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Lignin, as the most abundant renewable aromatic polymer on earth, holds
immense potential as a feedstock for value-added products. However, its
recalcitrant and heterogeneous structure presents significant challenges
to efficient valorization. While microbial and enzymatic bioconversion
offers a sustainable and specific route for lignin depolymerization,
industrial implementation is often hindered by limitations such as low
enzymatic efficiency, poor operational stability, and restricted substrate
accessibility. This review systematically summarizes the current state of
lignin bioconversion, focusing on the capabilities of various fungi and
bacteria and the ligninolytic enzymes they produce, notably laccases and
peroxidases. A key emphasis is placed on the emerging roles of “green”
solvents, specifically ionic liquids (ILs) and deep eutectic solvents (DESs),
in overcoming these limitations. These solvents not only enhance lignin
solubility but also can activate and stabilize ligninolytic enzymes, thereby
enabling more efficient depolymerization reactions. This review examines
the mechanisms, advantages, and current challenges of integrating ILs
and DESs into biomass lignin upgrading strategies. Finally, it discusses
future research directions and potential application prospects.
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INTRODUCTION

Lignin, one of the three primary components of lignocellulosic biomass alongside
cellulose and hemicellulose, is the second most abundant natural renewable polymer after
cellulose (Li ef al. 2025). This complex macromolecule is composed of phenylpropane
units linked by C-C and C-O bonds. It imparts structural rigidity to plant cell walls and
plays a crucial role in defense against microbial and insect attacks. However, this same
structural complexity hinders the efficient conversion of lignocellulosic materials into pulp
or biofuels (Vanholme ef al. 2010). The pulp and paper industry alone is estimated to
generate approximately 70 million tons of lignin annually (Nadanyi et al. 2022).
Additionally, the rapidly expanding bioenergy industry is projected to contribute an
additional 62 million tons of lignin residues each year from global cellulosic ethanol
production (Chen and Wan 2017). Despite this abundance, industrial lignin utilization
remains below 5%, primarily due to its recalcitrant nature, which arises from complex
inter-unit linkages, high degree of polymerization, and inherent heterogeneity (Dessie et al.
2023). Consequently, most lignin is currently burned as a low-value fuel, a practice that
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contradicts the sustainability goals of “carbon peaking” and “carbon neutrality”. Therefore,
developing efficient valorization pathways is crucial for advancing the lignocellulosic
biomass industry.

Lignin depolymerization is a key strategy for the valorization of this complex
biopolymer (Zhou et al. 2023). This process involves cleaving the chemical bonds between
structural units to reduce the molecular weight and heterogeneity of lignin, thereby
producing relatively uniform low molecular weight products, such as monomers, dimers,
and low molecular weight oligomers. For industrial lignin, depolymerization methods are
primarily categorized as thermochemical methods (e.g., high-temperature pyrolysis,
hydrogenolysis, catalytic oxidation, gasification) and biological methods (utilizing
microorganisms and enzymes). Unlike thermochemical conversions, which typically
require significant energy input, biological conversions generally occur under milder and
more selective conditions. Biological degradation involves the mineralization of organic
matter by microorganisms such as fungi, bacteria, and cyanobacteria. Under aerobic
conditions, many microorganisms secrete specific enzymes, including laccases and
peroxidases, which act on lignin polymers to promote their depolymerization and
conversion (Chio et al. 2019; Polman et al. 2021), ultimately producing carbon dioxide
and water.

Biodegradation presents a compelling alternative to thermochemical methods,
operating under milder conditions with advantages in environmental sustainability,
specificity, and cost-effectiveness. The use of enzymes as green biocatalysts further
enhances this profile, offering a renewable and often less toxic alternative to conventional
chemical catalysts. Nevertheless, the practical application of lignin biodegradation is
hampered by significant challenges, such as low enzyme production yields, slow reaction
kinetics, and the inherent instability of many ligninolytic enzymes. This review explores
advanced microbial and enzymatic depolymerization strategies, with a particular focus on
the emerging role of “green” solvents, specifically ionic liquids (ILs) and deep eutectic
solvents (DESs), in enhancing lignin valorization, aiming to promote the development of
this promising valorization method.

Lignin-Degrading Microorganisms

In nature, the degradation of wood is primarily driven by the combined action of
bacteria, fungi, and other microbial communities. Certain microorganisms have the ability
to modify and degrade lignin, although the extent of their action varies depending on the
type of microorganism.

Bacteria

Bacteria are found in various environments, such as soil, compost fermentation
products, and termite intestines, where they play an important role in lignin degradation.
These microorganisms are characterized by short growth cycles, small size, and large
populations. Lignin-degrading bacteria are primarily concentrated in the phyla
Actinobacteria, Proteobacteria, and Firmicutes (Bugg et al. 2011, Ahmad et al. 2010).
Among these, Actinobacteria exhibits the strongest and most stable lignin degradation
capacity. Zhang et al. (2019) found that Mycobacterium smegmatis, a bacterium from the
Actinobacteria phylum, can efficiently degrade lignin in lignocellulosic biomass, achieving
a lignin degradation rate of 50% after 8 days of treatment while maintaining high levels of
manganese peroxidase (MnP) activity.
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Fungi

Fungi are generally more efficient lignin degraders than bacteria, primarily due to
their robust secretory systems capable of producing a diverse array of extracellular
oxidative enzymes that directly attack the recalcitrant lignin structure (Martinez et al. 2005).
They interact with substrates through spores or mycelium, then release various enzymes to
degrade the fiber cell wall. Based on the type of degradation they perform, wood decay
fungi can be classified into three main categories: white-rot fungi (e.g., Phanerochaete
chrysosporium, Trametes versicolor, Pleurotus ostreatus), brown-rot fungi (e.g.,
Gloeophyllum trabeum, Rhodonia placenta), and soft-rot fungi (e.g., Chaetomium
globosum, Aspergillus niger). Different strains vary in their ability to degrade woody fibers,
with white-rot and brown-rot fungi being the most prevalent and effective in
biodegradation. Given the distinct advantages and limitations of different fungal types in
lignin degradation, a comparative summary is provided in Table 1 to offer a clear overview
of their degradation characteristics, facilitating the selection of appropriate strains for
specific applications.

