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Abstract: Laccases are blue copper oxidases, found in
some plants and secreted by a wide range of ligninolytic
fungi. These enzymes are well known for their ability in
oxidizing several organic compounds, mainly phenolics
and aromatic amines, at the expenses of molecular
oxygen. Therefore, they could find application in the
field of enzymatic bioremediation of many industrial
wastewaters, and in particular to bleach and/or detoxify
dye-containing effluents. Not all industrial dyes behave as
laccase substrates, but this limitation is often overcome
by the judicious use of redox mediators. These could
substantially widen the application range of laccases as
bioremediation tools. The present study encompasses
the main properties of the most used industrial dyes as
related to their chemical classification, fungal laccases
and their molecular and catalytic features, the use of
redox mediators, limitations and perspectives of the use
of fungal laccases for industrial dye bleaching.
Keywords: Laccase, textile dyes, bleaching, bioremediation

1 Introduction
1.1 Laccases: a brief overview
Since its discovery at the end of the 19th century in the
latex of the Japanese lacquer tree [1], the enzyme laccase
has drawn much attention for its outstanding features.
Laccases are found in some higher plants [2,3], but also in
certain bacteria [4,5]. However, ligninolytic basidiomycetes
[6] are the sources of the most studied laccases, usually
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employed in technological applications. Ligninolytic
basidiomycetes, the white rot fungi, secrete laccase
isozymes, involved in lignin oxidative depolymerization/
solubilization [7-17].
Laccases belong to the multicopper oxidases (along
with other enzymes such as tyrosinase and ascorbate
oxidase [18-22]), and usually contain four cupric ions,
belonging to three distinct spectroscopic types (T1, T2, and
T3 [23]), arranged within the enzyme active site so that two
targets could be achieved: i) the one-electron oxidation
of a reducing substrate by the T1 cupric ion, and ii) the
regeneration of the resting state of the enzyme by means of
molecular oxygen reduction to water, by the intervention
of a tricupric cluster, formed by one T2 cupric ion and two
T3 cupric ions, the latter anti-ferromagnetically coupled .
The T1 cupric ion in bacterial laccases presents a
distorted tetrahedral geometry built up from a strong
trigonal set of aminoacidic residues (His-Cys-His) and a
relatively weaker ligand in the axial position, generally a
Met. In multicopper oxidases such as fungal laccases the
Met ligand is replaced by a non-coordinating hydrophobic
Leu or Phe residue, leading to a trigonal planar geometry
[24]. In any case, the peculiar ligation geometry of the T1
cupric ion and the nature of coordinating aminoacidic
residues are responsible for the typical strong absorption
at about 600 nm, corresponding to an intense blue color. By
contrast, the contribution of T2 and T3 ions to the protein
color is negligible. The polar versus non-polar nature of
the axial aminoacidic residues correlates with the redox
potential of the T1 cupric ion, and hydrophobic residues
such as Phe or Leu have a positive effect, whereas a polar,
coordinating residue such as that of Gln (present in the
blue, single copper, low-potential protein stellacyanin)
shows the opposite effect. Such effects have been studied
in detail in the bacterial blue copper, high-redox-potential
protein rusticyanin from Thiobacillus ferrooxidans [25].
In laccases, as a general rule, a more hydrophobic axial
ligand corresponds to a higher redox potential. Bacterial
and plant laccases usually have a Met as the axial ligand for
the T1 cupric ion, and share a relatively low redox potential
(Eº < +500 mV). Ascomycete and a few basidiomycete
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laccases have a non-coordinating Leu residue at the axial
position and show intermediate redox potentials, ranging
from about +500 mV to about +700 mV. Finally, highpotential (Eº > +700 mV) laccases (from basidiomycetes)
almost invariably bear a non-coordinating Phe residue at
the axial position [23]. Site-directed mutagenesis on some
fungal laccases resulted in contrasting effects. Leu/Phe
interchange could be without significant electrochemical
and kinetic effects (Rhizoctonia solani and Myceliophthora
thermophila laccases [26]). In another fungal laccase
[27], the changing of Met for Phe resulted in substantial
alterations of pH optimum and kinetic constants. In
bacterial enzymes, such substitutions could be sometimes
favorable [28], whereas in other cases the increase of Eº
causes an excessive stabilization of the cuprous state of
the T1 copper, thus substantially worsening the enzyme
performances [24,29].
Although the crucial role of the aminoacidic residue in
the axial position towards the redox potential and reactivity of
the T1 cupric ion is firmly established, some other structural
factors could exert to a certain extent a small influence
towards redox potentials of the T1 cupric ions [30,31].
Once the one-electron oxidation of the substrate is
accomplished by means of the one-electron reduction of
the T1 cupric ion to its cuprous counterpart, the oxidized
state of T1 copper is quickly restored by one-electron
transfer to the tricopper cluster [32]. Such a transfer has
to be repeated four times to reduce molecular oxygen to
two water molecules. In fact, the transfers take place in
two steps, each of two electrons, giving rise to a peroxide
intermediate, which in turn is reduced to water in the second
step, thus regenerating the resting state of the enzyme.
Theoretical calculations favor a μ - η2: η2 arrangement for
peroxide anion –O–O– positioning between the two cupric
ions of the T3 dicupric cluster, such as it was found in
hemocyanins, tyrosinases, and catecholases. However,
this forecast is contradicted by spectroscopic evidence,
and the peroxide-tricopper cluster adduct is presumably
arranged in a μ3 – 1,1,2 geometry therefore involving the T2
cupric ion in peroxide ligation. The electron transfer takes
place through the highly conserved His-Cys-His bridge
between T1 and the tricopper cluster [33]. The dioxygen
and peroxide ligation to the reduced tricopper cluster is
irreversible; the ligation geometry when the first twoelectron reduction (to peroxide dianion O22–) takes place
does not change substantially.
So, two distinct - although close to each other - sites
exist within the laccase catalytic center: the T1 cupric ion,
devoted to reducing substrate one-electron oxidation, and
the tricupric cluster which, upon reduction to its cuprous
state, binds dioxygen.
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The Eº values deeply influence laccase efficiency
in oxidizing substrates, being obviously comparatively
more efficient those with high redox potentials, secreted
by ligninolytic basidiomycetes, that also show a wider
substrate specificity. Heterologous expression of nonsecreted but interesting laccases is usually prevented by
their glycoprotein nature [34]. Therefore, high-potential,
secreted fungal laccases are the best candidates for
biotechnological applications.
Fungal laccases usually show activity optima
within the acidic pH range; however, pH increase favors
deprotonation of substrates such as phenols (to the
corresponding phenoxide anions) and aromatic amines
(from ammonium salts to the corresponding free bases)
that are more easily oxidized. However, the overall
efficiency of laccase-catalyzed oxidations is lowered by
increasing pH owing to the OH– ligation to the tricopper
T2/T3 cluster, therefore hindering the internal electron
transfer form the T1 copper to the tricopper cluster [35].
In general, the hydroxide-depending disturbance towards
the enzyme activity prevails over the facilitated oxidation
of substrates upon deprotonation [34]. In principle,
two distinct mechanisms could operate along laccase
catalysis: i) the enzyme abstracts one electron from a lone
pair pertaining to a heteroatom (usually oxygen, nitrogen,
or sulfur), a cation radical arises, which in turn undergoes
a nucleophilic attack by H2O, OH–, or so on (Electron
Transfer mechanism, ET). In such cases, a second electron
could hardly be abstracted from the cation radical, mainly
owing to electrostatic reasons, and therefore no quinonoid
product could be formed directly. However, at higher
pH phenolics exist - at least in part - as their phenoxide
counterparts. In such cases, no cation radicals arise, and
neutral delocalized phenoxy radicals are easily produced,
which can in turn give rise to oxidative coupling, or
disproportionation, or also direct quinonization by means
of a second electron abstraction by the enzyme; ii) the
enzyme abstracts a hydrogen atom (in fact, one proton
and one electron, Hydrogen Atom Transfer mechanism,
HAT), from a non-dissociated phenol (at lower pH) or a
non-protonated primary or secondary aromatic amine.
In any case a neutral delocalized radical arises, which is
further transformed as described above.
Fungal laccases are typically inducible enzymes,
whose production could be dramatically increased
by a variety of small aromatic molecules, sometimes
resembling monolignols in chemical structure. A number
of different isoenzymes are secreted in response to
different inducers [36-41].
Being that laccases are cupro-proteins, copper
salts under suitable conditions also lead to enhanced
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enzyme secretion [42-45]. According to their official
name, laccases (EC 1.10.3.2 Benzenediol: Oxygen
Oxidoreductases, water forming) usually oxidize orthoand para-diphenols (catechols and quinols, respectively)
to the corresponding quinones [46-51]. However, generally
speaking, also monophenols could behave as laccase
substrates, provided that they bear at least one electrondonating substituent at the ortho or para positions. So,
methoxyphenols such as guaiacol (2-methoxyphenol)
and hydroquinone monomethylether (4-methoxyphenol)
are good laccase substrates. The same considerations
could be extended to aromatic amines as well as to
aminophenols [52,53]. As noted above, laccases work
through a one-electron abstraction (and also one proton
could be extracted, depending on the particular substrates
and the experimental conditions such as pH, vide supra)
from an electron-rich aromatic substrate, provided that
the arising radical could delocalize the unpaired electron,
giving rise to a relatively stable entity. Such a radical
usually evolves further to a more or less complex mixture
of coupling, oligomerization, polymerization products,
or could disproportionate to the starting substrate and a
quinonoid product. The latter could in turn evolve to other
products, such as Michael-type addition products with the
remaining substrate [50,54]. All these possible pathways
are summarized on Fig. 1.
Obviously, this pattern depends on a number of factors
(the particular substrate, the pH, and the presence of
excess molecular oxygen, among others). And the presence
of molecular oxygen is of the greatest importance, since
it could perform the dual role of laccase substrate and
non-enzymatic reagent towards the free radicals arising
from the action of the laccase or otherwise generated
[55]. A very complex mixture of reaction products arises,
comprising hydrogen peroxide, peroxyquinones, oxiranes
(epoxides), and quinones.

In conclusion, laccase specificity is much wider
than that suggested by its systematic name, as it can
very often attack non-phenolic dyes, provided that
organic dyes in general are typical for an extended
electronic delocalization, in turn allowing the formation
of delocalized radicals upon one-electron abstraction
by the enzyme. Such radicals could evolve towards
degradation, by following the general criteria outlined
above, and according to their particular chemical
structure.

1.2 Widening laccase specificity and
potential use: redox mediators
Laccase-catalyzed oxidation of potential substrates
is limited by a number of conditions, such as steric
hindrance (for macromolecular compounds), very low
affinity between the compound and the enzyme active
site, and too high redox potential of the putative substrates
when compared with the oxidizing power of the enzyme.
Although a noticeable range of redox potential have
been calculated for different laccases, and in many
cases found to be comparatively high [14,56], still a huge
number and variety of compounds remain out of the
reach of these enzymes. This obstacle can be overcome
in many cases by means of particular substances, usually
small, water-soluble molecules, capable of behaving as
one-electron shuttles between the enzyme and the to-beoxidized compounds [57,58] (Fig. 1). In more detail, these
compounds are laccase substrates, whose oxidation
proceeds as usual with the one electron abstraction. The
arising free radicals are long-lived enough to diffuse away
from the enzyme active site, and are therefore capable
of restoring their stable electronic configurations at the
expenses of other substrates [59]. Conceptually, no great
difference exists between ‘conventional’ substrates and

Figure 1: Simplified mechanism of laccase action in the presence and in the absence of redox mediators [54]. Some of the products (i.e.
polymerized polyphenols) could be in turn laccase substrates.
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mediators. However, a mediator stricto sensu is a substrate,
whose radical is capable of restoring the original electronic
configuration at the expenses of another compound, which
is usually resistant against the direct action of laccase.
These redox mediators (RMs) are well known in Nature,
and many others have been synthesized. Most of them
have been studied in detail, and some have been proposed
in technological applications. The behavior of RMs is not
purely catalytic: the intermediate radicals arising from their
enzymatic oxidation can well behave as those arising from
‘conventional’ substrates, therefore disproportionating
and affording more or less slowly the (relatively) stable
quinonoid product(s). So, in a technological application
the chosen RM has to be periodically replenished to obviate
the unavoidable oxidation.
Among natural mediators [60], some are certainly
present in decaying wood, and others are presumably
produced by the same fungus that operates the rotting
process. Most are phenolics, already well known as laccase
substrates, and therefore they are rapidly quinonized
by the enzyme. So, they undergo fast consumption and
have to be continually replaced, unless they are naturally
present or also formed in suitable amounts along laccase
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action. Some simple phenolics have been studied and
described in detail as laccase RMs: p-hydroxybenzyl
alcohol, p-hydroxybenzoic acid, vanillin, acetovanillone,
syringaldehyde,
acetosyringone,
syringic
acid,
p-coumaric, ferulic, and sinapic acids (Fig. 2) [61,62].
In particular, phenolics combining the presence of a
p-substitution (such as –CHO, –COOH, –CH=CH–COOH)
with two o,o’ methoxyls, are good laccase substrates but
cannot dimerize or polymerize (unless decarboxylation,
demethoxylation, or oxidative coupling – in the case of
cinnamic derivatives – takes place), and moreover their
quinonization is comparatively difficult, for the same
reasons. Therefore, such compounds are among the most
efficient phenolic-type RMs [63-65]. A particular case is
that of o-hydroxyanthranilic (2-amino-3-hydroxybenzoic)
acid, a simple o-aminophenol secreted by the whiterot fungus Pycnoporus cinnabarinus, which mediates
lignin degradation by the fungal laccase, being at
the same time slowly and irreversibly converted to its
phenoxazone derivative, cinnabarinic acid [66]. However,
hydroxyanthranilic acid, although effective in lignin
degradation by P. cinnabarinus, is comparatively weak
with respect to other RMs.

