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Abstract: Laccases are enzymes with attractive features for the synthesis of fine chemicals.
The friendly reaction conditions of laccases and their high conversion and selectivity make them
particularly suitable for green methods of synthesis. In addition, laccases are enzymes with broad
substrate variability, ease of production, and no need of cofactors or aggressive oxidizing agents.
Among molecules oxidized by laccases are polycyclic aromatic hydrocarbons, azo dyes, pesticides,
phenols, and pharmaceuticals. This article reviews the laccase-mediated oxidation of fine chemicals
for the production of biologically active compounds. The main aspects of the enzymatic oxidation are
summarized; potentials and limitations are identified and proposals to develop more robust catalysts
are analyzed.
Keywords: enzymatic oxidation; enzymatic dioxygen activation; laccases; pharmaceutical synthesis

1. Introduction
The production of fine chemicals (intermediates and final products) is of interest for
pharmaceutical industry. A hallmark of current drug-production processes is the large quantities of
organic solvents and energy required for the synthesis and purification. Besides, synthetic chemistry
for industrial applications produces an excessive amount of wastes (toxic by-products and solvents),
which could be up to 85% solvent by mass product [1,2]. Since the pharmaceutical sector produces
over 1000 tons of product per year, with 25–100 kg waste/kg product [3,4], it is evident that there is a
necessity for more sustainable processes production. Against this background, green production
processes with high environmental acceptability and economic feasibility are getting particular
attention in most developed countries. Thus, the European Commission and US Environmental
Protection Agency award different prizes encouraging industries to develop novel manufacturing
processes considering environmental factors, energy efficiency, and use of renewable feedstocks [5,6].
Therefore, green methodologies are needed to reduce the environmental impact and the
economic cost of the whole processes. Biocatalysts offer sustainable technological alternatives
to the processes already applied to industry, particularly in the pharmaceutical, agrochemical,
and food fields [4,7,8]. The advantages of biocatalytic processes arise from the ability of enzymes
to catalyze complex reactions at mild conditions and to generate few or no side-products. Other
advantages over traditional organic synthesis are the usage of water as a solvent, specific regionand stereo-selectivity, no need for functional group protection, and deprotection steps [9,10].
Being the high chemoselectivity, regioselectivity, and stereoselectivity the most outstanding traits
of biocatalysis [11,12]. In addition to catalysis in aqueous environments, enzymes can carry out
esterification, biocatalytic enantioselective sulfur oxidation, and hydrogenation in different solvent
mixtures; e.g., choline chloride/glycerol/water, liquid polymers, and supercritical CO2 [1]. These
abilities usually lead to energy savings, low operating costs, increased safety and minimal pollutant
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Laccases catalyze the oxidation of phenols, amines and some of their derivatives, as well
as inorganic ions coupled to the reduction of molecular dioxygen to water [18,19]. In addition,
the laccase-oxidation assisted by low molecular mediators has been applied to numerous processes such
as aromatic dyes, polycyclic aromatic hydrocarbons (PAH), pesticides, and pharmaceuticals [20,21].
Several reviews on the biochemistry, structure, kinetics, and applications of laccases have been
published [22–26]. Unlike previous reports, the aim of this review is to highlight the potential
applications of laccases for the synthesis of pharmaceutical products, wherein high selectivity and
mild reaction conditions are necessary, especially where dioxygen activation is required. The potentials
and limitations of laccases for industrial application are examined in the context of fermentation
production, synthesis reactions, and feature improvement opportunities.
2. Laccases for Pharmaceutical Green Chemistry
Traditional pharmaceutical industry involves time-consuming, multi-step reaction, high cost and
hazardous methods for the synthesis of drugs. Since the 90s when the Green Chemistry was born,
this modern area has revolutionized the way to synthesize organic compounds. Since then, green
chemistry has been looking for sustainable synthesis processes base on 12 principles stipulated by
Paul Anastas and John Warner [27]. In the biopharma sector, unlike the traditional pharmaceutical
industry, green chemistry focuses on the design of facile, eco-friendly, cost-efficient, sustainable,
and high yielding methods for the synthesis of new drugs that are safe for human health and
environment. For the synthesis of anticancer molecules, for example, green methods were developed
based on physicochemical procedures as microwave irradiation, ultrasonic irradiation, Claisen-Schmidt
condensation, green solvents, and high temperatures (from 80 to 130 ◦ C) to obtain product yields of
70% and 96% [28]. However, the green physicochemical procedures still require special equipment,
multiple chemicals consumption, and large quantities of energy. Enzyme-catalyzed biosynthesis could
be a green method and, moreover, reduces energy and chemicals consumption. Laccases (EC1.10.32)
are enzymes that have been studied to develop pharmaceutical biosynthesis methods. They belong to
a family of extracellular, multi-copper containing oxidoreductases present in plants, fungi, and the
bacterium Azospirillum lipoferum. Laccases catalyze the oxidation of a vast range of phenolic substrates
presenting low redox potentials without the need of a co-factor, but they are also able to catalyze
non-phenolic substrates in a reaction dependent on the presence of a primary laccase-substrate, as
for example the artificial laccase substrate ABTS [2,20 -azinobis(3-ethylenthiazoline-6-sulphonate)]
which acts as an oxidation mediator. The reaction catalyzed by laccases reduces molecular oxygen and
releases water as the only by-product [29], therefore reactions catalyzed by these enzymes are free of
toxic oxidants and toxic by-products. The advantage of laccases for the biosynthesis of pharmaceuticals
is their ability to catalyze one-pot synthesis under mild conditions, which imply room temperature,
aqueous solvent (solvent-free less toxic), high pH range from 3 to 7, aerial molecular oxygen that can
be supplied by just open vessel, bubbling air or by stirring, and short reaction times. The synthesis
of new pharmaceutical compounds by laccase oxidation under mild conditions with no hazardous
or toxic by-products and high yields (37 to 99%) have been reported. Moreover, in vitro assays of
some biosynthesized pharmaceutical compounds showed new biological activities. The most recent
pharmaceutical compounds synthesized by laccases under mild conditions are listed in Table 1.
Table 1. Pharmaceutical compounds synthesized by laccases under mild reaction conditions.
Product

