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Abstract: In recent years, lignin derived from lignocellulosic biomass has emerged as a
critical component in modern biorefinery systems. The production yield and reactivity of
lignin are critical factors for advancing the research and development of lignin-derived bio-
chemicals. The recovery of high-purity lignin, along with carbohydrates, is accomplished
through the application of various advanced pretreatment techniques. However, biological
pretreatment using lignin-degrading enzymes to facilitate lignin depolymerization is an
environmentally benign method for the sustainable production of valuable products that
occurs under mild conditions with high substrate specificity. The current review presents
the role of biocatalysis in lignin valorization, focusing on lignin-degrading enzymes that
facilitate different bond cleavage in the lignocellulosic biomass. The review also high-
lights the recent advancements in enzyme engineering that have enabled the enhancement
of enzyme stability and catalytic efficiency for improving lignin valorization processes.
Furthermore, the integration of omics technologies that provide valuable insights into
the microbial and enzymatic pathways involved in lignin degradation is presented. The
challenges and future prospects in this emerging field of study for a biorefinery concept are
also outlined for improving lignin depolymerization efficiency.

Keywords: circular economy; biorefinery; lignin; lignin-degrading enzymes; omics technologies

1. Introduction

Overreliance on fossil fuels and their combustion as a primary energy source, with
approximately 82% dependency in 2020, is a major driver of climate change, a global crisis
that has created significant challenges across the world [1]. Natural resource scarcity is an
escalating concern worldwide, which is driven by rapid population growth and increasing
industrialization and is exerting considerable pressure on and straining the finite resources
of the world, ultimately causing shortages in many areas [2]. Moreover, by 2040, it is
anticipated that the worldwide consumption of natural gas and oil will rise by 22% and
16%, respectively [3]. Global warming, and environmental warming and environmental
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degradation, are mostly caused by carbon dioxide emissions, which make up around
75% of greenhouse gas emissions [1,4]. By 2030, greenhouse gas emissions are predicted to
increase by as much as 50% [5]. Apart from greenhouse gas emissions, the accumulation of
solid waste is also a major threat to the environment. Global waste generation is projected
to reach 3.40 billion tons by 2050, outpacing population growth by more than double during
the same period. By 2050, daily per capita waste production in high-income countries is
projected to increase by 19%, compared to at least a 40% increase in low- and middle-income
countries [6].

In light of the current scenario, the effective processing of solid waste for energy
production, coupled with the utilization of renewable, eco-friendly energy sources, offers a
viable replacement for fossil fuels. This shift can contribute to reducing global greenhouse
gas emissions and advancing sustainable development goals [7]. Globally, lignocellu-
losic biomass (LCB) contributes 181.5 billion tons to total waste production, but merely
8.2 billion tons are used across different applications, leaving the majority untapped. LCB
has enormous potential to forage the constantly rising energy needs of various sectors [8,9].
The main structural components of LCB are cellulose (35-50%), hemicellulose (20-35%),
and lignin (15-30%), which is a polyphenolic aromatic polymer [10]. The polysaccharide
components of LCB, i.e., cellulose and hemicellulose, have been effectively utilized for the
production of biofuels to substitute conventional oils in the transportation section and other
valuable products such as levulinic acid, furfural, pyrones, and furfuryl alcohol, leaving
behind lignin as a waste [11,12]. However, lignin has historically been considered a road-
block in the conversion of LCB into useful products due to its rigid and recalcitrant nature.
Its strong binding to cellulose and hemicellulose has frequently been seen as a significant
barrier to the saccharification enzymes’ easy access to complex carbohydrates [13]. The
perception of lignin has evolved from being considered a “waste” polymer to a valuable
resource. Its potential as a critical raw material for industrial use lies in its ability to replace
a variety of products derived from diminishing fossil-based resources [14]. The natural
abundance of lignin and the fact that it is produced as a byproduct, particularly in the
pulp and paper industry and cellulosic ethanol biorefinery, suggest that it may be used
as a raw material for valuable bioproducts with a variety of commercial uses. The lignin
reserves in the biosphere grow by an estimated 20 billion tons each year, amounting to a
total of approximately 300 billion tons. Meanwhile, the paper and pulp industry produces
approximately 50 million tons of lignin annually as a byproduct. Moreover, aside from
established fossil-based chemical processes, lignin stands as the sole natural source of
aromatic chemicals [15].

Traditional lignin valorization techniques limit the use of lignin as a low-quality solid
fuel to generate heat and electricity. Instead of burning or disposing of the lignin, which
exacerbates environmental issues, its valorization can be implemented through the circular
economy approach [12,16]. Lignin is a versatile raw material that can be converted into
valuable compounds, including p-hydroxybenzoic acid, ferulic acid, adipic acid, pyrogallol,
guaiacol, benzene, xylene, and polyhydroxyalkanoates. Its applications extend to phar-
maceuticals, drug delivery systems, agrochemicals, carbon fibers, and nanocomposites.
Additionally, lignin acts as an absorbent for toxic metal ions, is used in dye manufac-
turing, aids in biosensor synthesis, and contributes to flavoring agents such as eugenol,
guaiacol, and catechol [15,17,18]. The circular economy promotes sustainable growth
and development and facilitates the effective achievement of sustainable development
objectives [19]. The concept of a circular economy can be realized through an integrated
biorefinery approach, which enables the efficient valorization of lignin from LCB for the
production of various useful products. The integrated biorefining of LCB can also help
in its efficient channelizing to produce chemicals, heat, electricity, and biomaterials in
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addition to biofuels, making it a desirable energy source [3]. The four main stages of
most integrated biorefineries are biomass collection and storage, pretreatment, enzymatic
hydrolysis, and conversion.

The pretreatment stage is important for the breakdown of linkages between cellulose,
hemicellulose, and lignin, enabling the extraction of each component followed by conver-
sion into useful bioproducts [20]. However, most of the lignin depolymerization methods
operate under extreme conditions, including high temperatures, substantial energy require-
ments, and the use of costly and corrosive chemicals, leading to additional waste disposal
costs and also loss of certain valuable linkages in the lignin structure [21]. Consequently,
the use of lignin-degrading biocatalysts provides a sustainable and efficient alternative to
mitigate the challenges associated with conventional pretreatment approaches. Enzymes
are highly specific for their substrates, work under milder conditions, and produce no or
fewer byproducts [22]. However, there are still a number of obstacles that must be overcome
in order to bridge the gaps between scientific discoveries and practical applications. Many
lignin valorization methods have been applied only at the laboratory scale, with limited
studies addressing scalability and cost-effectiveness. Furthermore, rather than high-value
uses like pharmaceuticals, specialty chemicals, or innovative materials, the emphasis has
mostly been on low-value products (such as fuels or bulk chemicals). These obstacles call
for creative solutions and interdisciplinary cooperation.

This review explores the immense potential of integrated biorefineries in efficiently
converting LCB, particularly lignin, into valuable products. It delves into lignin sources,
various lignin-degrading biocatalysts, and the microorganisms involved in the process. The
review also highlights the advancements in omics technologies and protein engineering for
improved lignin degradation. Additionally, it outlines the challenges and discusses future
opportunities in lignin utilization.

2. Integrated Biorefineries in a Circular Economy for Lignin Valorization

The linear economy has historically been used to produce biofuels and biochemicals,
which are promising substitutes for their traditional petroleum-based counterparts. The
linear economy is a model based on the “take-make-dispose” approach. In this system, raw
materials are extracted (take) from the environment, and used to form products (make),
and once these products reach the end of their life, they are discarded as waste (dispose).
This model does not account for the sustainable use or recycling of materials leading to
resource depletion, increased waste generation, and environmental pollution. However, in
opposition to this, the concept of the circular economy has gained tremendous attention
over the last few years [23,24]. The cornerstone of the circular economy system is the 5R
principle of sustainable development, which represents reduce, reuse, recycle, recovery, and
restore. The circular economy offers a logical waste disposal method for a holistic approach
to economic development by integrating the flow of bio-waste from one industry as a raw
material for another industry, to produce value-added products [25]. A circular economy
offers the advantages of eco-efficiency and improved resources, reduced dependence on
fossil reserves, valorization of waste, and lower greenhouse gas emissions. The circular
economy has the potential to develop a more sustainable and environmentally friendly
environment and, therefore, can be considered a low-carbon economy [26,27]. For LCB,
efficient fractionation and utilization of each key component are essential for establishing
a successful circular bioeconomy. Biorefining is a strategic approach that aligns perfectly
with circular economy principles by converting biomass into value-added products.

