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Abstract An analysis of the scientific literature published in
the last 10 years reveals a constant growth of laccase applica-
tive research in several industrial fields followed by the
publication of a great number of patents. The Green Chemistry
journal devoted the cover of its September 2014 issue to a
laccase as greener alternative for chemical oxidation. This
indicates that laccase “never-ending story” has found a new
promising trend within the constant search for efficient
(bio)catalysts able to meet the 12 green chemistry principles. A
survey of ancient and cutting-edge uses of laccase in different
industrial sectors is offered in this review with the aim both to
underline their potential and to provide inspiration for new
ones. Applications in textile and food fields have been deeply
described, as well as examples concerning polymer synthesis
and laccase-catalysed grafting. Recent applications in phar-
maceutical and cosmetic industry have also been reviewed.

Keywords Green chemistry - Industrial applications -
Textile - Food - Polymer - Pharmaceutical - Cosmetics

Introduction

First uses of laccases in industry date back to 1990s [1, 2].
Since then, a careful study of reactions catalysed in vivo by
fungal laccases has led to the discovery of an ever-
increasing number of biotechnological applications reach-
ing a peak in the last 10 years.

Laccase-catalyzed oxidation gives rise to radical species that
can evolve towards both synthetic and degradative processes.
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Radical fate can follow three different pathways depending on
many factors (Fig. 1). Oxidative coupling (1) is the main
mechanism leading to homo- or cross-coupling of molecules
resulting into dimers and/or also polymeric species. Such syn-
thetic route translates in vitro into biotechnological applications
in dye and polymer synthesis and grafting for surface func-
tionalization. On the other hand, depending on their stability and
redox reversibility, radicals may undergo rearrangement per se,
yielding dead end products (2), or, in the third option (3), act as
mediators for further oxidation of non-phenolic compound
causing bond cleavage. The latter two kinds of laccase actions
can be reproduced in vitro into biotechnological applications
such as bleaching technology, and bioremediation.

This review focuses on some emerging trends of laccase
uses covering textile, food, pharmaceutical and cosmetic
fields. Examples concerning polymer synthesis and lac-
case-catalyzed grafting have also been reviewed.

Textile industry

Among the explored industrial fields, laccases have found
wide applications in several sectors of textile industry,
where these enzymes have been integrated in already
existing processes such as fiber bleaching and dyeing and
are also emerging as important “green tools” to modify and/
or improve textile properties. Bioremediation of textile
wastewaters also occupies a wide slice of laccase applica-
tions, although it has not been reviewed in this paragraph.

Fiber biobleaching
Removing of natural pigments, other non-cellulosic matter

and impurities from cellulosic material before fiber dyeing
and finishing, a process termed bleaching, is a mandatory
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Fig. 1 Laccase-catalyzed
oxidation of small organics
gives rise to the corresponding
radicals that can evolve towards (-
either synthetic or degradative
processes, depending on
functions performed in vivo by
laccases. Adapted from Jeon
and coworkers [3, 4] with author

permission oxidation
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step in textile processing. Laccases have emerged as a
fiber-preserving alternative to the most commonly used
bleaching agent, hydrogen peroxide [5, 6]. When combined
with hydrogen peroxide produced by glucose oxidase,
laccase treatment of linen fabric resulted into effective
whiteness increase and modification of amount and type of
lignin surface functional groups [7]. A synergistic effect on
oxidation/removal of the natural coloring matter of cotton
has been observed coupling laccase with ultrasound treat-
ment, the latter allowing an improved diffusion of the
enzyme throughout the textile structure [8]. Enhanced
bleaching efficiency by a combination of laccase and
ultrasound treatment has been also verified on linen fabrics.
In this study, the time/dye uptake isotherms were also
enhanced after combined bleaching treatment [9]. More
recently, a pilot reactor for laccase-hydrogen peroxide
cotton bleaching assisted by ultrasound was scaled up and
efficiently applied to fabrics treatment [10]. In addition,
Tian and coworkers [11] developed what they called the
“green” short-flow process to treat cotton fabric in an
energy-saving way. The process, combining hydrogen
peroxide with laccase-mediated system (LMS) pretreat-
ment allowed a lower dosage of H,O,, reduced bleaching
temperature and shortened bleaching time.

By oxidizing the indigo dye on denim garments into
uncolored compounds, laccase treatment has allowed
obtaining the desired wash light effect on blue denim jeans
without using harsh oxidative agents such as sodium
hypochlorite. The use of laccases for denim processing
dates back to 1996, when the first commercial laccase
preparation DeniliteI™ was launched on the market by
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Novozyme. Since then, customized formulation of laccases
has been developed to target specific garment wet process
conditions, as deeply reviewed by Rodriguez-Couto [12].
Solis-Olba applied an LMS based on ABTS to denim de-
coloration, verifying that denim fibers were not damaged
during the treatment and also the environmental impact of
the process was reduced since denim decoloration residual
water can be easily biodegraded [13]. Montazer and Mar-
yan [14] verified that the combination of laccases with
cellulases in denim processing helped to improve the
lightness and decrease staining on both back of garment
and on white pocket. An example of effective application
of laccase treatment for stone washing effects of denim
fabric without using a mediator has also been reported [15].

Functional modification of textile fibers

Laccases have also been used to attach functional mole-
cules on textile fibers. Modification of protein fibers, such
as wool and cotton, allows improving their properties.
Water repellence is often associated to self-cleaning
properties, antioxidant and antimicrobial features, which
are desired qualities in finishing design.

Grafting of wool with the bi-functional phenolic com-
pound nordihydroguaiaretic acid (NDGA) through a
laccase-catalyzed reaction in an aqueous ethanol mixture
improves wool properties [16]. NDGA grafting on wool
provides antioxidant activity and is efficient in protecting
wool against the undesirable photoyellowing caused by UV
radiation, probably due to the formation of inter/
intramolecular bridges and cross-links among wool
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proteins. Shrink resistance, crease recovery angle and
tensile strength of the modified samples also increase
compared to the untreated ones.

Antibacterial properties toward Bacillus subtilis and
Escherichia coli were imparted to flax fibers and fabrics
through laccase-assisted modification with ferulic acid or
hydroquinone [17]. Antibacterial properties were also
imparted to wool fibers by a laccase (Trametes sp.)-medi-
ated grafting of lauryl gallate [18]. Recently, Silva and
coworkers [19] exploited the ascomycete Myceliophthora
thermophila laccase to oxidize flavonoids naturally existing
in flax fibers, covalently binding the o-quinones formed to
the amino groups of chitosan or/and to catechin. Antibac-
terial activity of linen samples grafted with both chitosan
and catechin was tested against Staphylococcus aureus and
E. coli. The latter showed susceptibility only to chitosan-
treated samples, whereas S. aureus was equally sensitive to
chitosan and catechin actions.

