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Abstract The depletion of fossil fuel reserves, environmental pollution, and cli-
mate change are driving the search for clean carbon-neutral fuels. Lignocellulosic
biomass is considered as a promising feedstock for production of bioethanol and
biochemicals. The overall potency or utilization depends on the effectual hydrolysis
of lignocellulose; however, removal or deconstruction of the lignin polymer could
be a key step in the process of biomass to monomeric fermentation sugars but
remains challenging. Laccases (EC 1.10.3.2) are copper-containing oxidoreduc-
tases that have been investigated for use as a pretreatment of lignocellulose and
might have a potential to remove phenolic compounds derived from lignin. This
chapter focuse on recent trends in ligninolytic green biotechnology and major
advances within the application of laccases as a possible pretreatment strategy.
Also, it discuss the negative roles of lignin within the processes of converting
biomass to biofuels. Views and future directions to boost the biomass conversion
process are also mentioned.
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1 Introduction

In the twenty-first century, the demand for fossil fuels is increasing progressively
beside improvements within the quality of life, inauguration of the economic
revolution, and increase of the global population. It’s long been recognized that
the rise in the rate of fossil fuel consumption not solely ends up in decreasing fuel
reserves; however, it conjointly includes an important adverse impact on the
surroundings, leading to raised health risks and the threat of worldwide climate
change (Panwar et al. 2011). Hence, there is a need to develop a sustainable
alternative to fossil fuels. The usage of potential food resources in first-generation
biorefineries has sparked intensive dialogue, due to the lack of land for food
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cultivation and large commitment of land required for biofuel production (Bugg
et al. 2011). The food vs fuel dialogue encouraged the event of second-generation
biofuel industry that uses lignocellulose biomass as feedstock. Lignocellulose bio-
mass is one among the foremost rich sources of renewable energy and is principally
composed of polysaccharide (40-50%), hemicellulose (20-40%), and polymer
(20-30%).

Enzymatic hydrolysis reaction of lignocellulosic biomass is one of the key steps
for sugar production and a requirement for succeeding conversion of sugars to bio-
fuels and chemicals.

However, the presence of lignin in biomass forms a major obstacle for efficient
utilization of cellulose and hemicellulose in biofuel production. The inhibition
impact of lignin on enzymatic hydrolysis is classified into three classes:
(1) Enzymes are adsorbed on lignin polymer through hydrophobic, static, and
hydrogen bonding interactions. (2) Lignin blocks the accessible surface of carbo-
hydrate polysaccharides through the physical and chemical blockage. (3) Soluble
lignin derivatives such as phenolic compound can deactivate enzymes.

An appropriate pretreatment method is required to overcome this obstacle and
makes polysaccharides easily available for enzymatic hydrolysis. To date, various
pretreatment methods such as physical, chemical, and physicochemical are used to
remove this obstacle (Sun et al. 2016). However, these pretreatment methods may
generate inhibitory compounds that interfere with the enzymatic hydrolysis and
succeeding fermentation processes.

There is an increasing interest to use biological pretreatments as an alternative
physicochemical treatment (Kuijk et al. 2015; Lee et al. 2012). For the last decades,
white-rot fungi have received a lot of interest because of their potential to reduce
lignin content in wood and other lignocellulosics (Dashtban et al. 2010). Through an
extracellular ligninolytic system, comprising a complex cocktail of oxidative
enzymes, the substrate is oxidized by single electron withdrawals to create reactive
radical intermediates. The substrate is then modified through continuous nonspecific
and enzyme-independent chain reactions to produce various free radicals (Zhou
et al. 2013). The enzymes responsible for degradation of lignin in white-rot fungi
belong to four major groups: lignin peroxidases (LiP) (EC 1.11.1.14), manganese-
dependent peroxidases (MnP) (EC 1.11.1.13), versatile peroxidases
(VP) (EC 1.11.1.16), and laccases (Lac) (EC 1.10.3.2). In addition to LiP, MnP,
VP, and Lac, other types of oxidative enzymes, together denominated auxiliary
enzymes, have been reported to assist the lignin oxidation. These include aryl
alcohol dehydrogenase, glyoxal oxidase, and pyranose oxidase, which have been
reported to enhance the process through their peroxidase generating activity (Mar-
tinez et al. 2005; Ruiz-Duenas and Martinez 2009). The impact of the individual
oxidases, as well as their possible interactions in the white-rot fungi degrading
system, has not been fully elucidated. Published literature tend to deal with either
single enzymes or a broth produced by specific fungal strains. The peroxidases (LiP,
MnP, VP) are all dependent on hydrogen peroxide in order to be efficient enzyme
catalysts in lignin oxidation. The hazardous effect of hydrogen peroxide prohibits
the use of peroxidases in the food industry and severely complicates the utilization in
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other industrial applications. Besides being an additional financial expense, the
corrosive action of hydrogen peroxidase is problematic in large scale, and locally
high concentrations may inhibit or inactivate the enzymes.