The concept of “biorefinery” garnered substantial attention in the 21st century due
to challenges associated with the petrochemical refinery, such as negative effects on the
environment. The focus of policymakers has shifted to biorefineries, which utilize renew-
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able sources that are greener and cleaner to meet the energy demand in a sustainable
manner [28]. The word “biorefinery” is derived from two words: “bio”, meaning life,
and “refinery”, which signifies a processing facility. A biorefinery involves the sustain-
able conversion of biomass into a range of useful products, including food, fuels, and
chemicals [29]. A biorefinery incorporates a wide range of sustainability factors, includ-
ing environmental, societal, and economic effects, and operates on two basic tenets: first,
the sustainable processing system; and second, the production of energy and chemicals
that may be commercialized [30,31]. A modern biorefinery relies heavily on residual and
inedible LCB as a feedstock because of its comparatively low cost and large supply [27].
LCB consists of cellulose, hemicellulose, and lignin. Historically, the focus has been on
the conversion of cellulose and hemicellulose for product formation, while lignin was
generally considered a roadblock due to its tendency to cause biomass recalcitrance [32].
While the value-added utilization of cellulose and hemicellulose is equally important,
lignin can also be exploited for producing green aromatic compounds due to its phenolic
composition. For this reason, significant attention has shifted to the depolymerization of
lignin in recent years. Therefore, generally, biorefinery ideally requires lignin extraction in
the first stage, and in the second stage, involves product formation. In the first or primary
stage, aromatic compounds such as phenol, benzene, toluene, and xylene are extracted
by removing the functional groups from the lignin polymer. In the second or secondary
stage, highly selective catalysts break specific linkages within the biomass, facilitating the
production of value-added chemicals [20,33]. Utilizing LCB as a biomass for biorefineries
for the production of alternative fuels and chemicals has several advantages, such as reduc-
ing the detrimental effects of fossil fuel consumption and the disposal of lignocellulosic
waste on the environment, reducing greenhouse gases, and sustainable management of
lignocellulosic waste [34]. Products from biorefineries are renewable sources of carbon
that help to meet the endless need for energy, materials, and fuels, while also reducing the
threat of climate change.

In the traditional biorefinery, the production of valuable products is minimal due
to the restricted use of substrates and technologies. This shortcoming of a conventional
biorefinery can be overcome by integrated biorefineries. In an integrated biorefinery, differ-
ent technologies of biomass conversion are combined to produce different products. An
integrated biorefinery can enable the complete valorization of all three components of LCB
(cellulose, hemicellulose, and lignin) into a wide range of value-added products, including
biofuels, bioplastics, drug delivery agents, lignin hydrogels, food additives, prebiotics,
vanillin, biocomposites, furfural, and antimicrobial and antioxidant agents, as well as appli-
cations in nutraceuticals and cosmetics (Figure 1) [7,32]. The steps in integrated biorefinery
include biomass pretreatment, product extraction, processing, and recycling of the waste
or byproducts generated to accomplish near-zero waste generation [20,35]. The efficient
separation of each polymer (cellulose, lignin, and hemicellulose) in the biomass to facilitate
their subsequent value-adding depends on biomass pretreatment [36]. This should also
make it easier to recover the fractions with the fewest purification stages [37]. Integrated
biorefinery employs different conversion processes (for example, thermochemical, bio-
chemical, physical, and biocatalytic conversion technologies) to boost the yield of targeted
products. Utilization of several conversion technologies not only increases process effi-
ciency but also offers the advantage of using lignocellulosic feedstocks of different seasons
and geographical areas, ultimately expanding the spectrum of raw materials and ensuring
year-wide production. Moreover, the ability of integrated biorefinery to completely use LCB
may improve the cost-effectiveness of the whole process [20]. Technological advancements
and the optimization of mass and energy flow in all the processes, from pretreatment and
extraction, to byproduct processing, are highly crucial for increasing product valorization in
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the integrated system [38]. While setting up an integrated biorefinery illuminates the path
of LCB valorization, ensuring its success and sustainability requires attention to various
factors, such as minimal consumption of power and energy, minimal negative effect on
the environment, socioeconomic impact, near-to-zero waste generation, maximal product

yield, and high-quality production [39].

Lignocellulosic biomass
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Figure 1. Bioconversion of lignocellulosic components into diverse value-added products through an
integrated biorefinery approach.

The concept of an integrated biorefinery for LCB valorization has been extensively
explored by researchers. The production of 1,4-butanediol has been reported from a
60 kton/y cardoon LCB using an integrated biorefinery system. The energy recovery system
and thermal energy recovery system were able to cover approximately 78% of the total
electricity demand and 83% of the total thermal demand, respectively. Moreover, the carbon
footprint value of kg CO,eq/kg 1,4-butanediol was reported for the entire production
process of BDO [40]. An integrated approach was used for the coproduction of ethanol
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and 1,5-pentanediol from corn stover biomass via organosolv fractionation technology,
combining biomass fractionation with the concurrent conversion of hemicellulose into
1,5-pentanediol and cellulose into ethanol [41]. In another study, plug-in processes for
lignin were analyzed for their role in producing polyhydroxyalkanoates as a coproduct
with cellulosic ethanol. The findings indicate that this biorefinery model holds promise
for fostering sustainability by boosting carbon efficiency and streamlining overall capital
costs [42]. A simple pilot-scale method was adopted to successfully recover lignin from a
black liquor made by Miscanthus x giganteus treated with mild soda [43]. This produced
high-quality native-like lignin that may have a promising future in a variety of high-
value applications. A pilot-scale process mimicking the continuous full-scale industrial
production was used to create fiberboards combined with laccase-catalyzed oxidation
and through lignin cross-linking [44]. This study exhibited that it is possible to see lignin
cross-linking in enzyme-bonded boards. It is evident from the reported case studies and
pilot-scale lignin use that lignin could well be explored for industrial scale applications
through integrated biorefinery systems that enhance yield, produce multiple products, and
reduce wastage.

3. Lignin, Sources, and Valorization
3.1. Lignin and Its Sources

Lignin, a heteropolymer, is the second-highest predominant biopolymer, which is
present in the plant biomass and is an integral constituent of LCB alongside cellulose and
hemicellulose [32]. The outer cell wall of plant biomass contains lignin, which forms a
complex three-dimensional network that firmly encircles the polymeric sugars and gives
LCB its extremely resistant characteristics [32,45]. It accounts for 40% of the calorific
value of LCB and is bound to polysaccharides through benzyl-ether linkage, which occurs
between the primary/secondary hydroxyl groups of monomeric sugars of cellulose and
hemicellulose and the o-position of lignin to form a lignin carbohydrate complex. The
bonding is further strengthened as the lignin carbohydrate complex’s benzyl-ester bond
joins the lignin’s hydroxyl group with the uronic acid group of carbohydrates [46,47]. Along
with giving structural strength to the plant, the lignin also prevents the deterioration of the
plant and seals the water conduction system between the roots and leaves. Depending on
the type of LCB, the lignin content varies: 25-38% is found in softwood (gymnosperms),
20-30% is found in hardwood (angiosperms), 8-15% is found in herbaceous plants, and
11-20% is found in agroindustrial waste [47].

In all types of LCB, lignin is composed of aromatic polymers resulting from the oxida-
tive coupling of 4-hydroxyphenylpropanoids. It is naturally synthesized through the con-
trolled polymerization of three main monomeric subunits, syringyl (S), p-hydroxyphenyl
(H), and guaiacyl (G), originating from sinapyl alcohol, p-coumaryl alcohol, and coniferyl
alcohol, respectively. The physicochemical and biological properties of lignin polymer are
determined by the linkages in the lignin, such as alkyl-aryl, alkyl-alkyl, and aryl-aryl group
linkages [11,48]. The variation in the lignin composition also plays a role in the catego-
rization of different woods; for example, guaiacyl lignin is present in high concentration
in softwood, whereas hardwood has a shared composition of guaiacyl lignin, syringyl
lignin, and a minor proportion of p-hydroxyphenyl lignin. Herbaceous wood contains
guaiacyl lignin and a small amount of p-hydroxyphenyl lignin. A key consideration in
lignin valorization is the diversity in lignin composition among various kinds of wood,
which helps define the technology to be used for lignin fractionation in order to produce
value-added products [49,50].

The two types of lignin sources are known as native lignin and industrial or technical
lignin. Native lignin is a component of LCB and is widely distributed within a complex
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network of cellulose and hemicellulose. However, after undergoing multiple rounds of
biomass processing, technical lignin is primarily produced in the pulp and paper indus-
tries [12]. With over 85% of the world’s total lignin production, kraft lignin is the most
widely produced technical lignin among all forms of lignin, including lignosulphonates,
soda lignin, organosolv lignin, and hydrolysis lignin [45]. Lignin from the pulp and paper
industry has been the subject of the majority of studies on lignin valorization. When
compared to other possible sources, the benefit of using the lignin from those facilities
is that the resource is already consolidated, and the transportation expenses to further
process it are substantially lower. However, profusely present LCB, primarily in the form
of agricultural and forestry residues, has the greatest potential for lignin usage in future
circular economies through biorefineries. The current sources of LCB are roughly 1.3 billion
tons from agricultural biomass, 3.7 billion tons from grasslands, and less than 1 billion tons
from specialized crops. Moreover, the generation of agricultural waste differs according
to the geographical location and the primary crops grown there. A significant amount
of agricultural waste is also produced in developing nations like India and China. India,
for instance, produces 500 million tons of agricultural residues, whilst China produces
almost 900 million tons of agricultural straw [49,51,52]. Therefore, the valorization of all
components of LCB, especially lignin, evolves into an intriguing responsibility.