Laccase Source

Reaction Conditions and Results

Reference

Anticancer compounds
* Amino-naphtoquinones

Commercial Novozyme 51003,
laccase from Myceliophthora
thermophile, Novozymes

1.0 M succinate-lactate buffer pH 4.5; 35 ◦ C; 2220 U laccase;
1.2 mmol amine and 0.6 mmol 1,4-dihydroxy-2-naphthoic
acid; 1 mL DMF as a co-solvent. 48 h, 77% yield

[30]

0.01 M sodium phosphate buffer pH 6.0; 40 ◦ C; stirring;
2775 U laccase; 1.2 mmol amine and 0.6 mmol
1,4-dihydroxy-2-naphthoic acid; DMF. 48 h, 85% yield

[30]
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Table 1. Cont.
Product

Laccase Source

1,4-Naphthoquinone-2,3-bis-sulfides

Commercial Novozyme 51003,
laccase from Myceliophthora
thermophile, Novozymes

Reaction Conditions and Results

Reference

1 M succinate-lactate buffer pH 4.5; 35 ◦ C; air by stirring;
3885 U laccase; 0.6 mmol 1,4-naphthohydroquinone and
1.8 mmol thiol. 48 h, 69% yield

[31]

0.1 M potassium phosphate buffer pH 7.15; air by stirring;
6660 U laccase; 0.6 mmol 1,4 naphthohydroquinone and
1.8 mmol thiol. 48 h, 56% yield

[31]

* 5,6-Dihydroxylated benzo[b]furans
and catechol derivatives

Commercial Suberase, laccase
from Myceliophthora
thermophila, Novozymes

0.1 M phosphate buffer pH7.15; R.T.; air; 10,757.8 PCU/mL
laccase; 2.0 mmol catechol and 2.0 mmol 1,3-dicarbonyl. 24 h,
98% yield

[32]

* Coumestans derivatives

Commercial Suberase, laccase
from Myceliophthora
thermophila, Novozymes

0.1 M Phosphate buffer pH 7.15; R.T.; air; 10,757.8 PCU/mL
laccase; 2.0 mM catechols and 2.0 mM coumarins. 24 h,
86% yield

[33]

* Pyrimido-benzothiazoles and
catechol thioeters

Commercial laccase from
Agaricus bisporus, ASA
Spezialenzyme

0.2 M phosphate buffer pH 6.0/10% ethanol; R.T.; air; 12 U
laccase; 0.58 mmol catechol and 0.5 mmol
2,3-dihydro-2-thioxopyrimidin-4(1H)-ones. 14 h, 97% yield

[34]

0.2 M phosphate buffer pH 6.0/10% ethanol; R.T.; air; 12 U
laccase; 0.29 mmol catechol and 0.25 mmol
2,3-dihydro-2-thioxopyrimidin-4(1H)-ones. 14 h, 95% yield

[34]

Antioxidant compounds

* Catechin polymers

Commercial laccase from
Trametes versicolor, Sigma
Aldrich, conjugated with gum
Arabic

20 mM sodium citrate buffer pH 5.0/methanol in a ratio of
1.0:0.6; R.T.; 2300 U/mg gum Arabic conjugated laccase;
5 mmol catechin. 0.5 h

[35]

* Polyrutin

Commercial laccase from
Trametes versicolor.

