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1 Introduction

Laccases (EC 1.10.3.2) are important industrial enzymes with great biotechnologi-
cal potential. They are part of a large community of enzymes called polyphenol
oxidases also called multicopper oxidases (MCOs) — enzymes that oxidize their
substrates by transferring electrons to a trinuclear copper center from a mononu-
clear copper core (Bento et al. 2005). Ceruloplasmine (EC 1.16.3.1), nitrite reduc-
tase (EC 1.7.2.1), and ascorbate oxidase (EC 1.10.3.3) are some recognized
members of the MCO family. Laccase catalyzes the one-electron oxidation of ani-
lines, phenols, and aromatic thiols into their radicals, which results in the reduction
to water of oxygen, oxidizing a broad spectrum of compounds, mostly phenolic, and
even aromatic and aliphatic amines (Karaki et al. 2016); such free radicals undergo
further oxidation or non-enzymatic reactions, including disproportionation, polym-
erization, or hydration (Shraddha et al. 2011). Laccase was first discovered in Rhus
vernicifera, the Japanese lacquer tree, sap. In 1985, Bertrand discovered its feature
as a metal which contains oxidase (Giardina et al. 2010). Over time, laccases were
detected in various basidiomycetic and ascomycetic fungi as well as in different
bacteria and plant species. As a result of their ability to catalyze the oxidation by
one-electron of aromatic and phenol-containing compounds, laccases are used in
numerous applications such as bleaching, delignification, and degradation pro-
cesses. Hence, laccases are very useful in the actualization of the SDG 11 in the
UN’s agenda for safe, reliable, and sustainable cities and communities. Recently,
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laccases have also found use in biosensor design and obtainment of biofuel cells
(Huber et al. 2018).

Laccase catalysis includes the reduction to water of one molecule of oxygen,
which allows for wide spectrum oxidation of molecules (including compounds
which are aromatic). Polyphenols, aromatic amines, and methoxy-substituted mon-
ophenols are among these substances. However, for laccases to oxidize non-phenolic
compounds, there is need for the presence of mediators — low molecular weight
organic compounds which undergo laccase oxidation. Without these mediators, lac-
cases cannot oxidize non-phenolic substances, such as phenoxyl radicals and other
non-phenolic antioxidants that may be polluting the environment (Arregui
et al. 2019).

Inadequacies in the purification and recovery of laccase enzyme remain an issue
in the economical production and application of laccases. High cost of equipment
and long periods of existing purification processes necessitate research and develop-
ment of more cost-friendly yet effective procedures. This will bring about the effec-
tive optimization of laccase production at an economical rate. This review focuses
on identifying the currently developed methods to bring about this optimal and cost-
friendly yield of laccase. The review also focuses on the existent types of mediators
available to broaden laccase substrate range, as well as the immobilization tech-
niques that are useful for laccase recovery. This review hopes to shed light on the
current advances in these areas of laccase purification and applications, as well as
give insight to the current challenges and future perspectives for research. This will
aid more informed research strategies for the development of more effective lac-
cases for diverse industrial applications.

2 Recovery and Purification of Laccases

Development of the application potential of laccase brings about an increase in
efficient purification and extraction on a large scale. The downstream process (DSP)
is a very important aspect of industrial production of biomolecules, especially the
recovery, purification, and concentration of fermentation products. The DSP only
comes after the desired product has been biosynthesized and is considered to be
expensive and consumes a lot of time; DSP determines up to 80% of the cost of
biomolecule production (Madadlou et al. 2017). DSP often requires various concen-
tration and separation process stages and procedures; however, the feasibility of
these procedures depends on the correct choice of process conditions and purifica-
tion techniques (Antecka et al. 2019). Industrial laccase production also follows the
same principle; although, in their natural state, the enzymes are relatively active,
they do not meet expected industrial application specifications in terms of fermenta-
tion concentration and activity; hence the need for effective purification methods
(Antecka et al. 2019).