3.2. Lignin Valorization Routes

Despite the generation of a large amount of LCB worldwide, most of it is discarded
without proper valorization. Alongside cellulose and hemicellulose, the lignin in biomass
can be efficiently valorized for the sustainable production of value-added components
through the establishment of a successful biorefinery, which might greatly alleviate the
energy crisis and environmental restrictions. However, the major bottleneck in the valoriza-
tion of lignin is its recalcitrant nature [51]. Different linkages, including 3-O-4, 3-5, 3-1,
5-5, B-B, «-O-4, and 4-O-5, bond the lignin monomers. Within the native lignin structure,
the major inter-unit bonds are the 3-aryl ethers (3-O-4), which account for approximately
50% of linkages. The subunits contribute to recalcitrance by being cross-linked with the
polysaccharides found in the xylem and phloem tissue [53]. The recalcitrance of the lignin
can be reduced by the biomass pretreatment approach, which can be achieved by lignin
depolymerization. Targeting the 3-O-4 bonding could result in effective depolymerization,
since it contributes to the highest number of linkages in lignin and the C-O bond in the
[3-O-4 linkage has a relatively low bond dissociation energy (70 kcal/mol) [54]. The disso-
ciation of linkage 3-O-4, however, may produce aromatic monomers that are vulnerable
to further repolymerization [55]. Various methods such as thermochemical, chemical, and
physiochemical, can be employed for the fractionation of lignin, which can later be utilized
for producing high-end products. In terms of efficiency, processing time, and yields, the
thermochemical biomass fractionation for lignin valorization is a more effective method
than the biological method involving microbes and their enzymes. The breakdown of lignin
in nature usually takes a long time and involves a variety of microbes, such as fungi, yeasts,
and bacteria. Different enzymes that enable metabolic pathways to fully break down lignin
are contributed by microbial communities. Moreover, biological processes produce yields
and productivity that are far less than what industry demands [56]. However, the need
for significant volumes of acids and organic solvents is the main disadvantage of lignin
precipitation by in thermochemical lignin valorization by acids. These methods may have
certain disadvantages; for example, use of harsh chemicals, high energy inputs, and non-
selective degradation of lignin [57]. The commercialization of lignin-based biorefineries
requires addressing the ongoing challenges of target phenolic separation and purification.
The capacity of metabolically modified microbial cells to sequentially utilize particular
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substrates in mixed products makes the biological conversion of complicated degradation
products a viable option to circumvent this constraint. Among the various cutting-edge
methods currently in use, lignin deconstruction by biological means is superior. While
breaking down lignin, enzymes or microbes that contain the lignin-degrading enzymes
function under mild reaction conditions and show strong regioselectivity and stereoselec-
tivity. Nonetheless, biological lignin valorization remains difficult, producing few valuable
products despite numerous advancements. Therefore, different methods can be combined
for the increased efficiency of lignin valorization and subsequent production of valuable
products [51]. The utilization of lignin for the development of various valuable products is
summarized in Table 1.

The solubilization of lignin in water without the addition of any other solvent can
be greatly aided by mechanical techniques such as sonication, ultra-turrax churning, mi-
crowave irradiation, and steam activation [58,59]. These techniques are essential for over-
coming lignin’s natural resistance and increasing its accessibility for enzymatic and mi-
crobial breakdown into chemicals with added value. Ultrasonication is the process of
creating high-frequency vibrations in a liquid medium using ultrasonic waves. Cavitation
is produced by this process, resulting in microbubbles that violently collapse, producing
strong shear forces and localized high temperatures [60]. The lignin structure is upset by
these effects, which cause it to break up into smaller pieces and become more soluble in
water. Through this method, the surface area of lignin is increased as it breaks down into
smaller molecules, which enhances its accessibility to microbial enzymes. Furthermore,
lignin’s molecular weight can be decreased by sonication, which promotes the breakdown
of lignin into phenolic monomers. Similarly, lignin’s intermolecular interactions, including
van der Waals and hydrogen bonds, are weakened by the localized heating brought on by
microwave radiation [61]. This alteration makes lignin more soluble in water and more
vulnerable to microbial and enzymatic breakdown.

Table 1. Different value-added products derived from lignin extracted from various lignocellulosic
biomass with their characteristics.

Lignocellulosic
Biomass Source

Extraction Method Product and Yield Product Characteristics Reference

Corn stover

Anhydrous ammonia gas pretreatment
(low-moisture, flow rate = 6.9 L/min,
30 min); heating (90 °C, 24 h);
enzymatic hydrolysis (cellulase CTec2,
0.5 mL/g cellulose and hemicellulase
HTec2 0.25 mL/g cellulose)

Lignin extract (33.92 g
lignin/100 g corn stover)

Inhibited Listeria innocua growth
after 48 h of incubation;
antioxidant values ranged from [62]
1875.22 to 2422.52 umol
TE/g sample

Eucalyptus grandis x
Eucalyptus urophylla

Alkaline nitrobenzene oxidation (100
mg lignin sample mixed with 7 mL
sodium hydroxide (2 M) and 0.4 mL
nitrobenzene); heating (170 °C, 3 h,

continuous agitation)

Vanillin (13.39% yield)

- [63]

Corncobs/pines

100 mL enzymatic hydrolysis lignin
solution (0.1 g/L Enzymatic hydrolysis
lignin with acetone/water, 8:1, v/v)
solution mixed with 400 mL deionized
water at continuous stirring at room
temperature, concentrated at 40 °C to
recycle acetone, freeze-drying

Lignin-based sunscreen

Better UV blocking performance;

SPF value of 9.10 [64]

Phyllostachys,
Miscanthus,
Pinus densiflora

Ammonia water treatment
(autoclaving, 120 °C, 20 min)

Lignin extract

High antioxidant capacity, Low
1Csp value (14.6 mg/mL). High
residual superoxide dismutase-like
activity (94.2%)

[65]
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Table 1. Cont.

Lignocellulosic
Biomass Source

Extraction Method

Product and Yield

Product Characteristics

Reference

Wheat straw

Alkali extraction (dewaxed using
toluene-ethanol with 2:1 proportion;
2% NaOH solution, 120 °C, 45 min)

Lignin-based silver

nanoparticles; total

phenolic content in
lignin-140.6 £ 5.6 ug GAE

Long-term stability, substantial
DPPH radical scavenging potential
(ICs50-62.5 pg/mL), 70% inhibition
against SKOV3 ovarian cancer cell

lines inhibited Staphylococcus
aureus (MIC-25.0 ug/mL) and
Escherichia coli (MIC-20.0 ug/mL)

[66]

Wheat straw

Hydrothermal/alkaline treatment;
7.0 g dewaxed powders heated (170 °C,
30 min); neutralized (6 M NaOH); 2%
NaOH solution (90 °C, 120 min,
solid-to-liquor ratio of 1:10 g/mL)

Lignin-90.3% yield,
purity-97.4% M,y of the
lignin-1210 g/mol,
S/G/H-41/55/4,

Relatively high antioxidant activity
(IC50-0.07 mh/mL)

[67]

Rice husk

Acid-Alkali treatment
(1 mol/L HCI, solid-liquid ratio

—25 mg/mL, stirred-24 h, washed
until neutral and dried, 12.0 g rice husk

powder dispersed in 48 g 14 wt%
NaOH, pre-cooled 0 °C, stirred-1 min,

added pre-cooled 48 g 24 wt% urea,
stirred-2 min, and separated
the supernatant)

Hydrogel adsorbent
(RH-CTS/PAM gel)

Macroporous network structure,
high buried water content, 96.8%
moisture content, stable at pH 1.00
to 13.00, more than 90% lead
removal efficiency, theoretical
maximum adsorption capacity of
374.32 for lead

[68]

Corn stover

Dilute sulfuric acid (1% H,SOy, 120 °C,
30 min, 10% solid loading); sodium
hydroxide (1% v NaOH, 120 °C,

60 min, 10% solid loading); Laccase
(50 °C, 200 rpm, 48 h, loading-
15-mg/g substrate

Lipids, concentration-
1.83g/L

[69]

Alamo switchgrass
(Panicumvirgatum L.)

soaked 1 wt% switchgrass, 24 h, room
temperature, stirred- 2 min;
hydrothermal pretreatments (180 °C,
120 min); mechanical fibrillation
(constant rotation speed-1500 rpm)

Chitosan/lignin-
containing cellulose
nanofibrils biocomposites
for food packaging
application

Excellent flexibility and
transparency, good dispersion,
visible light transmittance (94.41%),
lower UV transmittance (12.28%),
higher tensile strength, higher
onset degradation temperature
(Tonset) and the maximum
decomposition temperature (Tmax),
lower oxygen permeability rate
(0.20 cc/(m? day))

[70]

Olive pomace

Alkali method (200 g of ground
biomass immersed in 1.5 L of water
with 0.16 M NaOH); heated 70 °C,
300 rpm, 2 h; centrifugation (10 min,
4000 rpm)

Lignin-carrageenan
composite for
water-soluble triple
superphosphate (TSP)
granular fertilizers

Tensile modulus-1191.51 Kpa,
tensile strength-3674.11 Kpa,
elongation at break-9.37%, highest
hygroscopicity of coated fertilizer,
slow release

[71]

4. Biocatalysis in Lignin Valorization

As discussed above, the physical, chemical, and thermochemical pretreatments used

for the fractionation of biomass have their own limitations, which can be overcome by

adopting the biological mode of pretreatment [72,73]. Biological pretreatment is done by

either using microbes that secrete lignin-degrading enzymes or directly, using the extracted

lignin-degrading enzymes. Enzymes are environmentally friendly biocatalysts and carry out
the breakdown of complex polymers in a mild milieu with high specificity [11,32,74]. With
these enzymes, depolymerization of lignin can be effectively achieved and the extracted
lignin can be used for the production of various chemicals after separation and purification

(Figure 2). A wide range of biocatalysts are involved in lignin degradation, including

laccase, lignin peroxidase, manganese peroxidase, versatile peroxidase, dye-decolorizing

peroxidase, [3-etherase, biphenyl bond cleavage enzyme, aryl alcohol oxidase, glyoxal

oxidases, etc. [25,50].
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Figure 2. Overview of lignin depolymerization by ligninolytic enzymes for production of value-added
chemicals.