Methanol/water (30:70 v/v); 20 ◦ C; air by stirring; 3 U/mL
laccase; 50 g/L rutin. 24 h

[36]

* Polyesculin

Commercial laccase from
Trametes versicolor

Methanol/water (30:70 v/v); 20 ◦ C; air by stirring; 3 U/mL
laccase; 50 g/L esculin. 72 h

[36]

* Catechin polymers

Commercial laccase from
Trametes versicolor (2020), ASA
Chemicals

0.1 M acetate buffer pH 5.0 with 5% (v/v) of the natural deep
eutectic solvents Betaine-Mannose (mole ratio 5:2), 30 ◦ C,
bubbling air; 125 U laccase, 17.23 mmol catechin (5 mg/mL).
1 h, 83% yield

[37]

Catechol thioeters

Non-commercial laccase from
Agaricus bisporus

0.2 M Phosphate buffer pH 6.0/Methanol 10%; R.T.; air; 150 U
laccase; 1.25 mmol catechol and 1 mmol
2-mercaptobenzoxazole (thioeter). 16 h, 95% yield

[38]

* ß-lactam antibiotics

Commercial laccase from
Myceliophthora thermophila,
Novozymes and commercial
laccase from Trametes sp., ASA
Spezialenzyme

Citrate-phosphate buffer (18 mM citrate, 165 mM phosphate)
pH 7.0; R.T.; air by agitation; 10 mM β-lactams and 3 mM
2,5-dihydroxyphenylacetic acid. 4 h, 60% yield

[39]

Pyrimido-benzothiazole derivatives

Commercial laccase from
Agaricus bisporus, ASA
Spezialenzyme GmbH,
Wolfenbüttel

0.2 M phosphate buffer pH 6.0/methanol (85:15, v/v); 22 ◦ C,
air; 60 U laccase; 0.63 mmol catechol and 0.5 mmol. 15 h
1,2,3,4-tetrahydro-4-oxo-6-phenyl-2-thioxo-5-pyrimidinecarbonitrile.
15 h, 95% yield

[40]

Commercial Denilite IIS,
laccase from Aspergillus oryzae,
Novozymes

0.1 sodium acetate buffer pH 5.0/methanol 5%; R.T.; stirring
600 U laccase; 1 g (+)-Catechin hydrate. 24 h, >60% yield

[41]

Non-commercial laccase from
Pycnoporus cinnabarinus

1 M phosphate/citrate buffer pH 7.0; 5 ◦ C the first 2 h before
increasing to R.T.; air by stirring; 400 U laccase; 1 mmol
Meldrum’s acid and 2 mmol catechol. 12 h, 55% yield

[42]

Commercial laccase from
Trametes villosa, Novo Nordisk

0.1 M sodium phosphate buffer pH 7.0; 60 ◦ C, bubbled O2 ;
10 U laccase; 1 mmol benzoylacetronitrile and 0.25 mmol
methoxyhydroquinone. 24 h, 37% yield

[43]

0.1 M sodium phosphate buffer pH 7.0; 60 ◦ C, bubbled O2 ;
100 U laccase; 1 mmol benzoylacetronitrile and 0.25 mmol
substituted hydroquinone. 24 h, 89% yield

[43]

Antimicrobial compounds

Antiglycation compounds
* Catechin polymers
New pharmacologically active
substances
1,3,9-Trioxa-fluoren-4-one
derivatives
Synthetic intermediates
Benzylic nitriles

Phenothiazones

Commercial laccase
Not specified origin

0.1 M sodium acetate buffer pH 5.0/methanol 10–15%; R.T.;
50 U laccase added after 2 h; 0.5 mmol 2-aminothiophenol and
0.625 mmol 1,4-quinone. 6 h, 61% yield

[44]

Ortho-dihydroxylated aromatic,
mono-aminated and di-aminated
compounds

Non-commercial laccase from
Pycnoporus cinnabarinus.

20 mM sodium acetate buffer pH 5.0; R.T.; air by agitation;
0.5 U laccase; 1 mM or 2 mM dihydroxylated compounds and
1 mM or 2 mM amines., 44% yield

[45]

Sulphonyl benzenediols

Commercial laccase from
Tramates versicolor.

0.1 M phosphate buffer pH 5.0; R.T.; O2 ; 40 U laccase; 1 mmol
sodium sulphinate and 1 mmol benzenediols. 18 h, >99% yield

[46]

Non-commercial laccase from
Ganoderma sp. rckk-02

1 M phosphate/citrate buffer pH 7.0; 25 ◦ C; 200 U laccase;
N,N 0 -dimethylethylenediamine and 1,2-dihydroxy benzene.
10 h, 61% yield

[47]