Table 1. Comparison of Lignin Degradation Characteristics by Different Wood-
Decay Fungal Types

Fungal Advantages in Lignin Disadvantages in Degradation Effects and
Type Degradation Lignin Degradation Characteristics

1. The only fungus
capable of completely
degrading lignin to CO2

1. Most strains degrade
non-selectively, leading | Highly efficient

White-Rot | and H20. to cellulose loss. degr_adatlon, put
: . 2. Longer growth and efficiency varies greatly
Fungi 2. Most comprehensive . . :
; degradation cycles. depending on the strain
enzymatic system. " o
3. Sensitive to and conditions

3. Most widely used, with

cultivation conditions.
mature technology.

1. Cannot fully degrade

lignin, only modifies Primarily acts on

1. Rapidly degrades and partially e O .
cellulose and depolymerizes lignin modlﬁcat_lon, with low
Brown-Rot . ' degradation rates,
. hemicellulose. through Fenton's e .
Fungi T ] aiming to obtain
2. Leaves modified lignin | reaction. encapsulated
residues. 2. Residual lignin o Szcchari dos
structure is complex poly )
and difficult to utilize.
1. Strong environmental 1. Weakest Limited dearadation. onl
adaptability, tolerant to degradation ability. Slowl eroc?es henc;lic y
Soft-Rot | high humidity. 2. Very slow o 3;nents aﬁ] Jrplseaem
Fungi 2. Some strains produce degradation rate. effec?tivel dé olvmerize
lignin peroxidase and 3. Primarily targets lignin mairorr?olgcules
other oxidases. polysaccharides. 9 '

White rot fungi can be further categorized based on their decay patterns into
“selective” and “simultaneous” decay. Examples of selective white-rot fungi include
Ceriporiopsis subvermispora, Dichomitus squalens, Phanerochaete chrysosporium, and
Phlebia radiata. In selective decay, lignin and hemicellulose are preferentially removed,
leaving cellulose relatively intact. In contrast, non-selective white-rot fungi, such as
Trametes versicolor and Fomes fomentarius, exhibit simultaneous decay, where cellulose,
hemicellulose, and lignin are degraded concurrently. Notably, the same white-rot species
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may exhibit either selective or simultaneous decay depending on the substrate, and both
patterns can even occur within a single substrate. Furthermore, white-rot fungi are the only
organisms known to completely degrade lignin into water-soluble products and COz. In
contrast, brown-rot fungi preferentially depolymerize cellulose and hemicellulose,
generally lacking the ligninolytic oxidases characteristic of white-rot fungi. Nevertheless,
studies indicate that brown-rot fungi can modify lignin while rapidly degrading the
polysaccharide components (Qi ef al. 2022).

Zheng et al. (2021) inoculated four species of white-rot fungi (Phanerochaete
chrysosporium, Pleurotus ostreatus, Irpex lacteus, and Phlebia acerina) into raw oat straw
and cultured them for 28 days to analyze the effects of different white-rot fungi on the
chemical composition of the straw. The results showed that P. acerina exhibited the highest
degree of lignin degradation (46.5%), followed closely by P. chrysosporium (44.2%),
while P. ostreatus and I. lacteus demonstrated slightly lower lignin degradation efficiency
compared to the other two species. Moreover, white-rot fungi exhibit substrate non-
specificity, enabling them to degrade a wide range of organic materials. They achieve
effective organic degradation by producing highly oxidative hydroxyl radicals, which
provide advantages of low cost and high efficiency.

Although biological methods for lignin removal primarily rely on fungal
degradation, fungi have a narrow tolerance range for environmental conditions. Under
extreme conditions, such as high temperatures or strongly acidic or alkaline environments,
their lignin degradation efficiency significantly decreases (Haq et al. 2020). In contrast,
bacteria combine large population sizes, rapid reproduction rates, and high mutation rates,
enabling them to expand their environmental tolerance through adaptive evolution.
However, numerous studies indicate that the ligninolytic enzymes produced by bacteria
often exhibit unstable activity, and their degradation efficiency is generally far lower than
that of corresponding fungal enzymes (Bugg et al. 2011). Therefore, future research may
focus on either strictly controlling the reaction conditions for fungi or engineering bacteria
capable of producing high-yield, efficient enzymes.

Research has also shown that, in addition to bacteria and fungi, actinomycetes and
cyanobacteria can degrade lignocellulosic materials (Kumar et al. 2020). Moreover, certain
prokaryotes, including Pseudomonas and Bacillus species, can produce ligninolytic
enzymes (Premnath et al. 2021). However, these enzymes are predominantly intracellular
or membrane-bound, limiting their role in extracellular lignin biodegradation.

Ligninolytic Enzymes

Ligninolytic enzymes, predominantly produced by white-rot fungi and bacteria, are
regarded as green biocatalysts due to their renewable nature and ability to operate under
mild conditions, including near-neutral pH, room temperature, and atmospheric pressure,
without the need for toxic solvents (Juneidi et al. 2018). The production of these enzymes
varies significantly among different microbial strains and growth conditions, with many
fungi or bacteria secreting multiple enzymes that act synergistically (Pollegioni ef a/. 2015).
The most extensively studied ligninolytic enzymes include laccases (EC 1.10.3.2) and
peroxidases, the latter of which can be further subdivided into lignin peroxidases (LiPs, EC
1.11.1.14), manganese peroxidases (MnPs, EC 1.11.1.13), and versatile peroxidases (VPs,
EC 1.11.1.16). Additionally, aryl-alcohol oxidases (AAOs) and other auxiliary enzymes
also participate in lignin degradation (Wang et al. 2020). Research indicates that the
production capabilities of ligninolytic enzymes vary widely among microbial species. For
example, white-rot fungi such as Pleurotus ostreatus and Cerrena sp. exhibit high laccase
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activity, whereas Phanerochaete chrysosporium and Trametes versicolor are known for
their high production of lignin peroxidase and manganese peroxidase (Suryadi et al. 2022).