4.1. Mechanism of Lignin Fractionation by Enzymes

The advantages of biological lignin processing include the ability to express target
molecules with a specificity that outperforms synthetic chemistry, and the utilization of re-
newable carbon sources as feedstock to maintain cellular development for the generation of
diverse intermediates. It has been discovered through studies that bacteria and fungi, using
a variety of enzymes and related small molecule co-factors, may break down lignin in vitro
and/or in vivo [75]. Various natural biomass usage systems have also been used to study
the lignin and aromatics degradation pathways. Among the extracellular oxidoreductases
that aid in the breakdown of native lignin are lignin peroxidase, manganese peroxidase,
versatile peroxidase, laccase, and dye-decolorizing peroxidase. These enzymes are essential
for the breakdown of the lignin because they generate intermediate phenoxy radicals. Al-
though bacterial lignin breakdown may be less effective than fungal degradation, bacterial
delignification has several advantages, such as resistance to a greater range of pH levels,
temperature changes, and oxygen level variations, which makes bacteria easier to control
than fungi [76].

The oxidative cleavage of lignin (3-O-4 units produces vanillin, where the lignin’s
-O-4 aryl ether bond can be selectively broken by microbial 3-etherases. Chaetomium,
Novosphingobium sp., and Sphingobium paucimobilis SYK-6 are the primary hosts of these
enzymes [75]. Although the mechanisms of lignin depolymerization in fungi have been
studied, it is far more difficult to overexpress ligninolytic enzymes because of difficulties
with genetic modification and the recombinant expression of functionally active proteins.
The lignin and phenolic compounds can also be catabolized by bacteria, but ligninolytic
bacteria are far less effective at degrading lignin than fungal systems. Therefore, to increase
biological lignin value and the viability of biorefineries from an economic standpoint, the
molecular pathways behind microbial lignin degradation should be carefully uncovered. In
order to efficiently degrade kraft lignin and produce the most vanillic acid possible, a previ-
ous study concentrated on isolating promising ligninolytic strains from soil combined with
decaying wood [77]. Out of the fifteen isolated strains, five possible ligninolytic strains were
found, with RW-B15 being the most prevalent with an increasing vanillic acid concentration
from 60.1 to 199.9 mg/L obtained from kraft lignin concentration (500-2000 mg/L).

Peroxidase and laccases have the ability to hydrolyze both phenolic and nonphenolic
lignin when free radicals such as the hydroxyl group are present. Several redox oxidation
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pathways, in which H,O; is an oxidant, regulate the enzymatic and chemical breakdown
of lignin from LCB [78]. These enzymes are produced by a variety of bacteria and fungi. A
single microorganism does not express all the enzymes; rather, different microorganisms
produce different enzymes. There are two main categories of lignin-degrading enzymes
comprised of lignin-modifying enzymes; these are fundamental lignin-degrading enzymes,
and lignin-degrading auxiliary enzymes, which are necessary to complete the lignin degra-
dation process even though they are unable to degrade lignin on their own [79]. Rather
than being hydrolytic (ionizing the water molecule), lignin-modifying enzymes have an
oxidative (electron withdrawing) enzymatic action [78]. Auxiliary enzymes facilitate the
lignin depolymerization process by sequentially acting on different proteins, including the
oxidative production of HyO,. Numerous enzymes, including cellobiose dehydrogenase,
glyoxal oxidase, aryl alcohol oxidases, glucose oxidase, and pyranose 2-oxidase, are in-
cluded in this group [11]. A comparative analysis of various lignin-degrading enzymes is
represented in Table 2 [80-82].

Table 2. Comparative analysis of biochemical properties, structure, and substrates of various ligni-
nolytic enzymes.

Optimal Structure and Hydrogen
Enzyme Source Temperature/pH Range Catalvtic Center Cofactor  Substrate Peroxide
and Molecular Weight y Dependence
Phenols, aromatic
Monomer, amines,
Lignin peroxidase =~ White-rot fungi ggjg kCD; 2.0-80; glycoprotein; Heme  H,O, arcimatllciethfrrsl,l " Yes
a (Fe-protoporphyrin) polyeyc icaromatcs
and G-, S-, and
H-lignin
o, . Monomer, .
Mangf:l nese White-rot fungi 30-70°C; 2.0-6.0; glycoprotein; Heme H,0O, Phen.ohc' compounds Yes
peroxidase 38-50 kDa (Fe-protoporphyrin) and lignin
Mono-, di-, or Phenolic compounds,
Laccase Fungi and 30-85 °C; 2.0-8.5; tetramer, o aromatic amines, No
bacteria 37-180 kDa glycoprotein; Four 2 polyphenols, catechol
Cu atoms anddye molecules
Monomer, High redox
Versatile . . 30-50 °C; 3.0-5.0; glycoprotein; Heme potentialaromatic
peroxidase White-rot fungi 40-50 kDa (Fe- 0, compounds and Yes
protoporphyrin) recalcitrant dyes
- . o Monomer, dimer, Dye compounds,
Dye-decolorizing Fungi and 30-50 °C; 2.0-5.0; hexamer; Heme (Fe- H,0, ca};otenoi%s and Yes
peroxidase bacteria 40-50 kDa ! !

protoporphyrin)

phenolics

4.2. Lignin-Degrading Enzymes

4.2.1. Lignin Peroxidase

Lignin peroxidases (LiP) were first discovered from basidiomycetous fungi Pharne-
rochaete chrysosporium in 1983 by Tien and Kirk. These enzymes belong to the family of
oxidoreductases and degrade both phenolic and nonphenolic components of lignin with or
without mediators [25,78,79]. LiP are glycosylated monomeric enzymes that have an iron
protoporphyrin prosthetic group with a heme group in the active center and the catalytic
activity of LiP is dependent on the conserved trp171 residue found in LiP sequences [80,83].
These enzymes are produced by various bacteria and fungi. The molecular weight of LiP
falls in the range of 38-48 kDa, with an isoelectric point between 3.2 to 4.7 and an acid
optimum pH. These are globular proteins that are made up of eight x-helices grouped into
two domains, with two calcium ions and disulfide bridges formed between eight cysteine
residues stabilizing the structure [78,83]. LiP is a hydrogen peroxide (HO;)-dependent
enzyme that causes the cleavage of C-O-C and C-C linkages of lignin by the process of
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oxidation, resulting in the breakdown of lignin, and does not act on polysaccharides, leav-
ing them unharmed [84]. The activity of LiP is also increased in the presence of veratryl
alcohol, which acts as an electron donor and cofactor compared to other enzymes in the
same family; LiP has a larger redox potential, which confers excellent lignin disruption
capabilities, making it the most prevalent kind of peroxidase [25,80]. LiP is useful not
only for depolymerizing lignin but also for its strong delignification potential during the
pretreatment of LCB for the production of value-added products such as biocomposites [85].
There are four steps in the catalytic cycle of LiP. The enzyme is oxidized by HyO, in the
first step, producing an intermediate Compound I. This is followed by a two-step reduction
process that produces Compound II and a radical cation by reducing the electron donor
substrate. The final and fourth step includes the oxidation of the second substrate molecule
by Compound II following the initiation of the next catalytic cycle as the enzyme returns to
its native ferric state [81].

In a previous study, six bacterial lignin-oxidizing enzymes and five accessory enzymes
were employed for the improved biocatalytic degradation of lignin. Two novel DyP-type
peroxidase enzymes from Comamonas testosteroni and Agrobacterium sp. were included that
exhibited Mn?* oxidation activity [86]. The findings demonstrated that the inclusion of
auxiliary enzymes increased the activity of lignin-oxidizing enzymes (peroxidases, laccases,
and manganese peroxidases). The depolymerization of technical lignin was examined in
relation to the combined effects of quinone reductase and lignin peroxidase that lowered
the molecular weights and thermal stability of different technical lignins, showing that the
synergistic approach is promising for lignin depolymerization [87].

4.2.2. Laccase

Laccases belong to the polyphenol oxidases group and are a blue multicopper enzyme
that can oxidize a broad range of organic and inorganic compounds. These are commonly
found in bacteria, fungi, plants, and insects and have a redox potential of approximately
800 mV [12,80,88]. By using molecular oxygen as an electron acceptor and producing water,
laccases oxidize a wide array of compounds, including mono-, di-, and poly-phenols, amino-
phenols, methoxyphenols, aromatic amines, ascorbate, as well as phenolic and nonphenolic
lignin compounds. Laccases are classified into two groups based on their ability to collect
electrons, or the redox potential of the reaction they catalyze: low redox potential laccases,
which are primarily found in bacteria and plants, and high redox potential laccases, which
are found in fungi [83]. Laccases have an average molecular weight of 50-300 kD and
have three domains that are sequential, with a Greek key {3 barrel structure that circulates
inside a single molecule. There are two disulfide bridge bonds connecting domains I and II
that stabilize the structure in general, and domains I through III are also present [83,89].
Laccase uses four copper ions in its active sites: a trinuclear copper cluster and a blue type 1
copper core. The four copper ions found in laccase’s molecular structure can be categorized
into three groups based on their spectroscopic and magnetic characteristics. Type I and
type Il Cu®* are paramagnetic acceptors with a single electron, whereas type IIl Cu?* is
a coupled-ion diamagnetic pair with two electrons. Following oxidation of the substrate
being reduced at the T1 site, the electrons are moved to the T2/T3 site, where oxygen is
reduced to water [81,90]. A His-Cys-His tripeptide route facilitates the transport of four
electrons to the trinuclear center in the reaction that the type 1 laccase catalyzes [80].