Fiber wettability has also been modified by laccase-
assisted grafting of ad hoc selected molecules. Kim and
coworkers [20] have reported the synthesis of laccase-
catalyzed protein—flavonoid conjugates and following
anchoring of conjugates onto cationized fibers. By the
anchoring of a-casein—catechin conjugates onto flax fibers,
the surface became hydrophilic, with a lower contact angle
(48°). Wool water-repellent property was modified through
an enzymatic coating of wool with lauryl gallate [18].

The exploitation of LMS for the anti-shrinking treatment
of wool has been patented [21] and also investigated by
Lantto and coauthors [22]. Although molecular reasons
causing this effect have not been examined in depth, it
seems probable that laccase action would promote inter-
molecular cross-links of wool fibers, thereby decreasing
elasticity and thus reducing the tendency to shrinkage.
More recently, Zhang and coworkers [23] have exploited a
high-redox potential laccase from Aspergillus to prepare
conductive cotton by laccase-catalyzed in situ polymeri-
zation of conductive polyaniline (PANI). Electrical
properties of cotton, such as antistatic property and elec-
tromagnetic shielding effect, were significantly enhanced,
highlighting the potential for using common textile mate-
rials in flexible electronic devices.

Textile dyeing

The use of laccases to synthesize colorants in situ has come
out as a “green” way for textile dyeing at mild process
conditions. Laccase-mediated coupling and grafting reac-
tions have also been used for coloring various textiles [17,
24-29]. In the first attempt of cellulose textiles dyeing by
Hadzhiyska and coworkers [25], cotton cellulose was dyed
in situ by a polymeric dye generated by oxidative coupling
of colorless 2,5-diaminobenzenesulfonic acid (DABSA)

and 1-hydroxyphenol (catechol) with laccase-treated fibers,
obtaining up to 70 % of dye fixation. However, it has been
reported that all fabrics showed high wash fastness but low
light and friction resistance. Schroder and coworkers [17]
used a response surface methodology (RSM) approach to
determine the best conditions for laccase-induced coating
of flax fibers and fabrics by a Trametes hirsuta laccase.
Different phenols have been analyzed for their potential as
monomers for enzyme-catalyzed polymerization: all the
methoxyphenols showed different coloration with weak
fastness properties. Kim and coworkers [26, 28] have
reported the utilization of the natural flavonoids present in
the cotton as anchors to attach other phenolic compounds
to the fiber surface. A T. hirsuta laccase was used to cat-
alyze the oxidation of flavonoids in solution producing
quinines, further polymerized and grafted onto surface of
the cotton, providing a yellow to brown coloration,
depending on the external flavonoids used and on the
reaction conditions. The natural flavonoids present in the
cotton were found to play an important role on the grafting
reaction, improving dyeing and color fastness. The washing
and friction fastness test of flavonoids colorized cotton
showed good results confirming the feasibility of this new
and promising coloration technique. An important
improvement in the wet rubbing fastness of the dyed
sample has been observed by Blanco and coworkers [29].
In their work, there is a covalent fixation of the in situ
generated polymeric pigment. Aromatic amine moieties of
DABSA introduced onto tosylated cotton were coupled and
copolymerized with a catechol into colored product cova-
lently fixed on the fabric upon oxidation with laccase. The
controlled amination of cellulose in a first step, and the
subsequent coloration allowed for up to 95 % pigment
fixation on the fabric. Tzanov and coworkers [24] have also
proved the ability of laccases for wool dyeing. They used a
dye bath prepared with a dye precursor (DABSA), dye
modifiers (catechol and resorcinol) and laccase, in the
absence of any dyeing auxiliaries, carrying out the reaction
at pH and temperature values safe to the wool material.
Furthermore, they have shown that by prolonging the
contact time between wool, enzyme, precursor and modi-
fier, deeper colors were obtained in contrast to the
conventional process, where deeper colors are attained by
increasing the amount of dye.

In situ laccase-assisted overdyeing using catechol and
catechin as dye precursors has been reported by Guimares
[30]. Laccase-generated polymers gave rise to new color-
ation states from dark brown to green-yellow and replaced
dyes in the overdyeing process. Through this process,
overdyeing of denim was successfully achieved with
acceptable levels in terms of durability. Also leather was
colored by laccase action using dihydroxynaphthalenes as
substrates [27]. The colored products are lightfast and
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bound to the natural collagen by a covalent tanning
manner.

New routes for dye synthesis

Textile dyes occupy an important fraction of chemical
industry market. Although consumption of dyes by the
textile industry already accounts for two-thirds of the total
dyestuff market, recent world dyes and organic pigments
industry have estimated a further 3.5 % annual growth for
the period 2013-2018 [31]. Due to their toxicity and the
harsh operative conditions required for their synthesis, this
growth of demand has been accompanied by stringent
legislation regarding removal of dyes from industrial
effluents and has encouraged the development of eco-
friendly processes for their disposal as well as for their
synthesis. In this scenario, laccases have shown to play a
pivotal and double role: being efficient biocatalysts for
biodegradation of synthetic dyes and attractive enzymes for
coupling reactions leading to the production of new colored
products. Laccase-mediated remediation of textile waste-
waters has not been reviewed in this paragraph.

Laccases are known to synthesize many natural com-
pounds in nature, through oxidative coupling reactions.
This ability can be translated in vitro into powerful syn-
thetic routes towards new colored natural products. Small
colorless aromatic compounds such as phenols, amino-
phenols, diamines are oxidized by laccase to aryloxy
radicals, which may undergo further non-enzymatic reac-
tions leading to formation of colored products [32].
Experimental evidence has shown that laccase is able to
catalyze the formation of colored products (from yellow/
brown to red and blue) by oxidation of benzene derivatives
containing at least two substituents (comprising amino,
hydroxyl, and methoxy groups) [32, 33]. Thus, derivati-
zation of various phenolic and non-phenolic substrates may
represent a strategy to expand the range of these potential
precursors. Presence of mediators has been shown to pro-
mote color formation, such as in the case of trimerization
of indole with formation of a yellow compound in the
presence of 2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO)
[34]. Also, inorganic polyoxometalates have been found to
act as better mediators than the organic one, 1-hydroxy-
benzotriazole (HBT) in the laccase-catalyzed synthesis of
polycatechols, assuring better flax coloration, color fixation
and resistance [35]. A variety of secondary amines char-
acterized by biologically activities and intense colors were
obtained during C-N coupling of 3-methylcatechol with
different primary linear, branched-chained and cyclic
amines, mediated by both native and recombinant laccases
[36]. Phenoxazinones are also another class of compounds
with excellent coloring properties, non-toxic and obtain-
able through laccase-catalyzed oxidation of many
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aminophenolic compounds [37-39]. Azo-dyes, by far the
most important class of commercial dyes, have been syn-
thesized by oxidative coupling reaction between different
substrates [40, 41]. In an interesting example, Enaud and
coworkers [42, 43] synthesized a novel azo-dye containing
two sulfonated anthraquinonic chromophores by a laccase
immobilized on an inexpensive carrier. The acid dye
obtained is neither cytotoxic nor mutagenic demonstrating
good dying properties in polyamide fibers.