However, the aim of this chapter is to provide a compressive review of the
application potential of laccases in lignocellulose processing, such as delignifi-
cation and detoxification of biomass by removal of phenolic compounds from
hydrolysates and highlighting future prospects of the laccases in biofuel production
(Table 1).

2 Laccases (Lac)

Laccases (EC 1.10.3.2, benzenediol-oxygen oxidoreductases) are polyphenol oxi-
dases that belong to the multicopper oxidase family and the superfamily of
cupredoxins. Laccases (EC 1.10.3.2, benzenediol-oxygen oxidoreductases) are
polyphenol oxidases that belong to the multicopper oxidase family and the super-
family of cupredoxins. Laccase catalyzes oxidization of various substrates like
diphenols, methoxy-substituted monophenols, as well as aliphatic and aromatic
amines (Kudanga and Le Roes-Hill 2014). The fact that these polyphenol oxidases
use O, as the final electron acceptor rather than H,0,, differentiate them from other
ligninolytic enzymes. Moreover, they are cofactor independent and produce water
as a sole by-product; they are very attractive biocatalysts for a variety of industrial
applications. Laccases incorporate three copper atoms: one paramagnetic type
1 copper (T1 Cu), this is responsible for their characteristic blue color, wherein
the oxidation of the substrate proceeds, one type 2 copper (T2 Cu), and an
antiferromagnetically coupled binuclear copper pair of type 3 coppers (T3 Cu)
that conform a trinuclear cluster wherein molecular O, is decreased to two mole-
cules of H,O (Mate and Alcalde 2015). During substrate oxidation, laccases receive
electrons at the T1 copper sites from electron-donating substrate and then transfer
the electrons to the trinuclear center (T2/T3) (Shleev et al. 2005). The substrate
specificity and catalytic efficiency of the enzymes depend on the redox potential of
the T1 Cu center, which is used to categorize the enzymes as low (0.35-0.5 V) or
medium to high (0.5-0.8 V) redox laccases (Gutierrez et al. 2009). The main
structural determinant believed to cause changes in the redox potential is the
presence of an axial ligand at the T1 Cu center. The low-redox potential laccase
from ascomycete fungus Melanocarpus albomyces (E° = 0.46 V) has a Met residue
as an axial ligand, while high-redox potential laccases from basidiomycete fungi
Trametes hirsuta (E° = 0.78 V) and Trametes versicolor (E° = 0.80 V) have a Phe
residue as an axial ligand (Frasconi et al. 2010). It has been proposed that such an
axial ligand helps to stabilize the center, thereby lowering the redox potential. If the
redox potential of the phenolic substrate is higher than that of the enzyme, it needs a
small compound called a mediator to be able to abstract an electron (see next
section). Thus, to evaluate potential applications of a laccase, it is important to
know its redox potential.
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Regardless of an increase in the number of reports exploring the enzymatic
activities of laccases, the role of laccases in lignocellulose or lignin processing
remains unclear. Earlier studies showed the prominent involvement of laccases in
lignin synthesis, and the consensus was that laccases do not take part in lignin
degradation (Lundell et al. 2010). This is supported by studies using
P. chrysosporium, which can degrade lignin but lack laccase activity. However,
on the contrary, Eggert et al. (1997) identified laccase as the only ligninolytic
enzyme predominantly secreted by the lignin-degrading fungi Pycnoporus cinna-
barinus. Moreover, Xie et al. (2014) and Ryu et al. (2013) provided evidence
toward the involvement of laccase in several stages of wood degradation by
applying systematic gene deletion in the filamentous fungus Podospora anserina
and overexpression of laccase in Polyporus brumalis. Also, Ander and Eriksson
(1976) have shown possible involvement of laccase in lignin degradation by
demonstrating that a laccase-deficient Sporotrichum pulverulentum mutant
(obtained by UV mutagenesis) did not change lignin polymer; however, the wild
type transforms the polymer easily.

