounds, laccases have been reported to catalyze the synthesis of a number
of biologically active molecules. Among recent reports, a set of 2,6–dimethoxy–4–
(phenylimino)cyclohexa–2,5–dienones was synthesized by T. versicolor laccase-catalyzed oxidative
coupling, and their activity against Botrytis cinerea phytopathogen was assessed [100]. Likewise, a
series of 1,4–naphthoquinone–2,3–bis–sulfides, synthesized with the aid of Novozym® 51003 (M.
thermophila laccase expressed in Aspergillus oryzae) catalysis, showed activity against melanoma
(UACC62), prostate (PC3), breast (MCF7), and renal (TK10) cancer cell lines, with some compounds
having IC50 values under 10 μM [101]. The laccase-catalyzed dimerization products of caffeic acid
and sinapyl alcohol were shown to possess antioxidant activity.
Interestingly, apart from acting as catalysts in the synthesis of biologically active molecules,
laccases were investigated as potential therapeutics themselves. A recent example of such an
investigation concluded that crude and purified Pseudomonas putida LUA15.1 laccase preparations
inhibited the mycelial growth and morphology of six fungal pathogens [103]. In a report predating
the former, laccase from a white rot fungus Abortiporus biennis demonstrated activity against Hep G2
and MCF-7 cells with IC50 values of 12.5 μM and 6.7 μM, respectively, as well as inhibitory activity
against HIV-1 reverse transcriptase [104].
A significant fraction of cosmetic applications of laccase is concerned with hair dyeing
products. Permanent hair dyes are typically formed by the combination of the primary intermediate
(p–phenylenediamine, p–aminophenol, and their derivatives), the coupler (m–phenylenediamines,
resorcinol, naphthols, and derivatives), and hydrogen peroxide, along with ammonia. The oxidant
serves two main purposes: to oxidize the primary intermediates and, in combination with ammonia,
to lighten the natural hair color [105]. However, these conditions enable side reactions with hair
proteins and cause hair damage. Therefore, replacing hydrogen peroxide by another oxidant such as
laccase may diminish this effect. Applications of alkaline laccases for this purpose have been
reported [63,106]. The ability of laccase to degrade melanin has also been proposed for
skin-whitening applications [107].
A method for preparing hyaluronic acid substitute by oxidizing chitosan with laccase-TEMPO
system was covered by a patent from 2015 (CN104745662A). Additionally, examples of
laccases-aided extraction of a bioactive molecule are present, such as in CN109260300A, where it
improved the extraction of schizandronic acid from Schisandra chinensis. An interesting
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pharmaceutical application of laccase is described in the patent US20190060471A1, where laccase is
mixed into a pill containing opiate alkaloids in order to prevent potential drug abuse. Namely,
attempts to extract alkaloids for misuse result in their oxidation by laccase, eliminating or lowering
their detrimental effect.
4.4. Textiles and Fibers
The first commercial laccase-based product used in the textile industry was DeniLite®, which
was launched by Novozymes in 1996 as an environmentally more benign alternative to previously
used denim-bleaching agents such as sodium hypochlorite. Afterwards, numerous commercial
products based on laccase were released onto the market for the purpose of denim bleaching
[58,108]. Laccases were shown to degrade the textile dye indigo, yielding isatin and subsequently
anthranilic acid, enabling both the bleaching of indigo-dyed denim as well as the treatment of
indigo-contaminated wastewater [109]. Numerous investigations of textile dye wastewater
treatment by laccases were also reported, which is reflected in recent journal publications including
immobilized [110–112] as well as non-immobilized laccases [60,113]. Apart from wastewater
treatment applications, laccases were recently investigated in wool dyeing by the polymerization of
syringic acid [114], the antimicrobial coating of textile fibers by polymerization of catechol and p–
phenylenediamine [115], the pH-responsive and conducting coating of wool fabrics by the
polymerization of diaminobenzenesulfonic acid [116], nylon and wool dyeing by laccase-catalyzed
1,4–dihydroxybenzene, 2,7–dihydroxynapthalene, and 2,5–diaminobenzenesulphonic acid coupling
[117].
Another major field of laccase application in the textile industry is cotton bleaching, the
purpose of which is to obtain a white appearance of the fiber. In order to obtain a high degree of
whiteness, the conventional bleaching process of cellulosic fiber materials included consequential
treatment with sodium hypochlorite and hydrogen peroxide. The use of laccase as an alternative for
this purpose was proposed as a means of decreasing the chemical, energy, and water consumption
of the process [118]. Since the presence of flavonoids in cotton is the main cause of its color, the
laccase-promoted bleaching likely occurs via the oxidation of phenolic groups of flavonoids [119].