Laccases can oxidize lignin’s phenolic subunits directly by using a process that pro-
duces cationic radicals in the substrate, which then causes lignin to depolymerize through
the cleavage of an aromatic or aliphatic bond. They utilize the redox properties of copper
to oxidize aromatic molecules. The oxidation of phenolic substrates by laccase results in
the production of the unstable intermediate phenoxyl free radical, which subsequently
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promotes Cx oxidation and polymer cleavage, including Cx-Cf3 and alkyl-aryl cleav-
age [80,88]. The oxidation of nonphenolic compounds by laccases cannot be completed
without the presence of mediators. Mediators, including 3-hydroxyanthranilic acid (HAA),
1-hydroxybenzotriazole (HBT), and 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonate), are
small molecules that can be employed to rectify difficulties by moving electrons between
the enzyme and the substrate, raising the enzyme’s redox potential and allowing the sub-
strate to oxidize. Therefore, when a mediator is present, laccase oxidizes it first, followed by
lignin’s nonphenolic units, enhancing the enzyme’s substrate range [11,91]. When paired
with mediators, the oxidized nonphenolic substrates can promote Cx-Cj3 cleavage, aro-
matic ring cleavage, 3 ether cleavage, and Cx oxidation. Mediators increase the oxidation
potential of laccase by helping it to establish a stable intermediate with the substrate, which
helps to overcome the steric barrier between the enzyme and substrate. Approximately
80-90% of the lignin can be broken down by laccase with the aid of mediators [25,80,91].
Laccases are generally regarded as the “green catalysts” enzyme because of their key char-
acteristic of utilizing for oxidation and releasing only water as a byproduct [12]. They are
the sole enzyme capable of breaking down the lignin on its own and therefore important in
lignin valorization [90].

4.2.3. Manganese Peroxidase

Manganese peroxidases (MnP) are another heme group containing peroxidases that
play a vital role in the breakdown of lignin and are commonly found in basidiomycetes. The
heme group is located between two domains. These ubiquitous enzymes are monomeric
glycosylated and globular proteins composed of 11-12 «-helices, which are actively main-
tained by 2 Ca?* binding sites and 5 disulfide bonds, one of which is associated with Mn
coordination [83,89,92]. Their pl ranges from 2.9 to 7.1, and their molecular weight, which
includes 4-18% glycans, spans from 38 to 62.5 kDa [79]. Apart from HyO,, it is also depen-
dent on manganese ions for its catalytic activity and oxidizes Mn?* to extremely reactive
Mn?*, hence the name manganese peroxidase. Chelators like oxalic acid in fungi help to
stabilize Mn3*. The binding site of Mn?* in an enzyme is situated near the porphyrin macro-
cycle and is made up of two glutamates and one aspartate y-carboxylic group [12,79,81].
Both oxidation and reduction steps are involved in the lignin degradation catalyzed by
MnP. During the catalytic cycle of MnP, H,O; initiates the catalytic cycle by forming an
iron-peroxide complex with the resting ferric enzyme. In order to cleave the peroxide
enzyme’s O-O bonding, two electrons are transferred from the heme-porphyrin, which
results in the formation of the unstable intermediate MnP Compound I (Fe** oxo-porphyrin
radical cation). This leads to the hydrolysis of dioxygen bond heterolytically and the release
of one water molecule. Subsequently, oxidation of Mn?* ion to Mn®* takes place which
acts as a one-electron donor for porphyrin to form unstable intermediate Compound II.
This intermediate Compound II is reduced in a manner similar to that of another Mn?*,
being generated from Mn2*, which results in the enzyme returning to its resting state and
release of the second water molecule [80,89]. Nonphenolic compounds, which make up
to 90% of the lignin, are difficult to oxidize by MnP, unlike LiP. However, small mediators
such as thiols, unsaturated fatty acids, and their derivatives may aid MnP to hydrolyze the
nonphenolic components of lignin [11].

4.2.4. Versatile Peroxidase

Another heme group containing peroxidases used in the lignin hydrolysis is versatile
peroxidases (VP). These are also called hybrid peroxidases since their molecular structure
is a combination of the molecular structure of both LiP and MnP and, therefore, exhibit
catalytic attributes of LiP and MnP [78]. These glycosylated monomeric proteins have a
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molecular weight and isoelectric point between 40 to 50 kDa and 3.4 and 3.9, respectively.
Structurally, VP consists of 11-12 helices, 2 structural Ca?* sites, 4 disulfide bridges, and an
Mn?* binding site [83]. VP can oxidize both phenolic and nonphenolic substrates without
the need for mediators and reacts with HyO; to form oxo-ferryl intermediates. The three
active substrate oxidation sites of VP, a Mn2* to Mn® oxidation site, which acts as the
diffusible mediator, a high-redox potential surface-reactive tryptophan radical, and a low-
redox potential heme-containing binding pocket, allow it to oxidize Mn?* to Mn®* through
a long-range electron-transfer channel that links to the heme molecule [93]. The catalytic
cycle of VP involves two oxidation steps, one is ferryl-oxo iron (Fe** = O) and another
is delocalized as a porphyrin/tryptophanyl radical and the formation of intermediates
Compound I and Compound II. The substrate direct oxidation is catalyzed by Compound
I, where an electron interacts with the heme through tryptophanyl radical and forms
Compound II. This intermediate step transfers the remaining oxidation that is equal to
the tryptophan in chemical I and retrieves the Fe** = O state. Additionally, intermediate
Compound II has the ability to produce one-electron oxidation of substrates directly and
exhibits interaction with the tryptophanyl radical or heme to return to the initial state of
the enzyme. Under conditions of high H,O,, compound III, a superoxide anion, can be
formed, which follows distinct mechanisms of decomposition. Porphyrin amino acid side
chains can be oxidized by these reactive oxygen species prior to enzyme deactivation [89].

4.2.5. Dye-Decolorizing Peroxidase

Dye-decolorizing peroxidases (DyP) are recently discovered peroxidases for the degra-
dation of lignin through the radicals-mediated process of oxidation and were named for
their remarkable ability to decolorize a wide range of dye molecules [79]. DyP is different
from other peroxidases containing class II heme in sequence and structure but utilizes
H,0O; for oxidation and exhibits a mediator-dependent catalytic cycle [94]. On the basis
of primary structural homologies, these are categorized into four types: A, B, C, and D.
Types A through C are primarily composed of bacterial enzymes where Type A enzymes
contain a Tat-dependent translocation signal sequence, and Types B and C are cytoplasmic
enzymes, while Type D is primarily associated with fungal DyPs. Type A and Type B
DyP are smaller and less active compared to Type C and Type D DyP which exhibit better
substrate oxidation activity. Although peroxidase activities are present in all types of DyPs,
their substrate specificity values vary [81,91,95]. DyP-type peroxidases exhibit a structural
organization of two domains containing «-helices and anti-parallel 3-sheets, with the heme
cofactor positioned in the interdomain cavity. The molecular weight of DyP falls in the
range of 40 and 60 kDa [83]. The active site of these enzymes includes an aspartic acid
residue believed to function as a proton donor, facilitating the formation of the Compound I
intermediate required for substrate oxidation [94]. Unlike other peroxidases, these enzymes
are known to degrade carotene, aromatic sulfides, 2,6-dimethoxy-phenol, guaiacol, and
veratryl alcohol, Mn?*, anthraquinone dyes owing to their broad substrate specificity [21].

4.3. Other Enzymes

Apart from the above-discussed enzymes, many other biocatalysts play an important
role in lignin degradation. Enzymes such as (3-etherase and biphenyl bond cleavage
enzymes are also involved in lignin degradation [25]. 3-etherase is a glutathione-dependent
enzyme that attacks glutathione at the (3 position of an oxidized aryl unit with an « ketone
group, catalyzing the reductive breakage of the -aryl ether bond. These enzymes are
known to in vivo hydrolyze lignin fragments by attacking the predominately present 3-O-4
ether linkages in lignin and breaking 3-aryl ether and biphenyl linkages within lignin
molecules [80,96]. A Cx-dehydrogenase, LigD initiates the cycle of 3-O-4 degradation
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by oxidizing the hydroxyl group at Cx position with the utilization of NAD*. This is
followed by the hydrolysis of the the 3-O-4 ether linkages by f3-etherase LigE or LigF,
resulting in the production of vanillin and a-glutathionyl-f-hydroxypropiovanillone (GS-
HPV) as intermediate. In the last step, glutathione lyase LigG oxidizes GS-HPV to oxidized
glutathione (GSSG) and results in the release of 3-hydroxyproppiovanillone (HPV) as the
final product [80,91,97].