Figure 2: Natural redox mediators for laccase catalysis are mainly p-substituted phenolics.
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Figure 3: Phenol red is a synthetic phenolic compound, effectively
used as laccase redox mediator.

Many artificial compounds have been tested as potential
RMs, and for many of them a noticeable effectiveness
has been assessed. In particular, ABTS has been the
first synthetic molecule for which a RM role has been
shown [58]. Among synthetic phenolics, Phenol Red (a
sulfophthalein, Fig. 3) has proved to be effective as a RM
[67]. Hydroxylamine derivatives, all sharing the presence

of a >N–OH moiety, have become highly popular as RMs
for laccase industrial applications, as they are readily
available at reasonable prices. Their main drawbacks
are the well-known toxicity and their tendency to act as
laccase inhibitors [60]. Fig. 4 presents the most used NOHtype RMs.
TEMPO (and analogues) is a quite particular case: it
is a stable >N–O∙ radical, which is oxidized by laccase
to the corresponding oxoimmonium cation. This acts by
following an ionic mechanism [68-71]. These RMs share
with the phenolic ones the HAT action mechanism [72,73]
(Fig. 5), contrary to what is observed for ABTS which
typically acts through an ET mechanism [74] (Fig. 6).
The two mechanisms could sometimes be differentiated
by using proper substrates that yield different products
[75,76]. Interestingly, synergistic effects have been
observed when two RMs with different (HAT or ET)
mechanisms are used together [77,78].

Figure 4: Hydroxylamine derivatives, bearing the typical N-OH moiety, are highly popular synthetic redox mediators for laccase catalysis.

Figure 5: Laccase redox mediators can act both through HAT (hydrogen atom transfer) or ET (electron transfer) mechanism.
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Figure 6: ABTS is a well-known laccase redox mediator, acting through ET mechanism, yielding cationic radicals stabilized by resonance.

1.3 Organic industrial dyes: molecular
motifs, general reactivity
Industrial dyes constitute an enormous class of
compounds, mainly organic, whose sole common feature
is the absorption of visible light. Obviously, this feature is
not enough, taken alone, to classify an organic, colored
compound as a dye. In fact, a dye must be capable of
conferring its color to a substrate to be dyed, such as
fabrics, or plastics, or also foodstuff. Ideally, the obtained
coloration should be stable in time, resistant against
washings, and unaltered upon prolonged exposure to
solar (or also artificial) light. Organic dyes are almost
invariably aromatic compounds, showing extended
electronic delocalization along π orbitals. Electronic
delocalization of the chromophoric moiety of the dye
molecule is reinforced by the presence, in suitable
positions, of auxochromic/bathochromic groups such as
hydroxy-, methoxy-, amino-, dimethylamino-groups and
so on. Industrially relevant dyes should be inert enough
against physical, chemical, and biological degradation, to
show a proper durability under the application conditions.
A detailed discussion about structures and syntheses
of industrial dyes is far beyond the scope of this paper;
however, a brief description of the main classes of
the relevant structures and main properties of these
compounds could be useful for the readership and is
therefore presented in the next chapter, which is mainly
focused on the textile dyes.

1.3.1 Textile dyes in wastewaters
A huge amount of dyes are unavoidably released in
wastewaters as a result of dyeing processes, adopted in
textile plants [79]. Over 10,000 tons of dyes are produced

every year [80] with quite low yields of textile processes
(the percentage of the lost dye in the effluents can reach up
to 50% [81]). Even greater amounts of water are consumed
along the dyeing and washing processes (up to 200 L per
Kg of textile fabricated, making the dye industry one of
the most water-consuming sectors [82,83]). So a serious
problem arises, of relatively low concentrations of dyes,
contained in large volumes of water. Usually, no re-use of
wastewater is performed [83], posing a serious issue about
the economical and environmental sustainability of the
processes (in fact water supplies are dropping, increasing
its market price (up to almost 6 €/m3 in the European
Community [83]). Furthermore, the visual impact of
the presence of dyes in wastewaters is high towards the
public, so a high pressure towards textile plants and
authorities involved in environmental defense has led
to the development of an exceptionally high number of
different methods, aimed to solve the problem of water
bodies pollution by textile dyes [79,84-86].
These include biological, physical, and chemical
approaches [82,84,87-89]. However, all of the methods
suffer from significant drawbacks still affecting the
economical feasibility of the processes. For instance,
the common biological activated sludge treatment does
not provide the flexibility required by the continuous
differences in textile wastes composition [82,90]. On
the other hand, the displacement of secondary waste
produced by coagulation and adsorption techniques is
sometimes less sustainable than the original wastewater
[91]. Whereas, the chemical approaches usually suffer
from high costs and low efficiency.
Textile dyes are usually water-soluble, or at least could
be transiently changed into soluble derivatives that are in
turn re-insolubilized and precipitated onto or within the
fibers to be dyed, usually by means of a reduction (with
sodium dithionite) followed by a re-oxidation (with air).
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Therefore, the dyeing baths as well as the washing waters
contain more or less elevated concentrations of dyes that
should be removed before the wastes are funneled into
receiving water bodies.
Given the extreme structural heterogeneity of the
chemical structures of the hundreds of commonly used
textile dyes, several methods should be kept under
consideration when planning a treatment protocol for
a particular textile wastewater, owing to the different
reactivity of the different compounds.
In the present context, a very concise review of the
main chemical classes of important dyes could be useful
to the readership, which is directed to comprehensive
reviews if necessary [84,92,93]. A reasonable knowledge of
the fundamental structural motifs present in the different
classes of the examined dyes could help with forecasting
the pros and cons of the existing treatment protocols, or
envisaging new ones.
Azo dyes are among the most used, as they are
effective, stable, and inexpensive. The general structure
of an azo dye R1–N=N–R2 gives evidence to the azo

chromophore –N=N–, which is responsible for the main
properties of the class [94]. R1 and R2 are aromatic (or
heteroaromatic) moieties [95], where R1 brings electronwithdrawing substituents whereas R2 bears electronreleasing substituents. Electronic delocalization of an
extended π system, also possibly involving the peripheral
substituents, causes the compounds to strongly absorb
visible light. The azo chromophore is per se an electronwithdrawing moiety (–I effect), although it possesses
two lone pairs suitable for interactions with the adjacent
aromatic systems (+M effect). When the substituents
on the R2 ring are –OH and/or –NH2, the corresponding
dye can exist in a protonated (–OH and/or –NH3+) or an
unprotonated form (–O– and/or –NH2), depending on pH.
The alternative forms usually show different colors, and
therefore could work as pH indicators. In many azo dyes,
R2 also contains electron-withdrawing substituents such
as –SO3– besides the electron-donating ones. The purpose
of the sulfonic substituent is to confer solubility in water
to the compound. Some prominent examples of azo dyes
are encompassed in Fig. 7.

Figure 7: Chemical structures of the most diffused azo dyes.
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9,10-Anthraquinone is the parent compound of a
wide range of natural dyes and also of synthetic dyes,
usually containing electron-donating substituents
[96]. The iconic compound of this class is alizarin
(1,2-dihydroxyanthraquinone) found in madder (Rubia
tinctorum). A hydroxy and/or amino substituent should
occupy the α position with respect to the carbonyl groups,
to ensure the maximum overlap of the π orbitals and
therefore the best tinctorial properties. On the whole,
although typical for their light fastness and brightness,
anthraquinone dyes are usually more costly and therefore
cannot compete with the azo dyes. A selection of wellknown anthraquinone dyes is presented in Fig. 8.
Indigoid dyes owe their name to indigo, obtained from
the plant Indigofera tinctoria, which is the main source of
‘natural’ indigo [97]. Another famous dye is the imperial
or Tyrian purple, which is 6,6’-dibromoindigo [98]. These
dyes are in fact insoluble pigments, which need to be
reduced to soluble leuco-compounds, and re-oxidized in
turn by air directly on the fibers (vat dyes).
Simple indigoids are exceptionally inert and durable
upon exposure to heating, sunlight, and extreme pH,
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although they can undergo both reversible reduction
and oxidation under proper conditions. Synthetic indigo
is largely used to dye denim fabric. Some outstanding
indigoids are summarized in Fig. 9.
Cationic dyes are molecules, whose positive charge
is an essential part of their chromophores; very different
cationic dyes also exist, whose positive charge is not
involved in the chromophoric delocalized electron
system, so their cationic nature is only relevant to
impart solubility in water and preferential adsorption on
negatively charged fibers. Obviously, cationic dyes are a
rather heterogeneous class of substances, owing to the
very different chromophores they show.
Cyanine dyes are cationic substances containing
polymethine bridges between two nitrogen atoms with
a delocalized positive charge. The number of carbon
atoms forming the bridge may vary within a wide range,
thus extending the charge delocalization. Also, one or
both nitrogen atoms can be part of cyclic or polycyclic
structures, further expanding the structural variety of
this dye class. Consequently, a huge number of cyanine
dyes exist, with shades ranging from deep blue to

Figure 8: Chemical structures of the most diffused anthraquinone dyes.
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Figure 9: Chemical structure of indigo and the most diffused indigoid dyes.

green to yellow to red and purple. The fluorescence of
many cyanine dyes widens their fields of application to
photography, biotechnology, and lasers [99,100]. Some
cyanine-based structures are depicted in Fig. 10.
Triphenylmethane cationic dyes, once referred to as
fuchsoneimine derivatives, are more properly regarded

as cyclic cyanine dyes where the methine bridge is
incorporated within an aromatic ring. They could also be
considered as delocalized triphenylmethyl cations. Some
important triphenylmethane-based dyes are illustrated in
Fig. 11.
Similarly, diphenylmethane-based cationic dyes have
been considered as benzophenoneimine derivatives. When
a nitrogen atom bridges the two aromatic rings, acridines
are obtained; when the bridging atom is oxygen or sulfur,
xanthenes or thiaxanthenes, respectively, are formed as is
shown in Fig. 12. Other cationic dyes, also belonging to the
cyanine family, are derived from phenazine, phenoxazine,
and phenothiazine. Some outstanding examples of these
are shown in Fig. 13. Some comprehensive discussions
about the above mentioned cationic dyes are available
[94,101,102].
Phthalocyanine dyes are macrocycles [103] usually
obtained starting from o-phthalonitrile. Despite a
feeble resemblance with porphyrins, these dyes sharply
differ from the latter for being exceptionally stable
compounds. Phthalocyanines are usually applied as the
corresponding metal complexes, usually with cupric ions.

Figure 10: Chemical structures of some cyanine-based dyes.

Figure 11: Chemical structures of some important triphenylmethanebased dyes.
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Figure 12: Chemical structure of acridine- and xanthene-based dyes.

Figure 13: Several cationic dyes derive from phenazine, phenoxazine, and phenothiazine.

Copper phthalocyanine is a quite useful pigment, very
stable against heating, sunlight, and harsh washings.
Phthalocyanines (and their metal complexes) are
completely water insoluble, and should be regarded as
pigments rather than dyes stricto sensu. However, watersoluble phthalocyanine dyes are well known, bearing
solubilizing moieties such as the sulfonate anion –SO3–.
Relevant phthalocyanines are depicted in Fig. 14.
Sulfur dyes are obtained by heating suitable aromatics
or heterocycles with sulfur or compounds capable of
releasing sulfur upon heating. From the obtained melts the
dyes can be extracted, showing non-definite structures.
Sulfur atoms could be part of newly formed heterocyclic
structures, and/or also constitute thiol, sulfide, or
polysulfide moieties [104]. Very often sulfur dyes must
be solubilized by reduction under alkaline conditions, to
afford the corresponding thiolates; these are reoxidized
by air thus giving the insoluble dye. Differently from

other dye classes, univocal identification of a definite
chromophore in sulfur dyes is usually impossible. Some
sulfur dyes are shown in Fig. 15.

Figure 14: Chemical structures of some phthalocyanine dyes.
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Figure 15: Chemical structures of some sulfur dyes. Univocal identification of a definite chromophore is seldom possible. For instance,
Novatic Yellow 5G could be also regarded as an anthraquinone dye.