Food industry

Food industry benefits from laccase application in different
sectors and for multiple purposes: from modification of
food sensory parameters and texture to improvement of
products shelf-life and determination of certain compounds
in beverages. As a fact, many laccase substrates, mostly
phenols, thiol-containing proteins and unsaturated fatty
acids are fundamental components of various foods and
beverages, thus their modification may lead to new func-
tionalities, quality improvement and cost reduction [44].

Baking industry

Application of laccases in baking process has been first
reported by Labat et al. [45] describing laccase ability to
cross-link arabinoxylans (AX) matrix in dough through
dimerization of the esterified ferulic acid, causing
increased strength, stability, and reduced stickiness of
dough, and thus resulting into its improved machinability.
In addition, an increased volume and improved crumb
structure and softness of the backed products have been
observed. Enhancement of maximum resistance and
decreased extensibility has been obtained by laccase
treatment of both flour and gluten doughs [46]. The hard-
ening effect was higher in flour dough, where laccase
action is prevalent on AX fraction, with respect to gluten
dough, where laccases react with gluten protein matrix with
less efficiency. Similar results have been obtained on glu-
ten-free oat flour, where laccase treatment was shown to
not affect oat globulins [47]. Prolonged incubation with
laccase caused softening phenomena, probably due to
radical-catalyzed break-down of the cross-linked AX net-
work [46]. Firmness of fresh oat bread and tightness of
wheat dough were found to be increased after laccase
treatment, as a consequence of the reduction of water-
extractable arabinoxylan (WEAX) content following AX
cross-linking [48]. When combined with xylanases, laccase
treatment further improved textures of both oat and oat—
wheat breads [48]. Coupled laccase and protease supple-
mentation, combined with endo-B glucanase side activity
of the laccase preparation, also improved bread-making
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performances. In this case, the effect of hydrolytic activi-
ties prevailed over laccase promoted protein cross-linking,
by reducing the formation of globular aggregates and
positively affecting flour pasting properties [49].

Food sensory parameters

Consumer’s perception of the quality of a food product is
strictly influenced by its exterior aspect and odor. Laccases
have been applied to the improvement of food sensory
parameters by acting on processes affecting physico-
chemical deterioration of food products, or enhancing their
flavor and taste properties.

Tsuchiya et al. [50] have patented the use of a recom-
binant laccase and cholorogenic acid to control the malodor
of cysteine in different products, including foodstuff. They
have shown that enzymatically treated cysteines have a
reduced H,S-related smell with respect to untreated ones.

Laccase-catalyzed deoxygenation of vegetable oils has
been shown to prevent oxidation of linoleic and linolenic
acids responsible for generation of undesirable volatile
compounds [51]. The authors have also demonstrated that
addition of flavoring agents, such as anthocyanin, a spice,
and other phenolic compounds available as food ingredi-
ents has a very positive influence on the deoxygenation rate
by acting as laccase substrates too.

A method for enhancing color in tea-based foodstuff by
the means of Pleurotus laccases has also been patented
[52]. The oxidation step converted the colorless catechins
in the leaves to a complex mixture of yellow and orange to
dark brown substances, such as theaflavins and thearubi-
gins. Also, cacao of superior taste and flavor has been
obtained by treatment of cacao nib by Coriolus versicolor
laccase [53]. Reduction of tannin content in cocoa pod
husk after laccase treatment has been found to improve its
nutritive value when used as ingredient for animal feeds
[54].

Wine and beer stabilization

Wine stabilization is one of the main processes demanding
laccases in food industry. Polyphenols in wine play a major
role in determining aroma, color and taste of wine, which
are strictly related to the particular phenolic composition.
However, the same compounds are also the main actors
involved in madeirization process causing turbidity, color
intensification and aroma and flavor alteration. Laccase
treatment aimed at reducing polyphenol content has been
reported as an effective method to preserve wine quality,
since the use of enzymes would selectively remove target-
specific polyphenols without undesirably altering wine’s
organoleptic characteristics. Laccases fit well with process
requirement, due to their stability in acidic medium and

reversible inhibition with sulfite [55]. Although the effi-
ciency in polyphenol removal has been demonstrated,
many authors underlined the need to add supplementary
steps to wine production process, such as sulfur treatment,
clarification and filtration to remove the oxidized products
produced by laccase [56]. Other authors have also con-
firmed the potential of laccases in pre-fermentative
treatment when coupled with conventional clarifiers such
as proteins and polyvinylpyrrolidone (PVPP) [56]. Differ-
ential selectivity in phenol removal has been highlighted by
Minussi et al. [57] in the treatment of red and white wines.
Red wine treatment reduced phenolic compounds but
mainly affected those responsible for the must antioxidant
properties. On the other hand, treatment of white wines has
shown higher reduction in total phenols than in the total
antioxidant potential, resulting into reducing processing
costs and increased storability of white wines.

Another negative aspect connected to wine storage is the
characteristic cork off-flavor imparted to wine in contact
with cork stoppers, which is related to phenols naturally
present in cork and/or produced by microbial degradation.
The use of laccase for the treatment of cork stoppers for
wine bottles has been patented as an effective method to
reduce the cork taint by phenols oxidation [58].

Similarly, the addition of laccase to fermented beer has
been shown to improve its storage stability by scavenging
the oxygen, which is responsible for the development of
catty taint in bottled beer through reaction with fatty acids,
amino acids and proteins [59]. Laccase treatment reduces
the excess of naturally occurring proanthocyanidines and
polyphenols that cause protein precipitation and therefore
haze formation in beer [59].