In softwood, other prevalent linkages in lignin are biphenyl linkages, which contribute
about 10% of the total linkages. These linkages are mostly formed between two guaia-
cyl units [98,99]. Therefore, biocatalysts that cleave biphenyl bonds also influence lignin
degradation. During the catalytic cycle, oxidation-mediated cleavage of the C3 side chain
attached to the biphenyl group results in the generation of 2,2’-dihydroxy-3,3’-dimethoxy-
5,5'-dicarboxy-biphenyl. A non-heme iron-dependent demethylase LigX demethylates one
of the methoxy groups from 5, 5’-dehydrodivanillate and converts it to the hydroxyl group.
LigZ, OH-5, 5’-dehydrodivanillate dioxygenase, uses the LigX product as the substrate for
oxidative meta-cleavage. Subsequently, the C-C hydrolase LigY hydrolyzes the products
from LigZ to form 4-carboxy-2-hydroxypentadienoic acid and 5-carboxyvanillic acid. Lastly,
5-carboxyvanillic acid is converted to the metabolic core intermediate vanillic acid or vanil-
late for the manufacture of bioproducts by the decarboxylases LigW and LigW2 [80,91,99].
Considering the role of various ligninolytic enzymes, the combined action of multiple
lignin-degrading enzymes facilitates efficient lignin depolymerization and its subsequent
valorization. Table 3 summarizes the application of various lignin-degrading enzymes on
different biomasses.

Table 3. Different enzymes from microbial sources involved in lignin degradation derived from
lignocellulosic biomass.

Microorganism Enzyme Enzyme Activity Biomass Reference
Muyrothecium verrucaria Laccase 6.61 U/g dry biomass Corn stover [100]
. . Laccase and Laccase-92.54 U/mL and manganese .
Kilebsiella pneumoniae manganese peroxidase peroxidase-70.62 U/mL Wheat bran and rice bran [101]
Pycnoporus sanguineus Laccase 11.901 U/mL Oil palm empty fruit bunch [102]
B. ligniniphilus L1 Laccase 201.57 £ 0.53 U/mg Rice straw [103,104]
Aspergillus terrus Laccase 412U/mL Sugarcane bagasse [105]
Manganese peroxidase Manganese peroxidase-141.5 U/g Wheat straw (WS) and fresh
Gloeophyllum trabeum and laccase and laccase-30.1 U/g swine manure (SM) [106]
Aspergillus oryzae I .
CGMCC5992 Lignin peroxidase 652.34 U/L Corn stalk [107]
Ganoderma lucidum IBL-05 Lignin peroxidase 2492.4U/mL Wheat straw [108]
Amauroderma rugosum Lignin peroxidase 106.32 U/mL Saw dust [109]
Irpex lacteus F17 Manganese peroxidase 950U/L Agroindustrial residues [110]
Thermothelomyces L . .
thermophilus Lignin peroxidase 1645 mU/L Corn steep liquor [111]
Lignin peroxidase, Lignin peroxidase-215.4 i 1.57
Halopiger aswanensis manganese peroxidase IU/ gds, manganese peroxidase- Wheat bran [112]
and laccase ! 36.8 4 2.38 IU/gds and laccase-
8.34 £0.211U/gds
o . . Locust bean gum and
Moniliophthora roreri Manganese peroxidase - wheat bran [113]
I lacteus 7B Manganese peroxidase 40.89 U/L Corn stover [114]
} . Poplar chips
Manganese peroxidase 75.0U/mL prehydrolysis liquor [115]
Physisporinus vitreus Versatile peroxidase 175U/g Corn stover [116]
Lentinus squarrosulus Versatile peroxidase ~8 U/mL Poplar wood chips [117]
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5. Fungal and Bacterial Biocatalysts for Lignin Breakdown

Lignin-degrading biocatalysts are widely present in plants, insects, and microbes;
however, due to economic reasons, these biocatalysts are majorly produced from microor-
ganisms. Although ligninolytic enzymes have been reported in both bacteria and fungi
(Table 4), fungal enzymes are generally more effective at degrading lignin [118]. Fungi
are considered the most efficient microbes for breaking down lignin because of their very
effective enzymatic system, which includes hydrolytic and oxidative enzyme systems for
LCB degradation. There are three primary categories of lignin-degrading fungi based on
the process of lignin degradation: white-rot, brown-rot, and soft-rot fungi [80,119]. Among
the three fungal groups, only white-rot basidiomycetes can completely decompose all major
components of LCB, including cellulose, hemicellulose, and lignin. In contrast, soft-rot
fungi metabolize polysaccharides only in the surface layers of plant material, while brown-
rot fungi rapidly degrade cellulose and hemicellulose but only slightly modify lignin. The
constrained lignin degradation by brown-rot fungi is due to the lack of lignin-degrading
enzymes, depending instead on small reactive molecules for lignin depolymerization.
White-rot fungi are distinctively capable of entirely mineralizing lignin into CO,, making
them more effective than brown-rot and soft-rot fungi at lignin breakdown [120]. The
noteworthy ability of white-rot fungi to break down lignin may be closely associated with
their production of lignin peroxidases, manganese peroxidases, laccases, and versatile
peroxidases, among other extracellular oxidases. Additionally, excessive production of
these oxidases may also contribute to the higher lignin breakdown capabilities of white-
rot fungi [91,121]. Phanerochaete chrysosporium, a well-known white-rot fungus, serves as
a model for lignin degradation, presenting the remarkable ability to degrade one gram
of lignin per gram of mycelium per day [119]. Due to the exception lignin degradation
quality of white-rot fungi, they have been explored for various industrial applications,
including biomass de-lignification, bio-bleaching of cotton, phenolic compounds removal
from pollutants, biomethane production, wastewater remediation, textile dyes degradation,
clarification of numerous fruit juices, wines and musts, and bio-stoning of denim fabric in
denim industries, as well as in pulp and paper industries [12,121,122].

White-rot fungi break down lignin in selective and non-selective ways depending
on their ability to secrete polysaccharide and lignin-degrading enzymes, and hence, may
be categorized as selective and non-selective delignifiers. Species such as Phanerochaete
chrysosporium simultaneously hydrolyze cellulose, hemicellulose, and lignin and thus be-
long to a non-selective group. Conversely, organisms known as selective lignin degraders,
such as Obba rivulose, break down lignin before polysaccharides [123,124]. Numerous
studies are available on the degradation of lignin by white-rot fungi. A study reported the
use of two white-rot fungi namely Trametes hirsuta S13 and Pleurotus ostreatus S18 for lignin
degradation in tobacco stalk. The addition of fungal cultures increased lignin degradation
by approximately 2-fold from 23.7 to 41.1% [125]. Xie et al. [126] studied the lignin degra-
dation ability of Cunninghamella echinulata FR3 during the conversion of sorghum biomass
into lipids. The results of the study indicated that lignin and polysaccharides were simulta-
neously consumed during the sorghum biomass conversion. In a novel fungal pretreatment
method, P. sajor-caju and T. versicolor were used to improve the production of fermentative
volatile fatty acids from solid digestate. P. sajor-caju pretreatment of solid digestate in
6 weeks resulted in a maximum volatile fatty acid yield of 240 mg COD/g volatile solids,
which was 1.17 and 1.24 times greater as compared to the autoclaved group and raw sub-
strate, respectively. It was indicated that the fungal strains could secrete lignin-degrading
enzymes including laccase and manganese peroxidase [127]. In a study co-overexpression
of three peroxidases and one laccase was attempted from Phanerochaete chrysosporium ex-
posed to shock wave-induced acoustic cavitation for the disruption of sugarcane bagasse
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and wheat bran. Lignin depolymerization using recombinant strains was enhanced by
25% as compared to wild types. Moreover, peroxidase and laccase activities were also
increased by 2.6 and 4-fold, respectively, in comparison to the wild type [128]. Even though
white-rot fungi have been shown to be more effective than bacteria at breaking down lignin
due to the high efficiency of their ligninolytic enzymes, the catalytic effectiveness of fungi
is significantly lower than that of chemical-based catalytic techniques. Furthermore, the
potential for lignin fragments to repolymerize due to fungal oxidoreductases is another
disadvantage of these enzymes [12].

Bacterial lignin metabolism is less thoroughly studied than its fungal counterpart,
and bacteria are generally regarded as less effective in lignin degradation. However, they
produce a range of ligninolytic enzymes that convert lignin into smaller aromatic com-
pounds [21,129]. Bacteria can be used to break down lignin because of their remarkable
environmental adaptability, varied biochemistry, and ability to produce enzymes. Various
lignin-degrading bacteria have been identified from different niches, including soil, rotten
wood, activated sludge, wastewater treatment plant, compost, and animal gut [130]. The
main bacteria that break down lignin are Actinobacteria, Proteobacteria, and Firmicutes. The
first bacterial lignin-oxidizing enzyme identified was peroxidase DypB from Rhodococcus
jostii RHA1, a member of the dye-decolorizing peroxidase family, found in both bacteria and
fungi. It has been demonstrated that R. jostii RHA1 uses dye-decolorizing peroxidase (DyP)
to cleave 3-O-4 links in lignin, yielding vanillin as the end product [96,131]. Additionally,
Rhodococcus jostii has also been reported to disrupt wheat straw and kraft lignin to produce
aromatic dicarboxylic acids and vanillin [132]. In addition to R. jostii, the ability of the
bacterium Pseudomonas putida to degrade lignin is also being studied in great detail. Both
Rhodococcus jostii and Pseudomonas putida break down lignin and have demonstrated the
capacity to withstand and break down toxic intermediates [50,80]. Polyhydroxyalkanoate
from combined lignin and glycerol-based substrates was attempted using Pseudomonas
putida. The results indicated an increase in the yield of cell dry weight (9.4-16.1%) and
polyhydroxyalkanoate (29.0-63.2%) as compared with using glycerol feedstock alone [133].
Another study reported the valorization of toxic compounds by employing Pseudomonas
putida KT2440. The isolate demonstrated the ability to degrade 30% lignin (1.60 g-L~1),
45 mM benzoate, 40 mM p-coumarate, 35 mM ferulate, 10 mM phenol, 10 mM pyrocate-
chol, and 8 mM of an aromatic mixture, while also synthesizing biopolymers from these
compounds under feast and famine conditions [134].

