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Research review paper 

Review of advances in the development of laccases for the valorization of 
lignin to enable the production of lignocellulosic biofuels and bioproducts 
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A B S T R A C T   

Development and deployment of commercial biorefineries based on conversion of lignocellulosic biomass into 
biofuels and bioproducts faces many challenges that must be addressed before they are commercially viable. One 
of the biggest challenges faced is the efficient and scalable valorization of lignin, one of the three major com-
ponents of the plant cell wall. Lignin is the most abundant aromatic biopolymer on earth, and its presence 
hinders the extraction of cellulose and hemicellulose that is essential to biochemical conversion of lignocellulose 
to fuels and chemicals. There has been a significant amount of work over the past 20 years that has sought to 
develop innovative processes designed to extract and recycle lignin into valuable compounds and help reduce the 
overall costs of the biorefinery process. Due to the complex matrix of lignin, which is essential for plant survival, 
the development of a reliable and efficient lignin conversion technology has been difficult to achieve. One 
approach that has received significant interest relies on the use of enzymes, notably laccases, a class of mul-
ti‑copper green oxidative enzymes that catalyze bond breaking in lignin to produce smaller oligomers. In this 
review, we first assess the different innovations of lignin valorization using laccases within the context of a 
biorefinery process, and then assess the latest economical advances that these innovations offered. Finally, we 
review laccase characterization and optimization, as well as the prospects and bottlenecks of this class of en-
zymes within the industrial and biorefining sectors.   

1. Lignin valorization 

1.1. From plants to biofuels and bioproducts 

Plants use photosynthesis to capture and convert solar energy and 
CO2 into the stored energy deposited in plant cell walls (Grätzel, 2007). 
Renewable plant biomass, such as the lignocellulose located in plant cell 
walls, has long been envisioned as a sustainable feedstock for production 
of biofuels and bioproducts, and its widespread adoption is predicted to 
significantly reduce CO2 emissions in the transportation sector (Lippke 
et al., 2012). In comparison with starch and sugar crops as the carbon 
source for biofuels and bioproducts, lignocellulosic biomass offers 
several significant advantages. Lignocellulose is a non-food biomass that 

accounts for 15 to 40% by weight of most terrestrial plants and is 
therefore an abundant source of energy. Additionally, it can add value to 
agro-based and forestry wastes, and it is a carbon-neutral substrate that 
does not compete with food crops (Hahn-Hägerdal et al., 2006; Naik 
et al., 2010). Lignocellulosic biomass is primarily composed of three 
natural polymers: cellulose, hemicellulose and lignin (Higuchi, 1997). 
Cellulose consists of glucose monomers which, when extracted and 
depolymerized, can be fermented into biofuels and other valuable bio-
products (Galbe and Zacchi, 2002). Hydrolysis of hemicellulose gener-
ates pentoses and hexoses that can also be used as a feedstock for 
biofuels and bioproducts fermentation (Ottenheim et al., 2014). Lignin 
is an energy dense, three-dimensional amorphous polymer and its 
presence hinders the efficient extraction of cellulose and hemicellulose, 
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which increases the costs associated with the conversion of lignocellu-
lose into biofuels and bioproducts (Grotewol and Jones Prather, 2014). 
Valorization of lignin could unlock significant economical value for 
biofuels and bioproducts and is essential for building an economically 
viable biofuels industry (Ragauskas et al., 2014). Biological valorizing of 
lignin requires first depolymerizing it to fragments amenable to uptake 
and conversion by engineered host organisms. Consequently, the 
development of technologies to reduce biomass recalcitrance caused by 
the inherent heterogeneity of lignin has been the focus of intensive 
research (Xu et al., 2019). There is particular interest in engineering 
enhanced feedstocks with altered lignin composition, technologies that 
enhance the efficiency of biomass deconstruction and lignin extraction, 
and microbes that could convert all of the lignocellulosic intermediates 
generated into biofuels and other valuable bioproducts. 

Effective and affordable lignin depolymerizing enzymes, such as 
laccases and peroxidases, are an essential step in transforming lignin 
into bioavailable substrates that can be converted into biofuels and 
bioproducts by microorganisms. In the first part of this review, we will 
discuss the different methods employed for lignocellulose depolymer-
ization and the importance of lignin valorization for biofuels and bio-
products production in each. Secondly, we will address the potential of 
laccase enzymes for the depolymerization of lignin, its recent advances 
and bottlenecks towards its commercialization within biorefineries and 
other relevant industrial sectors. 

1.2. Lignin 

The first scientist to discover the presence of lignin in plants was the 
botanist A. P. de Candolle in 1819, which was 19 years before A. Payer 
discovered cellulose in 1838 (de Candolle, 1842). de Candolle named 
lignin after the word lignum (Latin for wood), due to its fibrous prop-
erties and the insolubility of lignin in water and alcohol (de Candolle 
and Buek, 1842). Lignin is critical to plant health and growth, providing 
mechanical support, impermeability, disease and pest resistance, and 
water and nutrient transport (Liu et al., 2018). It is the second most 
abundant biopolymer on earth, after cellulose, and composes 20–30% of 
the dry biomass (Wyman, 2003). Lignin is primarily composed of 
syringyl (S type unit), guaiacyl (G type unit), and hydroxyphenol (H type 
unit) phenylpropanoid monolignols (Fig. 1), but other monolignols can 
be present in smaller amount depending on the type of the plants, such 
as caffeyl alcohol, flavonoid tricin, hydroxybenzaldehydes, dihydro- 
hydroxycinnamyl alcohol, and acylated monolignols (Anderson et al., 
2015). The biosynthesis of monolignol starts in the cytosol from the 
amino acid phenylalanine (Boerjan et al., 2003). Then the monolignol is 
attached to a glucose molecule which confers water-solubility and can 
be transported through the plant cell wall (Li and Chapple, 2010). The S: 
G:H ratio varies between plants and genotypes, giving rise to the many 
different forms of lignin (Kishimoto et al., 2010). For example G units 
are more abundant than H units in softwood, while in hardwood, G and S 
units are both similarly present (Lourenço and Pereira, 2018). Another 
characteristic of this complex biopolymer is the variety of its linkages 
that occurs during lignin polymerization. The predominant linkage 
present in lignin is β-O-4 aryl ether linkage, present at 50% in softwood 
vs 60% in hardwood (Adler, 1977). Other important linkages present in 
lignin are β-5 (phenylcoumaran) linkage, but others are also found in 
small various amount, such as, β-β (resinol) linkage, 5–5′ (biphenyl) 
linkage, and 4-O-5 (diaryl ether) linkage (Fig. 1) (Lahive et al., 2018). 
The diversity of bonds makes lignin among the most complex bio-
molecules and leads to its recalcitrance (Simmons et al., 2010). 