Examples from the recent patent literature outline the flaws of conventional cotton bleaching
techniques, requiring high temperature, alkaline conditions, and high water and energy
consumption. The alternatively proposed laccase-containing cotton pretreatement formulations
enable low-temperature operating conditions and lower waste production (CN109722908A,
CN108642854A). Apart from cotton treatment, textile-related patents report laccase as a
polymerization catalyst for fiber dye precursors, enabling low-cost and environmentally benign
methods for textile dyeing (CN108978270A, CN103952927A). The application of laccase in the
antibacterial finishing of fibers has also been the topic of numerous patent reports. Among those are
examples of grafting beta-cyclodextrin on fiber surfaces by laccase/TEMPO oxidation
(CN108893982A, CN105951436A).
4.5. Bioremediation and Detoxification
As mentioned, laccases exhibit broad substrate specificity, enabling them to oxidize a broad
range of xenobiotic compounds including chlorinated phenols, bisphenols, and polycyclic aromatic
hydrocarbons that are persistent in the environment and known to have carcinogenic and mutagenic
effects [120]. A significant part of the research effort on laccases has been devoted to their ability to
degrade a variety of environmental pollutants, and this category of patents is similar in number to
the patents regarding applications in textile industry, while in the recent literature review,
bioremediation was the category with the most scientific articles (about 30%, as found by [57]). A
few examples are dyes, antibiotics, pesticides, fertilizers, endocrine-disrupting chemicals, and many
others. The literature regarding these experimental efforts has been recently reviewed by Bilal et al.
and Barrios-Estrada et al. [122]. In the recent literature, examples of the degradation of pesticides
[123], synthetic dyes [124], bisphenol A [125], and pharmaceuticals can be found. Additionally, a
report of partial polyethylene degradation by Bacillus sp. YP1 laccase was published in the patent
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literature. The authors report the oxyfunctionalization of the polyethylene surface upon laccase
treatment (CN103980535B, CN103980535A).
More recently, laccases found application in coal biosolubilization (clean coal technologies). For
example, the Fusarium oxysporum LOCK 1134 strain efficiently biosolubilizes lignite, and the
liquefied coal can be modified further by laccase to release humic and fulvic acids [127]. They have
also been marked to play a crucial role in polyethylene (PE) degradation along with oxidoreductases
and alkane hydroxylases after either biotic or abiotic initiation [128], and there are patents covering
this application of laccases, including thermophilic laccase from Brevibacillus and its use in
compositions for the biodegradation of plastics (WO2014167562A1) or enzymes immobilized on
mesoporous magnetic nanoparticles and their use for polymer degradation (WO2012122437A2).
4.6. Food and Beverages
The ability of laccase to transform substrates possessing the phenol moiety was likewise
applied in the production of food and beverages. Numerous applications of laccases in beverage
production concern a two-step phenol-removal process. The first step is the induction of phenolic
complexes by laccases, and during the second step, the polymerized polyphenolic compounds are
adsorbed onto a membrane. A number of patents have been reported to employ laccases for the
stabilization of beverages including beer, wine, and juice [129]. The laccase-induced crosslinking of
biopolymers was shown to be beneficial in the baking industry as well. For example, the crosslinking
of ferulic acid and arabinoxylan catalyzed by Trametes hirsuta laccase increased the maximum
resistance of dough and decreased the dough extensibility of flour and gluten doughs, resulting in
increased bread softness and volume [130,131] (WO2019201725A1). The applications of
laccase-catalyzed crosslinking were also reported in the crosslinking of whey-protein isolate and
vanillic acid for potential emulsifying applications [132], as well as the crosslinking of peanut
proteins, causing a modulation of the immune response to those proteins in vivo [133].
Recent patents cover the application of laccases in the improvement of the nutritional quality of
animal feed such as distillers dried grains (WO2019055455A1) or wild pepper meal pig feed (CN
109221615A).
4.7. Detergents
The detergent industry occupies a significant portion of the global enzyme market. The
application of enzymes in detergents enhances the detergents’ ability to remove persistent stains
with the benefit of making detergents more environmentally benign. The enzymes most commonly
encountered in detergent formulations are proteases, amylases, cellulases, and lipases [134].
Although not common in commercial detergents, laccases have been reported in detergent
formulations in the recent patent literature (CN104263544A). Namely, stains originating from
strongly colored fruit and vegetables typically contain various flavonoids (such as anthocyanins),
which are susceptible to laccase-catalyzed oxidation. This notion has led to an application of laccase
for detergent power improvement (US20180127687A1). Another report concerns the application of
laccase as a dye transfer inhibitor, meaning that it serves to prevent the unwanted dyeing of fabric
by dye transfer from another fabric during the washing process (US20170267947A1),
(US2017267947A1). The presence of laccase in a detergent for biofilm removal, for medical
instrument cleaning, has likewise been reported in the patent literature (CA2892497A1). On the
other side, the complex enzyme detergent containing at least one laccase for the cane sugar
manufacturing industry with high heat resistance has also been patented (CN109321553A).
