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Selective oxidative depolymerization of a lignocellulosic biomass is the first step in the valorisation process.
Chemical oxidations generally require hazardous reagents and harsh reaction conditions; thus, the resulting
produced compounds are low-value molecules or complicated mixtures. Laccases are copper ion-
containing oxidases and catalyze the oxidation of polyphenol or amine derivatives using molecular
oxygen; laccase-mediated reaction systems thus allow the depolymerization of lignocellulosic
compounds and the decomposition of aromatic pollutants in wastewater. However, due to the short
distance between the active site and the surface of the laccase, the reactivity of laccase is influenced by
the reaction conditions, in particular, the solvent system. lonic liquids (ILs) and deep eutectic solvents
(DESs) have now been acknowledged as not only new reaction media but also as activating agents of
biocatalysts. In order to improve the activity or increasing the tolerance of laccases against ILs or DESs,
three methods have been developed: the first is the direct evolution of the enzyme that is a very
powerful tool for tailoring the enzyme, the second is the design of supporting materials including ILs for
the immobilization of a laccase, and the third is modification of the surface of a laccase protein by
chemical methods or protein engineering. This review examines laccase-mediated reactions in ILs and

DESs focusing on how laccase contributes to sustainable chemistry; using laccase-mediated reactions,
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Accepted 4th April 2025 the depolymerization of lignocellulosic compounds, phenolic compounds, and synthetic dyes has now

been accomplished. Since the reactions were accomplished under hazardous chemical reagent-free
conditions, it is expected that investigation in this field of laccase-mediated oxidation might become
even more important in sustainable chemistry.
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Sustainability spotlight

Lignocellulosic compounds are highly branched amorphous polymers composed of polyphenol derivatives and moieties connected to polyhydroxylated alkanes
and sugars via C-O and C-C bonds with very complex networks. This makes it difficult to achieve their valorisation, though they are viewed as important bio-
renewable sustainable resources of aromatic compounds. Laccases allow hazardous reagent-free highly selective oxidative chemical conversions of lignocel-
lulosic compounds with the help of ionic liquids (ILs) or deep eutectic solvents (DESs).

and hemicellulose into the corresponding monomers since they
consist of glycosyl bonding once these moieties are isolated

1 Introduction

Lignocellulosic biomass consists of three components,'
cellulose, hemicellulose, and lignin, as illustrated by the sche-
matic model in Fig. 1."* Although the lignocellulose industry
has a long history, only cellulose has been used in our life in its
pure form. On the other hand, the difficulty of separating each
component limits utilization of lignin and hemicellulose and
prevents their economically feasible conversion into value-
added products.*® It is generally easy to depolymerize cellulose
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from lignocellulosic materials.’® Lignin is found in most
terrestrial plants in the approximate range of 15 to 40% dry
weight and provides structural integrity."* This compound is
a highly branched amorphous polymer composed of poly-
phenol derivatives. It is thus viewed as an important bio-
renewable resource of aromatic compounds.'® However, lignin
consists of phenyl propanoid units and moieties connected to
polyhydroxylated alkanes via C-O and C-C bonds with very
complex networks as illustrated in Fig. 1. This makes it difficult
to achieve the selective depolymerization of lignin.”® For this
reason, the major industrial use of lignin is as a low-grade fuel;
more than 50 million tons of lignin is produced per year as
a black syrup byproduct during the paper production process,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and almost all is just burned as an inefficient fuel.* However, it
is obvious that lignin may become not a low-grade energy
source but a high-value aromatic resource for the pharmaceu-
tical and chemical industries, if selective depolymerization of
lignin is achieved (Fig. 1).*** The key to the valorisation of
lignin is how to achieve selective depolymerization, in partic-
ular, by means of an environment-friendly methodology.”*
Therefore, converting lignin to valuable small molecules by
environmentally friendly means is an important and very chal-
lenging issue from the standpoint of sustainable chemistry.*>°
As shown in Fig. 1, lignin mainly consists of three aromatic
alcohols with C-O-C and C-C bondings, while cellulose and
hemicellulose connect the mono sugars by glycosidic bonding
or ester bonding. Depolymerization of the glycosidic bond and
ester bond is easily accomplished by a hydrolysis reaction, while
it is difficult to depolymerize C-O-C and C-C bonded products;
it is essential to apply an oxidation process to disconnect these
bonds present in lignin. However, chemical-depolymerization
processes via oxidation processes of organic compounds
require hazardous reagents and harsh reaction conditions.
Enzymatic depolymerization of lignocellulosic biomass thus
represents an emerging research frontier.”*-'*'$® The combi-
nation of laccase-catalysed oxidation with a chemical or
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enzymatic hydrolysis reaction seems to be an important method
to achieve the depolymerization of lignocellulosic compounds.