Lignin biosynthesis in plants is activated by oxidative enzymes such 
as laccases and peroxidases (Meents et al., 2018). Laccases catalyze the 
O2-dependent radical oxidation of monolignols, allowing the polymer-
ization of lignin. Similarly, peroxidases use H2O2 to oxidize mono-
lignols. It is only after the deposition of the polysaccharides, cellulose 
and hemicellulose, that the coupling of the radicalized monolignols 
occurs, initiating lignin polymerization (Aminzadeh et al., 2017). In this 

process, the polysaccharides act like a framework of the plant cell wall, 
and lignin reinforces the structure by providing a highly engineered 
complex support that forms a type of composite material that enables 
structural support (Tobimatsu and Schuetz, 2019). 

What is the path from this highly complex molecule to valuable 
biofuels and bioproducts? The three major steps are: (1) selection and 
growth of bioenergy crops, (2) deconstruction of those crops into tar-
geted intermediates, such as sugars, monomers and oligomers of lignin, 
and (3) conversion of those intermediates into biofuels and bioproducts 
using microorganisms (Mielenz, 2001). 

1.3. Feedstock 

The choice of the bioenergy crop is a key element since it impacts the 
entire conversion downstream processes needed. Many bioenergy crops 
have been studied such as switchgrass (Panicum virgatum), sorghum 
(Sorghum spp), and poplar (Populus spp) (Fig. 2a) (Langholtz et al., 2016). 
Each plant species has different lignin structure (linkages) and content 
(S:G:H ratios) (Guragain et al., 2015). One of the strategies to reduce the 
downstream costs, is to engineer the lignin biosynthesis by the plant and 
so reduce the biomass recalcitrance by modifying the lignin content and 
composition (Verma and Dwivedi, 2014). The genetic engineering of the 
lignin biosynthesis pathway to reduce lignin content has direct conse-
quences on the overall growth and development of the plant. Lignin 
reduction can lead to problems such as reduced plant viability, lower 
biomass content, and altered secondary metabolism (Welker et al., 
2015). Due to the unpredictability of the results, this strategy is labo-
rious. However, other approaches have been developed to increase the 
cell-wall degradability, by influencing the lignin composition rather 
than the content, resulting in more promising outcomes. Altering the 
composition of S:G:H shows that it affects the biomass digestibility 
characteristics. For example, a high S-lignin content can increase the 
enzymatic hydrolysis of the biomass, because it presents a lower poly-
merization degree, which is the number of monolignol units within the 
macromolecule lignin (Li et al., 2010). A similar approach has been used 
to reduce the degree of polymerization of lignin, by expressing in the 
lignifying tissue a bacterial hydroxycinnamoyl-CoA hydratase-lyase, 

Fig. 1. Lignin structure, components and linkages from a wild type poplar, 
adapted from Stewart et al., 2009 (Stewart et al., 2009). 
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reducing the biomass recalcitrance and enhancing the conversion effi-
ciency (Eudes et al., 2012). However, the beneficial genetic trans-
formation of lignin has been mostly applied in laboratories under ideal 
conditions for the plants but only few studies have been realized in the 
field, where conditions make plants more vulnerable to the environment 
(Hopkins et al., 2007). 

1.4. Pretreatment 

After the choice of the bioenergy crops, comes the growth of the 
plants, and the harvest and pretreatment of the biomass. Cellulose and 
hemicellulose extraction are protected by lignin. Lignin is tightly criss-
crossed all around the cell wall, impairing the interaction of enzymes 
with cellulose and hemicellulose, which decrease the yield of biofuels 
and bioproducts production (Chio et al., 2019). Pretreatment is an 
important step that increases enzyme accessibility by solubilizing and 
potentially depolymerizing and extracting lignin. Some of the recent 
advances in biomass pretreatment for this purpose include the use of 
hydrothermolysis (Faga et al., 2010) ionic liquids (ILs) (Singh et al., 
2009) or organic solvents (Hallac et al., 2010) and many others… (Chio 
et al., 2019). Hydrothermolysis is a pretreatment method used in 
lignocellulose, that utilizes the pressure of liquid water at high tem-
peratures (Szczodrak et al., 1986). At high temperature, the water goes 
into the cell wall structure of the biomass, hydrates the cellulose, solu-
bilizes the hemicellulose, and moderately removes lignin (He et al., 
2015). Recent studies applied on pine wood shows that 35% of lignin 
was dissolved at 240 ◦C after hydrothermolysis pretreatment (Ståhl 
et al., 2018). Due to the complexity of lignocellulosic biomass, it is 
difficult to develop a single pretreatment method. Within the different 
methods to thermochemically extract lignin, there also exist pyrolysis 
and microwave methods (Chio et al., 2019). It generally requires a 
combination of robust and techno-economical processes (Galbe and 

Wallberg, 2019). 
While ILs research started from a hardly noticed breakthrough by P. 

Walden in 1914, it is today subject to extensive research due to its 
numerous uses in different industrial applications (Tang et al., 2019). 
Walden was looking for a liquid salt at room temperature, and discov-
ered that ethylammonium nitrate has a melting point of 12 ◦C (Walden, 
1914). ILs boast low vapor pressures and flammability, high electrical 
conductivity, high thermal stability and high solvation strength. ILs can 
be used as a solvent to dissolve cellulose (Zhang et al., 2017), but ILs can 
also stabilize the hydroxyl group present in lignin, accelerating the 
cleavage process of the carbon‑oxygen bonds, and they attack high 
electron deficient protonated carbon‑oxygen bonds by acting as nucle-
ophiles (Tolesa et al., 2019). The longer the pretreatment using ILs is, 
the better the downstream delignification efficiency is (Sun et al., 2009). 
After the ILs pretreatment, ILs can be isolated from the reaction, and 
recycled, decreasing costs (Fig. 2b) (Welton, 2018). Although the pre-
treatment process is one of the keys to delignification, it can be cost 
prohibitive and further advances are needed before a viable commercial 
approach can be realized (Asim et al., 2019). Moreover, certain ILs can 
inhibit enzyme activity either by destabilizing the enzyme structure or 
by other inhibitory processes if not fully removed (Elgharbawy et al., 
2016). For chemical and catalytic applications for lignin treatment, 
there are also different methods than ILs pretreatment, such as acid, base 
and metallic catalysts and oxidative lignin using hydrogen peroxide for 
example (Chio et al., 2019). 