Fruit juice clarification

Analogously to what happens during wine storage, phenols
naturally occurring in fruit juices undergo interaction with
proteins resulting into formation of haze or sediments. In
addition, juice browning also imputable to both enzymatic
and chemical oxidation phenomena involving phenols
turns out into a final product which is less appealing to the
consumers. Several authors have proposed the use of lac-
cases as stabilizing agents, due to their ability to oxidize
most of phenols in juices. Contradictory results have been
published. Sammartino et al. [60] demonstrated that
enzymatically treated apple juice was less stable than the
one stabilized by conventional methods. Also, laccase
treatment increased susceptibility to browning during
storage [61, 62]. On the other hand, effective phenol
removal and improved juice stabilization have been
reported [56]. When laccase treatment was followed by a
filtration step, juice quality could be highly improved [63,
64]. Neifar et al. [65] coupled a laccase treatment of
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pomegranate juice optimized by RSM with ultrafiltration,
obtaining a reduction of polyphenol content and antioxi-
dant capacity, but a concomitant increase of clarity of
about 30 % versus untreated juice. More recently, Gassara-
Chatti [66] has utilized a formulation of ligninolytic
enzymes from Phanerochaete chrysosporium encapsulated
in polyacrylamide hydrogel for clarification of mixed juice
of berry and pomegranate, resulting in a significant poly-
phenolic reduction and clarity amelioration with respect to
treatment with free enzymes.

Value-added food products

Laccases have been applied to enzymatic gelation of sugar
beet pectin (SBP), a food ingredient capable of generating
gels after oxidative cross-linking of ferulic acid [67]. Such
kinds of gels are of particular interest in food industry due
to their thermo-irreversibility, allowing a foodstuff to be
heated without losing its gel structure. When added to three
different food products, black currant juice, milk, and
chopped heat-treated meat emulsion, gelation occurred in
all the cases, although in the first two some unwanted side
effects occurred [67]. Laccase-induced gelation of SBPs
has been found to be highly related to molecular weight,
acetylation and methylation degree of different pectin
preparations [68]. Moreover, gelling rate and mechanical
properties of laccase-induced gels have been proved to be
greatly dependent on the amount of laccase activity used:
higher enzymatic activity promoted the formation of softer
gel due to the short reaction time available for the right
arrangement of molecules. On the contrary, lower activity
levels assured the formation of correct and permanent
cross-links and led to a more rigid gel [68].

Another interesting application demanding laccases
concerns the improvement of the stability of globular
protein-coated lipid droplets to environmental stresses. As
a fact, such kinds of emulsifiers are widely utilized in food
industries, although their application is restricted to a
limited range of matrixes because of their sensitivity to
changes in pH, ionic strength and temperature. Laccases
have been found to increase emulsion stability of oil
droplets coated by multilayered biopolymer interfaces by
promoting cross-linking among B-lactoglobulins in the
primary interfacial layer as well as among beet pectin
molecules constituting the secondary adsorbed layer. Also
protein—polysaccharide cross-links between layers could be
responsible for the observed increased emulsion stability to
salt in a wider pH range [69]. Laccases also catalyzed the
cross-linking of interfacial layers in multilayered oil-in
water emulsions obtained by electrostatic deposition of
pectin onto a fish gelatin interfacial membrane [70]. Cross-
linking occurred exclusively in the layers and not between
droplets, since no aggregates were formed. Resulting
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emulsions were characterized by enhanced stability in a
broad pH range (3.5-10). In another example, oil-in water
emulsions coated by laccase-mediated cross-linked sugar
beet pectin were characterized by smaller and well-dis-
persed droplets improving their long-term stability [71].

Ma et al. [72] used laccase for the cross-linking of whey
protein isolates (WPI) to improve their emulsification
properties. Chemically modified and enzymatically treated
WPI has been shown to enhance storage stability of WPI-
stabilized emulsions. More recently, a mixed solution of
WPI, SBP and laccase was microemulsified as nanodro-
plets in an organic phase [73]. Caffeine was encapsulated
into the nanodroplets as a model compound to test their
applicability as vehicles for drugs and/or nutraceuticals.
Although stable conjugated particles of spherical shape and
nanoscalar size were obtained, the authors recommended
this method for encapsulation of non-oxidative nutraceu-
ticals and biomaterials since antioxidants such as caffeine
may counteract with the oxidizing action of laccase during
cross-linking of biopolymers.

Laccase-mediated cross-linking of food proteins has
also been used to develop added-value products in the food
industry [71, 74], as well as to influence protein digest-
ibility and reduce their allergenicity [75, 76]. PB-
Lactoglobulin (BLG), accounting for approximately
10—-15 % of total milk proteins, is an important nutrient of
dairy products and, at the same time, one of the major milk
allergens causing serious health risk in cow’s milk-allergic
patients [77]. A Trametes versicolor laccase has been used
to cross-link BLG phenolic groups in the presence of a sour
cherry extract as a natural source of phenolic mediators
[76]. Enzymatic processing by cross-linking may be used
to tailor BLG properties, by improving its safety and
facilitating its digestibility, while conserving beneficial
health effects, such as the radical-scavenging activity of
peptides released during enzymatic digestion.

Compound detection in beverages

Different biosensors based on laccases have been developed
to measure polyphenols in food products, such as wine, beer
and tea. Effective potential of a biosensor based on immo-
bilized laccase has been first verified by Ghindilis et al. [78]
for detection of tannin in tea of different brands. Since then, a
lot of reports concerning the development of laccase-based
biosensors have been published in the scientific literature.
Laccases from different Trametes species were immobilized
on carbon nanotube screen-printed electrodes for determi-
nation of polyphenols index in wines [79]. Reported data
have shown that biosensor performance is dependent on the
laccase source used. Ibarra-Escutia et al. [80] optimized an
amperometric biosensor based on a T. versicolor laccase for
monitoring phenol compounds in tea infusion. This
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biosensor displays an excellent stability in the operative
conditions and exhibits good performances in terms of
response time and sensibility, allowing accurate sample
analysis without any pretreatment step. Also, a disposable
biosensor was developed for phenol detection in tea infu-
sions [81]. Finally, a bioelectronic tongue based on lipid
nanostructured layers containing tyrosinases and laccases
has been recently developed by Medina-Plaza and coauthors
[82]. The enzymes have been incorporated into a biomimetic
environment provided by a Langmuir—Blodgett film of
arachidic acid. Lutetium bisphthalocyanine (LuPc2) has also
been introduced in the films to act as electron mediator. This
multisensory system discriminates phenols according to the
number of phenolic groups attached to the structure as well as
grapes of different varieties according to their phenolic
content. A combination of factors contributes to the high
performances of this biosensor: the high functionality of the
enzyme obtained using a biomimetic immobilization, the
signal enhancement caused by the LuPc2 mediator, the
improvement in the selectivity induced by the enzymes and
the complementarity of the enzymatic activities.