It is known that four types of lignin-degrading oxidases, i.e.,
laccases (EC 1.10.3.2),* lignin peroxidases (EC 1.11.1.14),
manganese peroxidases (EC 1.11.1.13),>** and aryl alcohol
oxidases (EC 1.1.3.7),>”** play a key role in the depolymerization
of lignocellulosic materials in nature.*** Among lignin-
degrading oxidases, we are fascinated by laccases, because these
enzymes are expected to be the most promising tools for the
oxidative depolymerization of polyphenol derivatives; in fact,
a wide variety of applications have been reported for laccase-
mediated reactions.**** However, there is a serious difficulty in
achieving the selective depolymerization of lignocellulosic
materials; these compounds show a poor solubility in water,
while enzymatic reactions generally take place in an aqueous
solution under optimal pH conditions. For biocatalytic reac-
tions, the optimization of reaction media and supporting
materials of the enzymes must be specifically performed in
parallel with the effort to develop new enzymes.

Ionic liquids (ILs)* possess very good properties as reaction
media in chemical reactions; they are less-volatile and less-
flammable and have a low toxicity and unique solubility for
organic and inorganic materials.**>* ILs are now being used as
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Fig. 1 Schematic image of the “structure model of the core part of lignocellulose”.**2 The tree image was obtained from the following site:
https://tegakisozai.com/archives/29099#google_vignette (accessed 17th February 2025).

reaction media for biotransformations. Some hydrolases, in
particular, lipases, can work even in a pure IL.** A high number
of applications have been reported for biocatalytic reactions in
ILs, and the IL-mediated activation of enzymes was also re-
ported.>*** In fact, Nishihara et al. reported the amazing recy-
clable use of IL-supported lipase with more than 200 repeated
reactions over two years in ILs.*

Deep eutectic solvents (DESs)**** are now widely acknowl-
edged as a new class of ionic liquid (IL) analogues because they
share many characteristics and properties with ILs.*> Due to
their green properties, biological acceptance, and large varia-
tion, DESs have recently attracted strong interest as the reaction
media of biocatalysis.*>**

Swatloski, Rogers and co-workers reported the first example
of the dissolution of cellulose using an IL, 1-butyl-3-methyl-
imidazolium chloride ([C,;mim]Cl), and this opened the door to
sustainable biomass engineering using ILs.> Hinckley and co-
workers reported the first example of a laccase-catalysed reac-
tion in the presence of two types of ILs in 2002; the authors
reported that laccase worked in the presence of a buffer
aqueous solution containing a low concentration of 1-butyl-4-
methylpyridinium tetrafluoroborate ([4-MBP][BF,]) and 1-butyl-
3-methylimidazolium hexafluorophosphate ([C,mim][PF]),
while no reaction took place in a pure IL.*° Turner and Rogers
et al. produced an IL-regenerated cellulose film entrapping
laccase and this immobilized enzyme exhibited a significant
activity in an aqueous buffer solution.®* Barreca et al. demon-
strated the oxidation of 4-methoxybenzyl alcohol as a lignin
model compound using laccase in the presence of four types of
mediator molecules in a mixed solvent of a buffer aqueous
solution and organic solvent.®” Moniruzzaman and Ono
attempted to isolate cellulose from wood biomass using ILs.*

2752 | RSC Sustainability, 2025, 3, 2750-2778

Encouraged by these trials, an investigation started for both the
chemical- and enzymatic-depolymerization of lignocellulosic
materials in ILs or DESs. The laccase-catalysed reaction with the
aid of ILs or DESs has recently become a significant topic in the
field of biocatalysis.®7'71%24-26:5%6479