Quinoxalines

This table compiles the higher yields under the tested reaction conditions. (*) Proved activity.
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(b) 5,6-dihydroxylated benzo[b]furans and catechol derivatives. For the synthesis of
5,6-dihydroxylated benzo[b]furans, catechols were reacted with 1,3-dicarbonyls, in two different
approaches (Figure 4A,B), in a one-pot reaction catalyzed by the commercial laccase Suberase from
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The FTIR spectra of rutin and esculin and their respective polymerized fractions showed that the
polymerization of polyrutin fractions was due to C-O and C-C bonds while the polymerization of
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range from 2127.42 to 8331.85 g/mol and five polyesculin fractions from 688.12 to 6973 g/mol.
The FTIR spectra of rutin and esculin and their respective polymerized fractions showed that the
polymerization of polyrutin fractions was due to C-O and C-C bonds while the polymerization of
polyesculin fractions was due to C-C bonds. The antioxidant activity of rutin, esculin and their
polymer derivatives was demonstrated by radical scavenging on ABTS and DPPH, iron chelating
capacity, xanthine oxidase (XO) inhibition assay, and cupric reducing antioxidant capacity (CUPRAC).
Results showed that the antioxidant activity of polyrutin fractions expressed as IC50 values for ABTS,
DPPH and hydroxyl radical decreased as weight-average molecular mass increased. This reduction
of antioxidant-activity could be probably due to a loss of free hydroxyl groups on C40 , C30 and C70
during rutin polymerization. In contrast, the XO inhibition activity, the iron chelating capacity and
CUPRAC assays showed the opposite, polyrutin showed higher antioxidant activity than rutin. In
the case of polyesculin, antioxidant-activity (IC50 values for ABTS, and hydroxyl radical) increased
as weight-average molecular mass increased, indicating a stronger antiradical activity than esculin
monomer. This can be explained because of the groups implicated in the antioxidant activity were
not affected during polymerization. While the IC50 for DPPH remained constant suggesting that
DPPH scavenging activity is independent of polymerization degree. Polyesculin fractions also
exhibited higher XO inhibition activity, iron chelating properties, and CUPRAC capacities than
esculin [36]. The strong xanthine oxidase inhibition showed by polyrutin and polyesculin make
them good candidates to attack gout disease, and probably another of the above-mentioned diseases.
(b) Catechin polymers. With the aim of improving laccase stability and catechin polymerization,
Jadhav and Singhal (2013) conjugated laccase from Trametes versicolor with gum Arabic [35]. The ability
of conjugated laccase to polymerize catechin was compared with free laccase under optimized reaction
conditions (Table 1). Different aqueous mixtures of organic co-solvents (acetonitrile, methanol, ethylene
glycol and dimethyl sulphoxide) were used to solubilize catechin. Different parameters such as enzyme
and substrate concentration and pH were optimized. Results showed a high production of catechin
polymer when methanol was used as co-solvent. In methanol, the conjugated laccase presented lower
activity than free laccase but higher stability. Also, the conjugated laccase produced water-soluble
and fusible linear catechin polymer, in contrast to water-insoluble and infusible cross-linked catechin
polymer synthesized by the free laccase. Antioxidant activity (determined by DPPH assay) and
reducing power of the linear catechin polymer were higher than catechin monomer. This work
demonstrated that laccase conjugation is an interesting approach to improve product yield and
antioxidant activity of polyphenol polymers [35].
As already mentioned, catechin polymerization reaction requires the addition of an organic solvent
to solubilize catechin in water. In order to replace toxic solvents with environmentally friendly solvents,
deep eutectic solvents (DES) can be an alternative, due to low toxicity and high biodegradability.
For catechin polymerization, Ünlü et al. (2017) tested different DES types as choline chloride with
glycerol (ChCl-G) or with ethylene glycerol (ChCl-EG), and betaine:mannose (B-M), a natural deep
eutectic solvent (NADES), and compared their effect on catechin polymerization with acetone as
a reference co-solvent [37]. Different laccase amount, DES and NADES content, and reaction time
were tested. Results demonstrated that laccase from Trametes versicolor is active in the presence of
DES and NADES but the higher molecular weight catechin polymer (4354 ± 678 g mol−1 ) at the
highest yield (83 ± 6%) was obtained in 5% (v/v) B-M with 125 U of laccase (Table 1). All synthesized
catechin polymers exhibited higher antioxidant activities than catechin monomer. Although, the
catechin polymer that exhibited the highest values of both XO inhibitory activity and superoxide
radical scavenging was synthesized with 62.5 U of laccase in 5% (v/v) B-M and had a molecular weight
of 4177 ± 405 g mol−1 .
2.1.3. Laccase-Synthesized Molecules with Antibiotic Activity
The accelerated development of resistance to antibiotics is putting human and animal health at risk
in all parts of the world. The treatment of hard infections such as pneumonia, tuberculosis, gonorrhea,
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etc. is becoming harder even impossible with the present arsenal of antibiotics [48]. Therefore, the
urgent need for novel antibiotics has pushed the development of drugs against multidrug-resistant
bacteria [58]. An interesting approach that could be immediate and less time-consuming than exploring
new antibiotic niches or biological sources is the modification of existing antibiotics to their bioactive
derivatives [19,59]. The use of laccases for the enzymatic transformation of antibiotics was initially
proposed by Agematu et al. [60] and has been extensively explored by Mikolasch’s team [19].
β-lactam antibiotics. In their most recent work, Mikolasch et al. (2012) synthesized seven novel
β-lactam antibiotics by laccase-catalyzed amination of 2,5-dihydrophenylacetic acid (see reaction
conditions in Table 1) [39]. The growth inhibitory activity of the new β-lactam antibiotics was tested
against Gram-positive strains including the multidrug-resistant strains Staphylococcus and Enterococcus.
Two of the products showed antibacterial activity against the majority of the strains. Furthermore, none
of the new β-lactam antibiotics was cytotoxic against a human amniotic epithelial cell line. In vivo
assays demonstrated the effectiveness of the majority of the β-lactam antibiotics in immune-suppressed
mice infected with S. aureus ATCC 6538. In contrast, untreated mice died.
2.1.4. Laccase-Synthesized Molecules with Antidiabetic Activity
Diabetes is one of the chronic diseases with higher prevalence all around the world.
The prevalence of diabetes worldwide in 2000 was estimated to be 171 million and projections for 2030
are 366 million [61]. Recently Jeon (2013) demonstrated the in vivo application of laccase polymerized
catechin as an alternative pharmaceutical to control glucose absorption by inhibiting α-glucosidase,
the enzyme that releases absorbable α-glucose [41]. It should be interesting to determine if laccase