After pretreatment, the biomass is typically separated in two output 
streams - a liquid and solid phase. The liquid phase, mostly constituted 
of cellulose and hemicellulose, can undergo direct enzymatic hydrolysis 
and be used to feed the downstream process of microbial conversion into 
biofuel and bioproducts. The solid phase, containing most of the lignin 
and some residual ionic liquid, goes through a different phase of 
saccharification, to convert and depolymerize lignin into fermentable 

Fig. 2. a) Economical value of biofuels of second generation from sorghum, poplar and switchgrass biomass (Langholtz et al., 2016). b) A suggested biorefinery 
process from feedstock pretreatment to fermentation, and reconversion of lignin into ILs. Image adapted from Socha et al. 2014 (Socha et al., 2014). 
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sugars or in ILs. ILs are isolated and recovered to be reused for the 
pretreatment (Fig. 2b) (Socha et al., 2014). 

1.5. Enzymatic Depolymerization 

The next step in lignin deconstruction is to use enzymes or microbes 
that can depolymerize the lignin (Fig. 2b). Enzymatic lignin depoly-
merization typically requires a mixture of oxidative enzymes, such lac-
cases and peroxidases (Martínez et al., 2005), esterases and etherases 
(Janusz et al., 2017; Picart et al., 2015), cellobiose oxidizing enzymes, 
arylalcoholoxidases, and aryl alcohol dehydrogenases (Pérez et al., 
2002). Several of the enzymes known to be involved in lignin depoly-
merization are secreted by fungi in the Basidiomycetes and Ascomycetes 
divisions of the fungi kingdom (Martínez et al., 2005). As an example of 
a Basidiomycete, Phenerochaete chrysosporium, known as white rot fungi, 
can grow directly on wood and has been the object of extensive research 
for its lignocellulosic enzyme secretion proficiency (Youn et al., 1995). 
In 1980, it was estimated that there are ~1700 fungal species capable of 
degrading lignin (Gilbertson, 1980). 

Laccases, mostly secreted by wood-rotting fungi, are oxidoreductase 
enzymes with low redox potential that can only oxidize directly phenolic 
lignin units (Käärik, 1965), and nonphenolic subunits using a mediator 
(Hilgers et al., 2018). In the second part of this review, we will further 
develop the role of laccase in other industrial applications, their mech-
anism of degrading lignin, and their prospects and bottlenecks towards 
industrial processes. 

Peroxidases, a less-studied class of enzymes that includes lignin 
peroxidase (LiP), manganese peroxide (MnP) and versatile peroxidases 
(VP) were reported in 1980 in P. chrysosporium (Pérez et al., 2002). 
Peroxidases have high redox potential, particularly LiP with redox po-
tentials measured at 1.2 V at pH 3, making this enzyme capable of 
oxidizing substrates that no other peroxidases would be able to (Sigoillot 
et al., 2012). Similar to the general peroxidase mechanism, LiP, MnP and 
VP contain a heme‑iron in their active site that mediates catalysis. The 
heme‑iron is first oxidized by hydrogen peroxide. Electrons are then 
shuttled from lignin through soluble mediators such as the phenolic 
veratryl alcohol, or, in the case of MnP, Manganese(II). Thus, lignin is 
oxidized in order to reduce hydrogen peroxide (Janusz et al., 2017). The 
synergy between laccases and peroxidases is still nascent and further 
study is needed. In nature, fungi are capable of producing more than one 
peroxidase and accessory oxidases at a time, such as glucose oxidase or 
alcohol oxidase, that are known to degrade lignin (Wang et al., 2018). 

A more recently investigated hypothesized that the copper oxidore-
ductase enzyme, named polysaccharide monooxygenase (LPMO), cata-
lyzes oxidative cleavage of glycosidic linkage thereby breaking down 
cellulose and enhancing biomass degradation (Moreau et al., 2019). 
LPMOs are usually used in a cocktail of enzymes, with cellulases and 
xylanases, to increase the saccharification of lignocellulose for the pro-
duction of biofuels (Johansen, 2016). 

While these lignin degrading enzymes are effective in their native 
ecosystems, we lack the tools and expression hosts to produce them in 
high quantities at low costs. For example, although Escherichia coli and 
Saccharomyces cerevisiae have the potential to secrete lignin degrading 
enzymes (Huang et al., 2014), they typically produce very low yields of 
soluble, active enzyme, and the high cost of downstream processes to 
recover and purify the enzyme makes using these organisms prohibi-
tively expensive (Bugg et al., 2011). Moreover, enzyme depolymeriza-
tion technology can be enhanced after ILs pretreatment. There is 
therefore a particular interest in the development of thermostable en-
zymes with higher tolerance for ILs (Dabirmanesh et al., 2015). 

1.6. Microbe engineering 

Successful lignin depolymerization yields small oligomers and 
monomers that can be fed into microbial biosynthesis platforms, such as 
microbial production of biofuels and bioproducts. Bacterial 

fermentation of glucose and xylose has been studied to obtain high 
productivity, yield and high ethanol conversion (Chandrakant and 
Bisaria, 1998). Today, efforts are focusing on lignin valorization, 
including the screening for microbes that are capable of tolerating the 
toxicity of some aromatic monolignol and have the catabolic potential to 
degrade monolignols to simpler compounds that can enter primary 
metabolism. An additional challenge of microbe engineering is the ne-
cessity of funneling and converting numerous different monolignols into 
a single product e.g., biofuel. Thus, significant effort is being invested in 
engineering anabolic pathways. 