We previously published a review article regarding the lac-
case-catalysed reaction in ILs in 2021.°® Further interesting
results have been accumulated after publication of our article,
and a number of review papers about laccases in ILs and DESs
have also been published in recent years,**”® because the val-
orisation of lignocellulosic biomass is regarded as a particularly
important topic in the field of sustainable chemistry. This
article comprehensively reviews the field of the laccase-medi-
ated depolymerization of lignocellulosic biomass and several
persistent chemicals. ILs and DESs have now been acknowl-
edged as the activating agents of biocatalysts. The aim of this
review is to clarify the key points to improve laccase-mediated
reactions with the help of ILs and DESs and provide an insight
to readers on how to use laccase-mediated reactions for
sustainable chemistry.

2 Structure of laccase and typical
laccase-catalysed reactions

Laccase (EC 1.10.3.2) was first discovered 140 years ago by
a Japanese chemist, Dr Hikorokuro Yoshida, as an enzyme
which catalyses the coagulation of the sap of the Japanese
lacquer tree Rhus vernicifera (Urushi).*® Laccases are glycopro-
teins with molecular weights of 50-130 kDa and belong to
copper-containing oxidases that mediate the oxidative degra-
dation or polymerization of the polyphenol formation in plants
by inducing the radical polymerization of polyphenol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ribbon diagram of laccase from Trametes versicolor (PDB ID:
IGYC). The bottom part is a representation model of the Cu cluster in
the active site. This picture was produced using data reported in ref.81
and 82.

derivatives.*>#>#% These enzymes truly play a key role in the
sustainability of life on this planet. Therefore, laccases are
widely found in plants, fungi, bacteria, and insects.?*®>#%¢
More than 100 types of laccases have been isolated from
nature.®”

Fig. 2 shows a visible representation of laccase from Trametes
versicolor.***>* This enzyme protein can be divided into three
domains (D1, D2, and D3) and contains four copper ions, and
these copper ions allow the oxidation of the substrate mole-
cules. Four copper ions make a cluster in which three copper
ions (T2, T3a, and T3b) and the T1 copper ion are separated, but
the T1 copper ion connects with the T2, T3a, and T3b copper ion
cluster through a His-Cys-His tripeptide moiety; the T1 copper
was responsible for the blue color of this enzyme and the T1 and
T2 coppers were paramagnetic and thus detectable by EPR
spectroscopy. On the other hand, the T3a-T3b coppers were an
antiferromagnetically coupled di-nuclear copper-copper pair
and were thus EPR silent. The substrate is first bound to the T1
copper ion and then electron transfer occurred through coop-
eration of the T3a-T3b and T2 copper ions.*"**

Laccase can thus convert substrates to corresponding radi-
cals using one oxygen molecule as an oxidant through a single
electron oxidation process and produce two water molecules.
The T1 copper ion is embedded 6.5 A from the surface of the
enzyme;* the distance between the entrance part and the active
center is shorter than that in many enzymes such as an esterase.
For instance, it was reported that the distance between the
entryway from the active site of Candida antarctica lipase (tri-
glycerol acylhydrolase) (EC 3.1.1.3) is estimated to be 8 A.?* This
indicates that laccase-catalysed reactions are more easily

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influenced by the solvent system compared to hydrolases,
because the active site is located nearer to the surface of the
enzyme. On the other hand, the short distance from the
entrance part to the active center of laccase enables this enzyme
to accept very large molecules, and this is the origin of the
reason why laccases can accept such a large lignocellulosic
molecule as substrates. Laccase mediated reactions are basi-
cally the single electron oxidation of phenols or amines using
molecular oxygen.'®?*%

Laccases thus allow the four-proton reduction of oxygen to
water and produce water as the only by-product without the use
of hydrogen peroxide. During this pathway, laccase can oxidize

g; bl 5»

O-. ngnln
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Fig. 4 Products of laccase-mediated oxidation of lignocellulosic
compounds .87
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Fig. 5 The ionic liquid interaction with the laccase protein and [Ch]
[Dec] at different concentrations. (A) 50 mM; (B) 100 mM; (C) 250 mM.
Red spheres: [Ch] cation, white-green spheres: [Dec] anion, and
orange spheres: Cu ions.®® Copyright Elsevier, 2024.