Laccase purification from supernatants of culture of diverse microbes has brought
about several publications exist. Chromatography, involving various ion exchange,
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affinity, and hydrophobic interaction mechanisms, is the technique that is com-
monly applied (Madadlou et al. 2017; Agrawal et al. 2019). Microfiltration, ultrafil-
tration, and acetone precipitation are some other techniques that have been applied
in DSP of laccase. The purification process applied is often dependent on the
intended application as well as commercial production (Junior et al. 2020). These
processes help to highly concentrate products with a relative high purity. The opera-
tion time, however, for these processes is long, and the operating cost is relatively
high for the yielded capacity; the manufacturing process as a whole, as a result of
the high cost of the above processes, is not economically effective. Laccase indus-
trial production therefore requires more effective and cheaper methods of DSP. An
example of such techniques recently explored has proven to be economical for
recovery of biomolecule is ATPE (aqueous two-phase extraction) (Antecka 2019;
Junior et al. 2020).

ATPE refers to an extraction using aqueous two-phase systems (ATPS); it
involves use of two compounds that are soluble in water. Both compounds are thor-
oughly mixed, these result in two phases that are immiscible — with water concen-
tration between 70% and 90% (Grilo et al. 2016). The mixture of two polymers that
are mutually immiscible, alcohol and salt, a salt and a polymer, two surfactant solu-
tions, or ionic liquid and salt leads to their formation. The specific reactions between
solution and phase-forming components result in this parathion process (Glyk et al.
2014; Antecka et al. 2019). ATPSs have advantages in protein purification including
significant decrease in denaturation and high rate of mass transfer as a result of low
surface tension between phases. In addition, the relatively low cost ensures excel-
lent purity and enzymatic operation (Prinz et al. 2014; Rajagopalu et al. 2016).
Diverse studies were conducted on purification of enzymes using ATPS based on
polymers and salts; high concentration was observed of Cerrena unicolor laccase,
when PEG 6000 and PEG 400 ATPE were used, with exceeding yields of 0.9 and
0.85, respectively. Further purification proved that PEG 6000 was more preferable,
due to its less complicated salt phase. New series of ionic liquid-based constituents
are under investigation. Junior et al. (2020) observed in PEG-rich phase up to 99.9%
recovery of laccase in single step ATPS Pleurotus sajor-caju laccase purification. It
is however very important, for industrial separation processes, to consider the
chemical cost. For commercial applications, polymer ATPSs are recommended
(Lee et al. 2017; Agrawal et al. 2019).

Another method of downstream processing that has shown great potential is
foam fractionation which involves the continuous feeding of steam from dispersed
gas into a liquid phase thereby forming a foam phase. Chemical compounds are
attracted by the foam, as they show affinity for gas—liquid interface and leave the
liquid bulk phase. Foam is collapsed upon extraction, and a liquid phase is newly
formed which contains product in concentrated form (Antecka et al. 2019). Ostwald
and Mischke (1940) carried out foam fractionation for purification of protein for the
first time; it was used to separate yeast fermentation products from fermentation
broth. In foam fractionation, although a recently rediscovered DSP technique, there
has not been wide investigation of its application towards laccase purification. The
source of the enzyme has been demonstrated to be essential for partitioning ability;
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Fig. 1 Separation and concentration sequence of laccase as proposed by Antecka et al. (2019)

experimental results have been specifically obtained for C. unicolor and Pleurotus
sapidus laccases (Blatkiewicz et al. 2017). In the foamate, recovery of activity up to
94% and activity losses of at most 2% were observed by Link et al. (2007) in the
research to examine foam fractionation of Trametes sp. laccase and influence of
pH. A comparison of different laccase purification methods — ultrafiltration, foam
fractionation, and ATPE revealed ultrafiltration as the most effective method, having
closely similar laccase yield as in ATPE (about 97.5%) but lesser activity loss; the
least effective was observed in foam fractionation having about 24.9% yield and
even more activity loss (Antecka et al. 2019). The following sequence of concentra-
tion of laccase was proposed for the application of all three methods (Fig. 1):

3 Laccase Immobilization

Different materials are useful as supports in immobilization of enzyme, including a
variety of biopolymers and polymers of different sizes (nano- and micro-sizes) and
unique physical and chemical characteristics, for example, functional group diver-
sity and availability, inertness to the immobilized biomolecule, insolubility in the
reaction environment, high ratio of surface-to-volume, and high porosity (Temogin
et al. 2018; Jankowska et al. 2020). Enzymes, upon immobilization, become more
resilient and impervious to environmental change, enabling for simple reuse and
recycling for a variety of uses (Shraddha et al. 2011; Bayramoglu et al. 2018). The
above pros and their need in the improvement of enzyme action have mandated the
need for efficient methods of immobilization; hence, various techniques of immobi-
lization and substrates have been studied. Methods of immobilization are self-
immobilization, covalent binding, adsorption, entrapment, and synergy of the above
(Yang et al. 2017) (Fig. 2).