Rhodococcus opacus and Pseudomonas putida are the most studied 
bacteria for lignin valorization (Xu et al., 2019). Due to R. opacus 
tolerance to toxic compounds, its conversion of monolignol into lipids (a 
biofuel precursor), and its many different catabolic pathways, this or-
ganism has been subject to many researches. R. opacus has allowed the 
identification of aromatic catabolic pathways and substrate transporter, 
but also a development of a genetic toolbox to optimize catabolic 
pathways and transcriptional controls to create a cost-effective 
fermentation strain (Anthony et al., 2019). R. opacus accumulates up 
to 87% (dry w/w) in lipids, which can be converted into biodiesel 
(Alvarez et al., 1996). P. putida presents a high tolerance to environ-
mental stress, and it is also capable of depolymerising high molecular 
weight of lignin, and then can catabolize them, making this organism a 
great choice for biofuels application (Salvachúa et al., 2015). P. putida is 
also well known for its capability to degrade aromatic compounds 
(Jiménez et al., 2002). P. putida remains under intensive investigation to 
unlock its complex metabolic pathways that allow it to degrade aromatic 
compounds such as found in lignin (Nikel et al., 2014). There is a clear 
need for more expansive studies on lignin valorization using microor-
ganisms; better understanding of metabolic pathways for lignocellulose 
biomass conversion, more productive bacteria to increase the yield of 
biofuels and bioproducts, and finally, coupled with the upstream pro-
cess, a better adaption of the microbes to the depolymerization process 
by making them more ILs tolerant (Fig. 2b) (Mukhopadhyay, 2015). 

The affordable, sustainable and scalable production of biofuels and 
bioproducts requires the efficient conversion of as much carbon in the 
plants as possible into these desired outputs. While the production and 
conversion of fermentable sugars has received the most significant 
attention to date, the efficient deconstruction and conversion of lignin is 
needed in order for the enterprise to be viable. This fact has been long- 
been recognized but has not received significant attention within the 
scientific community until the past decade or so. While there have been 
several breakthroughs over this time, there is still no proven and 
commercially viable approach to lignin conversion. In the second part of 
this review, we are focusing on the development of a particular tech-
nology, laccase enzymes, to degrade lignin. We are reviewing why lac-
case enzymes are central to this effort and how scientists have developed 
more efficient laccases at a reduced cost, and how they are still rein-
venting solutions to push the limit of this technology. 

2. Laccase industrialization 

2.1. Laccase in multiple kingdoms of life 

Laccases (polyphenoloxidase; EC 1.10.3.2) are highly versatile 
multi‑copper oxidases that can catalyze a range of bond types in lignin, 
leading to depolymerization of lignin into fragments amenable to bio-
logical uptake and conversion (Janusz et al., 2020). In 1983 Yoshida 
identified the enzyme responsible for lignin degradation, a laccase from 
the tree Rhus vernicifera (Thurston, 1994). Today, laccases are well 
known to be distributed within the Fungi, Plantae, and Bacteria king-
doms, and there are recent reports they also exist in insects (Futahashi 
et al., 2011). In Part 1 of this review, we explained the important role of 
laccases in plants, where, in the vascular tissue of the plants, they 
oxidize monolignols and cause lignification (Singh Arora and Kumar 
Sharma, 2010). This section will focus on the second function of laccases 
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- catalysis of lignin degradation. Fungal laccases are potentially more 
wide-spread and active in lignin degradation. It has been estimated that 
almost 1700 wood-rotting Basidiomycetes are present in North America 
(Gilbertson, 1980). Basidiomycetes play an important role in the 
ecosystem, as they are responsible for the recycling of carbon removed 
from the atmosphere by autotrophic organisms, such as plants and 
bacteria. Moreover, by growing on older trees, Basidiomycetes weaken 
them, expediting their death and providing nutrients for new trees to 
grow (de Mattos-Shipley et al., 2016). The Basidiomycetes contain well- 
studied laccase-producing fungal species, such as Trametes species, Tra-
metes versicolor, Cerrena unicolor, Agaricus bisporus and Phanerochaete 
chrysosporium (Arregui et al., 2019; Mehra et al., 2018). Fungi are 
particularly interesting for their ability to secrete highly active enzymes 
at high concentrations. For example, LccH laccase from the white-rot 
Basidiomycete, Hexagonia hirta MSF2, reached a LccH activity of 
5671.3 U.mL− 1 after phenol induction (Kandasamy et al., 2016). 

Bacterial laccases are also being investigated for being produced 
intracellularly and extracellularly, with stable enzymes within a wide 
range of pH and temperature, e.g. Bacillus subtilis Cot A laccase reaches 
its maximum of activity at 75 ◦C, and has a half-life of 4 h at 80 ◦C 
(Chandra and Chowdhary, 2015). Pseudomonas aeruginosa ADN04 pro-
duced 46 U.mL− 1 after media optimization (Arunkumar et al., 2014). 
Other examples of bacterial laccase producers include Bacillus spp (very 
well studied and characterized), E. coli and Campylobacter jejuni (less 
studied since they present a lower enzymatic activity than B. subtilis) 
(Chauhan et al., 2017), Pseudomonas putida, Streptomyces antibioticus, 
and more (Chandra and Chowdhary, 2015). 

Such a biodiversity of laccase producing species is promising in terms 
of prospecting for a diverse set of laccases that can be optimized for 
process-specific enzymes for efficient lignin degradation. To date, there 
are hundreds of studies in which laccases from across all kingdoms have 
been produced and characterized (Yang et al., 2017). However, for in-
dustrial purposes, it is difficult to optimize fermentation conditions for 
each species that produce laccases. Therefore, heterologous expression 
in tractable hosts has been the objective of much research (Wang et al., 
2016). The development of genetic tools has allowed laccases to be 
identified, expressed and characterized in model organisms (Cullen, 
1997). The most used organisms for heterologous expression that have 
been studied for laccase characterization are E. coli, S. cerevisiae, Pichia 
pastoris, and Yarrowia lipolytica (Piscitelli et al., 2010). Filamentous 
fungi, such as Aspergillus oryzae, Aspergillus niger and Trichoderma atro-
viride, are alternative host organisms to study for production and 
secretion of laccases, because they offer advantages such as high enzyme 
secretion levels, fast growth in liquid culture and availability of new 
genome-editing tools (Piscitelli et al., 2010; Leynaud-Kieffer et al., 
2019). 

2.2. Characterization of laccases 

Laccases belong to the cupredoxin superfamily, among other oxi-
dases such as manganese oxidase (Chauhan et al., 2017). Due to their 
broader substrate specificity, laccases have been characterized as a 
subgroup of enzymes, sharing a signature that distinguishes them from 
other multi‑copper oxidase enzymes (Bourbonnais and Paice, 1990). 
This signature is composed of four conserved segments of length ranging 
from 8 to 24 amino acids. These conserved regions contain the genetic 
information of its active center, encoding the copper ligand coordination 
and maintenance of the three-dimensional folded protein (Kumar et al., 
2003). 