In addition to aerobic bacteria, anaerobic bacteria also break down and convert ligno-
cellulosic materials. The main lignin degraders are often fungi, although their breakdown
is inhibited by low oxygen concentrations. On the other hand, bacteria exhibit remarkable
adaptation to anaerobic environments. Most of the anaerobic bacteria are known to act
on the methoxyl group and cleave the aromatic ring, breaking down lignin and produc-
ing carbon dioxide and methane. The process of lignin breakdown, converting aromatic
chemicals into methane, takes three steps. The first step involves the removal of the methyl
group from the methoxylated aromatic molecule, which is known as de-methylation. The
de-methoxylated aromatic structure is opened in the second stage, producing acetate, hy-
drogen, and carbon dioxide, which are then transformed into methane and carbon dioxide
in the third step [135]. An anerobic bacterium, Clostridium thermocellum, was reported to be
utilized for the degradation of Populus cell wall. It was demonstrated that with the action
of C. thermocellum, the content of (3 -O-4 linkage was reduced, and increased the lignin S/G
ratio [136]. Acetoanaerobium sp. WJDL-Y2, isolated from the sludge of a pulp and paper mill,
was utilized for the biodegradation of kraft lignin, and a maximum degradation of 24.9%
on a COD basis was achieved. The strain was able to oxidize p-hydroxyphenyl (H) units,
guaiacyl (G) units, and syringyl (S) of lignin [137]. Anaerobic ligninolytic bacteria can be
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used to produce biofuels, wastewater treatment, and perform downstream hydrolysis and

fermentation in ways that are both economically viable and compatible.

Table 4. Fungal and bacterial ligninolytic enzymes with their properties, characteristics, and major

findings.
Enzyme Source Organism Properties and Characteristics Study Outcomes Reference
Bacteria

Highest laccase production
(37 U/L) using untreated corn

Optimal activity at pH 6.0 and stover as substrate

temperature 50 °C (100%), Adding recombinant laccase to

) Km = 0.146 mM, Accellerase 1500 improved the
Laccase Geobacillus sp. enzymatic hydrolysis of corn [138]

Vmax = 1.52 U/mg, Kcat = 1037 g1
and Kcat/Km = 7102.7 s~ ! mM 1,
molecular weight ~30 kDa

stover by 1.44-fold
1.22-fold-enhanced sugar yield
using in-house laccase doped
enzymes as compared to
commercial enzymes

Manganese peroxidase

Ganoderma lucidum

Mamixmum activity = 670 U/L,
yield = 126 mg/L, molecular
weight ~37.72 kDa, specific
enzyme = 524.61 U/L

Maximum decolorization rates

(70%) of the four dyes (Drimaren

Blue CL-BR, Drimaren Yellow [139]
X-8GN, Drimaren Red K-4Bl)

Phenol degradation rate of 8.079%

at 10% crude enzyme concentration

Lignin peroxidase and
manganese peroxidase

Acinetobacter sp. B213

Lignin peroxidase = 219.78 U/L,
manganese peroxidase = 83.18 U/L

Delignification efficiency of

lignin in whole-cell pretreated [140]
straw = 12.02% and in chemical
pretreated straw = 32.38%

Lignin peroxidase,
laccase, and
manganese peroxidase

Aneurinibacillus sp. LD3

Lignin peroxidase = 3117.25 U/L,
laccase = 1484.5 U/L, manganese
peroxidase = 1770.75 U/L

Higher alkali lignin degradation
rate (61.28%)

Formation of 4’-hydroxy-
3’-methoxy acetophenone,
vanillic acid, 1-(4-hydroxy-3,5-
dimethoxyphenyl), benzoic acid,
and octadecanoic acid after alkali
lignin degradation

[141]

Dye-decolorizing

Bacillus sp. BL5

Molecular weight = 46 kDa,
optimum activity at 35 °C and
pH 5.0, Km =1.06 mM,

26.04% reduction of

lignin contents

Formation of various low

molecular weight products

including butyl alcohol,

dihydroxy dimethylsilane, acetic, [142]

peroxidase Vmax = 519.75 umol /min/mg, vanillin, valeric acid,

Kcat =395 s~ 1 2-methyoxyphenol,
3,4-dimethoxybenzyl alcohol,
3,4-dimethoxybenzyl alcohol,
methoxy-3,5-dihydroxybenzoic
acid, and p-Hydroxybenzoic acid
Reduced lignin content by 31%

Optimum activity at 55 °C and Formation of low molecular

pH 5.0, Km = 0.4 mM, weight compounds including

Vmax = 2777 umol/min/mg and glutamic acid, succinic acid,

Laccase Bacillus altitudinis SL7 keat = 5194 571, isoelectric oxalic acid, vanillin, 3-methyl [143]

point = 5.7, molecular weight
~56kDa, specific
activity = 2530 U/mg

phenol, 2-methoxyphenyl, ethyl
vanillin, ferulic acid, styrene,
phthalic acid,
3,5-dihydroxy-benzoic acid, and
benzoic acid
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Table 4. Cont.
Enzyme Source Organism Properties and Characteristics Study Outcomes Reference
Fungi
Specific activity = 118.82 U/mg,
molecular weight = 64 kDa, Dye decolorization
Optimu?si?gératﬁlrz > hish rates = ~60-90% towards 11 dyes
Laccase Gymnopus luxurians range = 95769 L, pii =5, Mgt Efficient degradation towards [144]
ymner thermostability and pH stability, Evans blue with decolorization
Km =539 HM/ Vmax = 1 rates 90.4% and 93.6% in the
3.1 pmol/min, keat = 75.4 571, and presence of mediators
keat/Km =140 mM 1.5~
i . 16.0% lignin oil yield
Lioni 4 4 O]?Itmgaé tle,:mperature :l 50 C{ ) Presence of monomers including
ignin peroxidase an . ) pH = 6.0, lignin peroxidase relative henol and )
aryl alcohol oxidase Aspergillus nidulans activity = 92% in 1% cholinium Ilj,Z-dimethoxybenzene [145]
glycinate Decrease in lignin molecular
weight as compared to untreated
Maximum a,max = 1.68 Ina system 'of diluted solution,
Lienin peroxidase Aspergillus oryzae (mg/mL)/min, ka,m = 0.37 the Michaelis-Menten analogous [146]
gunp CGMCC5992 mg/mL, enzymatic activities range model was followed by the
= 1500 to 1800 U/mL oxidation degradation of lignin
in lignocellulosic biomass
Maoximum catalytic potential at 100% decolorization of dye Direct
Manganese peroxidase Aspergillus flavus 50°C, pH 5.0, Vmax = 0.140 U/mg red 31 [147]

and Km = 0.704 mM, specific
activity = 732 Ul mg !

92% decolorization of dye Direct
red 31 Acid black 234

Manganese peroxidase

Echinodontium taxodii

Maximum activity = 10 U g~!
culture, highest activity at pH 3.5

4.1% degradation ratio for

2538

4-Hydroxy cinnamic acid [148]
30.03% degradation ratio for
3-Methoxy cinnamic acid

or 55 °C, specific activity = .
4652U g1

6. Omics Technology and Enzyme Engineering for Enhanced Lignin Utilization
6.1. Omics Technology

Lignin degradation efficiency and its bioconversion into value-added products can
be improved with the assistance of various genetic and pathway engineering approaches.
The development of next-generation sequencing technology has completely changed in-
sights into lignin degradation by offering a thorough multi-omics analysis that looks at
the mechanisms at the molecular and systemic levels. This holistic approach leverages
genomics, metagenomics transcriptomics, and proteomics, to reveal the intricate dynam-
ics of gene expression, protein interactions, and metabolite changes throughout lignin
metabolism [149,150]. Genomics has proven helpful in analyzing the genes of microor-
ganisms involved in the synthesis of lignin-degrading enzymes. Genomic analyses of
lignin-degrading microorganisms offer valuable insights into their lignin degradation
capabilities through genome sequencing, assembly, and annotation, allowing for the identi-
fication of key genes, enzymes, and pathways that play a role in lignin metabolism [78].
For instance, genomic analysis of Bacillus amyloliquefaciens MN-13 was performed, showing
that B. amyloliquefaciens MN-13 contained a large number of lignin-degrading enzymes and
a pathway for the breakdown of aromatics, such as benzoate and aminobenzoate [151]. In
another study, genome sequencing of Rhizobium sp. strain YS-1r and Pseudomonas sp. strain
YS-1p showed many genes encoding for laccase, DyP-peroxidase, 3-etherase, vanillate
O-demethylase, feruloyl esterase, 4-hydroxybenzoate, catechol-2,3-dioxygenase, proto-
catechuate 3, 4-dioxygenase, and gentisate 1,2-dioxygenase, which are involved in the
degradation of lignin and aromatic compounds, confirming the lignin-degrading ability of
these microorganisms [152]. The genome of the anaerobic bacterium Tolumonas lignolytica
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BRL6-1 T sp. was also sequenced and analyzed for the characterization of putative path-
ways involved in the degradation of lignin. The analysis revealed the presence of genes
encoding for extracellular peroxidase, which is involved in lignin depolymerization, other
enzymes involved in 3-aryl ether bond cleavage, and other key enzymes involved in the
pathway of lignin degradation [152]. With the help of whole genome sequencing, genes
involved in the hydrolysis of biaryls and monoaryls derived from lignin were reported in
Sphingobium sp. SYK-6 [153]. Comparative genome analysis of Phanerochaete chrysosporium
and Ceriporiopsis subvermispora revealed that the genome of C. subvermispora contains 13
and 7 genes for manganese peroxide genes and laccase, respectively. While no laccase gene
and five manganese peroxide genes were present in the genome of P. chrysosporium. More-
over, Microarray-based transcriptome study also showed the upregulation of manganese
peroxide genes [154].