Laccase-mediated polymer synthesis

In the frame of industrial application, laccase ability to
synthesize polymers is of outstanding importance. Indeed,
polymeric materials are essential for everyday life, being
present in many and different fields, such as food, textile,
electronics, communications, transportations, pharmacy,
and medicine [83]. Even if current polymer production
schemes are highly optimized, the huge quantity of annu-
ally produced polymers demands a greener technology,
particularly in the perspective of toxic formaldehyde
reduction. Hence, it is not surprising that also enzymes are
being engaged for polymer synthesis [83], being laccases
and peroxidases dominating this field [84]. In a polymeri-
zation reaction, laccase achieves its natural work with the
initial formation of radicals from a typical substrate (aro-
matic with hydroxyl group or groups). Then, radicals can
undergo polymerization reactions towards homopolymeric
materials [85]. It is also possible to create new heteromo-
lecular hybrid molecules coupling a laccase substrate and a
non-laccase substrate (variable reaction partner) [85]
(Fig. 1). Radical polymerization lacks any control on the
structure and morphology of the final product, thus if a
defined molecule is pursued, it is necessary to find oppor-
tune reaction conditions, as reviewed by Hollmann and
Arends [84]. Short reaction time, defined molar concen-
trations [86], presence of templates [87], substrate
engineering [88, 89], and use of co-solvent [90, 91] are
some of the more frequently applied strategies to obtain
defined polymers.

Despite the proved capability, short-term implementa-
tion of enzyme-mediated polymer synthesis on industrial
scale is still hampered by economic issues. However, the
high efforts put in this field let foresee a fast revolution in
polymer chemistry in the next decade.

Polymer synthesis by laccases has already been
reviewed by different authors [83—85, 92, 93]; the aim of
this paragraph is to underline those applications we believe
more promising or more ready for a real industrial
exploitation.

Flavonoids

Flavonoids are benzo-y-pyrone derivatives consisting of
phenolic and pyrane rings [94] endowed with biological
and pharmacological effects, including antioxidant, anti-
mutagenic, anti-carcinogenic, anti-viral and anti-inflam-
matory properties [95]. High molecular weight polyphenols
have been reported to exhibit enhanced biological proper-
ties with longer circulation time in vivo [96]. As a fact, in
the last decade it has been demonstrated that oxidative
coupling of flavonoids generates polymers with increased
antioxidant activity. Kurisawa and coworkers [97] have
employed a Myceliophthora laccase to catalyze the oxi-
dative polymerization of catechin—a flavonoid found in
green tea and wine—in a mixture of a polar organic solvent
and buffer. Polymer yield and composition were improved
testing different solvent composition. When compared with
monomeric catechin, the synthesized polymer exhibited
significantly improved superoxide scavenging activity and
xanthine oxidase (XO) inhibitory activity. Jadahav and
Singhal [98] used a laccase conjugated to Arabic gum to
perform catechin polymerization. Free laccase produced
water-insoluble cross-linked oligomer, whereas conjugated
laccase produced water-soluble linear oligomer endowed
with high antioxidant activity and reducing power. An
improved antioxidant activity if compared with the corre-
sponding monomer has also been observed in the
polymerization of quercetin and kaempferol with a laccase
from Ustilago maydis [99]. More recently, the oxidative
grafting of flavonoids to modify/impart polymer properties
is gaining increased attention, as described in other
sections.

Artificial urushi

“Urushi” is a Japanese traditional coating material show-
ing excellent toughness, brilliance and solvent resistance
for a long period in comparison with synthetic coatings. It
is a natural resinous sap obtained by the Rhus vernicifera
tree through the cross-linking of urushiol monomers [100].
The wurushiol structure is a catechol derivative, with
unsaturated hydrocarbon chain consisting of monoenes,
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dienes, and trienes at the 3-, or 4-position of catechol. In
nature, the film forming of urushiols proceeds via laccase
catalysis under air. It can be regarded as the only example
of a practical natural paint that utilizes in vitro enzymatic
catalysis for hardening [100]. New urushiol analogs were
developed to overcome the difficulty to chemically syn-
thesize natural urushiols [101, 102]. “Artificial urushi”
may be defined as the cross-linked film prepared by in vitro
laccase-catalyzed oxidation of new urushiol analogs, in
which the unsaturated group is connected with the phenolic
group through an ester linkage. The artificial urushi pre-
pared by laccase shows hardness and brilliance comparable
to those of natural urushi [100-102].

Conducting polymers

Conducting polymers, such as polyaniline (PANI), poly-
thiophene (PEDOT), and polypyrrole (PP), have attracted a
great attention in the last years.