2.2.1. Structure and mechanism of laccases 
Laccases have a typical molecular mass between 50 and 70 kDa, but 

some laccases have masses as large as 140 kDa, depending on the or-
ganism and degree to which the protein is glycosylated (Berka et al., 
1997). Fungal laccases contain an N-terminal secretion signal peptide of 
20–22 amino acids. Overall, the laccase protein can be glycosylated 

between 10 and 25%, based on increases in mass (Arregui et al., 2019). 
In general, the laccase structure is composed of three cupredoxin do-
mains having β-barrel symmetry (Murphy et al., 1997). 

The laccase catalytic site contains three to four copper atoms (Cu2+) 
(Janusz et al., 2017). Fungal laccases typically have four copper atoms, 
with the Cu2+ at the surface of the structure designated as the first active 
site (T1), because it can interact directly with the substrate, which can 
be either lignin or a mediator. Three other coppers tend to form a cluster, 
with one comprising the second active site (T2) and the two other 
coppers making up the third active site (T3) (Christopher et al., 2014). 
Laccases function by relaying electrons between these coppers to cata-
lyze a sequential of four electrons that substrate oxidation with 
concomitant reduction of molecular oxygen to two molecules of water 
H2O (Fig. 3a) (Jones and Solomon, 2015). 

The T1 copper is the most solvent-accessible copper, and it is the site 
where the substrate binds and one electron is transferred from the 
substrate to the laccase active center (Fig. 4). The T1 copper has an 
optical absorption at 600 nm and is thus named the “Blue” copper ion. It 
is directly coordinated to two histidines and a thiol group of a cysteine, 
forming a trigonal structure (Morozova et al., 2007). Depending on the 
organism, there may also be a methionine, phenylalanine or a leucine 
coordinated to the copper at T1 (Fig. 3b) (Xu et al., 1999). The maximum 
redox potential of laccase is determined by the capacity of its T1 active 
site potential, meaning that the ionization potential of a compound 
cannot exceed the T1 redox potential (Xu, 1997). 

Following this initial electron transfer event, the electron is trans-
ferred from T1 to the buried T2/T3 cluster (12 Å) by the Cys-His 
pathway where the T2 and T3 sites are only separated by a distance of 
4 Å (Jones and Solomon, 2015). T2 is a mononuclear copper with no 
detectable absorption, and experiments show that removing T2 de-
creases the redox capacity of laccases. The T2 copper is linked by his-
tidines and a hydroxyl group. T3 is a pair of binuclear coppers 
approximately 4 Å apart and that can be detected at a wavelength of 330 
nm (Solomon et al., 1996). Each copper in the T3 site is linked by three 
histidines (Fig. 3b). 

In the laccase oxidized “resting” form, the two T3 coppers are linked 
together by a hydroxyl group. If reduced, then the T3 coppers separate 
(Fig. 3a) (Singh et al., 2011). Overall, the activity of laccases is tightly 
linked to the pH of the solution. Substrate oxidation by the T1 active site 
is improved at high pH. However, the transfer of electrons to T2/T3 is 
reduced at high pH due to the hydroxide anion binding to its active site 
(Xu, 1997). These effects tend to balance each other out and optimal 
activity is generally observed in the pH range between 3.0 and 5.5 for 
fungal laccases (Yin et al., 2019). 

2.2.2. Activity on various substrates 

2.2.2.1. Phenolic substrate. Phenols are oxidized to phenoxy free radi-
cals by direct interaction with laccases, which results in either radical- 
coupling-based polymerization or radical rearrangement. In these re-
actions, the laccase generates either dead-end products (Navarra et al., 
2010; Kudanga et al., 2011) or uses the phenolic substrate as a mediator 
in other laccase catalyzed reactions (d’Acunzo and Galli, 2003; Cañas 
and Camarero, 2010). Several publications have described the ability of 
naturally occurring phenolic compounds from lignin to act as redox 
mediators (Camarero et al., 2005; Camarero et al., 2007; Camarero 
et al., 2008). Most laccases have optimal activity towards phenolic 
compounds at acidic to neutral pH (Michniewicz et al., 2006; Haibo 
et al., 2009; Autore et al., 2009; Vasdev et al., 2005) and laccases have 
not been shown to catalyze lignin depolymerization under alkaline 
conditions (Yin et al., 2019; Hämäläinen et al., 2018; Novoa et al., 
2019). Laccases present a diversity of binding modes depending on the 
substrate (Mehra et al., 2018), and protein engineering efforts have been 
carried out to understand and obtain tailor-made biocatalysts presenting 
the desired properties (Mehra et al., 2018; Pardo and Camarero, 2015). 
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For functional diversity, a few engineered laccases with increased 

activity towards phenolic compounds such as 2,6-dimethoxyphenol, 
guaiacol at alkaline conditions (pH ≥ 8.0) have been reported (Gunne 
and Urlacher, 2012). At alkaline pH, oxidation of phenolic compounds 
(either a phenolic mediator or a phenolic lignin dimer) to a phenoxy 
radical is favored by the presence of the phenolate form (d’Acunzo and 
Galli, 2003). At high pH, laccase activity can be inhibited by the 
abundance of hydroxide anion due to competitive binding to T2/T3 
coppers (Xu, 1997). Towards enhanced activity at alkaline pH, more 
understanding of the electron transfer mechanism and T2/T3-catalyzed 
molecular oxygen reduction to water at the molecular level is needed for 
laccase engineering. 

2.2.2.2. ABTS substrate. The use of mediators, such as 2,2′-azino-bis (3- 
ethylbenzo-thiazoline-6-sulfonic acid) (ABTS), helps to reduce the steric 
hindrance between the substrate and laccase. Substrates such as lignin 
and other larger phenolic compounds can have difficulties accessing the 
active site of a laccase due to their size. Mediators like ABTS, being 
smaller compounds, can be oxidized directly by laccase and then the 
oxidized mediator diffuses to the larger substrate where it is reduced by 
the substrate (Christopher et al., 2014). A classic assay used to detect 
any kinetic reaction of laccase activity utilizes ABTS as a substrate and 
oxidation of ABTS as the readout. ABTS acts as an electron donor during 
the oxidation reaction by laccase, reducing its form into a radical cation 
ABTS+ that absorbs light at 734 nm and turns the reaction to a blue 
color, the higher the laccase activity is, the faster the blue color appears 
(Hernández-Monjaraz et al., 2018). 