1.4 Fungal laccases within the frame of
white rot fungi metabolism
Although laccases have been found in many fungi and
also in bacteria, higher plants, and insects [34], they are
typical for white-rot fungi [105-107]. These are the sole
family of fungi capable of efficiently degrading lignin
[108]. Lignin biosynthesis, structure, and function have
been encompassed in some reviews [109-113]. Lignin is

a very complex heteropolymer obtained by oxidative
polymerization of the so-called monolignols (Fig. 16). A 3D
lattice, very compact and rather hydrophobic, is obtained,
where the monomeric units are mainly linked by means
of C–C bonds and aryl ether functions (Fig. 17). Therefore,
lignins are completely resistant towards hydrolysis, but
can be gradually fragmented and solubilized by means
of an enzymatic/non-enzymatic pathway, requiring some
fungal enzymes, such as high-potential heme peroxidases
(Lignin peroxidase EC 1.11.1.14, Manganese peroxidase
EC 1.11.1.13, Versatile peroxidase EC 1.11.1.16) and laccase.
White-rot fungi have been classified on the basis of
the ligninolytic enzymatic patterns they express when
growing on lignocellulosics [114], and laccase is generally
believed to exert a key role in oxidative ligninolysis
[5,16,108,115-120].
Among the known ligninolytic enzymes in white-rot
fungi, laccases are by far the most widespread and the
most manageable [121], contrary to peroxidases, which
suffer for an exaggerated sensitivity to their substrate
hydrogen peroxide, easily leading to irreversible enzyme
inactivation [17,122-124], suggesting the use of biomimetic
catalysts in their stead [125-127]. Therefore, the fact that
a relatively low number of studies are devoted to the use

Figure 16: Hypothetical structure of a portion of a lignin molecule.
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Figure 17: The three monolignols (a) are the starting units for the synthesis of lignin, by radical non-enzymatic addiction of the corresponding radicals (b) arising from laccase catalysis [17].

of fungal peroxidases in delignification technology and
bioremediation processes is not surprising [128-131]. Also
the need for more expensive hydrogen peroxide as the
oxidizing agent, whereas laccases use the inexpensive
oxygen from air, has to be taken into account to explain
the sharp prevalence of laccase-based processes.
Laccase alone in vitro appears on the whole as
incapable of promoting lignin oxidative breakdown,
and on the contrary it seems capable of triggering a
further polymerization amongst native lignin molecules
[132]. Laccase attacks the peripheral regions of lignin
macromolecules, where it specifically oxidizes phenolic
units to the corresponding phenoxy radicals (Hydrogen
Atom Transfer mechanism, HAT, also extensible to primary
–NH2 and secondary –NHR amines, vide infra); these are
most probably responsible for the observed polymerization
reactions. In fact, laccase action towards lignin is rather
complex [133,134] and a partial depolymerization also
takes place (Fig. 18). It is commonly believed that laccase is
particularly effective in oxidative degradation of relatively
simple phenolics, arising from oxidative breakdown of the
native lignin molecules, in turn caused by other enzymes
such as high-potential fungal peroxidases, and/or by the
intervention of ROS (Reactive Oxygen Species) formed as
the result of direct, non-enzymic interactions between
phenoxy radicals and excess molecular oxygen.

As an iconic example, vanillic (4-hydroxy-3methoxybenzoic) acid gives rise to a number of oxidation
products [135] such as methoxy-1,4-benzoquinone, and
degradation products of 1,2-benzoquinone-4-carboxylic
acid (Fig. 19). In other words, quinonization goes together
with oxidative demethoxylation and/or decarboxylation.
Then, the crucial question is: why is laccase capable
of delignification in vivo, whereas its action is rather
disappointing in vitro? The answer most probably resides
in the existence of some quinone-recycling fungal
enzymes, localized within the periplasmic membranes,
and NAD(P)H-dependent [136-138]. The arising quinols
are quickly re-oxidized by laccase, giving rise to phenoxy
radicals that are in turn efficient sources of ROS (the true
responsible species for lignin oxidative fragmentation).
In conclusion, laccase is able to perform several
different reactions (compare also Fig. 1) that can find
useful technological application. Laccase versatility
is often further increased by non-enzymatic action of
molecular oxygen and its reactive derivatives, and very
notably by the judicious use of RMs. Among the large range
of laccase substrates undoubtedly are industrial dyes,
as demonstrated by the huge number of theoretical and
applicative studies dealing with dye oxidative bleaching
upon laccase catalysis. The next section introduces dyes
as substrates for laccases.
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Figure 18: Laccase action towards lignin is quite complex, leading at least to a partial depolymerization whereas several side reactions occur
[133,134].

Figure 19: Laccase catalysis gives rise to a number of oxidation products starting from vanillic (4-hydroxy-3-methoxybenzoic) acid.
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2 Industrial dyes as ‘direct’ laccase
substrates
As noted above, dye molecules generally bear one or more
auxochromic/bathochromic groups, namely –OH, –OCH3,
–NH2, –N(CH3)2, –NH–C6H5, and so on, directly bound to
an aromatic ring, with the aim of increasing the ε values
and at the same time of shifting the λmax well within the
visible range. As both oxygen and nitrogen are more
electronegative than carbon, these substituents show a
feeble –I action, that is largely overcome by a +M effect,
arising from the presence of lone pairs on the heteroatoms.
So, when the dye also shows a net positive charge, usually
an electron-rich region exists in the molecule, which is
capable, under proper conditions, of losing one electron
(eventually also one proton), giving rise to a radical. The
further fate of such a radical depends on the particular dye
considered, on the pH, on the presence and concentration
of molecular oxygen. The agent, capable of performing
such an electron abstraction could well be a fungal
laccase, as demonstrated by a huge number of studies,
dealing with industrial dye bleaching by fungal laccases
[79,80,85,139-159].

2.1 Degradation of azo dyes
As noted in § 1.1.1, azo dyes almost invariably contain
at least one phenolic or amine substituent, bound to
one of the two aromatic systems linked by the –N=N–
group. This electron-rich portion of the dye molecule
would be the target of the laccase action. The main aim
of dye-containing wastewater treatment with laccase (or
any other method to decolorize such wastewater) is just
decolorization, so not many studies are dedicated to the
intimate mechanism(s) of dye oxidative degradation.
However, some detailed degradation pathways have
been proposed for selected azo dyes, that could well be
extended to this enormous dye family. Both bacterial and
fungal laccases were tested, and the obtained results speak
strongly in favor of a common mechanism, starting with
one-electron abstraction by laccase from the electron-rich
aromatic ring of the dye [160-162].
In particular, a series of dyes, sharing the sulfonate
anion as the electron-withdrawing substituent in the para
position, and the phenolic nature of the electron-rich
aromatic ring, were tested as substrates of a laccase from
the plant pathogenic fungus Pyricularia (Magnaporthe)
oryzae. As a general result, the cleavage of the dye
molecules was observed, at the bond linking the azo
chromophore and the phenolic ring. In the presence of
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chloro- or nitro- substituents on the phenolic ring, no
degradation at all was observed. After oxidation of the
dye substrates, the electron-rich aromatic (phenolic) ring
was found as the corresponding para-quinone (and/or
its degradation products) whereas elemental nitrogen
was evolved and the sulfobenzene ring was released
as the para-hydroperoxy-benzenesulfonic acid and its
degradation products (Fig. 20).

Figure 20: The reported reaction of the best substrate (2,6-dimethoxy-4-(4’-sulfophenylazo)-phenol) among the 4-sulfophenylazo
dye family studied by Chivukula and coworkers [160].

Noticeably, oxidative cleavage of the studied dyes largely
prevailed over oxidative coupling/polymerization [160]. In
a somewhat similar study, two other azo dyes were studied
[162], sharing the presence of the meta-benzenesulfonic
moiety as the electron-poor portion of the dye molecules.
The electron-rich portions were 4-dimethylaminobenzene
or 2-hydroxynaphthalene, respectively. The laccase used
came from the ligninolytic fungus Trametes villosa. The
degradation pathway mainly paralleled that described
above, but with the noticeable difference that a substantial
fraction of the degradation products polymerize, also
retaining the azo group (Fig. 21).

Figure 21: The degradation pathway of a laccase from ligninolytic
fungus Trametes villosa, using a sulfophenylazo dye. In this case a
substantial fraction of the degradation products polymerizes, also
retaining the azo group [162].

The Authors therefore concluded that laccases are not
suitable on the whole for the bioremediation of azo
dyes. Another study on 19 azo dyes [161] showed that a
recombinant bacterial laccase (CotA-Laccase, Bacillus
subtilis) was able to efficiently degrade the majority of
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the tested dyes, with the exception of reactive Yellow 81.
This azo dye is however rather far from the ‘conventional’
azo dye structure, as it lacks the electron-rich moieties
that are the preferred attack point for laccases. The fate of
Sudan Orange G, which on the contrary has a very simple
and ‘conventional’ structure, has been studied in detail.
The degradation mechanism is still the same, leading
to hydroxy-p-benzoquinone, benzene, phenol, and a
polymer mixture of compounds, still retaining the azo
moiety (Fig. 22). So, in this case the bioremediating power
of laccase seems at least debatable.

Figure 22: A recombinant bacterial laccase (CotA-Laccase, Bacillus
subtilis) was able to efficiently degrade the majority of the tested
azo dyes. The degradation mechanism is still the same, leading to
a mixture of other products deriving from the transient o-naphthoquinone through oxidative coupling with both the starting dye and
3-hydroxy-benzenesulfonic acid [161].

A comprehensive, simplified scheme of the general
degradation pathway is presented in Fig. 23. It is worth
noting that amino azo dyes should follow an asymmetrical
cleavage of the molecule, paralleling that observed
in the case of phenolic azo dyes, and leaving the azo
chromophore linked to the electron-poor aromatic ring,
as a quite transient phenylazene derivative. The aminebearing ring should afford a quinoneimine, which upon
hydrolysis should afford ammonia and the corresponding
benzoquinone.
Somewhat surprisingly, an asymmetrical cleavage
opposite to that commonly observed, and leaving the azo
chromophore linked to the dimethylaminophenyl moiety
(under the form of the quite elusive 4-dimethylaminophenyl
diazene [163]) has been reported as the cleavage product
upon laccase action, starting from methyl orange [164,165].
Unlike laccase, ligninolytic peroxidases are able to
achieve both symmetrical and asymmetrical cleavage
paths (Fig. 24) [166]. This (apparent) difference is due to
the sharply acidic pH values needed for peroxidase action.
Under such conditions, a radical cation is formed, whose
positive charge could be delocalized involving also the
azo chromophore. Therefore this undergoes nucleophilic
attack by water and subsequent hydrolysis, affording a
nitroso derivative and an iminoquinone (and their further
reaction products). Anyway, such a symmetrical cleavage

mechanism could not be definitely ruled out in the case
of laccase action, at least when working at low pH values.
It is worth noting that hydroxy- and amino- azo
dyes could be oxidatively degraded upon bioinspired
catalysis with redox-active metalloporphines and
suitable oxidants. Also in this case, only asymmetrical
mechanisms have been described [167]. However, in
the case of the amino compounds, additional reactions
(oxidative dealkylation of secondary and tertiary amines,
followed by further oxidation giving the corresponding
nitroso derivatives) take place, leading to condensation
and/or oligomerization reactions that finally afford
polyazo dyes, more recalcitrant than the parent dyes [167].
Therefore, although redox-active metalloporphines could
oxidize a wider range of azo dyes than laccases can, such
bioinspired catalysts often lead to worsening rather that
solving of the problem.
Azo dyes can undergo the action of the rather
non-specific enzymes azo reductases [94,168]. As a
result of the action of azo reductases, the azo bridge is
broken down and two arylamines arise. These are often
carcinogenic, and usually more toxic than the dye that
precedes them. Fortunately, such amines are good laccase
substrates. Therefore, they are transiently changed into
the corresponding quinoneimines, affording - upon
hydrolysis - in turn quinones and/or their degradation/
oxidation products.

2.2 Degradation of anthraquinone dyes
Anthraquinone itself is a rather unreactive molecule.
Conversely, its hydroxy- and/or amino-derivatives could
undergo a number of reactions, including oxidation, as is
common knowledge. As expected, hydroxyanthraquinones
can undergo oxidation by peroxidases [169] although
sometimes oxidative coupling rather than cleavage
takes place [170]. Hydroxy- and amino-anthraquinones
basically behave as phenols and aromatic amines,
although their reactivity is somewhat weakened by the
electron-withdrawing power of the two carbonyl moieties.
Nevertheless, in several cases they have proven to be good
laccase substrates [171-174]. A comparative study about
different fungi (Pleurotus ostreatus vs. Phanerochaete
chrysosporium) showed that Pleurotus was sharply more
efficient [175] in bleaching synthetic dyes dissolved in the
culture broth, most probably owing to its higher laccase
secretion than Phanerochaete. However, such efficiency
dropped down when the culture filtrate was separated
from the hyphae, therefore confirming the intervention
of membrane-bound enzyme(s) helping laccase in its
bleaching action. Such enzymes have been identified as
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Figure 23: Comprehensive scheme of the general degradation pathway of azo dyes in the presence of laccase catalysis and molecular
oxygen.