PANI is regarded as one of the most important con-
ducting polymers. Due to its good electrical and optical
properties, as well as its high environmental stability, it can
be used as active component of organic lightweight bat-
teries, microelectronics, optical display, for anticorrosive
protection, in bioanalysis, etc. [83]. PANI is commonly
synthesized by chemical or electrochemical oxidation of
aniline monomer under very harsh conditions and yielding
a product with a poor solubility in common solvents [83].
Among all the forms of PANI only the emeraldine salt is
conductive, and it is usually obtained from the emeraldine
base via protonation of its imine sites in acidic conditions
(doping) [103]. Problems concerning reaction conditions
and PANI solubility can be overcome thanks to biotech-
nology, e.g., PANI can be enzymatically synthesized by
oxidoreductases (glucose oxidase, peroxidase, laccase) in
the presence of templates. Many studies deal with the use
of peroxidases, but more recently also laccases are
increasingly being used, thanks to their ability to work
using only air (dioxygen) as cofactor [83]. When PANI
polymerization is conducted in the absence of templates,
extensive branching is observed and this is not desirable for
conducting materials. Besides sulfonated polystyrene
(SPS), the first used template in laccase-mediated PANI
synthesis [104], many other templates have been used, such
as other negatively charged polymers [105, 106], nega-
tively charged micelles [23, 107-110], and negatively
charged vesicles [111]. Shumakovich and coworkers [106]
have performed a comparison of chemical and enzymatic
methods of aniline polymerization. The high-redox poten-
tial T. hirsuta laccase was used in the synthesis of
polyaniline in the presence of poly(2-acrylamido-2-methyl-
1-propanesulfonic acid) (PAMPS) as template. PANI
nanoparticles obtained by the two methods are
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morphologically distinctive. In addition, the mechanism of
enzymatic aniline polymerization differs from that of the
chemical synthesis. The latter proceeds with a significant
induction period, which is not observed in the laccase-
catalyzed reaction. With the aim to repeatedly use the
enzyme, Vasileva and colleagues [105] used an immobi-
lized laccase on CM cellulose to perform PANI synthesis
in the presence of PAMS as template. The conductance of
the interpolymer complex synthesized using the immobi-
lized laccase is close to the value of PANI synthesized
using the free enzyme, and comparable with the value of
the chemically obtained PANI. During recent years, great
interest has been given to the synthesis of chiral conducting
polymers because they are very promising for practical
application in different fields, e.g., for creating surface-
modified electrodes, electrochemical asymmetric synthesis,
chiral chromatography, and chiral membrane separating
technology [112]. A fungal laccase from 7. hirsuta was
used for the synthesis of chiral polyaniline in the presence
of optically active compounds, either in a homogeneous
way (in the bulk solution) and heterogeneous one (on the
surface of glass slides, in situ synthesis). The optical
activity of the enzymatically synthesized polymer in the
doped and de-doped forms was confirmed using Circular
Dichroism spectroscopy. When the low redox potential
laccase from R. vernicifera was used for PANI polymeri-
zation, the presence of mediator was required to increase
the rate of the reaction [110]. Conducting polyaniline
synthesized by the LMS method is produced with a higher
yield and displays five times higher conductivity than that
obtained in the absence of mediator.

3.4-ethylenedioxythiophene (EDOT) has attracted sig-
nificant attention in recent years since EDOT polymers
(PEDOT) have demonstrated potential applications in
organic field effect transistors, organic light emitting
diodes and photovoltaic cells [113]. Due to high redox
potential of the monomer, EDOT cannot be oxidized in the
presence of only laccases, thus it is necessary to use a
redox mediator. A T. hirsuta laccase was used in the pre-
sence of potassium octocyanomolybdate(4™) as high
potential redox mediator to catalyze the reaction of EDOT
oxidation and to perform synthesis of PEDOT using
PAMPS as template. UV-vis and FTIR spectra confirmed
the formation of water dispersible conducting polymer
[113].

Polypyrrole (PP) is a biocompatible conducting polymer
endowed with a high conductivity, stability in the con-
ducting state, and interesting redox and electromechanical
features [114]. An LMS based on a T. versicolor laccase
and ABTS was used for the synthesis of PP [115]. The
presence of ABTS increased the rate of the reaction and
allowed to produce oligomers with higher molecular
weight with respect to those obtained without mediator.
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The conductivity of these polymers, both with and without
ABTS, is similar to that of PP prepared electrochemically
or chemically.

New materials

The recent synthesis of a novel photoluminescent material
[116] is herein cited as a symptomatic case of viable future
chances given by laccase-mediated polymer synthesis. A T.
versicolor laccase was used for the oxidative polymeriza-
tion of 4-fluoroguaiacol in the presence of 30 vol %
organic co-solvent [108]. The novel synthesized material
displays fluorescence with emissions in blue, green and red,
thus it may be used as a component in optoelectronic
devices. Obtained results have also led to demonstrate that
the coupling of the repeated units proceeds by defluorina-
tion to attain oxy-phenol propagation with coupling by the
C4 phenyl carbon.

Polymer grafting

Polymers with new and/or improved properties can be
obtained not only by new synthetic routes, but also modi-
fying existing polymers with selected molecules, using the
so-called grafting technology [31, 93, 117]. Coupling of
low-molecular weight molecules to polymers can be
achieved through functional groups located at the polymer
terminal, in the main chain or in the side chain [83]. This
enzymatic modification of existing materials, yielding
products with modified properties, has an immense poten-
tial in different industrial sectors, such as food, textile, pulp
and paper, wood, and also cosmetic to a lesser extent. In this
paragraph, selected cases of polymer modification of lig-
nocellulosic materials will be reviewed, since examples of
grafting in other fields are described in the corresponding
sections (“Functional modification of textile fibers”,
“Textile dyeing”, “Baking industry”, “Value-added food
products”, “Pharmaceutical and cosmetic industries”).

Lignocellulosic materials

Laccase-mediated polymer modification covers different
aspects in the pulp and paper industry. The potential of
laccase-assisted biografting of phenolic acids for improv-
ing strength properties of kraft paper made from high
kappa pulps is discussed in several papers [112—124]. The
main focus of Chandra studies has been the grafting of
phenolic acids to high-lignin content softwood kraft fibers
mediated by a Trametes villosa laccase [118—122]. Results
indicated that improvements of hydrogen bonding between
fibers and creation of phenoxy radical cross-links within
the sheets increased paper strength [122]. Recently,

Witayakran and Ragauskas [123] have investigated the
possibility of grafting various amino acids onto high-lignin
content pulps obtaining an increasing of carboxyl group
content and paper properties. The ability to use laccases to
selectively graft amino acids to lignin-rich pulp fibers
provides a new and unique fiber modification technology
which will have many future opportunities. In most cases,
treatment of flax and sisal pulp with laccases (from Pyc-
noporus cinnabarinus and T. villosa), with or without a
mediator, in the presence of different phenolic compounds,
improved strength-related properties (particularly wet ten-
sile strength) in the resulting paper [125-128].

Recently, there has been an increase in innovative
research aimed at developing functional packaging mate-
rial with antimicrobial properties [129, 130]. Several
bioactive phenolic compounds (acids, essential oil com-
ponents and dopamine) were grafted onto the surface of
unbleached kraft liner fibers using a laccase from 7. pu-
bescens [129]. Obtained results have shown that the
handsheet papers obtained by laccase antibacterial surface
process (LASP) display a greater efficacy against gram-
positive and gram-negative bacteria, if compared with
paper treated only with monomeric phenol derivatives.
Antimicrobial activity was proved to be function of grafted
structure, time of the treatment and concentration of phenol
derivatives. Among the tested essential oil compounds,
isoeugenol is the most effective: isoeugenol/LASP, besides
killing S. aureus, displays a bacteriostatic effect on the
more resistant spore forming gram-positive Bacillus sub-
tilis. A P. cinnabarinus laccase was used to initiate the
grafting of three different antimicrobial phenol structures
(syringaldehyde, acetosyringone and p-coumaric acid) onto
unbleached flax fibers with a high cellulose content [130].
Grafted pulps presented high antimicrobial activity against
three bacteria analyzed (S. aureus, Pseudomonas aerugin-
osa and Klebsiella pneumoniae).