The mechanism of action starts when ABTS gives its electron to the 
T1 active site of laccase. Large substrates, such as ABTS, have a unique 
way to bind to the T1 active site, by delocalizing a density of electrons on 
multiple atoms. ABTS forms hydrogen bonds and π-π interactions with 
the one of the T1 histidines (Mehra et al., 2018). Then the electron gets 
transferred all across in its center active site at the T3 active site, and 
then to the T2 active site. When T2 receives the electrons, it sequentially 
reduces a molecule of dioxygen O2 in two molecules of water H2O (Jones 
and Solomon, 2015). 

Fig. 3. a) Active multi‑copper center of laccase, and mechanism from reduction to oxidation. Image adapted from Wong 2009 (Wong, 2009). b) Example of the 
active center structure of the white-rot fungi Rigidoporus lignosus, adapted from Garavaglia 2004 (Garavaglia et al., 2004). 

Fig. 4. Reaction mechanism of laccase oxidation using HOBt intermediaries to 
degrade lignin (Deng et al., 2018; Potthast et al., 2001). 
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2.2.3. Assay in development: ligNIMS 
Knowing that the β-O-4 linkage represents 50 to 60% of most of the 

linkage in lignin, a team of researchers developed a specific activity 
assay for lignin degrading enzymes (LDEs) and this specific linkage 
using nanostructure-initiator mass spectrometry (NIMS) (Deng et al., 
2018). They synthesized two β-aryl ether substrates, one phenolic lignin 
like model compound and one non-phenolic lignin like model com-
pound, both attached to a NIMS-tag to be able to run the experiments 
through the NIMS. They studied two different enzymes, laccase enzyme 
and MnP enzyme, and quantified β-O-4 bond breaking and measured the 
reaction kinetics for these enzymes on both substrates. To analyze the 
laccase mechanism, Deng et al. used two different assay approaches, one 
assay used the phenolic substrate without the use of a mediator and one 
assay used the non-phenolic substrate with the mediator 1-hydroxyben-
zotriazole (HOBt) (Fig. 4). This assay provides distinct advantages over 
colorimetric assays like ABTS oxidation by allowing researchers to 
directly measure the types of laccase catalyzed bond breaking reactions 
required to enzymatically depolymerize lignin to defined breakdown 
products. Developing technology to be able to characterize laccase 
depolymerization per enzymes helped to understand the variety of 
mechanisms of action that enzymes can offer. While laccases grew in-
terest in the scientific community, it also expanded its possibilities of 
action in industry. 

2.3. Laccase, a solution for many different industries 

Laccases are promising biocatalysts for degrading lignin into frag-
ments amenable to being upgraded to valuable biofuels and bioproducts 
but find many additional industrial applications. Due to their broad 
substrate specificity, and their being naturally a green chemistry, lac-
cases are being used in the food (Mayolo-Deloisa et al., 2020), pulping 
and bleaching (Singh and Arya, 2019), pharmaceutical and biosensors 
industries (Zhang et al., 2018) and are being used for bioremediation 
(Arregui et al., 2019) and in water treatment technologies (Fig. 5) (Singh 
et al., 2018) in environmental industries. 

Phenolic byproducts are present in a variety of food industries, such 
as fermentation of sugarcane molasses, brewing and olive oil (Mayolo- 
Deloisa et al., 2020). The presence of phenolic compounds in beverages 
affects their taste, color and overall quality. Laccases demonstrated high 
efficiency of removing the phenolic compounds responsible for these 
deleterious effects compared to other chemical treatments, and the use 
of laccases also demonstrated great enhancement of the color stability of 
the drink after treatment, particularly in the red wine industry where the 

color is very important (Minussi et al., 2007). In industrial baking, lac-
cases have been used to increase the stability and strength of the ma-
chinery of the dough. Because laccase plays an oxidizing role in the 
dough, it improves the absorption and distribution of water, and so in-
creases the overall volume and softness of the bread (Minussi et al., 
2002). A CU1 laccase from Trametes maxima has been tested in the 
bread, and the physicochemical properties of the bread were enhanced, 
such as the solubility of the arabinoxylans, the proteins and phenols 
content, the hardness was reduced, and the height and color amplified 
(Niño-Medina et al., 2017). 

Over the last century, industrialization and urbanisation led to a rise 
in pollution of the ecosystem and increased contamination of water. The 
broad activity of the laccases provides a sustainable solution to bio-
transform polluants molecules in water and to degrade organic com-
pounds (Arregui et al., 2019). Pollutants that can be degraded by 
laccases include plastics, herbicides, fertilizers, nonylphenol and 
bisphenol A and chlorinated paraffin phthalates. Additionally, laccases 
can degrade environmental contaminants from pharmaceuticals, 
including pain killers, antibiotics, hormones and endocrine-disrupting 
chemicals (Bilal et al., 2017; Cabana et al., 2007). Laccases work in 
these cases by catalyzing degradation of these toxins to less harmful 
compounds. For example, laccase was shown to catalyze degradation of 
bisphenol A into Beta hydroxybutyric acid (Bilal et al., 2019), chlor-
amphenicol into chloramphenicol aldehyde (Navada and Kulal, 2019), 
and others (Gasser et al., 2014). In the northwestern Mexico ground-
water, researchers evaluated the biotransformation of Bisphenol A, 
ethynylestradiol, triclosan and nonylphenol catalyzed by a laccase 
cocktail and obtained 55 to 93% biodegradation (Garcia-Morales et al., 
2015). 

Another major industrial application of laccase is found in the 
pulping and paper industry. Pulping is a process where lignocellulose, 
and especially cellulose, is extracted from the wood. The cellulose is the 
main ingredient to make the pulp, which is then used to make paper. 
White liquor, containing sodium hydroxide and sodium sulfide in water, 
and steam are added to separate the cellulose from lignin. After diges-
tion, the lignin is dissolved and concentrated through the Kraft process 
and separated from the pulp. The Kraft pulping process consists of lignin 
depolymerization, condensation and extraction. The pulp, commonly 
referred to as black liquor, contains concentrated lignin, which after 
filtration and chemical transformation is precipitated and purified 
(Froass et al., 1998). Every step in this process makes the pulp whiter 
and brighter. This process has several inefficiencies such as the gener-
ation of toxic byproducts and the use of large amounts of water, aspects 