4.8. Sensors and Biofuel Cells
Laccase-based biosensors have been reviewed by Rodríguez-Delgado et al. and most recently
by Castrovilli et al. [136]. Laccases are used for the development of biosensors for the detection of
catechol [137], dopamine [138], polyphenols [139], 17β–estradiol [140], pharmaceutical residues
[141], and others.
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The development of biofuel cells aims at the sustainable production of electrical energy through
chemical reactions, which were mediated by oxidoreductases. There is no conceptual difference
between conventional fuel cells and enzymatic biofuel cells; however, the latter can operate at
near-neutral pH and ambient temperature. Additionally, using enzymes as electrocatalysts has
advantages including specificity toward their substrates, renewability, biodegradability, high
turnover frequencies, and low intrinsic overvoltages [142]. Laccases have been used in the cathode of
such devices for the oxygen reduction reaction (ORR), with well-known benefits such as low
overpotential and the possibility of direct electron transfer [143–145]. Recent reports of laccase
applications in biofuel cells include the directed evolution of the E. coli CueO multicopper oxidase,
with the improved variant (D439T/L502K) having a significantly increased onset potential compared
to the wild-type enzyme [146]. Likewise, the K316 N/D500G mutant of Bacillus licheniformis CotA
laccase was shown to catalyze the oxygen reduction at the fuel cell cathode from 0.59 V (SHE) and
pH 8 [147]. A fuel cell containing laccase on both the cathode and the anode was described as well.
The laccase-catalyzed oxidation of bisphenol A served as the anode reaction, while the conventional
laccase-mediated oxygen reduction served as the cathode reaction [148]. Patents exemplifying
laccase-based sensors are numerous and are usually covering the method of their preparation such
as the preparation of a two-dimensional nano rare earth borate laccase sensor and its application
(CN103499625A) or specific applications such as cancer diagnostics (CN110068570A). Likewise, the
patent literature contains numerous applications of laccase in biofuel cells, commonly utilizing
laccase for the cathode reaction. Examples include a starch/oxygen biofuel cell, where laccase is
grafted onto the cathode, and E. coli displaying saccharifying enzymes where glucose
dehydrogenase is grafted on the anode, enabling the use of biomass as fuel (CN106450399A).
4.9. Plastics and Biopolymers
The ability of laccases to promote the oxidative coupling of aromatic compounds such as
phenols and anilines served as the basis for the production of various types of functional polymers.
Among those is the conductive polymer polyaniline (PANI), the laccase-mediated synthesis of
which was outlined in a recent review [149]. The atom transfer radical polymerization of N–
vinylimidazole catalyzed by T. versicolor laccase showcased its ability to produce a polymer with a
well-defined molecular mass and potential applications in drug and gene delivery, fuel cell
membranes, and polyionic liquids [150]. Another laccase-mediated polymerization in a highly
controlled manner produced alternating copolymers of catechol and xylylenediamines with
potential applications as imaging agents [151]. A recent report showcased the ability of laccase to
catalyze the polymerization of dopamine, yielding a more uniform and stable polydopamine
homopolymer compared to the one obtained by conventional methods [152]. Furthermore, laccases
have been employed in the synthesis of biomacromolecular assemblies such as tyrosine-tagged
crosslinked proteins with promising biomedical applications [153,154]. Recent laccase-related
patents within this application field are covering inventions such as the production of
protein/polysaccharide composite film using thermostable recombinant bacteria laccase or
methods for preparing seals for automobile instrument panels (CN109111584A, CN109096736A)
(Table S1).
The application of laccases in the field of biopolymers extends also to the grafting of different
compounds to polymers or the functionalization of polymers. Toward this end, numerous efforts
have been made, including the functionalization of pectin with ferulic acid derivatives [155], the
functionalization of wool through caffeic acid ‘zip’ polymerization [156], and the production of 6–
carboxylate chitooligosaccharides as a superabsorbent material [157]. The modification of
lignocellulosic polymers can lead to materials with superior properties, such as the modification of
jute fibers by octadecylamine grafting for enhancing the hydrophobic character of the material [158].
Depending on the choice of laccase substrate, properties such as improved strength properties,
increased antimicrobial resistance, or hydrophilicity/hydrophobicity can be imparted to
lignocellulosic materials.
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Regarding the manufacturing of novel materials, the production of chitin nanocrystals [159], of
arabinoxylan and glucomannan aerogels [160], the polymerization of dopamine [152], the
dimerization of 2,6–dimethoxyphenol [161], the oligomerization of 4–hydroxybenzoic acid for the
improvement of the anti-fouling properties of membranes, and the polymerization of catechol and
gallic acid have been recently reported. Catechol polymerization has been used as an example for Su
et al. to comment on the effect of reaction conditions on the nature of the final product.