Utilizing purified enzymes for the degradation of lignocellulosic materials, rather
than whole fungi, presents significant advantages for industrial application. This approach
mitigates challenges such as prolonged fungal cultivation cycles (often weeks), difficulties
in meeting large-scale fermentation demands, and unwanted consumption of
polysaccharides, which preserves the sugar yield for downstream processes. However, the
industrial adoption of enzymatic delignification faces several hurdles. The high cost of
enzyme production and purification remains a primary concern. While laccases are
commercially available, their effective use often requires expensive redox mediators (e.g.,
ABTS, HBT), which can be cost-prohibitive at scale. Peroxidases such as LiP and MnP
require stoichiometric amounts of H202, whose cost and management (as an excess can
inactivate the enzymes) add operational complexity. Furthermore, the inherent sensitivity
of these enzymes to denaturing conditions (e.g., shifts in pH and temperature, shear stress)
and their limited recyclability pose significant challenges for continuous industrial
processes (Woo et al. 2022). Recent advancements in enzyme immobilization technology
aim to address these limitations by enhancing the stability, reusability, and operational
performance of enzyme preparations, thus improving their cost-effectiveness and
expanding their application scope.

The time required for effective delignification varies significantly across different
enzymes and systems. Isolated enzyme treatments are generally faster than whole-fungi
cultures but can still range from hours to days. In a study by Cui et al. (2024), the
degradation of alkaline lignin was investigated using three laccase-mediator systems
(LMS). Among these, the laccase/ABTS system achieved the highest degradation rate of
39% under optimized conditions (32 °C, pH 5, ABTS concentration of 2 mmol/L, reaction
time 24 h). Peroxidase-based reactions, such as those involving LiP and MnP, typically
operate within a timescale of several hours to a few days, depending on factors including
enzyme loading, H2O2 feeding strategy, and lignin substrate characteristics. It is important
to note that although enzymatic pretreatment is generally faster than fungal cultivation, it
is typically a batch process. As such, the total time required for enzymatic treatment must
also include the time needed for enzyme production.

The enzymatic degradation of lignin begins with the synergistic action of microbial
extracellular depolymerases and H202, which target critical chemical bonds within the
lignin macromolecule. This process involves the cleavage of inter-unit ether linkages,
oxidative breakdown of Cq«-Cp and alkyl-aryl bonds, as well as demethylation and the
opening of aromatic rings. Through these concerted actions, the complex lignin structure
is systematically depolymerized into low-molecular-weight aromatic fragments and other
small molecules. Importantly, these enzymes demonstrate broad substrate specificity,
enabling them to degrade not only lignin but also a variety of structurally related
compounds, including various phenolic and non-phenolic compounds such as polycyclic
aromatic hydrocarbons and halogenated aromatics.

Laccases

Laccases are a class of multicopper oxidase enzymes widely found in nature,
consisting of monomeric, dimeric, or tetrameric glycoproteins with an average molecular
weight of 60 to 80 kDa. Although most laccases are acidic proteins with a low isoelectric
point, some exhibit a near-neutral or alkaline isoelectric point due to their distinctive amino
acid composition and sequence. Each laccase molecule contains four copper ions: one type
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1 (T1), one type 2 (T2), and a coupled binuclear type 3 copper pair (T3), which collectively
form the enzyme’s active site. Laccases are widely distributed in insects, plants, and
microorganisms, utilizing one mole of atmospheric oxygen as an electron acceptor to
oxidize four moles of phenolic compounds, producing two moles of water as a byproduct.
This characteristic makes them ideal “green catalysts” and promising candidates for lignin-
oxidizing enzymes (Deng ef al. 2019). Currently, laccases are applied in various fields,
including biological pulping, textile dye bleaching, and bioremediation.

However, laccases have a relatively low redox potential (<0.8 V), which limits their
direct oxidation action mainly to phenolic compounds. Since up to 70% of non-phenolic
lignin requires a higher redox potential (>1.2 V) for oxidation, this portion of lignin cannot
be completely decomposed by laccases alone (Feng et al. 2019). Research has shown that
laccases can oxidize non-phenolic lignin regions by promoting aromatic ring cleavage, Co-
Cp cleavage, Cq oxidation, and B-ether cleavage with the aid of small-molecule mediators
(Canas and Camarero 2010), making these mediators crucial components in lignin
degradation systems. To date, the most effective mediators identified include 2,2'-azino-
bis  (3-ethylbenzothiazoline-6-sulfonic  acid) diammonium salt (ABTS), N-
hydroxybenzotriazole (HBT), 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), and H20:
(Weng et al. 2021; Suryadi et al. 2022). The choice of mediator significantly impacts the
efficiency of lignin degradation. Cui ef al. (2024) investigated the degradation of alkaline
lignin using three laccases-mediator systems (LMS): laccases/H202, laccases/HBT, and
laccases/ABTS. They found the laccases/ABTS system exhibited the highest degradation
rate. Under optimized conditions (32 °C, pH 5, ABTS concentration 2 mmol/L, reaction

time 24 h), the degradation rate reached 39%.

Given its efficacy, the use of laccases for the pretreatment of lignocellulosic
biomass is gaining increasing attention. Laccase treatment can effectively degrade the
lignin components of cell walls, enhancing the enzymatic hydrolysis efficiency of fiber
materials. Deng et al. (2019) reported that laccase treatment of wheat straw reduced the
non-productive adsorption of cellulase onto lignin by 28% and increased the yield of
reducing sugars by 26%.