Recovery of activity is diverse according to method of choice for immobiliza-
tion, the enzyme, and the parameters of preparation. The material and enzyme’s
capacity to form strong and long-lasting bonds can be influenced by the polymer
used as a support for biomolecule immobilization (Balogh-Weiser et al. 2018).
Immobilization of laccases has been accomplished with a variety of materials such
as polymeric microspheres (Vera et al. 2020), electrospun materials (Ge et al. 2012;
Balogh-Weiser et al. 2018; Jankowska et al. 2020), and mesoporous Al,O;
(Kotodziejczak-Radzimska et al. 2020). Due to their effective degradation, at a low
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Fig. 2 Laccase immobilization techniques (Datta et al. 2021)

cost, of refractory chemicals, such as dyes, phenolic pollutants, antibiotics, and
insecticides (Pezzella et al. 2014; Ammann et al. 2014; Yang et al. 2017; Vera et al.
2018), immobilized laccases have gotten a lot of attention. Laccase immobilization
has also become a major role player in the design and application of biosensors for
compound detection (Su et al. 2018; Datta et al. 2021).

4 Laccase Mediator Systems

Mediators serve as carriers of electrons to the compounds targeted from laccase;
this extends laccase substrate range. Laccase may thus oxidize non-phenolic materi-
als when a sufficient redox mediator is present, overcoming its restriction to pheno-
lic components alone (Yang et al. 2012). A broad spectrum of pollution-causing
substances, including those from personal care items, herbicides, and dyes, has been
degraded using both natural and manufactured mediator systems. Mediators func-
tion by providing a step referred to as indirect oxidation which yields a radical in its
oxidized form capable of oxidizing a broad spectrum of non-phenolic substrates and
big molecules. The first artificial mediator used as a laccase-mediator system was 2,
20-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) (Bourbonnais and
Paice 1990); other synthetic materials include violuric acid (VLA), the oxime, and
1-hydroxybenzotriazole (HBT) — these have also shown great capacity in the
decomposition of recalcitrant aromatic compounds (Blanquez et al. 2019).

Laccase mediators that are synthetic like HBT and VLA, however, have a degree
of toxicity and high cost that accompanies their use. Hence, natural laccase media-
tors are regarded as more suitable, and researches have and are being conducted to
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Fig. 3 (a) Mechanism of substrate oxidation by laccase mediator systems; (b) some synthetic lac-
case mediators (Wells et al. 2006)

find more natural mediators (vanillin, syringaldehyde, and acetosyringone); lignin-
related phenolic compound has been found to show their capacity to behave as natu-
ral laccase mediators as well as the effectiveness with which they do so (Camarero
et al. 2005). A point of concern in the research and application of natural mediators
is their limitation to commercial application of laccase; extra research is therefore
necessary to assess further the potential commercial applications of natural media-
tors to laccases. Oxidation by laccase of the substrate with a mediator may not
always go in a different way. For example, Malachite green degradation has been
shown to yield similar products in ABTS presence and/or absence for some enzymes
and different for others (Fig. 3).

There are different catalytic mechanisms displayed by different types of media-
tors. Substrate oxidation mediated by ABTS works using transfer of electron. First
is oxidation ABTS to ABTS™ (radical cation) and to ABTS?** (dication) with 472 mV
and 885 mV redox potentials, respectively. Unlike ABTS, when laccase is oxidized
and then deprotonated, HBT and violuric acid (N-OH type mediators) produce the
N-oxy radical, which then abstracts the benzylic hydrogen atom from the substrate.
Phenolic mediators, in a similar manner follow abstraction mechanism by radical
hydrogen, but in its case have a radical phenoxy as intermediate (Wong 2009; Hu
et al. 2009) (Table 1).
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S Applications of Laccase