various persistent phenolic compounds to produce radical
intermediates as illustrated in Fig. 3 (eqn (1)). Furthermore,
laccases allow the oxidation of aryl-ether compounds to afford
the corresponding radical products (Fig. 3, eqn (2)) with the
help of redox mediator molecules, ie., 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS), 1-hydroxybenzotriazole
(HOBT), 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), etc.
(Fig. 3).'?*7%78 Therefore, the laccase-catalysed reaction of
lignocellulosic compounds affords at least six types of oxidation
products (A to F in Fig. 4).°*”* Compounds A, B, and F should be
produced via C,-Cg bond-cleavage and subsequent C,, oxidation
as shown in eqn (1) and (2). Compound D should be produced
by the aryl ether bond cleavage and subsequent C,-oxidation via
the process illustrated in eqn (2). Compounds C and E should
be produced via C,-oxidation in eqn (1) and (2) in Fig. 3. Of
course, repolymerization of the radical products also takes
place to produce complex polymers. The depolymerisation of
lignocellulosic compounds might be accomplished through
these oxidation pathways.

As already mentioned, the important characteristic of lac-
case is the short distance from the entrance part to the active
center of laccase; this enables laccase to accept very large
molecules such as lignocellulosic compounds. However, this
indicates that the activity of a laccase is strongly influenced by
the solvent system. In fact, Nowak et al. reported that laccase
was inhibited by common polar organic solvents, i.e., dimethyl
sulfoxide, methanol, acetonitrile, ethanol, and acetone, in the
reaction of 4,4'-[(1E,2E)-1,2-hydrazindiylidendi(E)methylyliden]
bis(2,6-dimethoxyphenol))(syringaldazine: SYR) and 2,6-dime-
thoxyphenol (2,6-DMOP); the inhibitory effect was higher for
SYR than for 2,6-DMOP.* The results suggest that the laccase
activity is modified by both the substrate and solvent system,
and the laccase-catalysed reaction of a large substrate is criti-
cally influenced by the solvent system.

2754 | RSC Sustainability, 2025, 3, 2750-2778
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Roohi and co-workers investigated the interaction of Tra-
metes versicolor laccase (TvL) against three ILs, i.e., N-decyl-
N,N,N-trimethylammonium bromide ([Nj,,10]Br), 1-decyl-3-
methylimidazolium chloride ([C;omim]Cl), and cholinium
decanoate ([Ch][Dec]), by a molecular dynamics (MD) simula-
tion study.”® Both the cationic and anionic parts of the ILs affect
the laccase structural dynamics. Compared to [Ny 1 1,10]Br, [Ch]
[Dec] generated more hydrogen bonds with the laccase residues.
Both the [Nj ; ;.10] and [C;omim] cations bind to the enzymes
more strongly than the [Ch] cation. However, the decanoate,
[Dec] anion, modified the three-dimensional structure of this
enzyme and destabilized it by interacting with the positively
charged regions. The authors suggest that the long-chain alkyl
groups of the ILs form a cluster near the T1 copper site and
entrance part of the active site. Even at low [Ch][Dec] concen-
trations, the [Dec] anion group penetrates the enzyme around
the copper T1 site, and a huge cluster of [Dec] anions occupies
the active site entrance (Fig. 5). Therefore, [Ch][Dec] had
a greater direct and indirect effect on the laccase enzyme as
a solvent than the other two ILs and decreased the laccase
activity.” These results clearly indicated that the appropriate
design of ILs or DESs might be the key to realize the desired
laccase-mediated reaction.