Figure 24: Proposed mechanism for asymmetrical and symmetrical cleavage of azo dyes by ligninolytic peroxidases (adapted from [166]).
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NAD(P)H-dependent quinone reductases [137,138,176].
Quinones arising from laccase action are reduced to the
corresponding quinols. These could be re-oxidized by
laccase, or undergo direct (auto)oxidation by molecular
oxygen, thus generating Reactive Oxygen Species (ROS)
that are the true agents of dye bleaching (Fig. 25). This latter
rapid (auto)oxidation is a typical feature of anthraquinols
(as a point of fact, the industrial preparation of hydrogen
peroxide is just based on re-oxidation of 3-methylanthraquinol to the corresponding anthraquinone by
molecular oxygen).
Also aminoanthraquinones and aminohydroxyanthraquinones behave as substrates for laccase(s) and are
therefore bleached with high efficiency [153,177]. A study
on a laccase from Lentinus sp. showed that the enzyme
could efficiently bleach both azo and aminoanthraquinone dyes. In this study, modeling calculations assessed
the enzyme-substrate interactions at the active site [178].

2.3 Degradation of cyanine dyes
As underlined above (§ 1.1.1.) cyanine dyes are a very
heterogeneous dye class, sharing a delocalized positive
charge that confers them a cationic character, so they
could well be defined as basic dyes. However, the dye net
charge could be annihilated or also reverted by sulfonation
that introduces one or more –SO3– groups. These have a
marginal impact on the dye hue, but increase solubility
in water and change the tinctorial features, so sulfonated
cyanine dyes are not uncommon at all. As a general
rule, basic dyes should pose a challenge to bleaching by

laccases: the enzyme should extract a negatively charged
entity (one electron) from a positively charged molecule.
Despite such a conjecture, many basic dyes are substrates
for laccases, and are therefore bleached. Among the
thionines (Fig. 13), methylene blue, the fully methylated
member of the series, is not an ideal substrate for all the
tested laccases [143,179,180]. These observations are not
surprising: the dye has no –OH or –NH2 groups, so no
hydrogen atom could be abstracted from the molecule
(HAT mechanism). Only a non-bonding electron could
be drawn from a –N(CH3)2 group or also from the nitrogen
and sulfur atoms incorporated in the thiazine ring (ET
mechanism), therefore adding a supplementary positive
charge to the dye cation.
Sharply different is the general behavior of the very
similar dye, Azure B (identical to Methylene Blue, except
for having three methyl groups only and therefore a –
NHCH3 instead of a –N(CH3)2). In this case, a more efficient
bleaching has been described in the presence of different
laccases. Most probably, Azure B degradation starts with
the abstraction of the hydrogen of the –NHCH3 group of
the dye, producing a radical species, where the positive
charge of the molecule was not increased by the laccase(s)
[181-183] (Fig. 26): at least in this case, HAT seems to be
more favorable than ET. A similar mechanism could occur
in the presence of lignin peroxidases and their biomimetic
counterparts [184,185].
Conversely, the cationic dye Phenosafranine
(Fig. 13) seems not to be a substrate for laccase from
Pleurotus at all [86,186], whereas it is bleached by lignin
peroxidase.

Figure 25: The mechanism for anthraquinone dyes involves an apparently futile cycle with ROS production, which seem to be the true agent
of the bleaching. The presence of fungal membrane-bound NAD(P)H-reductases in combination with laccase is mandatory for the completion
of the cycle. In the absence of reductase activity, the oxidative action of laccase drops, probably stopping at a quinone intermediate.
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Figure 26: Thionine dyes can be bleached by both ET and HAT mechanism. The presence of a secondary amine group in Azure B allows for
HAT mechanism. This is indeed more favorable, not increasing the charge of the molecule.

2.4 Degradation of triphenylmethane dyes
Among triphenylmethane dyes (Fig. 11) phthaleins,
although poorly significant as industrial dyes, have been
tested as laccase substrates. An outstanding example is
that of the well-known pH indicator and electrophoresis
marker and stain, bromophenol blue, which is
bleached [187]. On the other hand, nitrogen-containing
triphenylmethane dyes (Fig. 11) could be well regarded as
a particular class of cyanines. They could be considered
as virtually based on the fundamental structure of
parafuchsine (pararosaniline) hydrochloride, to which
methyl groups are bound directly to the free positions on
the phenyl rings, or on the amine nitrogen atoms, or also
on both, therefore forming a number of dyes, whose colors
range from magenta to purple to blue till dark violet.
In some cases, sulfonate groups are also introduced
by sulfonation, giving rise to ‘acid’ triphenylmethane
dyes. However, sulfonation does not abolish the typical
positive net charge, delocalized along the three amine
substituents. Basic triphenylmethane dyes are widely
used owing to their brilliant hues and relatively low cost;
many of them have been described as laccase substrates
[179,188-192].
Some general conclusions can be drawn by the cited
studies: among the triphenylmethane dyes, bromophenol
blue is degraded rather easily, most probably because
of the lack of any positive charge, which opposes
electron abstraction by the enzyme; crystal violet, with
its quaternized ammonium substituent, is the most
recalcitrant because of the difficult abstraction of an
electron from a cation. A deeper insight in the oxidative

bleaching mechanism [193] revealed that almost
invariably, the triphenylmethane moiety is cleaved at the
central carbon atom. First of all, two series of experiments
were conducted, one with the dyes dissolved in the culture
media of actively growing Trametes versicolor, and the
other on the same dyes with the purified laccase coming
from the same fungus. T. versicolor was able to adsorb and
beach all the tested dyes, with sharp preferences for the
acid ones, which were quickly decolorized, without any
adverse effect towards the fungus. The basic dyes on the
contrary proved to be toxic to the fungus, thus inhibiting
biomass production and mycelium development almost
completely. Nevertheless, if the concentrations of the
basic, toxic dyes were not too high, the fungus was able
to degrade and bleach them. Obviously, bleaching of the
triphenylmethane dyes by T. versicolor cannot be attributed
to laccase alone, due to the presence of a rich enzyme
arsenal within the fungal cells. All the studied dyes were
also treated with the purified T. versicolor laccase. Quite
different results were obtained: for example, acid fuchsine
was resistant against enzymic bleaching, and was only
slowly and partly degraded. The strong –I effect of the
sulfonate substituents most probably prevents any electron
abstraction from the dye molecule, thus suggesting the
intervention of another enzymatic activity (i.e. highpotential ligninolytic peroxidase(s)) when decolorization
was performed in the presence of actively growing
mycelium. As a general rule, all the tested dyes caused
a drastic deactivation of the enzyme within 24 hours of
incubation, therefore suggesting the intermediacy of very
reactive species along the degradation process, leading to
irreversible enzyme inhibition.
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2.5 Degradation of phthalocyanine dyes
Phthalocyanine dyes (mainly Cu-phthalocyanines) are
particularly recalcitrant substances; however, some
industrially relevant, water-soluble derivatives could be
bleached by fungal laccases. This is the case of Reactive
Blue 25, containing a Cu-phthalocyanine macrocycle
(the chromophore) and a monochlorotriazine moiety
(the reactive tether), which is at first adsorbed and then
bleached by the mycelium of Aspergillus ochraceus
NCIM-1146. It is worth noting that in this case laccase is
accompanied by lignin peroxidase, so uncertainty exists
about the role of the former in the degradation [194].
In another study some soluble Cu-phthalocyanines
were at first adsorbed and then degraded by the iconic
ligninolytic fungus, Phanerochaete chrysosporium.
The dyes were demetallated by the intervention of
manganese peroxidase, whereas laccase broke down the
phthalocyanine macrocycle, leading to intermediates,
that were in turn changed into simpler compounds, also
comprising phthalimide [195].
It is also worth noting that in several cases no purified
laccase was used, and bleaching experiments were carried
out by adding the chosen dye to the culture media of the
ligninolytic fungi. However, in all cited experiments,
the bleaching effect of the studied fungi was clearly
related to laccase production and secretion. The possible
intervention of enzymes other than laccases should also
be considered when working with cultured fungi and/
or culture filtrates. Manganese peroxidase appears as a
quite effective potential ancillary tool for laccase-assisted
oxidative degradation [158].

3 Redox mediators allow laccases
to bleach recalcitrant dyes
As noted above (§ 1.2) many industrial dyes are out of
the reach of laccases, due to different factors such as too
high redox potential, steric hindrance, lack of molecular
motifs recognizable by the enzymes. In several cases, the
problem of dye inertness when treated with laccases could
be solved by the use of RMs. Moreover, RMs could also
substantially enhance the bleaching efficiency for dyes
that are per se (poor) laccase substrates.
The use of ABTS as a RM has resulted in several studies
assessing its efficiency in dye bleaching and detoxification,
as found in a combined treatment scheme adopted to
remediate a real dye mill effluent [196]. In another study
[197] the suitability of a bacterial laccase as a tool for
azo dye decolorization was assessed in the presence of

the RMs ABTS, acetosyringone, syringaldehyde, and
N-hydroxybenzotriazole. A copper phthalocyanine dye
was efficiently bleached, and the degradation products
characterized, by a recombinant fungal laccase, in the
presence of ABTS [198].
Another recombinant laccase (CotA laccase from
Bacillus pumilus), remarkable for its high stability and
activity at alkaline pH, proved to be much more efficient in
the presence of the RM methyl syringate [172]. The enzyme
was capable of bleaching Reactive Red 11, Reactive Blue
171 (azo dyes) and Reactive Blue 4, Reactive Brilliant Blue
(anthraquinone dyes). A laccase secreted by Pycnoporus
sanguineus decolorized some dyes in the presence of
violuric acid and, better, methyl syringate [199]. The
general properties of methyl syringate as laccase RM have
been recently reviewed [200].
Among the >N–OH RMs, hydroxybenzotriazole (HBT)
has a prominent role; the influence of benzene ring
substituents towards efficiency in different HBTs has been
recently reviewed [201]. HBT is very popular among >N–
OH RMs due to its high efficiency [202-207].
In conclusion, the use of properly chosen RMs
decidedly widens the application field of laccases in
dye degradation/bleaching, and this is crucial when
managing dyes, that are not ‘direct’ laccase substrates.
However, the use of RMs represents an additional cost,
in particular when poorly stable RMs are used, leading
to inactive oxidation products. Finally, when using very
toxic RMs, their persistence in the bleached wastewaters
should be considered.

4 Open problems and perspectives
The problem of laccase and/or RMs waste when treating
industrial wastewaters has noticeable economical
concerns, as enzymes are generally costly and moreover
are more or less quickly inactivated. Therefore,
immobilization procedures could help solve these
drawbacks, allowing enzyme and/or mediator recovery
and recycling [208-214]. Adsorption is the most immediate
approach for enzymatic immobilization, not involving
the use of toxic reagents or complex chemical reactions
[215]. However, adsorbing materials in principle are not
the first choice for laccase immobilization: non-specific
adsorptive properties would allow also dye adsorption,
thus nullifying the bleaching power of the enzyme. On the
other hand, laccases are usually immobilized with high
yields on solid supports, provided that covalent linkages
are formed between the enzyme and the chosen support,
and many of such preparations have been described
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as capable of efficiently degrading industrial dyes [216223]. The most useful and popular methods for covalent
immobilization of enzymes have been recently described
and reviewed [208].
Immobilization of RMs could in principle help
with recovering these compounds, but the drawback
of mass transfer issues makes this approach almost
useless. However, a very recent study [224] deals with
substituted anthraquinones as RMs, covalently bound to
carbon-based materials. In that study, 4-nitrophenol was
reduced by sodium sulfide, thanks to the anthraquinone
intermediacy. The study has nothing to do with
enzymes, but could represent a starting point for future
developments in that direction.
In conclusion, a judicious choice of both the particular
laccase and the support for immobilization could afford
tailor-made preparations, suitable for particular dyes to
be bleached. Addition of RMs to the reaction mixtures
could substantially enhance the bleaching rates and
efficiencies.
Another novel strategy to improve the efficiency of
the laccase-based treatments of textile dyes (especially
in the perspective of decreasing economical impact of
the whole process) is the heterologous production of
recombinant laccases. Several attempts have been recently
accomplished with promising results [150,161,188,198,225].
However, the presence of post-translation modifications
(particularly, glycosylation) should be taken in due care,
to obtain a fully functional enzyme.