Many biotechnological processes involve laccase due to their being able to oxidize
a wide spectrum of compounds (non-phenolic and phenolic). Laccases are espe-
cially useful in major procedures including clean-up of industrial effect, water puri-
fication, etc. (Imran et al. 2012). Laccase application in different industries include
the following:

5.1 Laccase Application in Food Industry

Laccase enzyme is used in the food industry in the manufacturing of juices and wine
and for baking (Minussi et al. 2002). High concentration of phenolic compounds in
fruit juices, wine, and beer and the natural polymerization and co-oxidation reac-
tions that occur with them over long periods of time give rise to undesirable colors
and aroma — this is referred to as enzymatic darkening. Laccase treatment aids the
efficient reduction of this phenolic content. Compared to other conventional treat-
ment methods for this purpose (e.g., adding ascorbic acid), laccases were observed
to be more efficient, in fruit juices, for flavor stability and color (Ribeiro et al. 2010)
(Fig. 4).

In baking, it has been found to improve gluten strength, dough machinability
(improved strength and stability as well as a reduction in stickiness), freshness, soft-
ness, and dough crumb structure and products of baking (Minussi et al. 2002). This
improvement has been observed even when low quality dough is used. Laccase
plays an important function in the production of baking goods that are free of gluten
using cereal flours such as oats and starches (rice, potato, and maize). However, lac-
case is not approved as a food additive and therefore has to be filtered out of product
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Fig. 4 Applications of laccase (Imran et al. 2012)
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by using membrane filtration, for example (Brijwani et al. 2010), or better still the
use of immobilized laccase in order to overcome legal barriers (Imran et al. 2012).

5.2 Laccase Application in Textile Industry

In the textile industry, vast quantities of water and inorganic and organic chemicals
are used for wet processing; some of these chemicals include synthetic dyes that are
commonly used in diverse sectors, such as the textile industry (Imran et al. 2012).
The textile and paper industries manufacture vast quantities of synthetic dyes that
maintain their durability upon light exposure and microbial degradation and in the
presence of diverse chemicals. There are currently more than 10,000 synthetic dyes
used worldwide (Blanquez et al. 2019). The high resistance of these dyes causes
them to remain in sewage plants or on soil and eventually washed up into rivers
causing pollution. Specific treatment procedures are existent, which can degrade
recalcitrant dyes — oxic and anoxic processes are mixed in these processes. However,
anoxic processes bring about generation of amines from azo dyes which are carci-
nogenic posing health risks; hence, in textile industry, laccase application is highly
important (Asgher et al. 2013; Blanquez et al. 2019). Fungal and bacterial laccases
have proven to successfully decolorize and degrade dyes and inks that are flexo-
graphic (Fillat et al. 2012).

5.3 Application of Laccase in Pharmaceutical Industry

Laccases are also used to make pharmaceuticals like actinocin, which is derived
from 4-methyl-3-hydroxyanthranilic acid. As an anticancer agent, actinocin works
by preventing tumor cells from transcribing deoxyribonucleic acid (DNA). Another
example is vinblastine — also an anticancer medication, which is effective in leuke-
mia therapy. Catharanthus roseus plant produces vinblastine naturally in small
quantity. Precursors of vinblastine — katarantine and vindoline — are produced in
larger amounts. Laccase has been observed to have 40% conversion of these into
vinblastine (Imran et al. 2012). Laccases are also important in biodegradation of
PPCP (personal care product and pharmaceutical) organic contaminants with rising
ubiquity and antibiotics which may not have been metabolized and cause environ-
mental pollution (Yang et al. 2017). They have been used as ingredients in the pro-
duction of PPCPs which possess antioxidant, anticancer, detoxifying, antimicrobial,
or other things (Upadhyay et al. 2016; Senthivelan et al. 2016).
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5.4 Application of Laccase in Biodegradation of PAH
and Other Contaminants

Rapid industrialization in the world today, including agricultural processes with the
extensive use of pesticides and herbicides, has brought about increase in contamina-
tion of the environment — soil, water, and air pollution. Some of these carcinogenic
and mutagenic pollutants include benzene, polycyclic aromatic hydrocarbons
(PAH), polychlorinated biphenyls (PCB), toluene, xylene (BTEX), ethyl benzene,
trinitrotoluene (TNT), ethane (DDT), 1,1,1-trichloro2,2-bis (4-chlorophenyl), and
pentachlorophenol (PCP). The ability of laccase to play essential roles in the bio-
degradation of these recalcitrants and increasingly discovered information about
that through research have created rising interest in the use of laccase in
bioremediation.