3 How to improve the laccase activity
3.1 Reactivity of laccase-catalysed reaction in ILs

Prior to discussing laccase-mediated reactions, possible means
to enhance the laccase activity using solvent engineering were
initially examined. As already mentioned, the activity of laccases
was generally strongly influenced by the reaction media.
Hinckley et al. demonstrated the oxidation of veratryl alcohol
using laccase C which was isolated from Trametes sp. in a mixed
solvent of ILs with a citrate buffer (pH 5.6) solution; veratryl
aldehyde was thus obtained in 86% yield when the reaction was
carried out in the presence of a 25% (v/v) [4-MBP][BF,] buffer
solution (pH 5.6) using N-hydroxyphtalimide (NHPI) as the
mediator (Fig. 6).°° Anthraquinone was also attained in 15%
yield by the laccase-catalysed oxidation of anthracene in
a mixed solvent of a 25% (v/v) [4-MBP][BF,] buffer solution
using 1-hydroxybenzotriazole as the mediator, while no product
was obtained in the mixed solvent of 20% (v/v) tert-butanol in

120z | gocase MO
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Meo:©\¢°
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e}
NHPI (mediator)

Fig. 6 Laccase-catalysed oxidation of veratryl alcohol in a mixed
solvent of [4-MBPI[BF,4] (25% v/v) and citrate buffer (pH 5.6) in the
presence of NHPI as the mediator.®°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Additive effect of an IL ([Comim][C1(OC5),OSO3l) on the lac-
case-mediated oxidation of ABTS.%*

the buffer solution. It was further found that the enzyme
showed no catalytic activity in the anhydrous ILs.*

Tavares and co-workers investigated the stability of laccase
in a mixed solvent of a buffer with water soluble ILs and organic
solvents, such as CH;CN or DMSO, under various pH conditions
by the oxidation of ABTS.”* Since a clear and quick colour
change from ABTS to ABTS"" was attained and the change was
easily detected using a UV/visible detector at 420 nm, this
reaction has been employed as an indicator of the activity of
oxidases.”” Laccases generally worked well under weak acidic
conditions. Tavares et al. tested the additive effect of ILs under
different pH conditions and found that the enzyme exhibited an
activity even at pH 9.0 in the presence of the IL, 1-ethyl-3-
methylimidazolium 2-(2-methoxyethoxy)ethyl sulfate ([C,mim]
[C1(0C,),0S504]), and found that this IL effectively stabilized the
enzyme (Fig. 7).

Shipovskov et al. investigated laccase activity using the ABTS
oxidation as a model reaction; the relative activity of Agaricus
bisporus laccase (AbL)-catalysed oxidation of catechol increased
ca. 1.9-fold when using a 15% (v/v) of [C;mim]Br solution of
sodium phosphate-citrate buffer (pH 6.0).”* An approx. 1.5-fold
enhanced activity was also obtained for the Trametes versicolor
laccase (TvL)-catalysed reaction in a 20% (v/v) [Cymim]Br mixed
solvent. However, the concentration of ILs over 60% (v/v)
completely inhibited these enzymes. For these reactions, since
the K, values were significantly increased by the addition of the
ILs, it was assumed that the affinity of the enzyme against
a substrate decreased in the IL mixed solvent system. A very
unique additive effect was also obtained for 1-butyl-3-methyl-
imidazolium dicyanamide ([C,mim][N(CN),]); the relative
activity of AbL decreased to half at 30% (v/v), but it increased
thereafter and reached a maximum level of ca. 1.25-times higher
at 50% (v/v) compared to the control reaction but the activity
was completely lost at over a 70% (v/v) concentration.”

Dominguez et al. reported the additive effect of ILs on the
TvL-catalysed oxidation of ABTS.** The authors found that the
addition of 1-ethyl-3-methylimidazolium ethylsulfate ([C,mim]
[EtSO,]) and [C,mim]Cl inhibited the laccase activity at
a different rate, 10-fold more [C,mim][EtSO,] than [C,mim]Cl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was required to cause the same degree of inhibition. However,
[C,mim][EtSO,] appeared to have a stabilizing effect on the
laccase at low concentrations.®® Rodriguez et al. further inves-
tigated the activity of the TvL-catalysed oxidation of ABTS in the
presence of three imidazolium chloride ILs; 10% (v/v) of
[C4mim]Cl effectivity stabilized TvL, while [C;,mim]Cl inhibited
the enzyme under the same conditions. The alkyl chain length
of the imidazolium ring influenced the activity and inactivation
of the laccase increased with the length of the alkyl chain in the
ILs: [C1omim]|Cl > [Cgmim]Cl > [C;mim]CL*