References
[1]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

Yoshida H., LXIII.—Chemistry of lacquer (Urushi). Part I.
Communication from the Chemical Society of Tokio, Journal of
the Chemical Society, Transactions, 1883, 43, 472-486.
[2] Cambie R.C., Bocks S.M., A p-diphenol oxidase from
gymnosperms, Phytochemistry, 1966, 5, 391-396.
[3] Joel D.M., Marbach I., Mayer A.M., Laccase in Anacardiaceae,
Phytochemistry, 1978, 17, 796-797.
[4] Claus H., Laccases and their occurrence in prokaryotes, Arch.
Microbiol., 2003, 179, 145-150.
[5] Ander P., Eriksson K.E., The importance of phenol oxidase
activity in lignin degradation by the white-rot fungus
Sporotrichum pulverulentum, Arch. Microbiol., 1976, 109, 1-8.
[6] Baldrian P., Fungal laccases-occurrence and properties, FEMS
Microbiol. Rev., 2006, 30, 215-242.
[7] Elisashvili V., Kachlishvili E., Physiological regulation of laccase
and manganese peroxidase production by white-rot Basidiomycetes, Journal of Biotechnology, 2009, 144, 37-42.
[8] Wu J.Q., Wen J.L., Yuan T.Q., Sun R.C., Integrated
hot-compressed water and laccase-mediator treatments of
Eucalyptus grandis fibers: Structural changes of fiber and

[20]

[21]

[22]

[23]

[24]

[25]

101

lignin, Journal of Agricultural and Food Chemistry, 2015, 63,
1763-1772.
Munk L., Sitarz A.K., Kalyani D.C., Mikkelsen J.D., Meyer A.S.,
Can laccases catalyze bond cleavage in lignin?, Biotechnol.
Adv., 2015, 33, 13-24.
Heap L., Green A., Brown D., Van Dongen B., Turner N., Role
of laccase as an enzymatic pretreatment method to improve
lignocellulosic saccharification, Catalysis Science and
Technology, 2014, 4, 2251-2259.
Ryu S.H., Cho M.K., Kim M., Jung S.M., Seo J.H., Enhanced
lignin biodegradation by a laccase-overexpressed white-rot
fungus Polyporus brumalis in the pretreatment of wood chips,
Appl. Biochem. Biotechnol., 2013, 171, 1525-1534.
Chen Q., Marshall M.N., Geib S.M., Tien M., Richard T.L., Effects
of laccase on lignin depolymerization and enzymatic hydrolysis
of ensiled corn stover, Bioresour. Technol., 2012, 117, 186-192.
Virk A.P., Sharma P., Capalash N., Use of laccase in pulp and
paper industry, Biotechnol. Prog., 2012, 28, 21-32.
Piscitelli A., Del Vecchio C., Faraco V., Giardina P., MacEllaro G.,
Miele A., Pezzella C., Sannia G., Fungal laccases: Versatile tools
for lignocellulose transformation, Comptes Rendus - Biologies,
2011, 334, 789-794.
Leonowicz A., Cho N., Luterek J., Wilkolazka A., WojtasWasilewska M., Matuszewska A., Hofrichter M., Wesenberg D.,
Rogalski J., Fungal laccase: Properties and activity on lignin, J.
Basic Microbiol., 2001, 41, 185-227.
Eggert C., Temp U., Eriksson K.E.L., Laccase is essential
for lignin degradation by the white-rot fungus Pycnoporus
cinnabarinus, FEBS Lett., 1997, 407, 89-92.
Zucca P., Rescigno A., Rinaldi A.C., Sanjust E., Biomimetic
metalloporphines and metalloporphyrins as potential tools
for delignification: Molecular mechanisms and application
perspectives, J. Mol. Catal. A: Chem., 2014, 388-389, 2-34.
Laufer Z., Beckett R.P., Minibayeva F.V., Co-occurrence of the
Multicopper Oxidases Tyrosinase and Laccase in Lichens in
Sub-order Peltigerineae, Ann. Bot., 2006, 98, 1035-1042.
Farver O., Pecht I., Electron transfer in blue copper proteins,
Coord. Chem. Rev., 2011, 255, 757-773.
Asthana S., Zucca P., Vargiu A.V., Sanjust E., Ruggerone P.,
Rescigno A., Structure-Activity Relationship Study of Hydroxycoumarins and Mushroom Tyrosinase, Journal of Agricultural
and Food Chemistry, 2015, 63, 7236-7244.
Zucca P., Sanjust E., Loi M., Sollai F., Ballero M., Pintus M.,
Rescigno A., Isolation and characterization of polyphenol
oxidase from Sardinian poisonous and non-poisonous
chemotypes of Ferula communis (L.), Phytochemistry, 2013, 90,
16-24.
Rescigno A., Casañola-Martin G.M., Sanjust E., Zucca P.,
Marrero-Ponce Y., Vanilloid Derivatives as Tyrosinase Inhibitors
Driven by Virtual Screening-Based QSAR Models, Drug Testing
and Analysis, 2011, 3, 176-181.
Pardo I., Camarero S., Laccase engineering by rational and
evolutionary design, Cellular and Molecular Life Sciences,
2015, 72, 897-910.
Sakurai T., Kataoka K., Structure and function of type I copper
in multicopper oxidases, Cellular and Molecular Life Sciences,
2007, 64, 2642-2656.
Hall J.F., Kanbi L.D., Strange R.W., Hasnain S.S., Role of the
axial ligand in type 1 Cu centers studied by point mutations of
Met148 in rusticyanin, Biochemistry, 1999, 38, 12675-12680.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM

102

P. Zucca, et al.

[26] Xu F., Berka R.M., Wahleithner J.A., Nelson B.A., Shuster J.R.,
Brown S.H., Palmer A.E., Solomon E.I., Site-directed mutations
in fungal laccase: Effect on redox potential, activity and pH
profile, Biochemical Journal, 1998, 334, 63-70.
[27] Xu F., Palmer A.E., Yaver D.S., Berka R.M., Gambetta G.A.,
Brown S.H., Solomon E.I., Targeted mutations in a Trametes
villosa laccase: Axial perturbations of the T1 copper, J. Biol.
Chem., 1999, 274, 12372-12375.
[28] Miura Y., Tsujimura S., Kurose S., Kamitaka Y., Kataoka K.,
Sakurai T., Kano K., Direct Electrochemistry of CueO and Its
Mutants at Residues to and Near Type I Cu for Oxygen-Reducing
Biocathode, Fuel Cells, 2009, 9, 70-78.
[29] Durão P., Bento I., Fernandes A.T., Melo E.P., Lindley P.F.,
Martins L.O., Perturbations of the T1 copper site in the CotA
laccase from Bacillus subtilis: Structural, biochemical,
enzymatic and stability studies, J. Biol. Inorg. Chem., 2006, 11,
514-526.
[30] Piontek K., Antorini M., Choinowski T., Crystal structure
of a laccase from the fungus Trametes versicolor at 1.90-Å
resolution containing a full complement of coppers, J. Biol.
Chem., 2002, 277, 37663-37669.
[31] Hong G., Ivnitski D.M., Johnson G.R., Atanassov P., Pachter R.,
Design parameters for tuning the type 1 Cu multicopper oxidase
redox potential: Insight from a combination of first principles
and empirical molecular dynamics simulations, J. Am. Chem.
Soc., 2011, 133, 4802-4809.
[32] Yoon J., Solomon E.I., Electronic structure of the peroxy
intermediate and its correlation to the native intermediate in
the multicopper oxidases: Insights into the reductive cleavage
of the O-O bond, J. Am. Chem. Soc., 2007, 129, 13127-13136.
[33] Messerschmidt A., Multi-copper oxidases, World Scientific,
1997.
[34] Baldrian P., Fungal laccases - occurrence and properties., FEMS
Microbiol. Rev., 2006, 30, 215-242.
[35] Munoz C., Guillén F., Martinez A., Martínez M., Laccase
isoenzymes of Pleurotus eryngii: characterization, catalytic
properties, and participation in activation of molecular oxygen
and Mn2+ oxidation, Appl. Environ. Microbiol., 1997, 63,
2166-2174.
[36] Zucca P., Rescigno A., Olianas A., MacCioni S., Sollai F.A.,
Sanjust E., Induction, purification, and characterization of a
laccase isozyme from Pleurotus sajor-caju and the potential in
decolorization of textile dyes, Journal of Molecular Catalysis B:
Enzymatic, 2011, 68, 216-222.
[37] Leonowicz A., Trojanoeski J., Induction of a new laccase from
the fungus Pleurotus ostreatus by ferulic acid, Microbios, 1975,
13, 167-174.
[38] Rogalski J., Lundell T.K., Leonowicz A., Hatakka A.I., Influence
of aromatic compounds and lignin on production of ligninolytic
enzymes by Phlebia radiata, Phytochemistry, 1991, 30,
2869-2872.
[39] Ardon O., Kerem Z., Hadar Y., Enhancement of laccase activity
in liquid cultures of the ligninolytic fungus Pleurotus ostreatus
by cotton stalk extract, Journal of Biotechnology, 1996, 51,
201-207.
[40] Pozdnyakova N.N., Nikiforova S.V., Makarov O.E., Turkovskaya
O.V., Effect of polycyclic aromatic hydrocarbons on laccase
production by white rot fungus Pleurotus ostreatus D1, Applied
Biochemistry and Microbiology, 2011, 47, 543-548.

[41] Karp S.G., Faraco V., Amore A., Letti L.A.J., Thomaz Soccol V.,
Soccol C.R., Statistical optimization of laccase production and
delignification of sugarcane bagasse by Pleurotus ostreatus in
solid-state fermentation, BioMed Research International, 2015,
2015.
[42] Fonseca M.I., Shimizu E., Zapata P.D., Villalba L.L., Copper
inducing effect on laccase production of white rot fungi native
from Misiones (Argentina), Enzyme and Microbial Technology,
2010, 46, 534-539.
[43] Baldrian P., Gabriel J., Copper and cadmium increase laccase
activity in Pleurotus ostreatus, FEMS Microbiology Letters,
2002, 206, 69-74.
[44] Nakade K., Nakagawa Y., Yano A., Konno N., Sato T., Sakamoto
Y., Effective induction of pblac1 laccase by copper ion in
Polyporus brumalis ibrc05015, Fungal Biology, 2013, 117, 52-61.
[45] Khammuang S., Yuwa-amornpitak T., Svasti J., Sarnthima R.,
Copper induction of laccases by Lentinus polychrous under
liquid-state fermentation, Biocatalysis and Agricultural
Biotechnology, 2013, 2, 357-362.
[46] Yaropolov A.I., Skorobogat’ko O.V., Vartanov S.S., Varfolomeyev
S.D., Laccase - Properties, catalytic mechanism, and
applicability, Appl. Biochem. Biotechnol., 1994, 49, 257-280.
[47] Jones S.M., Solomon E.I., Electron transfer and reaction
mechanism of laccases, Cellular and Molecular Life Sciences,
2015.
[48] Solomon E.I., Sundaram U.M., Machonkic T.E., Multicopper
Oxidases and Oxygenases, Chem. Rev. (Washington, DC, U. S.),
1996, 96, 2563-2605.
[49] Mayer A.M., Staples R.C., Laccase: new functions for an old
enzyme, Phytochemistry (Elsevier), 2002, 60, 551-565.
[50] Thurston C.F., The structure and function of fungal laccases,
Microbiology, 1994, 140, 19-26.
[51] Guillén F., Muñoz C., Gómez-Toribio V., Martínez A.T., Martínez
M.J., Oxygen activation during oxidation of methoxyhydroquinones by laccase from Pleurotus eryngii, Appl. Environ.
Microbiol., 2000, 66, 170-175.
[52] Bruyneel F., Dive G., Marchand-Brynaert J., Non-symmetrically
substituted phenoxazinones from laccase-mediated oxidative
cross-coupling of aminophenols: An experimental and
theoretical insight, Organic and Biomolecular Chemistry, 2012,
10, 1834-1846.
[53] Bertrand T., Jolivalt C., Briozzo P., Caminade E., Joly N.,
Madzak C., Mougin C., Crystal structure of a four-copper
laccase complexed with an arylamine: Insights into substrate
recognition and correlation with kinetics, Biochemistry, 2002,
41, 7325-7333.
[54] Witayakran S., Ragauskas A.J., Synthetic Applications of
Laccase in Green Chemistry, Adv. Synth. Catal., 2009, 351,
1187-1209.
[55] Gierer J., Chemistry of delignification, Wood Sci. Technol.,
1986, 20, 1-33.
[56] Alcalde M., Laccases: Biological functions, molecular structure
and industrial applications, in: Industrial Enzymes: Structure,
Function and Applications, 2007, pp. 461-476.
[57] Kawai S., Umezawa T., Higuchi T., Oxidation of Methoxylated
Benzyl Alcohols by Laccase of Coriolus versicolor in the
Presence of Syringaldehyde, Wood research: bulletin of the
Wood Research Institute Kyoto University, 1989, 76, 10-16.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM



Fungal laccases as tools for biodegradation of industrial dyes

[58] Bourbonnais R., Paice M.G., Oxidation of non-phenolic
substrates. An expanded role for laccase in lignin
biodegradation, FEBS Lett., 1990, 267, 99-102.
[59] Call H.P., Mücke I., History, overview and applications of
mediated lignolytic systems, especially laccase-mediatorsystems (Lignozym®-process), J. Biotechnol., 1997, 53,
163-202.
[60] Cañas A.I., Camarero S., Laccases and their natural mediators:
Biotechnological tools for sustainable eco-friendly processes,
Biotechnol. Adv., 2010, 28, 694-705.
[61] Johannes C., Majcherczyk A., Natural mediators in the oxidation
of polycyclic aromatic hydrocarbons by laccase mediator
systems, Appl. Environ. Microbiol., 2000, 66, 524-528.
[62] Maruyama T., Komatsu C., Michizoe J., Sakai S., Goto M.,
Laccase-mediated degradation and reduction of toxicity of the
postharvest fungicide imazalil, Process Biochem., 2007, 42,
459-461.
[63] Camarero S., Ibarra D., Martínez M.J., Martínez Á.T., Ligninderived compounds as efficient laccase mediators for
decolorization of different types of recalcitrant dyes, Appl.
Environ. Microbiol., 2005, 71, 1775-1784.
[64] Dubé E., Shareck F., Hurtubise Y., Beauregard M., Daneault
C., Decolourization of recalcitrant dyes with a laccase from
Streptomyces coelicolor under alkaline conditions, Journal
of Industrial Microbiology and Biotechnology, 2008, 35,
1123-1129.
[65] Murugesan K., Yang I.H., Kim Y.M., Jeon J.R., Chang Y.S.,
Enhanced transformation of malachite green by laccase of
Ganoderma lucidum in the presence of natural phenolic
compounds Appl. Microbiol. Biotechnol., 2009, 82, 341-350.
[66] Eggert C., Temp U., Dean J.F.D., Eriksson K.E.L., A fungal
metabolite mediates degradation of non-phenolic lignin
structures and synthetic lignin by laccase, FEBS Lett., 1996,
391, 144-148.
[67] D’Acunzo F., Galli C., Gentili P., Sergi F., Mechanistic and
steric issues in the oxidation of phenolic and non-phenolic
compounds by laccase or laccase-mediator systems. the case
of bifunctional substrates, New J. Chem., 2006, 30, 583-591.
[68] Tojo G., Fernández M., Activated Dimethyl Sulfoxide, Oxidation
of Alcohols to Aldehydes and Ketones: A Guide to Current
Common Practice, 2006, 97-179.
[69] Kubala D., Regeta K., Janečková R., Fedor J., Grimme S., Hansen
A., Nesvadba P., Allan M., The electronic structure of TEMPO, its
cation and anion, Mol. Phys., 2013, 111, 2033-2040.
[70] Mendoza L., Jonstrup M., Hatti-Kaul R., Mattiasson B., Azo dye
decolorization by a laccase/mediator system in a membrane
reactor: Enzyme and mediator reusability, Enzyme and
Microbial Technology, 2011, 49, 478-484.
[71] Shiraishi T., Sannami Y., Kamitakahara H., Takano T.,
Comparison of a series of laccase mediators in the electrooxidation reactions of non-phenolic lignin model compounds,
Electrochim. Acta, 2013, 106, 440-446.
[72] Astolti P., Brandi P., Galli C., Gentili P., Gerini M.F., Greci
L., Lanzalunga O., New mediators for the enzyme laccase:
Mechanistic features and selectivity in the oxidation of
non-phenolic substrates, New J. Chem., 2005, 29, 1308-1317.
[73] D’Acunzo F., Galli C., First evidence of catalytic mediation
by phenolic compounds in the laccase-induced oxidation of
lignin models, European Journal of Biochemistry, 2003, 270,
3634-3640.

103

[74] Cantarella G., Galli C., Gentili P., Free radical versus electrontransfer routes of oxidation of hydrocarbons by laccase/
mediator systems: Catalytic or stoichiometric procedures,
Journal of Molecular Catalysis B: Enzymatic, 2003, 22, 135-144.
[75] Calcaterra A., Galli C., Gentili P., Phenolic compounds as likely
natural mediators of laccase: A mechanistic assessment,
Journal of Molecular Catalysis B: Enzymatic, 2008, 51, 118-120.
[76] Cañas A.I., Alcalde M., Plou F., Martínez M.J., Martínez
Á.T., Camarero S., Transformation of polycyclic aromatic
hydrocarbons by laccase is strongly enhanced by phenolic
compounds present in soil, Environ. Sci. Technol., 2007, 41,
2964-2971.
[77] Jeon J.R., Murugesan K., Kim Y.M., Kim E.J., Chang Y.S.,
Synergistic effect of laccase mediators on pentachlorophenol
removal by Ganoderma lucidum laccase, Applied Microbiology
and Biotechnology, 2008, 81, 783-790.
[78] Pickard M.A., Roman R., Tinoco R., Vazquez-Duhalt R.,
Polycyclic aromatic hydrocarbon metabolism by white rot fungi
and oxidation by Coriolopsis gallica UAMH 8260 laccase, Appl.
Environ. Microbiol., 1999, 65, 3805-3809.
[79] Banat I.M., Nigam P., Singh D., Marchant R., Microbial decolorization of textile-dye-containing effluents: A review, Bioresour.
Technol., 1996, 58, 217-227.
[80] Forgacs E., Cserháti T., Oros G., Removal of synthetic dyes from
wastewaters: a review, Environ. Int., 2004, 30, 953-971.
[81] Pierce J., Colour in textile effluents - the origins of the problem,
J. Soc. Dyers Colour., 1994, 110, pp 131-133.
[82] Dasgupta J., Sikder J., Chakraborty S., Curcio S., Drioli E.,
Remediation of textile effluents by membrane based treatment
techniques: A state of the art review, J. Environ. Manag., 2015,
147, 55-72.
[83] Vajnhandl S., Valh J.V., The status of water reuse in European
textile sector, J. Environ. Manag., 2014, 141, 29-35.
[84] Chiavola A., Textiles, Water Environ. Res., 2012, 84, 1511-1532.
[85] McMullan G., Meehan C., Conneely A., Kirby N., Robinson
T., Nigam P., Banat I.M., Marchant R., Smyth W.F., Microbial
decolourisation and degradation of textile dyes, Applied
Microbiology and Biotechnology, 2001, 56, 81-87.
[86] Zucca P., Rescigno A., Pintus M., Rinaldi A.C., Sanjust
E., Degradation of textile dyes using immobilized lignin
peroxidase-like metalloporphines under mild experimental
conditions, Chemistry Central Journal, 2012, 6.
[87] Karthik V., Saravanan K., Bharathi P., Dharanya V., Meiaraj
C., An overview of treatments for the removal of textile dyes,
Journal of Chemical and Pharmaceutical Sciences, 2014, 7,
301-307.
[88] Karthik V., Saravanan K., Thomas T., Devi M., Review on
microbial decolourisation of textile dyes, Journal of Chemical
and Pharmaceutical Sciences, 2014, 7, 293-300.
[89] Muhd Julkapli N., Bagheri S., Bee Abd Hamid S., Recent
advances in heterogeneous photocatalytic decolorization of
synthetic dyes, Scientific World Journal, 2014, 2014.
[90] Türgay O., Ersöz G., Atalay S., Forss J., Welander U., The
treatment of azo dyes found in textile industry wastewater by
anaerobic biological method and chemical oxidation, Sep.
Purif. Technol., 2011, 79, 26-33.
[91] Yang Z., Liu X., Gao B., Zhao S., Wang Y., Yue Q., Li Q.,
Flocculation kinetics and floc characteristics of dye wastewater
by polyferric chloride-poly-epichlorohydrin-dimethylamine
composite flocculant, Sep. Purif. Technol., 2013, 118, 583-590.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM

104
[92]

[93]
[94]
[95]
[96]
[97]

[98]
[99]

[100]

[101]
[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]
[111]
[112]

P. Zucca, et al.
Gregory P., Classification of Dyes by Chemical Structure, in:
Waring, D., Hallas G. (Eds.) The Chemistry and Application of
Dyes, Springer US, 1990, pp. 17-47.
Gregory P., Historical Perspectives, in: High-Technology
Applications of Organic Colorants, Springer US, 1991, pp. 1-3.
Colour Index, Vol. 4, 3rd Edition, The Society of Dyers and
Colourists, Bradford, UK, 1971.
Zollinger H., Color Chemistry: Syntheses, Properties, and
Applications of Organic Dyes and Pigments, Wiley, 2003.
Gordon P.F., Gregory P., Organic Chemistry in Colour, Springer
Berlin Heidelberg, 1983.
Gaboriaud-Kolar N., Nam S., Skaltsounis A.L., A colorful
history: the evolution of indigoids, Progress in the chemistry
of organic natural products, 2014, 99, 69-145.
Cooksey C., Tyrian purple: The first four thousand years, Sci.
Prog., 2013, 96, 171-186.
Mujumdar R.B., Ernst L.A., Mujumdar S.R., Lewis C.J.,
Waggoner A.S., Cyanine dye labeling reagents: Sulfoindocyanine succinimidyl esters, Bioconjug. Chem., 1993, 4,
105-111.
Pardal A.C., Ramos S.S., Santos L., Almeida P., Synthesis and
fixation of aminocyanines to microcrystalline cellulose using
cyanuric chloride as a cross-linking agent, Color. Technol.,
2001, 117, 43-48.
Zollinger H., Color Chemistry, 2nd Ed., VCH Verlagsgelleschaft, Weinheim, DE, 1991.
Griffiths J., Colour and constitution of organic molecules,
Academic Press, 1976.
Anderson J.S., Bradbrook E.F., Cook A.H., Linstead R.P.,
212. Phthalocyanines and associated compounds. Part
XIII. Absorption spectra, Journal of the Chemical Society
(Resumed), 1938, 1151-1156.
Heid C., Holoubek R., Klein R., 100 Jähre Schwefelfarbstoffe
(100 Years of Sulfur Dyes), Melliand Textilber Int., 1973, 54,
1314-1327.
Leonowicz A., Matuszewska A., Luterek J., Ziegenhagen D.,
Wojtaś-Wasilewska M., Cho N.-S., Hofrichter M., Rogalski J.,
Biodegradation of Lignin by White Rot Fungi, Fungal Genet.
Biol., 1999, 27, 175-185.
Ding Z., Chen Y., Xu Z., Peng L., Xu G., Gu Z., Zhang L., Shi
G., Zhang K., Production and characterization of laccase
from Pleurotus ferulae in submerged fermentation, Ann.
Microbiol., 2014, 64, 121-129.
Giardina P., Autore F., Faraco V., Festa G., Palmieri G.,
Piscitelli A., Sannia G., Structural characterization of heterodimeric laccases from Pleurotus ostreatus, Appl. Biochem.
Biotechnol., 2007, 75, 1293-1300.
Youn H.D., Hah Y.C., Kang S.O., Role of Laccase in Lignin
Degradation by White-Rot Fungi, FEMS Microbiol. Lett., 1995,
132, 183-188.
Sarkanen K.V., Ludwig C.H., Lignins: Occurence, Formation,
Structure, and Reactions, Wiley Interscience, New York, 1971.
Adler E., Lignin chemistry-past, present and future, Wood
Science and Technology, 1977, 11, 169-218.
Higuchi T., Lignin biochemistry: Biosynthesis and
biodegradation, Wood Sci. Technol., 1990, 24, 23-63.
Brown S.A., Chemistry of Lignification: Biochemical research
on lignins is yielding clues to the structure and formation of
these complex polymers, Science, 1961, 134, 305-313.

[113] Voxeur A., Wang Y., Sibout R., Lignification: different
mechanisms for a versatile polymer, Curr. Opin. Plant Biol.,
2015, 23, 83-90.
[114] Hatakka A., Lignin-modifying enzymes from selected
white-rot fungi: Production and role in lignin degradation,
FEMS Microbiol. Rev., 1994, 13, 125-135.
[115] ten Have R., Teunissen P.J.M., Oxidative mechanisms involved
in lignin degradation by white-rot fungi, Chem. Rev., 2001,
101, 3397-3413.
[116] Breen A., Singleton F.L., Fungi in lignocellulose breakdown
and biopulping, Curr. Opin. Biotechnol., 1999, 10, 252-258.
[117] Fackler K., Gradinger C., Hinterstoisser B., Messner K.,
Schwanninger M., Lignin degradation by white rot fungi on
spruce wood shavings during short-time solid-state fermentations monitored by near infrared spectroscopy, Enzyme and
Microbial Technology, 2006, 39, 1476-1483.
[118] Jeffries T., Biodegradation of lignin and hemicelluloses, in:
Ratledge, C. (Ed.) Biochemistry of microbial degradation,
Springer Netherlands, 1994, pp. 233-277.
[119] Lundell T.K., Makela M.R., Hilden K., Lignin-modifying
enzymes in filamentous basidiomycetes--ecological,
functional and phylogenetic review, J. Basic Microbiol., 2010,
50, 5-20.
[120] Martinez A.T., Speranza M., Ruiz-Duenas F.J., Ferreira P.,
Camarero S., Guillen F., Martinez M.J., Gutierrez A., del Rio
J.C., Biodegradation of lignocellulosics: microbial, chemical,
and enzymatic aspects of the fungal attack of lignin, Int.
Microbiol., 2005, 8, 195-204.
[121] Palm-Espling M.E., Niemiec M.S., Wittung-Stafshede P., Role
of metal in folding and stability of copper proteins in vitro,
Biochimica et Biophysica Acta - Molecular Cell Research,
2012, 1823, 1594-1603.
[122] Timofeevski S.L., Reading N.S., Aust S.D., Mechanisms for
protection against inactivation of manganese peroxidase
by hydrogen peroxide, Arch. Biochem. Biophys., 1998, 356,
287-295.
[123] Wariishi H., Gold M.H., Lignin peroxidase compound III:
Mechanism of formation and decomposition, J. Biol. Chem.,
1990, 265, 2070-2077.
[124] Valderrama B., Ayala M., Vazquez-Duhalt R., Suicide
inactivation of peroxidases and the challenge of engineering
more robust enzymes, Chemistry and Biology, 2002, 9,
555-565.
[125] Zucca P., Cocco G., Pintus M., Rescigno A., Sanjust E.,
Biomimetic sulfide oxidation by the means of immobilized
Fe(III)-5,10,15,20-tetrakis(pentafluorophenyl)porphin under
mild experimental conditions, Journal of Chemistry, 2013,
651274, 1-7.
[126] Zucca P., Mocci G., Rescigno A., Sanjust E.,
5,10,15,20-Tetrakis(4-sulfonato-phenyl)porphine-Mn(III)
immobilized on imidazole-activated silica as a novel ligninperoxidase-like biomimetic catalyst, J. Mol. Catal. A: Chem.,
2007, 278, 220-227.
[127] Zucca P., Rescigno A., Sanjust E., Ligninolytic peroxidase-like
activity of a synthetic metalloporphine immobilized onto
mercapto-grafted crosslinked PVA inspired by the active
site of cytochrome P450, Cuihua Xuebao/Chinese Journal of
Catalysis, 2011, 32, 1663-1666.
[128] Forrester I.T., Grabski A.C., Burgess R.R., Leatham
G.F., Manganese, Mn-dependent peroxidases, and the