biosynthesis of catechin polymers is less expensive than insulin production or other antidiabetic drugs.
Catechin polymers. Catechin was polymerized by laccase from Aspergillus oryzae (Denilte IIS) at
room temperature (Table 1). After laccase polymerization, various catechin polymer fractions were
extracted with increasing ethanol (10–100%) and acetone (80–100%) concentrations. The α-glucosidase
inhibitory activity (expressed as the concentration requires for 50% inhibition of the enzyme activity,
IC50 ) of catechin polymer fractions, was assayed in vitro and compared with that of catechin monomer
and theaflavins (prepared from black tea). The highest antiglycation activity (IC50 4 µg/mL) was
exhibited by the catechin polymer fraction extracted with 20% ethanol, which was 70-fold higher
than catechin monomer. LC-MS analysis of the 20% ethanol fraction showed a composition of dimers,
trimers and tetramers with molecular weights of 575, 863 and 1151 Da, respectively. In order to validate
the antidiabetic effect of total catechin polymers, mice were supplied with 200 mg/kg of catechin
monomer or catechin polymers and 5 min later were fed with 1 g/kg of maltose solution. Blood
glucose (mg/mL) was monitored over the time showing a significant decrease of glucose in mice
supplied with catechin polymers compared to mice supplied with catechin monomer or control mice.
Because of a hyperglycemic condition, the formation of advanced glycation products (AGEs) and
oxidative stress are accelerated, antiglycation effect and superoxide-dismutase like (SOD-like) activity
of catechin, catechin polymers and 20% ethanol-extract catechin polymers were examined. Catechin
polymers showed higher antiglycation activity than monomers. Therefore, catechin polymers can be
applied for the treatment of type 2 diabetes and other diabetic complications [61].
3. Limitations for Laccase-Mediated Synthesis of Fine Chemicals at Large-Scale
Although results described above are promising for the laccase-mediated synthesis of fine
chemicals and methods are potentially transferable to the commercial scale, most of the current
literature underline that more work has to be done in order to improve laccase yields and properties [62].
There is a tendency to assume that laccase price limited their application at commercial scale. Although
it could be true for industrial effluent treatment, there is a vast range of possibilities for fine chemical
synthesis. The enzyme stability and availability are to two main factors that limit laccase industrial
application. Improving both factors would help to increase the prospects for laccase application at
large scales. Regarding the first aspect, stability improvement must be reflected in the increase of the
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total turnover (TTN) number or the space-time yield (STY). In a general way, it has been reported
that a TTN value equal or higher than 10,000 (or 1000 for STY) represents a critical value to justify
the technical feasibility in the synthesis process of high-quality chemicals such as pharmaceuticals.
As mentioned in a previous section, laccases have been reported as efficient biocatalysts in the synthesis
of several pharmaceuticals in terms of conversion, selectivity, rapidity, and mild reaction conditions.
However, to the best of our knowledge, no reports have been found concerning the quantification of
TTN or STY that contribute to determining the technical feasibility of their application. The second
factor, enzyme availability, depends on the quantity and cost of the enzyme. Although many enzymes
are overproduced by recombinant organisms with high yields and their production processes are
economically attractive, laccase overproduction is still under study. In the next sections, the review of
the studies about improvements of these two factors is described.
3.1. Fermentation Yields of Native and Recombinant Laccase-Producers
Laccases are versatile oxidoreductase enzymes ubiquitously found in plants, fungi, and
bacteria. Laccases from white-rot fungi have been extensively studied for several biotechnological
purposes [63–66]. In spite of the laccase potential for industrial applications, their use for large-scale
processes has been restricted to pulp and paper industries. The successful application of laccases
for biotechnological processes requires the production of high amounts of the enzyme at low cost.
In order to reduce the costs of laccase production, several aspects have been studied: highly producing
strains, fermentation media optimization, proper inducer and bioreactor design [67]. Thus, fungi from
genera Cerrena, Coriolopsis and Trametes have produced the highest titer reported (Table 2). Laccase
productivities of 350 and 115 U/mL/d have been achieved with Cerrena unicolor and a white rot
fungus WR-1 [68,69]. Other native fungal strains include the bacterium Bacillus subtilis, which can
produce up to 275 U/mL/d [70]. Compare with fungal laccases, bacterial laccases are barely affected
by sodium chloride or Tween-80 and have proved to be more robust at high pH and temperature.
Bacterial laccases show high activity in the presence of up to 50% DMSO [70–74], presenting attractive
industrial features required under extreme process conditions.
Several reports claim that laccase yields of native producers are too low to be considered for
commercial applications and suggest that recombinant laccase production in popular hosts may
be a feasible strategy to increase enzyme yields [73,75,76]. However, results shown in Table 2
do not support such idea; on contrary, yields and productivities obtained by the expression in
homologous microorganisms are higher than those of heterologous expression (Table 2). Several
challenges are faced when cloning and expressing recombinant laccases: incompatible codon usage
of hosts, post-translational modifications, lacking chaperones, disulfide bridges [64]. Heterologous
expression of functional fungal laccases in Escherichia coli (most popular host) is difficult, resulting
in the formation of inclusion bodies in most cases [77]. Conversely, recombinant laccase production
in yeast and filamentous fungi have been more successful; but still lower than yields attained by
native producers (Table 2). In order to meet laccase production levels for industrial applications,
laccase overexpression into native hyper-producer strains should be more extensively studied as an
alternative to decrease laccase cost production. Pleurotus ostreatus, Polyporus brumalis and Gloeophyllum
trabeum fungal strains have been transformed for laccase homologous overexpression by different
methods [78–80]. The constitutive overexpression of laccase in P. brumalis under the control of the
glyceraldehyde- 3-phosphate dehydrogenase promoter increased laccase activity 4 times higher than
that of the wild-type strain [79]. There is no doubt that heterologous expression can circumvent the
use of poisonous elicitors required in traditional fungal-laccase production beside to allowing directed
evolution experiments to produce upgraded laccases with novel biochemistry properties and desirable
stability [18]. Therefore, the recombinant approach of laccase production should be still investigated.
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Table 2. Maximum laccase activities obtained by native and recombinant producers.
Activity Yield
(U/mL)