Moreover, recent studies show that laccase treatment can enhance the reactivity and
antioxidant activity of lignin. Li et al. (2018) found that the antioxidant activity of laccase-
degraded alkali lignin (/Cso = 56.75 pg/mL) was significantly higher than that of untreated
lignin (/Cso = 396.2 pg/mL). Similarly, Sun et al. (2025) observed that laccase treatment
significantly enhanced the antioxidant activity of waste hydrolysis lignin (WHL). Through
experimental optimization, the optimal conditions for maximizing antioxidant activity
were identified as pH 5.0, 25 °C, a reaction time of 6 h, and a laccase dosage of 1.2 mL/g.
Under these parameters, the ICso value of treated WHL decreased to 29.8 pg/mL,
representing a 107.1% enhancement in antioxidant activity compared to untreated WHL.

Manganese peroxidases

MnPs are glycosylated extracellular proteins with a molecular weight of
approximately 40 to 50 kDa per molecule. Their active site comprises a heme group, one
Mn?" ion, and two Ca*" ions, with the Ca®" ions primarily contributing to the structural
integrity of the enzyme’s three-dimensional fold. MnPs were first discovered in the white-
rot fungus Phanerochaete chrysosporium (Paszczynski et al. 1988) and have since been
identified in various other organisms. During lignin degradation, MnPs oxidize Mn?" to
Mn?*,
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Due to the instability of Mn** in aqueous environments, it forms diffusible chelates
with organic acids such as oxalic acid. The primary role of these Mn>* chelates is to interact
with and oxidize phenolic lignin substructures, which constitute a significant portion of the
polymer. Additionally, MnPs exhibit a secondary activity and are capable of directly
degrading a limited range of non-phenolic substrates, including veratryl alcohol and p-
anisidine, albeit often with lower efficiency compared to their action on phenolic units.

In the presence of H202 as an electron acceptor, MnPs oxidize Mn?" to Mn®*, which
subsequently oxidizes phenolic compounds to generate phenoxy radicals. These radicals
initiate C-O ether bond cleavage, ultimately yielding small molecule compounds such as
protocatechuate and vanillin (Nayanashree and Thippeswamy 2015). Cui et al. (2020)
found that the application of heterologously expressed MnPs to corn stover resulted in a
lignin degradation rate of 35.8%.

Lignin peroxidases

LiPs, also known as diarylpropane oxidases, are heme-containing oxidoreductases
with molecular masses ranging from approximately 40 to 68 kDa and acidic isoelectric
points. Their active site contains an iron atom, which plays a crucial role in their enzymatic
function. During lignin degradation, hydrogen peroxide (H202) acts as an electron acceptor,
enabling LiPs to oxidize aromatic substrates and convert them into free radicals (Hofrichter
et al. 2010; Aly et al. 2025). Additionally, LiPs can directly abstract an electron from non-
phenolic lignin substructures to produce aryl cation radicals, which subsequently undergo
a variety of chemical rearrangements and cleavages. Studies with lignin model compounds
and synthetic lignin have confirmed that LiPs catalyze C-O and C-C bond cleavage,
aromatic ring opening, and related oxidative transformations (Rashid and Bugg 2021;
Singh et al. 2024).

The catalytic efficiency of LiPs is highly dependent on the reaction milieu,
particularly the pH. LiPs exhibit optimal activity under slightly acidic conditions (typically
pH 3-5). This is because the catalytic cycle relies on the heme group in its active site, which
is protonated under acidic conditions to form the crucial catalytic intermediate. In contrast,
under basic conditions, the enzyme’s structure, particularly around the heme pocket, can
be disrupted, leading to loss of activity. Moreover, the highly reactive radical species
generated by LiPs, which facilitate lignin degradation, are unstable and readily quenched
in alkaline environments, further reducing the degradation efficiency.

Studies indicate that the synergistic action between LiPs and other enzyme systems
or small molecules can enhance the yield of reducing sugars (Feng et al. 2019). The
combination of two or three ligninolytic enzymes has proven to be the most effective
strategy for the biodelignification of lignocellulosic biomass, surpassing both microbial
cell biodelignification and the use of individual enzymes. For instance, Zhang et al. (2020)
found that supplementing LiPs with laccases and MnPs significantly increased the lignin
degradation rate. When these three enzymes were combined, the degradation extent of
alkaline lignin reached its highest percentage at 29.0%. Additionally, the combination of
LiPs with laccases and malonic acid led to a nearly 22.5 mg/g increase in the reducing
sugar content of lignocellulose fermentation products. Using alkali lignin as a substrate,
Zhang et al. (2020) achieved 29.0% degradation through the combined action of laccases,
LiPs, and MnPs, resulting in the production of degradation products such as 1,13-
tridecanediol, carboxylic acids, and amides.
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Versatile peroxidases

Versatile peroxidases (VPs) are heme-containing peroxidases produced by certain
bacteria and various fungi (Kumar and Chandra 2020). Genome studies have revealed that
VPs incorporate sequence elements characteristic of both the LiPs and MnPs families. This
hybrid enzyme possesses the catalytic activity of both, enabling it to oxidize Mn** to Mn>*
and degrade typical substrates of LiPs and MnPs. Importantly, VPs not only are able to
recognize substrates of LiPs and MnPs, but they also oxidize certain non-phenolic
substrates that are resistant to these two enzymes, such as polycyclic aromatic
hydrocarbons (Cui et al. 2020).