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM



[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Fungal laccases as tools for biodegradation of industrial dyes

biodegradation of lignin, Biochem. Biophys. Res. Commun.,
1988, 157, 992-999.
Hammel K.E., Cullen D., Role of fungal peroxidases in
biological ligninolysis, Curr. Opin. Plant Biol., 2008, 11,
349-355.
Hofrichter M., Review: Lignin conversion by manganese
peroxidase (MnP), Enzyme and Microbial Technology, 2002,
30, 454-466.
Marques G., Gamelas J.A.F., Ruiz-Dueñas F.J., del Rio J.C.,
Evtuguin D.V., Martínez A.T., Gutiérrez A., Delignification of
eucalypt kraft pulp with manganese-substituted polyoxometalate assisted by fungal versatile peroxidase, Bioresour.
Technol., 2010, 101, 5935-5940.
Nugroho Prasetyo E., Kudanga T., Østergaard L., Rencoret J.,
Gutiérrez A., del Río J.C., et al., Polymerization of lignosulfonates by the laccase-HBT (1-hydroxybenzotriazole) system
improves dispersibility, Bioresour. Technol., 2010, 101,
5054-5062.
Arora D.S., Sharma R.K., Ligninolytic Fungal Laccases
and Their Biotechnological Applications, Appl. Biochem.
Biotechnol., 2010, 160, 1760-1788.
Kirk T.K., Shimada M., CHAPTER 21 - Lignin Biodegradation:
The Microorganisms Involved and the Physiology and
Biochemistry of Degradation by White-Rot Fungi, in:
Higuchi, T. (Ed.) Biosynthesis and Biodegradation of Wood
Components, Academic Press, 1985, pp. 579-605.
Ander P., Eriksson K.E., Yu H.s., Vanillic acid metabolism by
Sporotrichum pulverulentum: evidence for demethoxylation
before ring-cleavage, Arch. Microbiol., 1983, 136, 1-6.
Gómez-Toribio V., García-Martín A.B., Martínez M.J., Martínez
Á.T., Guillén F., Induction of extracellular hydroxyl radical
production by white-rot fungi through quinone redox cycling,
Appl. Environ. Microbiol., 2009, 75, 3944-3953.
Stahl J.D., Rasmussen S.J., Aust S.D., Reduction of Quinones
and Radicals by a Plasma Membrane Redox System of
Phanerochaete chrysosporium, Arch. Biochem. Biophys.,
1995, 322, 221-227.
Curreli N., Rescigno A., Rinaldi A., Pisu B., Sollai F., Sanjust
E., Degradation of juglone by Pleurotus sajor-caju, Mycol.
Res., 2004, 108, 913-918.
Cristóvão R.O., Tavares A.P.M., Ferreira L.A., Loureiro J.M.,
Boaventura R.A.R., Macedo E.A., Modeling the discoloration
of a mixture of reactive textile dyes by commercial laccase,
Bioresour. Technol., 2009, 100, 1094-1099.
Cristóvão R.O., Tavares A.P.M., Ribeiro A.S., Loureiro J.M.,
Boaventura R.A.R., Macedo E.A., Kinetic modelling and
simulation of laccase catalyzed degradation of reactive textile
dyes, Bioresour. Technol., 2008, 99, 4768-4774.
Enayatzamir K., Tabandeh F., Yakhchali B., Alikhani H.A.,
Rodríguez Couto S., Assessment of the joint effect of laccase
and cellobiose dehydrogenase on the decolouration of
different synthetic dyes, J. Hazard. Mater., 2009, 169,
176-181.
Fu Y., Viraraghavan T., Fungal decolorization of dye
wastewaters: a review, Bioresour. Technol., 2001, 79,
251-262.
Grassi E., Scodeller P., Filiel N., Carballo R., Levin L., Potential
of Trametes trogii culture fluids and its purified laccase for
the decolorization of different types of recalcitrant dyes

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]
[152]
[153]

[154]

[155]

[156]

[157]

[158]

105

without the addition of redox mediators, Int. Biodeterior.
Biodegrad., 2011, 65, 635-643.
Kuddus M., Joseph B., Wasudev Ramteke P., Production of
laccase from newly isolated Pseudomonas putida and its
application in bioremediation of synthetic dyes and industrial
effluents, Biocatalysis and Agricultural Biotechnology, 2013,
2, 333-338.
Khouni I., Marrot B., Moulin P., Amar R.B., Decolourization
of the reconstituted textile effluent by different process
treatments: Enzymatic catalysis, coagulation/flocculation
and nanofiltration processes, Desalination, 2011, 268, 27-37.
Moreira S., Milagres A.M.F., Mussatto S.I., Reactive dyes
and textile effluent decolorization by a mediator system of
salt-tolerant laccase from Peniophora cinerea, Sep. Purif.
Technol., 2014, 135, 183-189.
Robinson T., McMullan G., Marchant R., Nigam P.,
Remediation of dyes in textile effluent: a critical review on
current treatment technologies with a proposed alternative,
Bioresour. Technol., 2001, 77, 247-255.
Rodríguez E., Pickard M.A., Vazquez-Duhalt R., Industrial
Dye Decolorization by Laccases from Ligninolytic Fungi, Curr.
Microbiol., 1999, 38, 27-32.
Rodríguez Couto S., Toca Herrera J.L., Industrial and biotechnological applications of laccases: A review, Biotechnol. Adv.,
2006, 24, 500-513.
Wang T.-N., Lu L., Wang J.-Y., Xu T.-F., Li J., Zhao M., Enhanced
expression of an industry applicable CotA laccase from
Bacillus subtilis in Pichia pastoris by non-repressing carbon
sources together with pH adjustment: Recombinant enzyme
characterization and dye decolorization, Process Biochem.,
2015, 50, 97-103.
Wells A., Teria M., Eve T., Green oxidations with laccasemediator systems, Biochem. Soc. Trans., 2006, 34, 304-308.
Wong Y., Yu J., Laccase-catalyzed decolorization of synthetic
dyes, Water Res., 1999, 33, 3512-3520.
Zhang M., Wu F., Wei Z., Xiao Y., Gong W., Characterization
and decolorization ability of a laccase from Panus rudis,
Enzyme and Microbial Technology, 2006, 39, 92-97.
Lu L., Zhao M., Wang T.-N., Zhao L.-Y., Du M.-H., Li T.-L., Li
D.-B., Characterization and dye decolorization ability of an
alkaline resistant and organic solvents tolerant laccase from
Bacillus licheniformis LS04, Bioresour. Technol., 2012, 115,
35-40.
Zhu M.-J., Du F., Zhang G.-Q., Wang H.-X., Ng T.-B.,
Purification a laccase exhibiting dye decolorizing ability from
an edible mushroom Russula virescens, Int. Biodeterior.
Biodegrad., 2013, 82, 33-39.
Zilly A., da Silva Coelho-Moreira J., Bracht A., Marques de
Souza C.G., Carvajal A.E., Koehnlein E.A., Peralta R.M.,
Influence of NaCl and Na2SO4 on the kinetics and dye decolorization ability of crude laccase from Ganoderma lucidum,
Int. Biodeterior. Biodegrad., 2011, 65, 340-344.
Liu W., Chao Y., Yang X., Bao H., Qian S., Biodecolorization of
azo, anthraquinonic and triphenylmethane dyes by white-rot
fungi and a laccase-secreting engineered strain J. Ind.
Microbiol. Biotechnol., 2004, 31, 127-132.
Chagas E.P., Durrant L.R., Decolorization of azo dyes by
Phanerochaete chrysosporium and Pleurotus sajorcaju,
Enzyme and Microbial Technology, 2001, 29, 473-477.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM

106

P. Zucca, et al.

[159] Salony, Mishra S., Bisaria V.S., Production and characterization of laccase from Cyathus bulleri and its use
in decolourization of recalcitrant textile dyes, Applied
Microbiology and Biotechnology, 2006, 71, 646-653.
[160] Chivukula M., Renganathan V., Phenolic Azo Dye Oxidation
by Laccase from Pyricularia oryzae, Appl. Environ. Microbiol.,
1995, 61, 4374-4377.
[161] Pereira L., Coelho A.V., Viegas C.A., Santos M.M.C.d., Robalo
M.P., Martins L.O., Enzymatic biotransformation of the azo
dye Sudan Orange G with bacterial CotA-laccase, Journal of
Biotechnology, 2009, 139, 68-77.
[162] Zille A., Górnacka B., Rehorek A., Cavaco-Paulo A.,
Degradation of Azo Dyes by Trametes villosa Laccase
over Long Periods of Oxidative Conditions, Appl. Environ.
Microbiol., 2005, 71, 6711-6718.
[163] Kosower E.M., Monosubstituted diazenes (diimides).
Surprising intermediates, Acc. Chem. Res., 1971, 4, 193-198.
[164] Telke A., Kadam A., Jagtap S., Jadhav J., Govindwar S.,
Biochemical characterization and potential for textile dye
degradation of blue laccase from Aspergillus ochraceus
NCIM-1146, Biotechnol. Bioprocess Eng., 2010, 15, 696-703.
[165] Mishra A., Kumar S., Kumar Pandey A., Laccase production
and simultaneous decolorization of synthetic dyes in unique
inexpensive medium by new isolates of white rot fungus,
International Biodeterioration and Biodegradation, 2011, 65,
487-493.
[166] Goszczynski S., Paszczynski A., Pasti-Grigsby M.B.,
Crawford R.L., Crawford D.L., New pathway for degradation
of sulfonated azo dyes by microbial peroxidases of
Phanerochaete chrysosporium and Streptomyces
chromofuscus, J. Bacteriol., 1994, 176, 1339-1347.
[167] Emmert Iii F.L., Thomas J., Hon B., Gengenbach A.J., Metalloporphyrin catalyzed oxidation of methyl yellow and related
azo compounds, Inorg. Chim. Acta, 2008, 361, 2243-2251.
[168] Stolz A., Basic and applied aspects in the microbial
degradation of azo dyes, Applied Microbiology and
Biotechnology, 2001, 56, 69-80.
[169] Liu L., Zhang J., Tan Y., Jiang Y., Hu M., Li S., Zhai Q., Rapid
decolorization of anthraquinone and triphenylmethane dye
using chloroperoxidase: Catalytic mechanism, analysis of
products and degradation route, Chem. Eng. J., 2014, 244,
9-18.
[170] Arrieta-Baez D., Roman R., Vazquez-Duhalt R., JiménezEstrada M., Peroxidase-mediated transformation of
hydroxy-9,10-anthraquinones, Phytochemistry, 2002, 60,
567-572.
[171] Zucca P., Vinci C., Sollai F., Rescigno A., Sanjust E.,
Degradation of Alizarin Red S under mild experimental
conditions by immobilized 5,10,15,20-tetrakis(4-sulfonatophenyl)porphine-Mn(III) as a biomimetic peroxidase-like
catalyst, J. Mol. Catal. A: Chem., 2008, 288, 97-102.
[172] Guan Z.B., Song C.M., Zhang N., Zhou W., Xu C.W., Zhou L.X.,
Zhao H., Cai Y.J., Liao X.R., Overexpression, characterization,
and dye-decolorizing ability of a thermostable, pH-stable,
and organic solvent-tolerant laccase from Bacillus pumilus
W3, Journal of Molecular Catalysis B: Enzymatic, 2014, 101,
1-6.
[173] Nagashima N., Ishikawa T., Takagishi T., Bleaching of dyes
with Laccases, Sen’i Gakkaishi, 2013, 69, 183-190.