Laccase
Productivity
(U/mL/d)

Fermentation Type

Inducer

Reference

Cerrena unicolor strain C-139

250 and 450

35.7 and 32.1

SmF, shake flask, 150 rpm, 30 ◦ C

1 mM Cu2+ ,
wheat bran

[81]

Cerrena unicolor strain C-139

416.4

34.7

SmF, 120-L STR (130–420 rpm), 30 ◦ C

1 mM Cu2+ ,
wheat bran

[82]

Microorganism
Native fungal strains

◦C

Cu2+

[83]
[69]

Cerrena sp. strain HYB07

280

56

SmF, shake flask, 200 rpm, 30

Cerrena unicolor strain GSM- 01

2800 *

350

SmF, shake flask, 170 rpm, 28 ◦ C

1.0 mM Cu2+

Cerrena sp. WR1

202

15.5

SmF, 5-L STR (200 rpm), 25 ◦ C

2 mM 2,5-xylidine

[84]

Coriolopsis gallica 1184

200.9

28.7

SmF, 50-L STR, (200–300 rpm), 30 ◦ C

0.2 mM Vanillin

[85]

Trametes pubescens

333 and 743

19.7 and 25.7

SmF, 20-L STR (100 rpm), 25 ◦ C

white rot fungus WR-1

SmF, shake flask, 150 rpm, 28

◦C

0.25 mM

2 mM Cu2+

[86]

0.8 mM 2,5-xylidine,
1 mM Cu2+

[68]

692

115

Arthrospira maxima

56.9

14.2

SmF, shake flask, swirled twice a day
for mixing, 30 ◦ C

0.1 mM guaiacol,
2 mM Cu2+

[87]

Bacillus subtilis DS

820 a

205

SmF, shake flask, NA rpm, 37 ◦ C

0.15 mM vanillic
acid, 0.15 mM
MgSO4 ,
5 × 10−5 mM Cu2+

[88]

Bacillus tequilensis SN4

1101 b

275

SmF, shake flask, 150 rpm, 30 ◦ C

0.65 mM MnSO4 ,
0.35 mM FeSO4 , 3.5%
Ethanol

[70]

42 a

6

SmF, 0.5-L STR, (NA rpm), 28 ◦ C

NA

[89]

Native bacterial strains

Recombinant laccase source (Host)
Trametes sp. C30 (Aspergillus niger)
Gaeumannomyces graminis
(Cryptococcus sp. S-2)

380

47.5

Cerrena sp. HYB07 (Pichia pastoris)