3 Lignin

Lignin is a very composite biopolymer within the plant cell wall and is usually
taken into consideration as a contaminant or glue in industrial applications which
includes pulp/paper and biofuel production (Ko et al. 2015). It comprises approx-
imately 20-30% of the lignocellulose, wherein it forms a matrix in close association
with the cellulose and hemicellulose (Bugg et al. 2011).The lignin content varies
between different types of plants, e.g., softwood contains 30%, hardwood 20-25%,
and grass lignin only 10—15% of the total plant biomass. Due to the distinctly high-
lignin content material in biomass, lignin removal is a crucial technical issue both
for paper and bioethanol production (Chen and Dixon 2007). However, the lignin
polymer is highly resistant to breakdown, and it is, therefore, considerable interest
in methods to break down the lignin. Much attention has been drawn to the
improvement of eco-friendly technologies for treating lignin with the aid of lignino-
lytic enzymes. Even though a number of the study’s results are encouraging, there is
still a far way to go, and numerous hurdles need to be addressed.

Structurally lignin is an amorphous tridimensional polymer of three different
cinnamyl alcohol monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol (Fig. la—c). The three monolignols differ in the degree of methoxylation and
are catalyzed by an oxidative enzyme (e.g., peroxidases or laccases) to form the
corresponding p-hydroxyphenol (H), guaiacyl (G), and syringyl (S) lignin compo-
nents, respectively. As part of the increased interest in the utilization of lignin, a lot of
effort has been put into studies of lignin structure and mechanisms involved in the
synthesis. The three monomeric precursors are predominately linked either by ether
or C—C bonds. In native lignin, two-thirds or more of the total linkages are ether
bonds, and the rest are C—C bonds. During the radical polymerization process, the
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Fig. 1 The three major lignin precursors (a) p-coumaryl alcohol, (b) coniferyl alcohol, and (c)
sinapyl alcohol and common linkages found in lignin (d—i)

complexity of lignin rises due to resonance delocalization of electrons, forming a
three-dimensional, irregular matrix (Vanholme et al. 2010; Wong 2009). This results
in a range of different ether and C—C linkages between the three major precursors,
including B-O-4, f-p, a-0-4, 4-O-5, 5-5, a-O-y, and -1 (Li et al. 2015) (Fig. 1d-i).
The binding types are, to some extent, affected by the content of the H-, G-, and
S-units in the lignin (Djikanovic et al. 2012). Softwood lignins are often made out of
G-units and minor quantities of H-units, whereas hard wood lignins are made out of
G- and S-units in roughly equal ratios (Espineira et al. 2011). Softwoods are known
to have a more branched structure compared to hardwood, which demonstrates a
linear structure due to the higher amounts of S-units. Grass lignins contain significant
amounts of G-, S-, and H-units, but the ratios between the three units and the resulting
types of bindings vary within this group of plants (Buranov and Mazza 2008). The



324 D.C. Kalyani et al.

composition of natural lignin is influenced by the plant’s exposure to stress during
synthesis (Moura et al. 2010), and it differs among cell kinds and may even range at
the extent of individual cell wall layers (Vanholme et al. 2010). Moreover, lignin is
covalently bound to the carbohydrate networks in the plant, which altogether impede
a consistent determination of native lignin structures. Besides the variation in native
structure, lignin-containing biomasses are exposed to different industrial processing
which often implies the structural modification of the lignin (Zakzeski et al. 2010).
Lignin-containing biomasses with native or industrially modified structures are
frequently used in scientific studies to explore new and more sustainable conversion
methods and applications (Munk et al. 2015).

The synthetic low molecular weight compound known as lignin model substrate
has 1-3 aromatic rings that represent substructures and linkages similar to those
observed in natural lignin (Rochefort et al. 2004). The most important compounds
are those with f-aryl ether linkages (B-O-4) as they represent the majority of lignin
bounds (Majumdar et al. 2014). Aromatic alcohols have also been used as model
compounds. Phenolic subunits affect the redox potential (Polak and Jarosz-
Wilkolazka 2012), which is closely related to the ability of the enzyme to catalyze
oxidation reactions of the substrate. In native lignin, nonphenolic subunits comprise
80-90%, while the remaining 10-20% is phenolic subunits. A distinction between
phenolic and nonphenolic lignin model compounds is therefore often used in
studies of enzymatic lignin modification.