VPs are a relatively recent discovery among natural ligninolytic enzymes. However,
their natural production levels are insufficient to meet industrial application demands.
Consequently, molecular techniques such as homologous or heterologous expression are
typically employed to enhance production, and several VP gene sequences have now been
obtained. VPs demonstrate high catalytic activity in biological delignification and biomass
transformation. For instance, they significantly improved the saccharification efficiency of
corn stover, achieving a glucose yield of 349 mg/g and a cellulose hydrolysis rate of 91.5%
after 28 days (Kong et al. 2017).

The complex process of lignin breakdown by these enzymes involves a series of
oxidative reactions. Figure 1 illustrates the simplified catalytic pathways of laccase,
manganese peroxidase, lignin peroxidase, and versatile peroxidase (Datta et al. 2017;
Janusz et al. 2017; Kantharaj et al. 2017; Atiwesh et al. 2022; Alruwaili et al. 2023).
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Fig. 1. Simplified pathways of lignin degradation by microbial enzymes. (a) Chemical structure of
lignin, (b) Lignin degradation by laccase, (c) Lignin degradation by manganese peroxidase, (d)
Lignin degradation by lignin peroxidase, (e) Lignin degradation by versatile peroxidase

To enable a systematic comparison of the key attributes of these lignin-degrading
enzymes, Table 2 summarizes their respective advantages, main challenges, and typical
reaction efficiencies, information that is crucial for evaluating their industrial applicability.

Chen et al. (2026). “Lignin valorization review,” BioResources 21(1), Pg #s to be added. 8



PEER-REVIEWED REVIEW ARTICLE

Table 2. Comparison of Key Lignin-Degrading Enzymes
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Lignin-Degrading

Enzymes Advantages Main Challenges Reaction Efficiency
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commercialized. degradation.
Wide range of action, Complex system, Similar to Lignin
Manganese degrades through requires Mn?*, H20, id I'g ited
peroxidase Mn3* mediator and organic acids peroxigase, limite
. . by complex systems.
penetration. simultaneously.

Lignin peroxidase

Strongest oxidation
capacity, can directly
attack the lignin core

Relies on and is
easily inactivated by
H202; poor stability

under industrial

Rapid action, but
system instability.

structure. "
conditions.
Comprehensive Extremely low natural
functionality, eld yrelies on Efficient in the lab,
Versatile peroxidase combines yield, reli . but not yet scaled up
. genetic engineering, !

advantages of LiP . for commercial use.

and MnP. highest cost.

Enhancing Lignin Valorization Using lonic Liquids and Deep Eutectic
Solvents

Although enzymatic lignin degradation presents numerous advantages, it still faces
significant challenges in industrial applications. Ligninolytic enzymes often lose activity
rapidly under non-optimal conditions, such as non-neutral pH or temperatures outside the
range of 30 to 40 °C. Recent studies suggest that “green solvents,” such as ILs and DESs,

may provide a solution, as they efficiently solubilize lignin while also potentially activating
and stabilizing ligninolytic enzymes.

lonic liquids

ILs are receiving increasing attention for biomass pretreatment and lignin
valorization due to their powerful solvation capacity. Composed of specific cation-anion
pairs, ILs are molten salts that are liquid below 100 °C and are capable of dissolving various
organic and inorganic compounds. They exhibit tunable physicochemical properties, as
well as significant chemical and thermal stability. Recent studies confirm their excellent
capability to dissolve lignocellulosic biomass and its components, including lignin,
cellulose, and hemicellulose (Zhang et al. 2025), with particularly high efficacy for lignin
solubilization (Yu et al. 2022). For example, Pu et al. (2007) reported that the solubility of
softwood kraft lignin in several ILs, including 1,3-dimethylimidazolium methyl sulfate
(IMMIM][MeSOs4]), 1-hexyl-3-methylimidazolium trifluoromethanesulfonate ([HMIM]
[CF3S03]), 1-butyl-3-methylimidazolium methyl sulfate ((BMIM][MeSO4]), 1-butyl-3-
methylimidazolium chloride ([BMIM][CI]), I-butyl-3-methylimidazolium bromide
([BMIM][Br]), and 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]),
ranged from 14.5 to 344 g/L. Dias et al. (2024) found that kraft lignin solubility reached
73.9 wt% in [BMIM][MeSO4] and 77.71 wt% in pyrrolidinium octanoate ([Pyrr][Oc]). The
efficacy of ILs in lignin dissolution is highly dependent on the structure of their constituent
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cations and anions. Figure 2 presents the chemical structures of some ionic liquids
commonly employed for lignin dissolution, extraction, and modification.
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Fig. 2. lonic liquids commonly used for lignin dissolution, extraction, and modification

The composition, concentration, and temperature of ILs significantly affect the
activity of ligninolytic enzymes. Key properties that affect enzyme performance include
the cationic alkyl chain length, the use of bio-derived anions and cations, lower hydrogen
bond basicity and nucleophilicity, hydrophobic characteristics, and reduced viscosity and
surface activity (Gao et al. 2015). Cations with longer alkyl chains are generally associated
with enhanced enzyme stability, which is related to the surface activity exhibited by cations
with long alkyl chains in aqueous solutions (Klahn et al. 2011; Yang et al. 2007).
Rodriguez et al. (2011) investigated the activity and stability of laccase in [BMIM][CI], 1-
octyl-3-methyl imidazolium chloride (JOMIM][CI]), and 1-decyl-3-methyl imidazolium
chloride ([DMIM][CI]). Their results indicated that, under pH 9.0 conditions, laccase
retained its initial activity well at an IL concentration of 10%. Notably, the stability of
laccase in [BMIM][CI] was well maintained compared to the control group. The degree of
laccase inactivation increased with the length of the alkyl chain in the IL, following the
trend: [DMIM][CI] > [OMIM][CI] > [BMIM][CI]. Similarly, Machado et al. (2014)
investigated the effects of 1-ethyl-, 1-butyl-, and 1-hexyl-3-methylimidazole chloride on
the catalytic activity, thermal stability, and deactivation kinetics of horseradish peroxidase.
Their findings revealed that both 1-ethyl- and 1-butyl-ILs did not significantly affect
enzyme activity at concentrations as high as 25% (w/v) at 25 °C, while 1-hexyl-IL led to a
decrease in activity. This suggests that an increase in the alkyl chain length of ILs correlates
with reduced enzyme activity and enhanced inactivation effects.