6.3

0.7

Pleurotus ostreatus (Aspergillus niger)

60

Pleurotus ostreatus (Pichia pastoris)
Trametes sp. 420 (Pichia pastoris)

◦C

Cu2+

[90]

SmF, shake flask, 200 rpm, 30 ◦ C

1 mM Cu2+

[91]

12

SmF, shake flask, 150 rpm, 28 ◦ C

0.1 mM Cu2+ ,
0.2 mM ABTS

[92]

60

15

SmF, Fed-batch fermentation, NA rpm,
28 ◦ C

glycerol

[75]

239

31.8

SmF, Fed-batch fermentation, NA rpm,
28 ◦ C

NA

[93]
[94]

SmF, 2-L STR, (NA rpm), 25

1.2 mM

Trametes versicolor
(Pichia pastoris GS115)

34.2

2.3

SmF, shake flask, 180 rpm, 28 ◦ C

0.5 mM Cu2+ 0.6%
(v/v) methanol

Escherichia coli K12
(Pichia pastoris GS115)

41

8

SmF, 5-L STR, NA rpm, 28 ◦ C

0.5 mM Cu2+ 0.6%
(v/v) methanol

[73]

Bacillus subtilis 168
(Escherichia coli BL21)

13.8

9.7

SmF, shake flask, 200 rpm, 37 ◦ C

1 mM IPTG,
micro-aerobic
cultivation

[95]

Bacillus pumilus CotA (Escherichia coli)

4.2

4.5

SmF, shake flask, 160 rpm, 30 ◦ C

1 mM IPTG, 0.25 mM
CuCl2 , oxygen
limitation

[96]

* Unless otherwise mentioned, enzyme activity was assayed with ABTS ([2,20 -azinobis(3-ethylenthiazoline6-sulphonate) as the substrate at 420 nm. NA, not available. a syringaldazine as the substrate at 525 nm.
b 2,6-dimethoxy-phenol (2 mM) (DMP) was used as substrate. SmF: submerged fermentation, STR: stirred
tank reactor.

3.2. Laccase Immobilization
As mentioned earlier, the operation stability of laccase enzymes still must be strengthened in order
to be applied at large scales. One of the strategies to improve this parameter is to immobilize the enzyme
over organic, inorganic or hybrid materials [97]. Enzyme immobilization is a mature technology.
However, it is still prevailing because of the fabrication of materials with novel physicochemical
properties that would potentially allow the stabilization of the biological molecule for sufficiently
long periods of time. This would, in turn, make economically feasible the application of the enzymes
in industrial processes. The advantages of enzyme immobilization can be summed up as follows:
it improves stability (thermostability, structural stability, pH stability, and changes in environmental
conditions stability); recovery and reuse of the enzyme are easier; and product purification is relatively
easy [98]. On the other hand, immobilization generally decreases enzymatic activity sharply due to
stiffening or partial denaturing of its structure when it is bonded to a solid surface. The extent of
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improvement or decrease in biocatalytic functions depends whether on the immobilization technique,
on the nature of the material or on the enzyme. Another disadvantage is that the volume of the
catalyzer is highly increased, which implies a larger reactor size compared to that calculated for
the free enzyme. Nonetheless, the immobilizing support plays a key role in some physicochemical
properties that may benefit (or sometimes may be detrimental to) the biocatalytic functions to the
extent where it can become the determining factor of the improvement of enzyme performance.
For instance, it can improve the partition or selectivity of the substrate towards the enzyme active
site, it can favor the repulsion or adsorption of inhibitory products, it can provide a buffered
microenvironment to the reaction conditions, etc. The objective of enzyme immobilization is to
improve the biocatalytic performance regardless of the responsible molecular or physicochemical
events. Most studies about laccase application and immobilization deal with the transformation
of environmental contaminants. This section will summarize the results about the improvement
of the laccase biocatalytic behavior applied on the transformation of pharmaceutical compounds,
although the main objective was their degradation as micropollutants (Table 3). Current research
investigations focused on enzyme immobilization using nanomaterials have shown advantages in
terms of the quantity of the immobilized enzyme and the kinetics [99,100]. One remarkable outcome
of using nanomaterials is the improvement of the enzyme stability measured as the residual catalytic
activity after a given number of reaction cycles. The stabilization of laccase in an unprecedented
number of cycles was recently reported. Kumar and Cabana (2018) attained to keep the enzyme’s
catalytic activity after hundred and fifty batch reactions. To do it, the enzyme was immobilized as
cross-linked enzyme aggregates (MAC-CLEAs) on amine-functionalized magnetic nanoparticles using
chitosan [101]. Rouhani et al. (2018) achieved laccase stabilization for up to 10 reaction cycles with only
a 10% loss of initial activity when it was immobilized in a Graphene oxide/CuFe2 O4 nanocomposite
for the synthesis of arylsulfonyl benzenediols [102]. Other reports show that immobilized laccase in Cu
(II)-chelated chitosan-graft-poly (glycidyl methacrylate) nanoparticles and Polyacrylonitrile-biochar
composite nanofibrous membrane was stable, with a loss of about 50% after 7 reaction cycles [103,104].
Good results in terms of stability and activity have also been reported after immobilizing laccase in
other kinds of more conventional materials. Hommes et al. (2012) reported an increase in laccase
catalytic behavior (around 164%) when immobilized in fumed silica. Furthermore, the immobilized
enzyme showed a high stability when kept active for 7 days [105]. In another study, Nguyen et al. (2016)
immobilized laccase in granulated activated carbon and reported that the whole system (activated
carbon and laccase) showed a high performance maintaining its capability to oxidize sulfamethoxazole,
carbamazepine, diclofenac and bisphenol A for two months [106]. In a strategy of synthetic biology,
a fungal laccase was immobilized on the surface of yeast cells and was used as a biocatalyzer to oxidize
bisphenol A and sulfamethoxazole. The immobilized laccase retained over 90% of the initial enzyme
activity after 25 days storage at room temperature, while, the activity of free laccase declined up to 60%
of its initial activity. The immobilized laccase could be reused while retaining 74% of initial activity
after eight repeated batch reactions [107].
Table 3. Recent examples of laccase immobilization.
Immobilization System