[174] Sarnthima R., Khammuang S., Laccase production by
Pycnoporus sanguineus grown under liquid state culture
and its potential in remazol brilliant blue R decolorization,
International Journal of Agriculture and Biology, 2013, 15,
215-222.
[175] Faraco V., Pezzella C., Giardina P., Piscitelli A., Vanhulle S.,
Sannia G., Decolourization of textile dyes by the white-rot
fungi Phanerochaete chrysosporium and Pleurotus ostreatus,
J. Chem. Technol. Biotechnol., 2009, 84, 414-419.
[176] Guillen F., Gomez-Toribio V., Martinez M.J., Martinez A.T.,
Production of hydroxyl radical by the synergistic action of
fungal laccase and aryl alcohol oxidase, Arch. Biochem.
Biophys., 2000, 383, 142-147.
[177] Li Q., Ge L., Cai J., Pei J., Xie J., Zhao L., Comparison of two
laccases from Trametes versicolor for application in the
decolorization of dyes, J. Microbiol. Biotechnol., 2014, 24,
545-555.
[178] Hsu C.A., Wen T.N., Su Y.C., Jiang Z.B., Chen C.W., Shyur L.F.,
Biological degradation of anthroquinone and azo dyes by a
novel laccase from Lentinus sp, Environ. Sci. Technol., 2012,
46, 5109-5117.
[179] Tychanowicz G.K., Zilly A., De Souza C.G.M., Peralta R.M.,
Decolourisation of industrial dyes by solid-state cultures
of Pleurotus pulmonarius, Process Biochem., 2004, 39,
855-859.
[180] Galai S., Limam F., Marzouki M.N., A new Stenotrophomonas
maltophilia strain producing laccase. use in decolorization
of synthetics dyes, Appl. Biochem. Biotechnol., 2009, 158,
416-431.
[181] Ahmed Abedin R.M., El Hanafy A.A., El-Latif S.A., El-Assar
S.A., Fadel M.S., Ligninolytic oxidative system of fungal
Egyptian isolates and their applications in the decolorization
of industrial dyes, Biotechnology and Biotechnological
Equipment, 2013, 27, 4269-4275.
[182] Levin L., Diorio L., Grassi E., Forchiassin F., Grape stalks
as substrate for white rot fungi, lignocellulolytic enzyme
production and dye decolorization, Rev. Argent. Microbiol.,
2012, 44, 105-112.
[183] Grassi E., Pildain M.B., Levin L., Carmaran C., Studies in
diatrypaceae: The new species Eutypa microasca and
investigation of ligninolytic enzyme production, Sydowia,
2014, 66, 99-114.
[184] Zucca P., Sollai F., Garau A., Rescigno A., Sanjust E., Fe(III)5,10,15,20-tetrakis(pentafluorophenyl)porphine supported
on pyridyl-functionalized, crosslinked poly(vinyl alcohol) as a
biomimetic versatile-peroxidase-like catalyst, J. Mol. Catal. A:
Chem., 2009, 306, 89-96.
[185] Archibald F.S., A new assay for lignin-type peroxidases
employing the dye Azure B, Applied and Environment
Microbiology, 1992, 58, 3110-3116.
[186] Zucca P., Vinci C., Rescigno A., Dumitriu E., Sanjust E., Is
the bleaching of phenosafranine by hydrogen peroxide
oxidation catalyzed by silica-supported 5,10,15,20-tetrakis(sulfonatophenyl)porphine-Mn(III) really biomimetic?, J. Mol.
Catal. A: Chem., 2010, 321, 27-33.
[187] Bao S., Teng Z., Ding S., Heterologous expression and
characterization of a novel laccase isoenzyme with dyes
decolorization potential from Coprinus comatus, Mol. Biol.
Rep., 2013, 40, 1927-1936.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM



Fungal laccases as tools for biodegradation of industrial dyes

[188] Tian Y.S., Xu H., Peng R.H., Yao Q.H., Wang R.T., Heterologous
expression and characterization of laccase 2 from
Coprinopsis cinerea capable of decolourizing different
recalcitrant dyes, Biotechnology and Biotechnological
Equipment, 2014, 28, 248-258.
[189] Balan K., Pratheebaa P., Palvannan T., Application of the
laccase, produced on coconut flesh by Pleurotus florida
for dye decolorization, Journal of Water Chemistry and
Technology, 2013, 35, 273-280.
[190] Jiang M., Ten Z., Ding S., Decolorization of synthetic dyes by
crude and purified laccases from Coprinus comatus grown
under different cultures: The role of major isoenzyme in
dyes decolorization, Appl. Biochem. Biotechnol., 2013, 169,
660-672.
[191] Kunjadia P.D., Patel F.D., Nagee A., Mukhopadhyaya P.N.,
Dave G.S., Crystal violet (Triphenylmethane dye) decolorization potential of Pleurotus ostreatus (MTCC 142),
BioResources, 2012, 7, 1189-1199.
[192] Vasdev K., Kuhad R.C., Saxena R.K., Decolorization of triphenylmethane dyes by the bird’s nest fungus Cyathus bulleri,
Curr. Microbiol., 1995, 30, 269-272.
[193] Casas N., Parella T., Vicent T., Caminal G., Sarrà M.,
Metabolites from the biodegradation of triphenylmethane
dyes by Trametes versicolor or laccase, Chemosphere, 2009,
75, 1344-1349.
[194] Parshetti G.K., Kalme S.D., Gomare S.S., Govindwar S.P.,
Biodegradation of Reactive blue-25 by Aspergillus ochraceus
NCIM-1146, Bioresour. Technol., 2007, 98, 3638-3642.
[195] Conneely A., Smyth W.F., McMullan G., Study of the white-rot
fungal degradation of selected phthalocyanine dyes by
capillary electrophoresis and liquid chromatography, Anal.
Chim. Acta, 2002, 451, 259-270.
[196] Chhabra M., Mishra S., Sreekrishnan T.R., Combination
of chemical and enzymatic treatment for efficient decolorization/degradation of textile effluent: High operational
stability of the continuous process, Biochem. Eng. J., 2015,
93, 17-24.
[197] Galai S., Korri-Youssoufi H., Marzouki M.N., Characterization
of yellow bacterial laccase SmLac/role of redox mediators in
azo dye decolorization, J. Chem. Technol. Biotechnol., 2014,
89, 1741-1750.
[198] Kenzom T., Srivastava P., Mishra S., Structural insights into
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)mediated degradation of reactive blue 21 by engineered
Cyathus bulleri laccase and characterization of degradation
products, Appl. Environ. Microbiol., 2014, 80, 7484-7495.
[199] Gioia L., Manta C., Ovsejevi K., Burgueño J., Menéndez P.,
Rodriguez-Couto S., Enhancing laccase production by a
newly-isolated strain of Pycnoporus sanguineus with high
potential for dye decolouration, RSC Advances, 2014, 4,
34096-34103.
[200] Rosado T., Bernardo P., Koci K., Coelho A.V., Robalo M.P.,
Martins L.O., Methyl syringate: An efficient phenolic mediator
for bacterial and fungal laccases, Bioresour. Technol., 2012,
124, 371-378.
[201] D’Alfonso C., Lanzalunga O., Lapi A., Vadalà R., Comparing
the catalytic efficiency of ring substituted 1- hydroxybenzotriazoles as laccase mediators, Tetrahedron, 2014, 70,
3049-3055.

107

[202] Knutson K., Ragauskas A., Laccase-mediator biobleaching
applied to a direct yellow dyed paper, Biotechnol. Prog.,
2004, 20, 1893-1896.
[203] Moldes D., Sanromán M.Á., Amelioration of the ability to
decolorize dyes by laccase: Relationship between redox
mediators and laccase isoenzymes in Trametes versicolor,
World Journal of Microbiology and Biotechnology, 2006, 22,
1197-1204.
[204] Tavares A.P.M., Cristóvão R.O., Loureiro J.M., Boaventura
R.A.R., Macedo E.A., Optimisation of reactive textile dyes
degradation by laccase-mediator system, J. Chem. Technol.
Biotechnol., 2008, 83, 1609-1615.
[205] Khlifi R., Belbahri L., Woodward S., Ellouz M., Dhouib A.,
Sayadi S., Mechichi T., Decolourization and detoxification of
textile industry wastewater by the laccase-mediator system,
J. Hazard. Mater., 2010, 175, 802-808.
[206] Benzina O., Daâssi D., Zouari-Mechichi H., Frikha F.,
Woodward S., Belbahri L., Rodriguez-Couto S., Mechichi
T., Decolorization and detoxification of two textile industry
effluents by the laccase/1-hydroxybenzotriazole system,
Environmental Science and Pollution Research, 2013, 20,
5177-5187.
[207] Bernini R., Crisante F., Gentili P., Menta S., Morana F., Pierini
M., Unexpected different chemoselectivity in the aerobic
oxidation of methylated planar catechin and bent epicatechin
derivatives catalysed by the Trametes villosa laccase/1hydroxybenzotriazole system, RSC Advances, 2014, 4,
8183-8190.
[208] Zucca P., Sanjust E., Inorganic materials as supports for
covalent enzyme immobilization: Methods and mechanisms,
Molecules, 2014, 19, 14139-14194.
[209] Ba S., Arsenault A., Hassani T., Jones J.P., Cabana H., Laccase
immobilization and insolubilization: From fundamentals to
applications for the elimination of emerging contaminants
in wastewater treatment, Crit. Rev. Biotechnol., 2013, 33,
404-418.
[210] Durán N., Rosa M.A., D’Annibale A., Gianfreda L., Applications
of laccases and tyrosinases (phenoloxidases) immobilized
on different supports: A review, Enzyme and Microbial
Technology, 2002, 31, 907-931.
[211] Gasser C.A., Ammann E.M., Shahgaldian P., Corvini P.F.X.,
Laccases to take on the challenge of emerging organic
contaminants in wastewater, Applied Microbiology and
Biotechnology, 2014, 98, 9931-9952.
[212] Husain Q., Potential applications of the oxidoreductive
enzymes in the decolorization and detoxification of textile
and other synthetic dyes from polluted water: A review, Crit.
Rev. Biotechnol., 2006, 26, 201-221.
[213] Viswanath B., Rajesh B., Janardhan A., Kumar A.P., Narasimha
G., Fungal laccases and their applications in bioremediation,
Enzyme Research, 2014, 2014.
[214] Santos J.C.S.d., Barbosa O., Ortiz C., Berenguer-Murcia A.,
Rodrigues R.C., Fernandez-Lafuente R., Importance of the
Support Properties for Immobilization or Purification of
Enzymes, ChemCatChem, 2015, n/a-n/a.
[215] Salis A., Pisano M., Monduzzi M., Solinas V., Sanjust E.,
Laccase from Pleurotus sajor-caju on functionalised SBA-15
mesoporous silica: Immobilisation and use for the oxidation
of phenolic compounds, Journal of Molecular Catalysis B:
Enzymatic, 2009, 58, 175-180.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM

108

P. Zucca, et al.

[216] Bayramoglu G., Yilmaz M., Arica M.Y., Preparation and
characterization of epoxy-functionalized magnetic chitosan
beads: Laccase immobilized for degradation of reactive dyes,
Bioprocess Biosyst. Eng., 2010, 33, 439-448.
[217] Cristóvão R.O., Silvério S.C., Tavares A.P.M., Brígida A.I.S.,
Loureiro J.M., Boaventura R.A.R., Macedo E.A., Coelho M.A.Z.,
Green coconut fiber: A novel carrier for the immobilization
of commercial laccase by covalent attachment for textile
dyes decolourization, World Journal of Microbiology and
Biotechnology, 2012, 28, 2827-2838.
[218] Lin J., Fan L., Miao R., Le X., Chen S., Zhou X., Enhancing
catalytic performance of laccase via immobilization on
chitosan/CeO2 microspheres, Int. J. Biol. Macromol., 2015, 78,
1-8.
[219] Mahmoodi N.M., Arabloo M., Abdi J., Laccase immobilized
manganese ferrite nanoparticle: Synthesis and LSSVM
intelligent modeling of decolorization, Water Res., 2014, 67,
216-226.
[220] Mohajershojaei K., Mahmoodi N.M., Khosravi A., Immobilization of laccase enzyme onto titania nanoparticle and

[221]
[222]

[223]

[224]

[225]

decolorization of dyes from single and binary systems,
Biotechnol. Bioprocess Eng., 2015, 20, 109-116.
Uygun M., Preparation of laccase immobilized cryogels and
usage for decolorization, Journal of Chemistry, 2013.
Zhang P., Wang Q., Zhang J., Li G., Wei Q., Preparation
of amidoxime-modified polyacrylonitrile nanofibers
immobilized with laccase for dye degradation, Fibers and
Polymers, 2014, 15, 30-34.
Zhang X., Pan B., Wu B., Zhang W., Lv L., A new polymerbased laccase for decolorization of AO7: Long-term storage
and mediator reuse, Bioresour. Technol., 2014, 164, 248-253.
Amezquita-Garcia H.J., Razo-Flores E., Cervantes F.J.,
Rangel-Mendez J.R., Anchorage of anthraquinone molecules
onto activated carbon fibers to enhance the reduction of
4-nitrophenol, J. Chem. Technol. Biotechnol., 2014.
Mate D.M., Alcalde M., Laccase engineering: From rational
design to directed evolution, Biotechnol. Adv., 2015, 33,
25-40.

Brought to you by | Universita degli Studi di Cagliari
Authenticated
Download Date | 1/25/16 1:09 PM