4 Laccase-Mediator System (LMS)

Mediators are small molecules (synthetic or natural) that help to carry electron in
between laccase and normal laccase substrate (higher-redox potential than laccase)
consisting of lignin. Overall, the laccase-mediator system helps to oxidize com-
pound by relocating electrons from its phenoxy sites to oxygen. In this way, the
mediator expands the oxidation ability of the enzyme. The function of mediators in
laccase oxidations is outlined in Fig. 2a. The primary synthetic mediator to be used
within the laccase-mediator approach for pulp oxidation/modification was ABTS
(2,2'-Azino-bis(three-ethylbenzothiazoline-6-sulfonic acid), which used to be
introduced in 1990 (Bourbonnais et al. 1995). They followed that laccase used in
combination with a mediator (ABTS) was capable of extending the oxidation of
lignin. Considering this discovery, numerous different compounds were delivered
for use in the LMS centered for nonphenolic lignin oxidation. Among those are the
—NOH mediators (1-hydroxybenzotriazole (HBT), N-hydroxyphthalimide (HPI),
violuric acid (VLA), and N-hydroxyacetanilide (NHA)) (Shumakovich et al. 2006;
Couto and Sanroman 2007; Moldes and Vidal 2008; Fillat et al. 2010).

The more effective oxidation and a broader range of substrates make the laccase-
mediator system interesting for industrial application. It has been verified that
depending on their chemical structure, mediators follow three different kinds of
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Fig.2 (a) The overall oxidation and reduction reactions of the laccase and LMS to delignification.
(b) The ET and radical HAT route, (c) suggested mechanism of oxidation by TEMPO (Astolfi
et al. 2005)

oxidation mechanism: (I) electron transfer (ET) in the case of ABTS radicals
(ABTS Yor ABTS?"), where the mediator abstracts an electron from the substrate.

The particular generating pressure intended for electron abstraction is the distinc-
tion in redox potential between the mediator and substrate (Fig. 2b). (II) Hydrogen
atom transfer (HAT) for nitroxyl radicals (N-O") 1-hydroxybenzotriazole (HBT) and
violuric acid (VLA). The oxidation of mediators through laccase generates an
especially reactive radical (> N-O"), because of the enzymatic elimination of an
electron followed by the release of a proton (Fig. 2b). (III).The ionic mechanism is
observed for mediators such as TEMPO (Astolfi et al. 2005) (Fig. 2¢). LMS were
utilized to numerous procedures and exhaustively reviewed several occasions in
contemporary years (Riva 2006; Morozova et al. 2007; Husain and Husain 2008;
Kunamneni et al. 2008; Widsten and Kandelbauer 2008; Canas and Camarero 2010;
Kudanga et al. 2011; Christopher et al. 2014; Kudanga and Le Roes-Hill 2014;
Forootanfar and Faramarzi 2015; Munk et al. 2015; Roth and Spiess 2015; Singh
et al. 2015). From the documented studies and reviews, it is possible to outline or
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define the required characteristics for effective mediators. A mediator must be a good
laccase substrate, implying that its oxidized and reduced forms must be steady
without inactivating the enzymatic reaction and that its reactivity must permit
recycling without degeneration.

From an industrial application and environmental point of view, laccase medi-
ators must be eco-friendly and cost-effective. Despite promising results associated
with synthetic mediators in LMS (Martin-Sampedro et al. 2011; Gutierrez et al.
2012), there are few drawbacks interfering with the effective use of mediators: they
are expensive and they can create toxic compounds. Furthermore, in some reaction,
even as oxidizing the mediator, the laccases are deactivated via radicals, or the
mediators may be loss mediating capability by transforming into inactive com-
pounds (Kunamneni et al. 2008). Some of these problems could be solved by
utilizing the natural mediators and have come around with an increasing interest
in the recent years. The important advantage of utilizing natural phenols as medi-
ators is that they are easily obtained from plant materials. Additionally, their low
price and toxicity can offer economic and environmental benefits (Canas and
Camarero 2010). Lignin-derived phenols used as laccase mediators have been
found to perform in a similar way to or even better than the artificial mediator
compounds, with elevated reactivity (Fillat et al. 2010).

5 Laccases in Lignocellulose Processing

Laccases have recently attracted attention as candidate enzymes for the biological
pretreatment of biomass. Due to their likely role as lignin-degrading enzymes, they
offer the potential for a highly specific and environmentally friendly method for
removing lignin.

Improved knowledge of laccases/laccase-mediator system and their role in
lignin degradation will have a significant impact on a wide range of applications
focused on lignin degradation. Even though the effect of laccases on lignin has been
intensively studied, the only consensus in the literature is that laccases oxidize
subunits of lignin into reactive radical intermediates, which lead to lignin
modifications.