Rehmann and co-workers conducted a very careful study of
the additive effect of ILs against a laccase. They examined 63
types of water-miscible and water-immiscible ILs against TvL
using the oxidation of ABTS as the model reaction.”® The
formation of the ABTS radical cation was monitored at 420 nm
every 25 s. The reaction was then allowed to reach completion,
and subsequently, after 110 min, an additional aliquot of ABTS
solution (5 ul) was added, to confirm that the reaction had
previously stopped due to substrate depletion and to check for
enzyme inactivation during the reaction (see, Fig. 8(a)). As
shown in Fig. 8, laccase activity depended on the ILs. They
evaluated the additive effect of ILs on the laccase-mediated
ABTS oxidation and found that the addition of the ILs generally
resulted in increased K, values that indicated reduced
substrate selectivity, and an enhanced V;,.x value means an
increased reactivity. The laccase activity tended to be retained in
water-immiscible ILs, such as the [AOT] and [NTf,] anions.
Among their tested ILs, [Pe 6,6,14][NTf,] was found to be the best
IL that supports the laccase activity (Fig. 8).°° Three groups also
reported that ILs contributed to an enhanced activity and
improved thermal stability.””°

As already mentioned, several types of mediator molecules
have been employed for the laccase-catalysed reaction (see
Fig. 3). However, mediator molecules generally deactivated the
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Fig. 8 Time course of laccase-catalysed ABTS oxidation in the pres-
ence of ILs.?¢ (a) Control. (b) [C4mim][C3(2-C4)OSOs], (c) [N4,(20H)3]
[C,0S03], (d) [C4mim][C,OC,0S04], (e) [Ciomim]INTf, (f) [Cepyl
[NTf2l, (@) [N44.44l[AOT], and (h) [Ps, 66.14l[INTf]). (b), (c), and (d) are
aqueous buffer (pH 4.5) solutions of the water-miscible ILs (20% (v/v).
(e), (f), and (g) are biphasic mixtures of buffer (pH 4.5) with water-
immiscible ILs (20% (v/v)). Copyright RSC, 2012.
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Fig. 9 Relative activity of laccase in the presence of mediators and
ionic liquids. (a) no mediator, (b) phenothiazine, (c) 2-hydroxybiphenyl,
(d) 4-hydroxybenzylalcohol, (e) TEMPO, and (f) ABTS in biphasic
systems Coﬂtainiﬂg [N1.8,8.8] [AOT] (@), [Nllgygyg][SaC] (A), [N1,8,8.8][NTf2]
(¥), or [Cgmim][AOT] (#) and compared to controls without ionic
liquids (H). The volume ratio of the ionic liquid—water was 1:10. The
reaction rates are expressed as a percentage of the rate in a control
sample taken immediately after mixing the laccase with a buffer
solution (no mediator and no ionic liquid, time = 0, Vo = 0.113 uM
s71).19° Copyright RSC, 2014.

enzyme. Rehmann and co-workers solved this problem using
a biphasic ionic liquid/water reaction system (Fig. 9)."® Three
ionic liquids, i.e., [Nyggs|[AOT], [Cemim][AOT], and [N;gg g]
[NTf,], dramatically improved the stability of the laccase in the
presence of phenothiazine (Fig. 9b). Without the ionic liquids,
the enzyme lost 93% of its activity after only 92 h, and there was
no residual activity after 188 h. In the presence of [N; g g 3]JAOT],
[Ny g g,s][NTf,], or [Csmim][AOT], the loss of activity was much
slower, and 35, 31, or 35% of the initial activity was still retained
after 188 h, respectively (Fig. 9b). On the other hand, for the
reaction using TEMPO, only [N; g g g][Sac] stabilized the enzyme
(Fig. 9e). It was postulated that by choosing a suitable ionic
liquid, the reactive mediator is preferentially partitioned into
the ionic liquid phase away from the enzyme in the aqueous
phase.*®

Harwardt et al. reported that the presence of 15% (v/v)
[C,mim][EtSO,4] helped stabilize the laccase activity using ABTS
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Fig. 10 Oxidation of ABTS using laccase in a mixed solvent of PEG and
IL, N5,5,5C3S. Selective separation from the reaction product a