Diazinon, classified as a moderately dangerous chemical (class 2) by the World
Health Organization (WHO), is an organophosphorus pesticide that was observed to
be degraded by A. bisporus and T. versicolor laccases co-immobilized on poly-
(glycidylmethacrylate) microsphere (Vera et al. 2020). Zeng et al. (2017) also
researched the 7. versicolor laccase breakdown of the isoproturon, an herbicide, and
also that of its laccase-mediator systems. Laccase from Aspergillus niger was dis-
covered to affect significantly oxidation indices of oxygenated PAH (OPAH) and
polycyclic aromatic hydrocarbon (PAH) material, especially anthracene-9,10-dione,
9-fluorenone, and phenanthrene, in wasted oil for cooking after frying youtiao, nug-
gets, and pie made from pumpkin (Teng et al. 2019).

5.5 Application of Laccase in Forest Products Industry

Laccase has shown potential to help extract from materials made from wood and
water phenolic residues, pitch, and coloring; the technology of laccase is applicable
in almost all stages of the paper product supply chain, from pulping to secondary
fiber recovery and effluent treatment. The majority of laccase and laccase-mediator
systems applications in forestry has to do with the paper and pulp industry, where
special focus is majorly on the study of laccase and/or laccase-mediated systems for
treatment mill water and biobleaching (Widsten and Kandelbauer 2008). Laccase-
mediated systems are used with oxygen-based chemical oxidants and chlorine for
lignin degradation and separation needed for paper preparation on industrial scale.
This helps solve issues like toxicity, cost, and recycling as it results in replacement
of ClO, partially in pulp mills (Shraddha et al. 2011).
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5.6 Application of Laccase in Petroleum Industry

Laccase in the petroleum industry plays major roles in bioremediation, especially in
cases of oil spills. After 100 days of remediation, research of bacteria, and laccase
immobilized in the intertidal zones, bioremediation of major oil spills found about
66.5 percent effectiveness of bacteria-laccase consortium immobilized for heavy
oil. (Dai et al. 2020). It was also observed in that research that n-alkanes having
long-chain C26-C35 and PAHs having above 3 ring were efficiently broken down.
Laccase was also found to be expressed most abundantly — alongside peroxidases
and catalase — in strains of fungi which inhabit the rhizosphere of areas where there
have been oil spills which showed tolerance to a concentration of crude oil of about
20% (Asemoloye et al. 2018). The strains were identified by Asemoloye et al.
(2018) as Trichoderma harzianum asemol, Talaromyces purpurogenus asemoF,
A. flavus asemoM, and A. niger asemoA. In the research, while 87 U/ml and 145 U/
ml of peroxidases and catalase were produced respectively, the volume of laccase
produced was up to 180 U/ml.

5.7 Applications of Laccase in Biosensors
and Enzymatic Biofuels

Biosensors, embedded medical devices, and other gadgets employ enzymatic bio-
fuel cells (EBFCs) as a portable source of environmentally benign energy. Due to its
comparatively high redox potential in contrast to other commercial fuel cells, lac-
case has been frequently employed as an EBFC cathode (Ghosh et al. 2019). On
functionalized screen-printed carbon electrodes (SPCEs), laccase from Coriolus
hirsuta was immobilized by Othman and Wollenberger (2020) using different meth-
ods of enzyme modification and immobilization. Carboxyl functionalized multi-
walled carbon nanotubes (COOH-MWCNT) immobilized laccase had the highest
electrochemical response. The biosensors produced were seen to be relatively stable
showing no activity loss even beyond 20 days of storage. Christwardana (2017)
combined physico-entrapment and crosslinking for the immobilization on carboxyl-
ated carbon nanotube of low activity laccase in order to increase its biofuel perfor-
mance using polyethylenimine and glutaraldehyde. Glutaraldehyde was observed to
have higher catalytic activity.