Earlier studies have investigated the reactivity of laccases by using lignin model
compounds. Both phenolic and nonphenolic dimeric $-O-4 lignin model compounds
(as more than 50% of lignin structure is composed of f-O-4 bonds) are widely used
to study Ca-Cf bond cleavage by the formation of phenoxy radicals. This leads to
a-oxidations, C,-Cp, alkyl-aryl, or alkyl-phenyl cleavages that form a range of
products (Higuchi 2004; Wong 2009). The phenolic monomers present on the
surface of the lignin polymer can be easily oxidized by laccase alone. In studies
related to the role of LMS in degradation of lignin or lignin model compounds, it has
been found that mediators facilitate a strong lignin oxidation capability in combi-
nation with laccases. Several of these studies show a decrease in lignin molecular
weight suggesting depolymerization (Martin-Sampedro et al. 2011; Zheng et al.
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2012; Rico et al. 2015). However, both depolymerization and polymerization
reactions may take place depending on whether the treatment is with laccases
alone or with a laccase-mediator system (Shleev et al. 2005). A range of studies
where laccases were used in the presence of synthetic mediators like HBT and
proven to effectively depolymerize different forms of biomasses(Chen et al. 2012;
Gutierrez et al. 2012; Rico et al. 2014). The elucidation of the recently discovered
LMS (Pycnoporus cinnabarinus laccase-HBT) has extended the substrate activity of
laccase to include oxidation of nonphenolic lignin model compounds (Du et al.
2013). Figure 3 illustrates the oxidation mechanism of nonphenolic substrate (f-O-4
compound). During the oxidation process, LMS is able to form carbon-centered
radicals by oxidation of both S- and G-units of nonphenolic lignin units (structure I).
In the next step, O, attacks the carbon-centered radical intermediate, forming
unstable structure (structure Ila, p-aryl, or benzylic radical) in a nonenzymatic
reaction. The consecutive reactions lead to additional Ca oxidation (structure III),
B-ether cleavage, and aromatic ring cleavage. The alternative route involves
suggesting radical structure Ia abstract proton from a substrate to form nonradical
structure IIb. This can be followed by the cleavage between Ca and Cp forming
structures IV and V (Kawai et al. 2002; Du et al. 2013). Recently, Rico et al. (2014,
2015) showed a decrease in lignin molecular weight with shortened side chains and
increased syringyl-to-guaiacyl ratio by applying LMS with laccase from
Mpyceliophthora thermophila and natural mediator methyl syringate. Contradictory,
application of LMS has also shown that the oxidizing capability of some mediators
leads to polymerization of lignin (Moya et al. 2011), and this has also been demon-
strated for ABTS and HBT (Prasetyo et al. 2012).

The choice of mediator is an important factor for boosting the effectivity of
laccases. Beside mediators, several other factors such as biomass processing,
reaction condition in the form of pH, type of solvent, temperature, and other
small compounds present may influence the reaction outcome. Shleev et al.
(2006) observed different molecular weight in oxidative compounds in response
to two of most commonly applied mediators, ABTS and HBT, which support the
fact that these two mediators act through different mechanisms. This finding is
supported by another study by Hernandez Fernaud et al. (2006), who reported
similar results using the same mediators but different laccase and substrate. Thus,
the type of mediators seems to be important for which reactions laccases may
catalyze. However, this topic is rarely addressed in the literature (Moldes and Vidal
2012). In spite of the enormous information availability on the laccase reaction with
lignin model compounds and different varieties of natural lignins, a comprehensive
knowledge of the LMS is still lacking. With an appropriate mediator at hand, the
LMS be examined both for an evaluation of the overall performance of synthetic
and natural mediator or to clarify their mechanism of action. Nevertheless, it is also
important to use real lignin polymers in experiments. It is also important to be
aware of the presence of possible natural mediators in the substrates, which may
also influence the balance between polymerization and depolymerization.
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The cost of enzyme is one of the fundamental challenges in present-day large-
scale biofuel production process. However, several strategies for cost reduction are
investigated. For instance, enzyme co-expression or chimeras between laccases and
cellulolytic enzymes could help to reduce cost and restrictions of conventional
workflow for biofuel production from lignocellulosic biomass (Fonseca-
Maldonado et al. 2014). The co-expression of laccases with xylanases or
endoglucanases helps to improve catalytic activity, resulting in higher glucose
yields (Ribeiro et al. 2011; Furtado et al. 2013; Fonseca-Maldonado et al. 2014).
Recently, Zhao et al. (2016) have combined the laccase and Fenton reaction system
to assessing the synergism in lignin depolymerization. Apparently, bacterial fer-
mentation (Rhodococcus opacus) in the presence of laccase led to significant
improvements in hydroxyl group degradation, lignin molecular weight, cell growth,
and overall higher lignin consummation and improved lipid production (17-fold).
However, immobilization of laccase on Sepa beads carriers has been shown to
polymerize toxic phenolics from hydrolysate by precipitation onto the carrier
surface. Incorporation of anion exchange as a subsequent step led to the reduction
of HMF, formic acid, acetic acid, and levulinic acid and helped to improve the
ferment ability of an organosolv wheat straw hydrolysate (Ludwig et al. 2013).
Immobilization of enzymes is advantageous for commercial application due to
convenience in handling and recycling and improves stability. These capabilities
can be exploited for designing eco-friendly conversion of lignin toward numerous
useful products or third generation of biorefineries.