Fig. 5. Laccase enzyme, a green chemistry in the service of several industries. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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which can be improved for enhanced environmental and economic 
advantage (Singh and Chandra, 2019). For example, chlorophenols are 
used as bleaching agents and since 1999 have been known as harmful 
substances and listed as environmental pollutants by the United States 
Environmental Protection Agency (US EPA) (Rodríguez-Delgado et al., 
2015). Green chemistries based on using enzymes such as laccases offer 
a more sustainable replacement to answer the challenges of the pulp and 
paper industry (Gupta and Sharma, 2017). The use of laccase in the pulp 
and paper industry could permit the replacement of chemicals such as 
chlorine dioxide, hydrogen peroxide, ozone, hydrosulfite and alkaline 
extraction (Virk et al., 2012), making the pulping process a biopulping, 
the bleaching process a biobleaching etc.… and detoxifying the paper 
mill effluents. Moreover, laccases demonstrated an increase in bright-
ness after lignin digestion, and an enhancement after biobleaching of up 
to 12% consistency of the pulp, using laccase from Trametes villosa with 
HOBt, violuric acid (VA), and ABTS as mediators (Singh and Arya, 
2019). A laccase from Bacillus sp. showed, after biobleaching and 
deinking of Old Newsprint (ONP), a brightness improvement of 13% and 
whiteness enhancement of 106% compared to the traditional chemical 
method (Gupta et al., 2015). 

Biosensors are analytical devices that permit the monitoring of 
chemicals such as phenolic compounds by converting physical or 
chemical signals into an electric signal that is amplified and processed to 
be analyzed and directly monitored. The most commonly used bio-
sensors today are glucose biosensors that monitor blood glucose con-
centration in diabetics (Yoo and Lee, 2010). To detect analytes of 
interest, biosensors require the use of enzymes to convert analytes of 
interest to detectable compounds. Laccase-based biosensors are 
designed to be fast, online and in situ devices for monitoring reactions 
with phenolic compounds. Phenol biosensors have applications in the 

food industry, environmental analyses, and pharmaceutical industry 
(Rodríguez-Delgado et al., 2015). Immobilization of laccase, meaning 
the capture of enzymes in a physical support, allowed the development 
of biosensors for phenolic compounds determination (Casero et al., 
2013). Immobilization methods include covalent binding, adsorption, 
cross-linking, encapsulation and entrapment (Fernández-Fernández 
et al., 2013). The substrate molecule reacts with the immobilized laccase 
and is converted to a product that issues an amperometric, voltam-
metric, potentiometric or conductometric signal, that is amplified and 
analyzed by the electronics of the biosensor (Rodríguez-Delgado et al., 
2015). 

2.4. Challenges in application of laccases 

Laccases have been the subject of numerous studies for the last 
twenty years, resulting in their use in many applications with various 
goals (Fig. 6). As climate change raises concerns, it gives industry new 
challenges, such as combating pollution and applying the rule of 
“reduce-reuse-recycle” (Mayolo-Deloisa et al., 2020). Being an eco- 
friendly, swiss-knife applicant, laccases offer promising solutions due 
to their versatile mode of action, but not at a cheap price. First of all, one 
of the major drawbacks is that there is no current technology to recycle 
laccases in industry, and without reusing the enzyme, it impairs dras-
tically the economic viability of the process (Gupta and Sharma, 2017). 
Indeed, large scale industrial applications using laccases remain 
arduous. The full viable commercialization of laccase would require a 
high production and purity level for an affordable price per ton of 
enzyme, and cheap intensive mediators (such as ABTS), that help to 
increase the laccase redox potential (Singh and Arya, 2019). The cost of 
production is highly increased by the downstream process, for this 

Fig. 6. Goals and prospects of laccase industrialization.  
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reason it is important to focus on the development of affordable puri-
fication methods (Agrawal et al., 2018). Another industrial disadvan-
tage is the need of in vitro enzymes rather than in vivo, the activity 
potential is lowered after extraction of the enzymes, due to the insta-
bility and insolubility of the protein in the chosen substrate e.g. solvents 
(Martínez et al., 2017; Zumárraga et al., 2007). Laccase-based bio-
sensors are facing additional challenges due to the enzyme immobili-
zation. In fact, the costs carriers and immobilization are high due to the 
isolation, purification and recovery cost of the enzyme, but also because 
of enzyme instability after immobilization and sometimes loss of cata-
lytic properties (Rodríguez-Delgado et al., 2015). Finally, the current 
available literature on laccases is heterogeneous, such as the investiga-
tion of their chemical properties and their characterization, resulting in 
the limit of their possible comparison and interaction (Kumar and 
Chandra, 2020). Today, most oxidoreductase enzymes are currently 
under active development for being affordable commercially by devel-
oping better purification platform processes and increasing their sta-
bility and their choice of substrate. 

2.5. Development and prospect of laccase industrialization 

Despite all the bottlenecks and challenges presented, research on 
laccases has resulted in great innovations over the last few years and 
researchers continue to generate new innovations for optimal exploita-
tion of laccases (Fig. 6). A techno-economic analysis of the industriali-
zation of lignin degrading enzymes such as laccase shows that more 
effort is required to lower the price of enzymes for biofuels production 
(Klein-Marcuschamer et al., 2012). Thanks to the development of new 
approaches in computational, biophysical and biochemical fields, our 
ability to engineer enzymes for improved stability and performance has 
greatly improved. This enables custom optimization of enzymes and 
their functionality for different applications (Mate and Alcalde, 2015; 
Stanzione et al., 2020). The development of bioinformatic tools is useful 
for metagenomic analysis and identification of new enzymes with new 
functionalities from non-model organisms (Dandare et al., 2019). As an 
example, recent promising research using directed evolution resulted in 
the adaptation of the Lcc9 laccase from Coprinopsis cinerea, expressed by 
P. pastoris, to function optimally at pH between 8.0 and 8.5 (Yin et al., 
2019). The development of biosensors has led to innovative methods of 
enzyme immobilization, such as adsorption, entrapment, covalent- 
binding, encapsulation and self-immobilization, showed encouraging 
results to reuse laccase enzymes but the activity of the recovered enzyme 
after immobilization is still not always consistent (Fernández-Fernández 
et al., 2013). The development of novel biotechnologies has allowed 
researchers to discover new enzymes for lignocellulose bioconversion, 
by exploring the biodiversity of extreme habitats endowing the advan-
tageous characteristics, such as this highly functional thermostable 
TtLMCO1 laccase from Thermothelomyces thermophila that has a wide 
spectrum of substrate specificity and has been successfully expressed in 
Pichia pastoris (Zerva et al., 2019). In order to reduce the production 
costs, homologous and heterologous hosts are being investigated to 
secrete laccases, such as Aspergillus sp. which is a well-known industrial 
host that can produce more than several g.L− 1 and could potentially 
reduce the purification downstream process considerably (Kumar et al., 
2016). It is possible to derivatize lignin into mediators that can reduce 
the cost of using traditional mediators that are used today to improve the 
redox potential of laccases (Mate and Alcalde, 2015). Moreover, during 
the laccase bleaching stage, mediators undergo decomposition which 
limits their turnover efficiency (Christopher et al., 2014). 