Bio-derived cations and anions—such as amino acids, glucose, and carboxylic
acids—typically exhibit enhanced biocompatibility. For instance, biomass-derived ILs
such as choline, glycine, and betaine demonstrate good biocompatibility (Chan ez al. 2021).
Yazdani et al. (2016) synthesized ten choline-amino acid-based ionic liquids (AAILs),
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which featured cholinium cations paired with variable amino acid-derived anions. They
assessed the microbial biocompatibility of these AAILs against Gram-positive (Bacillus
licheniformis and Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa
and Vibrio cholerae) bacteria. The results showed that the ECso values of all tested AAILSs
ranged from 160 to 1120 mg/L, which is considered “practically harmless” according to
hazard rankings. Furthermore, a trend emerged showing that toxicity decreased with
increasing molecular weight of the anions.

Additionally, the hydrogen bond basicity and nucleophilicity of IL anions influence
enzyme performance. Lower hydrogen bond basicity and nucleophilicity can enhance
interactions between charged sites and internal hydrogen bonds within the enzyme,
stabilizing its structure and minimizing conformational changes, which helps maintain
higher enzyme activity (Zhao 2010). Tavares et al. (2008) investigated the activity and
stability of laccase in three different water-soluble ILs: 1-ethyl-3-methylimidazolium 2-(2-
methoxyethoxy) ethyl sulfate ((EMIM][MDEGSO4]), 1-ethyl-3-methylimidazolium ethyl
sulfate ([EMIM][EtSO4]), and 1-ethyl-3-methylimidazolium methanesulfonate ([EMIM]
[MeSOs3]). Their findings revealed that laccase experienced only a 10% loss in activity after
being incubated for 7 days in a 25 wt% solution of [EMIM][MDEGSO4].

Generally, increasing the concentration of ILs tends to diminish the activity of
ligninolytic enzymes (Ventura ef al. 2012). Dong et al. (2019) found that compared to
acetic acid/sodium acetate buffer solution, Trametes KS-2 laccase retained over 90% of its
activity after 1 h of incubation in a 2.5% (w/v) 1-ethyl-3-methylimidazole acetate
([EMIM][OAc]) solution, while its activity decreased to less than 40% in a 7.5%
concentration of the IL. Hinckley et al. (2002) and Tavares et al. (2008) reported that
laccase precipitated when the concentration of 4-methyl-N-butylpyridinium tetrafluoro-
borate ([4-MBP][BF4]) exceeded 50% (v/v) or when 1-ethyl-3-methylimidazolium 2-(2-
methoxyethoxy)ethyl sulfate (([EMIM][MDEGSO4]) exceeded 75% (v/v).

Recent studies have indicated that certain ILs can enhance lignin degradation
mediated by laccase. For example, Stevens et al. (2019) investigated the interactions
between laccases and various ILs, including diethylamine hydrogen sulfate
([DEA][HSO4]), choline lysinate ([Ch][Lys]), and 1-ethyl-3-methylimidazolium acetate
([EMIM][OACc]). Their findings revealed that the presence of 10% [DEA][HSO4] resulted
in minimal loss of laccase activity, leading to a lignin conversion of 21.7%, which was a
significant increase compared to the mere 2.12% observed without ILs. The main
degradation products identified were vanillin, acetosyringone, syringaldehyde, and
acetovanillone.

Chauhan and Choudhury (2021) conducted a comparative analysis of LiP, MnP,
and laccase in the presence of pyridine and lauroyl choline ionic liquid (CLIL). They found
that enzyme stability was maintained in CLIL while decreasing in pyridine. Additionally,
in a MnP catalytic system utilizing glutathione as a mediator, lignin degradation extents of
40.8% and 31.8% were achieved in 40% (v/v) pyridine (with 1.5 M NaCl) and 0.15 mM
CLIL, respectively.

Liu et al. (2021) used corn stover as a feedstock, employing biocompatible ILs for
the integrated extraction of lignin and enzymatic hydrolysis. They developed an enzyme
system using AAQO and LiP to facilitate lignin degradation. Aqueous solutions of [Ch][Lys]
and choline glycinate ([Ch][Gly]) effectively removed approximately 50% of the lignin
content from corn stover. Moreover, the application of AAO and LiP in these IL aqueous
solutions reduced the molecular weight of lignin in both solid and liquid phases, converting
it into valuable low-molecular-weight compounds.
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Moniruzzaman and Ono (2012) pretreated wood samples with [EMIM][OAc] at
80 °C for 1 h to disrupt the hydrogen bonding between cellulose and lignin. After cooling
the wood/IL mixture, they added an acetate buffer containing laccase and HBT to promote
enzymatic delignification at 50 °C. Their findings indicated that the IL-mediated swelling
of lignocellulosic biomass prior to enzymatic treatment is an effective strategy for lignin
removal and the subsequent extraction of cellulose fibers.

Ninomiya et al. (2018) observed that IL pretreatment followed by enzymatic
treatment increased the total yield of vanillin and syringaldehyde from eucalyptus lignin
during alkaline nitrobenzene oxidation depolymerization by 11.4%, achieving a total yield
of 48% compared to 36.6% from untreated samples.

Chang et al. (2021) investigated the effects of adding 1-allyl-3-methylimidazolium
chloride ([AMIM]CI) and the surfactant Triton X-100 to the treatment of rice straw with
laccase. The addition of 750 mg/L [AMIM]Cl and 500 mg/L Triton X-100 resulted in lignin
removal extents of 18.5% and 31.8%, respectively, significantly exceeding the 12.0%
removal achieved by laccase alone. Both additives also enhanced the enzymatic hydrolysis
yield of the fiber-rich residue.