Enzymatic/LMS delignification followed by alkali pretreatments can increase
the enzymatic hydrolysis yields despite the fact that removal of lignin does not
drastically improve (Gutierrez et al. 2012; Li et al. 2012). However, Li et al. (2012)
reported combination of alkaline and laccase treatment significantly increases
porosity and surface area of corn straw, which result in noteworthy saccharification
yield as compared to alkaline treatment alone. Gutiérrez et al. (2012) observed the
same effect for wood (Eucalyptus globulus) and non-wood (Pennisetum pur-
pureum) biomass using a Trametes villosa laccase, in combination with alkaline
extraction and HBT.

6 Techniques for Identifying Enzymatic Lignin Degradation

The use of established tools and techniques and the improvement of novel assays
are essential to progress research on lignocellulosic biofuels. Such tools and tech-
niques additionally inform us on the structure and conformation of lignin and
enable us to assess the various strategies for biomass processing. To evaluate or
elucidate the mechanism of biological degradation or modification of the lignin is a
challenging task, because of its complex macromolecular structure and intimate
association to cellulose and hemicellulose (Gellerstedt and Henriksson 2008).
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Analytical methods exist as either nondestructive (mostly spectroscopic) or destruc-
tive (use chemical or thermal degradation and fragment analysis) techniques.
Nonetheless, some cutting-edge analytical techniques such as two-dimensional
(2D) or three-dimensional (3D) nuclear magnetic resonance (NMR) can be used
for the evaluation of complicated macromolecules like lignin (Gutierrez et al. 2012;
Nugroho Prasetyo et al. 2010; Salanti et al. 2010; Rico et al. 2015). The combina-
tion of quantitative 2D or 3D NMR with 'H and '*C NMR spectroscopic techniques
represents an extraordinary advance in the structural analysis of this complex
polymer (Balakshin et al. 2011; Liu et al. 2014; Mori et al. 2015; Rico et al.
2015). Moreover, fluorescence monitoring, Fourier transform-infrared (FTIR) spec-
troscopy, and size exclusion chromatography (SEC) are also used to study chemical
changes in lignin (Ibarra et al. 2007; Maijala et al. 2012; Sun et al. 2013; Majumdar
et al. 2014; Oliva-Taravilla et al. 2015; Rajak and Banerjee 2015). The usage of
pyrolysis technique in combination with mass spectrometry (Py-GC/MS) has
proved to be of specific interest within the look at of lignocellulosic macromole-
cules (Rio et al. 2002; Dey Laskar et al. 2013; Du et al. 2013; Heap et al. 2014).

7 Conclusion

Laccases are potent enzymes for industrial applications in sustainable biomass
conversion, but some hurdles need to be overcome before this can be realized. In
spite of intensive studies in the field, it is still not clear how to control and most
efficiently utilize the laccases. The type of mediator and biomass appear to influ-
ence the resulting lignin oxidation, but it is likely that the importance of other
factors may be discovered. Accordingly, laccase-catalyzed detoxification or depo-
lymerization needs to be properly incorporated into relevant process steps of the
biorefinery. By exploring greater diversity of the laccase-producing organisms
(which can react with and metabolize lignin) and discovering new natural mediators
(which can be applied in an LMS system for lignin depolymerization), we may be
able to gain new insight into strategies for biomass deconstruction. A more thor-
ough interpretation of analysis methodologies along with application of represen-
tative reference enzymes, mediators, and model substrates may facilitate the
increased understanding of the mechanisms that occur when laccases interact
with lignocellulosic biomass.
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