6 Current Challenges and Future Perspectives

Edible mushroom production is a major area in laccase production and application
in the food industry. The cultivation of these edible fungal species provides a signifi-
cant opportunity for laccase production, as evidenced by various studies (Chanakya
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et al. 2015). However, there are few studies on the increase in laccase concentration
in these fungi during industrial production without affecting their nutritional value.
This is a major opportunity in terms of optimization of producing fungus while also
optimizing laccase and other ligninolytic enzyme production. As a result, it is
required to refine the enzyme recovery process from residual compost, as well as to
investigate various main recovery approaches and purification steps that allow for
high purities. Because the crude extract is complicated and poorly defined, this is a
significant difficulty. In this regard, including ultrasonication into the main laccase
recovery utilizing ATPS may be a viable alternative for increasing yield. Postemsky
et al. (2017) have been observed that, in addition to enhancing activity, it can
enhance yield, particularly of phenolic chemicals; therefore, treating the residual
compost crude extract and evaluating its effect on activity of laccase could be an
excellent strategy (Postemsky et al. 2017).

Laccase application appears to be limited in comparison to its potential. Reduced
manufacturing costs and the development of technology to effectively regulate the
reactions on specific substrates, including polyphenols, to be handled by laccase
should be the research focus. Laccase manufacturing costs and their vast substrate
specificity are two key obstacles to their industrial application (Zerva et al. 2019).
While laccases’ broad substrate range might be beneficial for biodegradation, dif-
ficulty may arise as a result, for their application commercially in bioca-
talysis due to the production of by-products as a result of free radicals. Furthermore,
laccases’ wide spectrum of reaction with substrates is a disadvantage in the realm of
biosensor production. Biosensors, particularly those applied in biomedical proce-
dures, necessitate a significant level of specificity with regard to targeted substance,
which most commercially available laccases cannot currently achieve (Mayolo-
Deloisa et al. 2015; Zerva et al. 2019). Given the high cost of manufacturing, the
necessity for the discovery or creation of new enzymes with desired properties
appears to be critical. Because the information on laccase manufacturing costs is
limited, additional study into the development of manufacturing techniques is
required.

Laccase production under submerged cultivation in the lab has been frequently
documented in current years. There is a limited representation, however, of laccases
commercially, with low purity degrees and not well-defined extracts, complicating
the repeatability of many of the methods used in production and purification
(Mayolo-Deloisa et al. 2020). As a result, increased interest in the manufacture and
concentration of laccases commercially is required for generation of novel products.

Laccase’s potential for pretreatment of lignocellulosic residues in order to incor-
porate them into biorefinery processes and produce biofuels has been widely docu-
mented in the literature (Agrawal et al. 2019). However, in order to get the maximum
degradation yields, it is important to consider further optimization of circumstances,
as the fungus’ efficacy is often larger than that of the enzyme. This might be indica-
tive of additional enzymes capable of modifying lignin being present; therefore, the
potential of employing enzyme combinations, increasing laccase affinity by chemi-
cal modifications, or altering the conditions of the processes being performed should
be investigated.
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PEGylation — attaching PEG to laccase (a single molecule) — could also be used
to increase stability. It is a well-known method for modifying protein medicines,
and its effectiveness has been well established. Despite the fact that there are few
data on laccase PEGylation, they show that it improves its catalyzing ability and
activity (Mayolo-Deloisa et al. 2015; Su et al. 2018). If the procedure warrants it,
specifically if enzyme is employed to identify specific chemicals using biosensors,
this can be a viable option. One of laccase’s uses in this regard is the identification
of different chemicals in specific meals. Laccase is also employed in the production
of chemicals, as well as detection of these compounds, and it was recently discov-
ered that it can remove morphine from environments that are aqueous in nature
(Huber et al. 2018). This demonstrates the enzyme’s enormous potential industrially
and in recovery of polluted regions, highlighting the significance and importance of
the data given here.

7 Conclusion

Laccase purification and application remains very essential to the industrial advance-
ment in the world today; hence laccase research is continuously on the increase to
develop economical and effective purification procedures, efficient laccase media-
tor systems, and durable laccase immobilization techniques. With improved down-
stream processing and continued increase in research, there is an increased
possibility of enhanced yield, stability, and recovery of laccase. This will further
widen the application reach of laccases in various industries as it continues to play
a major part in the provision of reliable and sustainable communities worldwide.
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