3. Conclusion 

The efficient and affordable valorization of lignin into biofuels and 
bioproducts remains one of the most significant challenges facing 
commercial biorefineries and the bioenergy enterprise. While studied 
for decades, there remain significant gaps in our fundamental 

understanding of how lignin is broken down by biological systems. In 
particular, the lack of any robust and efficient biochemical methods (e.g, 
enzymes) capable of rapidly breaking down lignin into targeted in-
termediates and final products limits our ability to valorize lignin. 
Laccase enzymes are among the most studied class of lignin degrading 
enzymes and present a compelling suite of characteristics that may be 
key to solving these challenges. Over the last 20 years, there have been 
several reviews published about laccase characterization and their ap-
plications in different domains of industry. New technologies promote 
the potential of the enzyme and industrialization processes. However, 
laccases are still too expensive to be used and produced industrially, 
there is a need to constantly develop better tools and innovate, to make 
laccase an affordable industrial enzyme and to get one step closer to-
wards affordable biofuels and bioproducts to replace fossil fuel 
economically and durably. Here we have presented some potential ap-
proaches based on laccases that provide a roadmap for the scientific 
community to work towards achieving the true potential of lignin. 
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Käärik, A., 1965. The Identification of the Mycelia of Wood-Decay Fungi by their 
Oxidation Reactions with Phenolic Compounds, Studia Forestalia Seucia. 

Kandasamy, S., Muniraj, I.K., Purushothaman, N., Sekar, A., Sharmila, D.J.S., 
Kumarasamy, R., Uthandi, S., 2016. High level secretion of Laccase (LccH) from a 
newly isolated white-rot Basidiomycete, Hexagonia hirta MSF2. Front. Microbiol. 7, 
707. https://doi.org/10.3389/fmicb.2016.00707. 

Kishimoto, T., Chiba, W., Saito, K., Fukushima, K., Uraki, Y., Ubukata, M., 2010. 
Influence of syringyl to guaiacyl ratio on the structure of natural and synthetic 
lignins. J. Agric. Food Chem. 58, 895–901. https://doi.org/10.1021/jf9035172. 

Klein-Marcuschamer, D., Oleskowicz-Popiel, P., Simmons, B.A., Blanch, H.W., 2012. The 
challenge of enzyme cost in the production of lignocellulosic biofuels. Biotechnol. 
Bioeng. 109, 1083–1087. https://doi.org/10.1002/bit.24370. 

Kudanga, T., Nyanhongo, G.S., Guebitz, G.M., Burton, S., 2011. Potential applications of 
laccase-mediated coupling and grafting reactions: a review. Enzym. Microb. Technol. 
48, 195–208. https://doi.org/10.1016/j.enzmictec.2010.11.007. 

Kumar, A., Chandra, R., 2020. Ligninolytic enzymes and its mechanisms for degradation 
of lignocellulosic waste in environment. Heliyon. 6, e03170 https://doi.org/ 
10.1016/j.heliyon.2020.e03170. 

Kumar, R., Kaur, J., Jain, S., Kumar, A., 2016. Optimization of laccase production from 
Aspergillus flavus by design of experiment technique: partial purification and 
characterization. J. Genet. Eng. Biotechnol. 14, 125–131. https://doi.org/10.1016/j. 
jgeb.2016.05.006. 

Kumar, S.V.S., Phale, P.S., Durani, S., Wangikar, P.P., 2003. Combined sequence and 
structure analysis of the fungal laccase family. Biotechnol. Bioeng. 83, 386–394. 
https://doi.org/10.1002/bit.10681. 

Lahive, C.W., Lancefield, C.S., Codina, A., Kamer, P.C.J., Westwood, N.J., 2018. 
Revealing the fate of the phenylcoumaran linkage during lignin oxidation reactions. 
Org. Biomol. Chem. 16, 1976–1982. https://doi.org/10.1039/c7ob03087h. 

Langholtz, M.H., Stokes, B.J., Eaton, L.M., 2016. 2016 billion-ton report: advancing 
domestic resources for a thriving bioeconomy. Econom. Availab. Feedstocks. 1, 448. 

Leynaud-Kieffer, L.M.C., Curran, S.C., Kim, I., Magnuson, J.K., Gladden, J.M., Baker, S.E., 
Simmons, B.A., 2019. A new approach to Cas9-based genome editing in Aspergillus 
Niger that is precise, efficient and selectable. PLoS One 14, e0210243. https://doi. 
org/10.1371/journal.pone.0210243. 

Li, X., Chapple, C., 2010. Understanding lignification: challenges beyond monolignol 
biosynthesis. Plant Physiol. 154, 449–452. https://doi.org/10.1104/pp.110.162842. 

Li, X., Ximenes, E., Kim, Y., Slininger, M., Meilan, R., Ladisch, M., Chapple, C., 2010. 
Lignin monomer composition affects Arabidopsis cell-wall degradability after liquid 
hot water pretreatment. Biotechnol. Biofuels. 3, 27. https://doi.org/10.1186/1754- 
6834-3-27. 

Lippke, B., Puettmann, M.E., Johnson, L., Gustafson, R., Venditti, R., Steele, P., Katers, J. 
F., Katers, A., Volk, T.A., Oneil, E., Skog, K., Budsberg, E., Daystar, J., Caputo, J., 
2012. Carbon emission reduction impacts from alternative biofuels. For. Prod. J. 62, 
296. 

Liu, Q., Luo, L., Zheng, L., 2018. Lignins: biosynthesis and biological functions in plants. 
Int. J. Mol. Sci. 19 https://doi.org/10.3390/ijms19020335. 

Lourenço, A., Pereira, H., 2018. Compositional variability of lignin in biomass. In: 
Poletto, M. (Ed.), Lignin - Trends and Applications. InTech. https://doi.org/ 
10.5772/intechopen.71208. 
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