Result

Reference

Graphene oxide/CuFe2 O4 /laccase
nanocomposite

Recovered and reused up to 10 times with little loss of activity

[102]

Cross-linked protein-metal
hybrid nanoflower

It showed high oxidation potential (265% that of the free enzyme), and
retained the residual enzyme efficiency of up to 84.6% under repeated
batch conditions of 10 cycles

[108]

Chitosan crosslinked with genipin

Improved pH, thermal, and storage stabilities of when compared with the
free counterpart. The chitosan laccase system exhibited a residual activity
of >55% after 11 cycles

[109]

polyacrylonitrile-biochar composite
nanofibrous membrane

High conversion for after 8 h of reaction

[110]
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Table 3. Cont.
Immobilization System

Result

Reference

Cu (II)-chelated chitosan-graft-poly
(glycidyl methacrylate) nanoparticles

After eight cycles of continuous use, the immobilized enzyme retained
above 50%

[103]

Polyacrylonitrile-biochar composite
nanofibrous membrane

Retained more than 50% of its initial activity after 7 cycles of ABTS
oxidation which indicated improved enzyme reusability

[104]

Fungal laccase immobilized on the
surface of yeast cells

Retained 74% of initial activity after eight repeated batch reactions

[107]

Granular activated carbon (GAC) and the
resulting GAC-bound laccase

Immobilized GAC outperformed regular granular activated carbon during
continuous operation of packed-bed columns over two months

[106]

Magnetic mesoporous silica microbeads

Exhibited good operational stability, maintaining up to 70% of its initial
activity after 10 successive batch reactions

[111]

Cross-linked enzyme aggregates
(MAC-CLEAs) on magnetic nanoparticles
and chitosan

The catalytic activity was maintained even after a hundred and fifty
batch reactions

[101]

Porous silica beads

After ten cycles of removal experiments up to 82.6% of the initial activity

[112]

Ceramic membrane reactor

Able to reach a constant degradation rate of 0.34 mg of tetracycline per
hour during 10 days

[113]

Fumed silica.

Enzyme activation by immobilization (164% activity). 80% residual activity
after 7 days.

[105]

4. Conclusions and Perspectives
The application of laccases as catalysts in the synthesis of fine chemicals presents an
interesting alternative to conventional chemical processes given the demonstrated sustainability
of biotechnological processes. However, there are no commercial applications of laccases for synthesis
purposes, even though the feasibility of using laccases has been demonstrated in some large-scale
processes [22]. In addition, immobilization techniques would help to improve laccase performance for
the oxidation of pharmaceutical compounds. Although laccase production costs seem to be high for
the commercial enzyme-based process, it is probable that development of better enzyme production
procedures and the use of molecular biology tools could reduce the enzyme production expenses.
In this regard, a low selling price of $0.42 USD/kU was estimated through a techno-economic analysis
for recombinant laccase production in Pichia pastoris, when culture reached just 15 U/mL/d [75].
Higher laccase productivities have been already achieved (Table 1), suggesting that laccase-selling
price could be lower than $0.42 USD/kUs.
Considering the cost of the catalyst itself is not the best way to compare its feasibility, the cost
contribution of catalyst to the final product should be more appropriate. There are still further
approaches to make laccase-mediated synthesis affordable. For example, coupling laccase synthesis
with different deep and natural eutectic solvents to replace organic solvents, modifying the redox
potential and the pH range of laccases by molecular evolution to improve reaction yields, and increasing
laccase stability. Since laccases have shown encouraging potential as biocatalysts in the synthesis of
drugs with high chemo-, regio- and enantioselectivities, their prices can be reasonable or even low for
production of expensive active pharmaceutical ingredients on a commercial scale.
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