4.10. Paints and Coatings
Laccases have been widely applied to the synthesis of novel dyes with the aim to develop
greener routes for their industrial production. These research efforts have been most recently
reviewed by Polak and Jarosz-Wilkolazka [165]. Since then, numerous studies were published,
reporting the synthesis of hair dyes [63], phenoxazine derivatives [166], benzene- and
naphthalene-derived non-toxic dyes [167], 2,5–diaminobenzenesulfonic acid (2,5–DABSA) and
catechol or resorcinol coupling derivatives, several aminoindamine and indoaniline dyes for hair
dyeing and cosmetics applications [169], and even a dye for protein gel staining [170]. Moreover, the
dyeing of fabrics by the in situ polymerization of phenol and amine compounds has been reported
[115,171]. These are also covered in patents dealing with the preparation of paper-based lacquer
paintings (CN109627825A), oxygen scavenger coating composition (US2009226996A1), or thermal
insulation coatings for exterior walls (CN109735175A)).
Recently, a coating liquid suitable for coating food packing paper was patented and contains
laccase-grafted modified chitosan and an antibacterial palm wax emulsion. The coating liquid
showed excellent steam barrier properties coupled with antibacterial activity (CN107190574A).
4.11. Nanobiotechnology and Biomedicine
Laccase’s application in biomedicine, to a great extent, is based on their biocatalytic properties,
aiming at the manufacturing of novel materials for biomedical applications. As mentioned earlier,
the production of hydrogels or aerogels is a sector where laccases can be of value for the production
of biocompatible materials. The grafting of phenol compounds to poly (vinyl alcohol) (PVA) films
can lead to the formation of antimicrobial biocompatible materials with numerous biomedical
applications [172]. A suitable example is the laccase-mediated production of a ferulic
acid-crosslinked poly (vinyl alcohol) (PVA) hydrogel for application in ophthalmology [173]. The
laccase/TEMPO-mediated grafting of silk fibroin onto bacterial cellulose was shown to enhance the
biocompatibility of the membrane [174]. The laccase/TEMPO oxidation of galactomannans led to the
production of an aerogel with satisfactory drug delivery properties [175]. Similar materials were also
obtained by the laccase oxidation of fenugreek gum [176]. Chitosan hydrogels with laccase-oxidized
phenolics as crosslinkers showed improved swelling properties and suitable biocompatibility as
well as conductive gels based on chitosan and hyaluronic acid [177], (CN104725657A).
The potential laboratory applications of laccases also extend to the field of nanotechnology in
regard to the synthesis and/or modification of nanomaterials for various sectors. The development
of enzymatically oxidized lignin nanosized colloidal particles for various applications was recently
reported [178], as well as the synthesis of hybrid nanoflowers containing laccase as a nanobiocatalyst
for the degradation of dyes (CN104789549A, CN105536691A) [179]. For example, the technical
problems that were encountered in the application of laccases for xenobiotics removal, such as their
low biodegradability and removal rate, was solved by adsorption of laccase to carbon nanotubes,
resulting in enhanced enzyme activity, as well as thermophilic and psychrophilic stability
(CN109912048A).
The anticancer activity of T. versicolor laccase immobilized on Pluronic®-stabilized silver
nanoparticles has also been demonstrated recently [180]. A review covering the medicinal properties
of basidiomycete laccases can also be found [181].
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5. Conclusions—Future Challenges
The industrial uses of laccases still seem limited compared to their potential. Research should
be focused on reducing the production cost and on developing the tools to better control the reaction
on selected polyphenols and other substrates to be treated by these enzymes.
The major challenges concerning the industrial use of laccases include the production costs, but
also the broad substrate specificity of laccases. While the wide substrate spectrum of laccases can be
a significant advantage for biodegradation applications, it can also pose a problem to their
commercial application in the field of biocatalysis due to by-product formation following free
radical chemistry. Moreover, the broad substrate specificity of laccases is a drawback in the field of
biosensor manufacturing. Biosensors, especially when used for biomedical applications, require a
high degree of selectivity toward the target compound that cannot yet be achieved by most
commercially available laccases. Combined with the high production costs, the need for the
discovery or engineering of novel enzymes with preferred characteristics seems imperative. The
literature regarding laccase production costs is sparse; therefore, more research is needed on the
development of the production processes.
Aside from the described fields of application and the respective challenges, the research
interest on laccases is far from declining. Recently, new areas of application continue to emerge,
including the degradation of plastics, the development of diagnostic tools, and others. Therefore, it
might be safe to assume that the numbers of filed patents will continue to increase in the years to
come. Consequently, laccases will find their way to an ever-increasing number of industrial fields,
and possibly will be used to replace traditional processes toward greener production routes.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: The patents
cited in the main text. Table S2: Comparison of recent laccase-related journal publications and patents across
categories.
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