Wood (Picea abies) veneers and pulp were treated with
tannins, as natural antibacterial phenols, in the presence or
absence of commercial M. thermophila laccase with the
aim to impart antibacterial properties to the substrates
[131]. The treatment in the presence of laccase signifi-
cantly improved the antibacterial resistance of veneers and
paper made from tannin-treated pulp against S. aureus,
while a more modest protective effect was observed against
E. coli. Authors have also provided mechanistic evidence
of the binding of catechin and gallic acid onto putative
lignin monomers. Catechin was bonded to the phenolic
molecules mainly through 5-5 linkages, while bonding to
monomers with sinapyl units was mainly through 4-O-5
linkages. Bridging molecules such as 4-hydroxy-3-meth-
oxybenzylurea, compatible with melamine resin, were
attached to fiber lignin by means of laccase with the aim of
boosting the disinfecting properties of phenol resin utilized
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for the impregnated kraft paper of certain environments
where high hygienic requirements exist, such as hospitals
and kitchens [132].

In an effort to use green chemistry technology to increase
wood surface hydrophobicity, laccase-mediated grafting of
pulps has been successfully tested. Fluorophenols and
alkylamines were coupled, mediated by a T. hirsuta laccase,
to complex lignin models to increase hydrophobicity of
wood veneers [133—135]. The proposed mechanism has
shown that the fluorophenols were bonded to sinapyl units
via 4-0-5 linkages, while coupling to guaiacyl units
occurred through 5-5 linkages. The alkyl amines were
bonded onto simple phenolics and lignin models through
the —NH, thereby establishing a -C—O-N and a -C—N bond.
The advantage of laccase-mediated covalent binding of
molecules onto wood surface is that the grafted molecules
are not readily displaced and released into the environment.

Several approaches of in situ laccase-created radicals in
wood chips have been investigated as a way of producing
binderless (artificial adhesive-free) wood such as Medium
Density Fiberboards (MDFs) and Particle Boards (PBs),
commonly used for interior building and furnishing [136].

Many attempts have been made at increasing bonding
between the fibers or other constituent particles by their
chemical modification. The activation of lignin for bonding
can be carried out by oxidative enzymes [137-139]. Par-
ticularly, the auto-adhesion of beechwood (Fagus
sylvatica) fibers was enhanced by a pretreatment of the
fibers with a T. villosa laccase (Novozymes A/S) [139].
The mechanism of enzymatic catalyzed bonding is linked
to the generation of stable radicals in lignin by oxidation.
Fiberboards made from laccase-treated fibers have a high
wet strength compared to boards made from untreated
fibers. Furthermore, the surfaces of laccase-treated fibers
have shown a markedly increased hydrophobicity, as well
as a change in the chemical composition, indicating that
lignin extractives precipitated on the fiber surfaces.
Another approach to substitute synthetic resins in wood
composite production is a two-component system in which
laccase-treated technical lignin, such as kraft lignin or
lignosulfonate, functions as the adhesive. This method has
been applied to the production of PB [140-142], even if the
use of water-soluble lignosulfonates generates products
displaying poor dimensional stability [141]. A variant
process has also been described where a laccase-oxidized
lignin-based adhesive, with 1 % methylene diphenyl diis-
ocyanate, resulted in PBs with doubled tensile strength and
reduced swelling in water [143].

Other examples

Membrane fouling is a serious problem in membrane fil-
tration due to adsorption of components from the feed
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[144]. Among other factors, also the (surface) material of
the membrane affects adsorption. Poly(ether sulfone)
(PES) is a popular hydrophobic material for membranes. A
(more) hydrophilic membrane surface may reduce (or even
prevent) adsorption [145]. A laccase-mediated grafting of
PES with 4-hydroxybenzoic acid and gallic acid in con-
trolled reaction conditions has proved to have clear
potential for reduction of fouling by proteins, polysaccha-
rides, and polyphenols, probably related to the more
hydrophilic surface [146].

Pharmaceutical and cosmetic industries

Laccases can catalyze the synthesis of various therapeutics,
such as antibiotics, antimicrobials and anti-cancer drugs.
The usefulness of laccases for the amination of new anti-
biotics has been demonstrated. Many potential aromatic
substituents of penicillins and cephalosporins are natural
laccase substrates. Mikolasch and coworkers synthesized
different novel B-lactam antibiotics (e.g., cephalosporins,
penicillins and carbacephems) through laccase-catalyzed
amination of amino B-lactams and 2,5-dihydroxyphenyl-
acetic acid, 2,5-dihydroxybenzoic acid or catechols [147—
150]. Novel cyclosporin analogs can be obtained through a
laccase-mediated oxidation [151].

Recently, the laccase-catalyzed synthesis of anhydro-
vinblastine, mitomycin and structurally similar anti-cancer
compounds has been reported. Anhydrovinblastine, useful
in the leukemia treatment, was synthesized in a coupling
process of catharine and vindoline [152, 153]. It has been
demonstrated that laccases from M. thermophila and P.
cinnabarinus synthesize 5-alkylamino- and 2,5-bis (alkyl-
amino)-(1-4)-benzoquinones,  structurally  similar to
mitomycin, a chemotherapeutic agent used to treat differ-
ent cancers [154]. Synthesis of other anti-cancer molecules,
such as aminonaphthoquinones and p-benzoquinone, has
been, respectively, obtained in a monoamination and di-
amination laccase-catalyzed reaction [155, 156]. Moreover,
laccases from different organisms exhibit cytotoxic or
antiproliferative effects against the tumor cells, mainly
MCF7 and Hep G2 [157-161].

Laccases from Tricholoma giganteum, Lepiota ventr-
isospora, Lentinus edodes, Pleurotus cornucopiae,
Coprinus comatus, Lentinus tigrinus, Hericium coralloides,
Agaricus placomyces, and Abortiporus biennis have been
reported as inhibitors against HIV-1 reverse transcriptase
activity [162-169]. Another laccase has been reported to
possess the capability of fighting aceruloplasminemia,
restoring the iron homeostasis [170].

Additionally, laccase application has been reported in
the generation of iodine [171-174], a well-known anti-
fungal compound, generally used as disinfectant. Laccases
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are also able to catalyze the formation of other antimi-
crobial compounds, such as the cinnabarinic acid [175], or
to have antibacterial and antifungal activity themselves.
Recently, Grover and coworkers have developed a laccase-
nanotube-based paint, showing a bactericidal and spori-
cidal activity [176].