Pena et al. (2023) found that the high solubility of alkali lignin in [EMIM][OAc]
markedly improved laccase-mediated degradation, leading to increased yields of phenolic
products such as catechin hydrate, gallic acid, and 4-hydroxybenzoic acid.

These studies indicate that certain ILs can enhance the activity and stability of
ligninolytic enzymes, thereby increasing lignin degradation. However, the production costs
of ILs are relatively high, their synthesis processes are complex, and there are concerns
regarding their toxicity and potential ecotoxicological effects due to limited
biodegradability (Hou et al. 2013; Pitzold et al. 2019).

Deep eutectic solvents

DESs represent a promising class of green solvents suitable for biomass
pretreatment and lignin valorization. These solvents are formed by mixing hydrogen bond
acceptors (HBAs), such as quaternary ammonium salts (e.g., choline chloride, ChCl),
amino acids (e.g., alanine, glycine, proline, glutamic acid), betaine, and amides, with
hydrogen bond donors (HBDs) that can include polyols, sugars, carboxylic acids, or amides
in specific molar ratios. DESs typically exhibit melting points lower than those of their
individual components. Notably, choline- and betaine-based DESs are currently the most
widely researched types. Choline, an essential nutrient similar to B vitamins, is safe and
non-toxic, while betaine is a naturally abundant food compound. Similar to traditional ILs,
DESs offer several advantages, including low vapor pressure and good thermal stability.
Moreover, DESs are easier to prepare, less expensive, and generally less toxic than ILs.
For example, the synthesis of DESs can be achieved through simple mixing and heating,
avoiding the more complex steps of cation formation and anion exchange required for ILs.
Research by Hou et al. (2013) investigated the toxicity of 11 DESs and 2 ILs, and found
that choline-based DESs are significantly less toxic than the imidazolium IL [BMIM][BF4],
with the difference being an order of magnitude. Consequently, DESs show considerable
promise for applications in lignin valorization and other fields.

Numerous studies have demonstrated the high solubility of lignin in various DESs,
primarily attributed to the formation of extensive hydrogen bond networks between the
components of DESs and the functional groups of lignin, especially the phenolic hydroxyls.
The solubility of lignin in DESs is influenced by various factors, including the composition
and ratio of the DESs (e.g., mass fraction, molar ratio) and the types of lignin used. For
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example, Francisco ef al. (2012) reported that the solubility of alkali lignin in betaine-lactic
acid (1: 2) was 12.03 wt%, while ChCl-lactic acid (1: 2) only dissolved 5.38 wt%. Soares
et al. (2017) found that a 50% mass fraction of a propionic acid-urea (2: 1) solution could
dissolve 25 wt% of organic solvent lignin, whereas the solubility of alkaline lignin reached
as high as 78 wt%. Similar to ILs, the properties of DESs are determined by their HBA and
HBD components. Figure 3 displays the structures of common hydrogen bond acceptors
and donors used in DESs for lignin processing.

Temperature, stirring

/ Deep eutectic solvents \
Hydrogen bond acceptors Hydrogen bond donors

(0] (0]
P 1) ﬁ)j\ HO% o 0 L . 1 .
N 1N OH OH 1gnin solution
HO/\’(.T“ /N\)LO, o HOMOH

Lignin

OH
Choline Chloride Betaine Lactic Acid Oxalic Acid Malonic Acid
(0]

j—\ Q )\/YOH 0
TN HO.
W\‘_‘\_ O)\OII o )J\on ~"an
NH Levulinic Acid ~ Acetic Acid Ethylene Glycol
Tetrabutylammonium Chloride L-Proline 0
o OH )L
0 HO._ A _on no” ™" NH,
(o] i
H;N Glycerol 1.4-Butanediol Acetamide
OH  H,N ;
N A,

2 - OH
L-Lysine Glycine - ©/
O
Guaiacol Phenol

Fig. 3. Deep eutectic solvents commonly used for lignin dissolution, extraction, and modification

DESs also demonstrate significant potential in biocatalysis, particularly for
stabilizing and activating ligninolytic enzymes such as laccase (Taklimi et al. 2023).
Therefore, DESs have proven to be effective alternatives to traditional organic solvents and
ILs in various biocatalytic processes (Xu et al. 2017).

The activity and stability of ligninolytic enzymes are influenced by the constituents,
molar ratio, and concentration of the DESs used. Some DESs, particularly those based on
ChCl, can inhibit enzyme activity. For instance, Choi et al. (2011) observed that laccase
was inactive in ChCl-malic acid. Similarly, Khodaverdian et al. (2018) also found that
laccase catalytic activity decreased in ChCl-based DESs, which is likely due to the
presence of Cl ions disrupting the enzyme’s intramolecular hydrogen bonds, leading to
denaturation and reduced activity. In addition, recent studies suggest that DESs composed
of ChCl and polyols exhibit a lower inhibitory effect on laccase activity compared to ChCl
alone. This reduction in inhibition may be attributed to two factors: first, polyols can
positively influence laccase activity, and second, the strong interactions between ChCl and
polyols reduce the Cl” concentration in the solution, preventing Cl” from reaching the
enzyme’s active site (Yang et al. 2025).