Furthermore, an increasing interest has been focused on
laccase application in the cosmetics as a biocatalyst in the
hair dye synthesis and in the formulation of personal
hygiene products, including deodorant, toothpaste,
mouthwash, detergent and soap. Laccase-based hair dying
is an emerging field of research. Traditional chemical-
based hair coloring products are often irritant, difficult to
handle and not safe. Hydrogen peroxide (H,O,) and
phenylenediamines are the most used chemicals in hair
dying. They are allergenic and carcinogenic [177, 178] and
can, respectively, cause severe hair damage [179, 180].
Laccase can act as an oxidizing agent, substituting H,O,.
For this reason, laccase-based hair dyes are less irritant
[181, 182]. Recent works have shown that laccase-cata-
lyzed polymerization of natural phenols is applicable to the
development of new cosmetic pigments [181]. A laccase
from T. versicolor and natural plant-derived phenolic
compounds have been used to produce a colorful array of
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Fig. 2 Data are from Chemical Abstracts Service/SciFinder Scholar
based on the combined CAS and Medline databases with duplicated
removed. Source articles include journal articles and are referred to
the decade 2003-2013. Categories used for classification of journal
articles are based on the following CAS section title: Waste treatment
and disposal; water, cellulose, lignin, paper, and other wood products;
electrochemical, radiational, and thermal energy technology; electro-
chemistry; food and feed chemistry; textile and fibers; fertilizers,
soils, and plant nutrition; agrochemical bioregulators; pharmaceuti-
cals; pharmacology; essential oils and cosmetics; toxicology; surface

eco-friendly dyes [183]. Jeon and coworkers [184] have
studied laccase-catalyzed in situ polymerization of natural
phenols to form products for hair dyeing. Three kinds of
two-monomer combinations for gray hair dyeing were
developed, namely, gallic acid/syringic acid, catechin/cat-
echol and ferulic acid/syringic acid, generating brown,
black and red colorations, respectively. Laccase polymer-
ization of natural phenols can provide stable colored
polymers, since color changes in all dyed hairs tested were
negligible, even after repeated shampooing with detergent
excess. The alkaline laccase secreted by Flammulina ve-
lutipes has been tested for hair coloring [185]. Lately, Chen
and coworkers have proposed the laccase from the acti-
nomycete Thermobifida fusca as an excellent thermo-
alkali-stable laccase for hair coloring [186]. Fang et al.
have demonstrated that the bacterial laccase Lacl5D dis-
plays a constant activity toward dye precursors and their
combinations under alkaline conditions, suggesting its
application in hair coloring [187].

In the cosmetic field, laccases are also used for skin
lightening [188, 189]. Laccases may not only find utility in
the oxidative reaction, production of pigments and mela-
nins, but also in the reduction of melanin-derived
blemishes [190]. In addition, laccases can oxidize various
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colloids; terpenes and terpenoids; plastics fabrication and uses;
plastics manufacture and processing; chemistry of synthetic high
polymers; biomolecules and their synthetic analogs; alkaloids; amino
acids, peptides, and proteins
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Fig. 3 a Distribution of patents
deposited in the decade
2003-2013, according to
classification into CA section
titles. Data are from Chemical
Abstracts Service/SciFinder
Scholar based on the combined
CAS and Medline databases
with duplicated removed.

b Distribution of patents
deposited in the decade
2003-2013 among the owners
(companies and research
institutions). The gray slice
corresponds to owners
possessing less than 1 % of total
published patents
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Conclusion

thiols and other sulfur-containing compounds, responsible
of malodor or even kill the microbes that generate offen-
sive molecules [191]. For this ability, these enzymes have
been introduced in deodorant for personal hygiene [192],
oral care products [193] and soaps [194].

The importance of these oxidoreductases as efficient
catalysts in cosmetic field is underlined by the increasing
number of patents registered in the last years [195-209].
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Figure 2 summarizes and classifies the scientific literature
published in the last 10 years about implementation of
laccases in several industrial fields. The trend is positive
for most of the analyzed sectors, with applications in waste
water treatment occupying the widest slice of published
articles. Articles concerning modification of natural
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polymers such as lignin and cellulose with related appli-
cations in wood and paper industries also represent an
important portion of the applicative research on laccases.
Other emerging sectors are represented by laccase exploi-
tation in biosensing and fuel cells industry, cosmetics,
biopolymer synthesis and in food and textile fields. Also
the use of laccases as green catalysts for the synthesis of
high-added value organics is emerging as a new, although
still poorly exploited, sector of applicative research.

The active research on potential laccase industrial
applications has stimulated the publication of a great
number of patents in several sectors. Figure 3 reports the
relative percentage of patents distribution in different
sectors, referred to the decade 2003—2013. The widest slice
of patents concerns methods of fermentation and optimi-
zation of laccase production, followed by inventions about
enzyme modification aimed at its conjugation and/or
immobilization for different uses (enzymes category in
Fig. 3a). Analyzing the distribution of patent owners
(Fig. 3b), Novozyme (Novo Nordisk, Denmark) owns the
most of the totality of patents (5 %), followed by L’Oreal
with 3 %. The biggest slice of the pie graph (78 %) is
occupied by companies or Research centers possessing less
than 1 % of total number of published patents.

Despite this plethora of applications, laccase potential
was not fully exploited, due to several issues mainly con-
nected with the economy and the efficiency of the enzyme
in the operating conditions. Recent efforts to abundantly
produce these enzymes, to improve enzyme activity and/or
stability through immobilization and protein engineering,
are boosting laccase exploitation at industrial level. Since
the first commercial product based on laccase enzyme,
launched in 1996 by Novozyme (Novo Nordisk, Denmark),
widespread companies have been engaged in producing
this enzyme in several formulation and for different pur-
poses, mainly for the textile and food industries [2]. Less
enzymatic formulations are available for pulp and paper
industries, probably for a kind of reserve towards the
integration of enzymes in an “ancient” and consolidated
process flow, such as paper production. Most of the new
companies are located in the Asian continent, where,
despite global crises, industry is expanding, probably also
due to the less bureaucratic constraints for industrial pro-
duction and lower salaries of employees in these regions
[2]. On the other hand, the increasing demand of specific
and eco-friendly alternative biocatalysts has nowadays
induced, also in Europe, the creation of new small com-
panies offering customized formulations of laccases to
target specific process conditions.
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