Conversely, specific HBAs such as choline dihydrogen phosphate (ChDHP),
choline dihydrogen citrate, betaine citrate, betaine, alanine, trehalose, and hydroxyl-rich
HBDs including erythritol, xylitol, sorbitol, and glycerol are beneficial for enzyme
stabilization. Compounds such as quaternary ammonium compounds with hydrophobic
regions (e.g., betaine) and certain amino acids like glycine, alanine, and proline can serve
as stabilizers (Zhao 2005), effectively preventing protein aggregation and denaturation
under stress. Natural osmolytes such as glycerol, xylitol, and sorbitol also provide
significant protein-stabilizing effects (Zhao et al. 2011).
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Yang et al. (2025) conducted a systematic analysis of the activity and stability of
laccase in 18 DESs. Their findings indicated that DESs composed of five HBAs—ChDHP,
betaine citrate, betaine, proline, and trehalose—significantly enhanced enzyme activity and
thermal stability. In contrast, DESs that included ChCl as the HBA inhibited laccase
activity. Notably, the ChDHP-glycerol DES system improved laccase activity by 198%
through hydrogen bond stabilization. This enhancement is primarily attributed to ChDHP,
a choline salt, which stabilizes protein conformation, as demonstrated with cytochrome C.
Furthermore, betaine-based DESs were found to significantly enhance the thermal stability
of laccase. For instance, a 50% betaine-sorbitol solution allowed laccase to retain 92% of
its activity after one hour at 70°C, which is 55 times higher than that in a buffer solution.

Toledo et al. (2019) evaluated the activity of laccase in 16 choline- and betaine-
based DESs, finding that most of these solutions protected enzyme activity. DESs
composed of betaine, choline dihydrogen phosphate, and choline dihydrogen citrate
enhanced laccase activity in oxidation reactions, with a 25% mass fraction of the choline
dihydrogen citrate-xylitol (2: 1) system yielding a remarkable activity level of 200%.

Khodaverdian et al. (2018) found that specific betaine-based DESs significantly
improve both the activity and stability of laccase. For instance, in a 50% (v/v) betaine-
glycerol (1: 2) solution, the laccase activity was enhanced 3-fold compared to the buffer
control. This improvement is largely attributable to betaine’s ability to stabilize proteins
under dehydrating or osmotic stress conditions, thereby preventing aggregation and
inactivation. Varriale et al. (2022) further demonstrated that betaine-based DESs improve
laccase thermal stability, extend their half-life, and maintain residual activity following
high-temperature incubation.

In addition, Toledo et al. (2019) found that DESs with an increased number of
hydroxyl groups typically demonstrated superior performance in enhancing the activity and
thermal stability of ligninolytic enzymes. Their research indicated that when ChDHC was
used as the HBA in combination with different polyols at a 2:1 ratio, the enzyme activity
at a 50 wt% DES mass fraction followed the order: ChDHC: ethylene glycol < ChDHC:
glycerol < ChDHC: erythritol < ChDHC: xylitol.

The integration of DESs with enzymatic treatments significantly enhances the
efficiency of biomass pretreatment for lignin removal and sugar yield improvement.
Sawhney et al. (2023) employed a combined pretreatment technology for straw, integrating
a chemical method (ChCl-formic acid), a physical method (microwave), and a biological
method (laccase), achieving a sugar yield of 422 mg/g and a saccharification efficiency of
72.6%. This represents approximately a 1.67-fold increase in reducing sugar yield
compared to untreated material. Similarly, Lin et al. (2025) pretreated corn straw using
three DESs (betaine-glycerol, betaine-xylitol, betaine-sorbitol) combined with laccase. The
DESs solutions not only did not inhibit laccase activity but also improved its thermal
stability. The betaine-glycerol/laccase combination maximized lignin removal, yielding a
130% increase in fermentable sugar yield compared to the control group. Likewise, Yang
et al. (2025) utilized betaine-sorbitol and laccase to pretreat distillers’ grains (DG) and
poplar wood (PW). Their results indicated significant increases in glucose and xylose
conversion rates after pretreatment, particularly a 54% increase in glucose conversion and
a 77% increase in xylose conversion rates in PW. The authors proposed that the betaine-
sorbitol/laccase treatment disrupted the compact lignocellulosic structure, dissolved lignin
and hemicellulose, and broke the covalent and non-covalent bonds in lignin-carbohydrate
complexes, thereby enhancing the accessibility of cellulase.
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The integrated approach of combining solvents with enzymatic treatment

represents a promising direction. Table 3 provides a comparison of the advantages,

disadvantages, mechanisms, and effects on lignin for ILs, DESs, and their combined

systems with enzymes.

Table 3. Effects of Various Treatment Methods on Lignin Conversion Efficiency
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CONCLUSIONS

1. Ligninolytic enzymes play a crucial role in the valorization of lignocellulosic materials,
with applications in pulping, biofuel production, fine chemical synthesis, and the
preparation of composite materials. However, several challenges hinder their
commercialization, including maintaining enzyme stability, controlling reaction costs,
and ensuring substrate accessibility. To overcome these limitations and enhance
enzymatic lignin depolymerization, research should focus on two primary strategies:
(1) developing cost-effective, high-yield enzyme production technologies via
molecular modification through protein engineering and enzyme immobilization, and
(2) optimizing enzymatic reaction systems to improve catalytic efficiency. In this
regard, the integration of novel green solvents, particularly ILs and DESs, shows
significant promise, as these solvents not only enhance lignin solubility but also can
stabilize and activate ligninolytic enzymes.

2. Despite their potential, several key challenges remain in the utilization of ILs and DESs
for lignin valorization. First, the interaction mechanisms between these solvents and
ligninolytic enzymes are poorly understood. Systematic molecular-level studies are
necessary to clarify how these solvents influence enzyme conformation, activity, and
stability. Such insights are crucial for designing solvent systems that optimize enzyme
performance. Second, establishing clear structure-activity relationships between
solvent composition and enzyme activity/stability is essential for developing cost-
effective, high-performance catalytic systems. Future research should focus on
designing tailored enzyme-solvent pairs for lignin valorization in green solvent media,
which will be pivotal for advancing a sustainable, circular bioeconomy. Success in
these areas will facilitate the large-scale application of integrated lignin valorization
technologies, transforming this abundant renewable resource into valuable chemicals,
materials, and fuels.
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