Metagenomics is another technology that is also helpful in analyzing the key gene
coding for lignin-degrading enzymes. Metagenomics circumvents the drawbacks of la-
borious and conventional genome analysis techniques by enabling the comprehensive
analyses of whole genetic material extracted directly from any environmental sample [155].
This approach directly unveils the bioactive capabilities of microbial consortia without
relying on pure cultures. It also sheds light on the metabolic and cellular mechanisms
behind the production of innovative bioactive metabolites [156]. Metagenomics has been
extensively used for understanding lignin degradation by microorganisms. For instance,
the functional traits of fungi and bacteria from coniferous forest soils across North America
capable of degrading lignin, cellulose, and hemicellulose were identified and characterized
using stable isotope probing coupled with amplicon and shotgun metagenomics. The
results revealed overall high lignin degradation by gram-negative bacteria (Comamon-
adaceae and Caulobacteraceae) and cellulose degradation by fungi. Moreover, members of
Caulobacteraceae were able to degrade all three components of LCB, demonstrating their sig-
nificance in the breakdown of lignocellulose. Shotgun metagenome assembly was greatly
improved by stable isotope probing, which resulted in the recovery of approximately
7500 contigs with distinct clusters of carbohydrate-active genes and many high-quality
draft metagenome-assembled genomes. This research provides valuable insights into the
organisms, environmental conditions, and associated functional genes that drive lignocel-
lulose decomposition [157]. Metagenomics and metasecretomics-based tools were used
to characterize microbial consortia capable of degrading three different plant biomass,
including wheat straw, switchgrass, and corn stover. The biomass favored members of
the Bacteroidetes (wheat straw) and Proteobacteria (switchgrass and corn stover). More-
over, a high lignin depolymerization of approximately 59% was observed in the case of
switchgrass [158]. Another study extracted a lignin-degrading consortium from the soil
of a sugarcane plantation. Actinobacteria, Firmicutes, and Proteobacteria were the most com-
mon taxa according to 165 rRNA taxonomy analysis. Numerous laccases, carbohydrate
esterases, peroxidases, dye-decolorizing peroxidases, and lignocellulosic auxiliary (redox)
activities were exhibited, and the main pathways associated with aromatic degradation
were determined. The metagenomic dataset also yielded novel gene sequences encoding an
enoyl-CoA hydratase/aldolase and a feruloyl-CoA synthetase, which were used to design
a recombinant pathway for the production of vanillin [159]. These studies exhibit a targeted
metagenomic discovery platform that may be useful in identifying microorganisms and
gene sets that are optimal for initiatives based on synthetic biology principles to create
high-value compounds from LCB.

Another versatile omics technology that enables comprehensive analysis of gene ex-
pression and regulatory pathways in specific tissues, conditions, or stages of development
in an organism is transcriptomics [78]. This method aids in identifying the genes responsible
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for regulation, metabolic pathways, and enzyme coding that are implicated in the degrada-
tion process. Through the analysis of the gene expression patterns of microorganisms that
break down lignin, it is possible to pinpoint the precise gene groups that are active at vari-
ous phases of lignin decomposition, ultimately identifying the crucial genes needed for the
breakdown of lignin [76]. A more thorough understanding of the mechanisms at play can
be obtained by comparing transcriptional data from other microbes to find similarities and
differences in degradation pathways. Additionally, transcriptomic analysis may also help
to study the impact of distinct microorganisms and their growth circumstances in diverse
habitats on the potential for lignin breakdown. It has been widely used to study the genes,
pathways, enzymes, and microorganisms related to lignin degradation. Transcriptomics
analysis of white-rot fungus Phanerochaete sordida YK-624 was performed by studying the
gene expression of YK-624 after growth under ligninolytic and nonligninolytic conditions
and comparing the difference in gene expression with the model Phanerochaete chrysospo-
rium. The results revealed the upregulation of ligninolytic and lignin-degrading auxiliary
enzymes in YK-624. Moreover, under ligninolytic conditions, the genes implicated in the
TCA cycle, lipid metabolism, carbon metabolism, and glycolysis were also upregulated
in the case of YK-624 [160]. In another study, transcriptomics analysis of Trametes gibbosa
indicated high laccase activity. These genes were associated with biological functions, such
as the cell cycle, citrate cycle, nicotinate and nicotinamide metabolism, succinate dehydroge-
nase activity, flavin adenine dinucleotide binding, and oxidoreductase activity, all of which
are closely linked to the laccase synthesis pathway [161]. The enzymes responsible for
lignocellulose degradation by Trametes versicolor were identified by transcriptome analysis.
Out of 853 differently expressed genes, 360 were upregulated and 493 were downregulated
on poplar wood. Genes involved in lignin degradation, especially eight genes responsible
for lignin peroxidase, were upregulated [162]. Metatranscriptomics and metagenomics
techniques are frequently combined in research to advance knowledge and the investiga-
tion of microbial lignin breakdown. A combined metagenomics and metatranscriptomics
study of the breakdown of lignin-based aromatics in thermal swamp sediments was con-
ducted. The shotgun metagenome library was assembled using 351 distinct genomes that
were resolved from mesophilic and hot spring sediments. An analysis of 39 refined draft
genomes showed oligotrophy-like metabolism, including pathways for the breakdown of
aromatic chemicals, including phenol, p-hydroxybenzoate, vanillate, and syringate. The
extensive metabolic capacity of thermotolerant Burkholderiales, such as Rubrivivax ssp., was
highlighted by their involvement in a variety of biogeochemical and aromatic transforma-
tions. Metatranscriptomics of sediment treated with kraft or milled lignin at 45 °C was used
to further study lignin catabolism. Over the course of 148 h, aromatic compounds were
reduced in the lignin-amended sediment. The metatranscriptomic data showed that the
sphingomonads Altererythrobacter ssp. and Novosphingobium ssp, and Burkholderiales genus
Rubrivivax, had upregulated des/lig genes that were predicted to specify the catabolism of
syringate, vanillate, and phenolic oligomers [163].

An in-depth understanding of enzymes and proteins involved in the process of lignin
degradation compared to genomics and transcriptomics can be obtained by using a pro-
teomics approach. Proteomics focuses on understanding the complete protein complement
(proteome) of a biological system under defined conditions or time periods. Unlike ge-
nomics, which deals with a static genome, proteomics is more intricate due to the dynamic
and ever-changing nature of the proteome. Through mass spectrometry (MS)-based tech-
niques, proteomics facilitates protein identification, quantification, localization, and the
study of post-translational modifications and interactions [164]. Proteomic analysis of
Thermomyces lanuginosus and Thermobifidafusca was performed to get insights into the col-
laborative mechanism for lignocellulose degradation by using different substrates. The
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results showed the xylanolytic ability of T. fusca was inhibited by high concentrations of
xylo-oligosaccharide or xylose. However, T. lanuginosus favored its growth by effectively
consuming xylo-oligosaccharide and xylose [165]. The production of different proteins by
Aspergillus fumigatus G-13 during the degradation of various lignin models (ferulic acid,
sinapic acid, and p-coumaric acid) was analyzed by proteomics approach. It was observed
that among 1447 identified peptides, 134 proteins changed significantly while 73 and
61 proteins were upregulated and downregulated, respectively. The significant proteins re-
sponsible for the degradation of lignin compounds were catechol dioxygenase, glutathione
reductase, dextranase, isoamyl alcohol oxidase, glyceraldehyde-3-phosphate dehydroge-
nase and superoxide dismutase [166]. Genomic studies and proteomics of Pandoraea sp.
ISTKB were conducted to identify key enzymes involved in the utilization of polymer kraft
lignin and vanillic acid. The results revealed the presence of various lignin-degrading
enzymes, including DyP-type peroxidase, peroxidases, glycolate oxidase, aldehyde oxidase,
GMC oxidoreductase, laccases, quinone oxidoreductase, dioxygenases, monooxygenases,
glutathione-dependent etherases, dehydrogenases, reductases, methyltransferases, and
superoxide dismutases or catalase-peroxidase. The study revealed a significant stress
response and detoxification system, identifying two critical lignin-degrading gene clusters
and three polyhydroxyalkanoate polymerase-associated gene clusters, all of which demon-
strated activity on KL-VA [167]. The metabolic adaptation of Arthrobacter phenanthrenivorans
Sphe3 while using different substrates was investigated by employing a comparative quan-
titative proteomics approach. The involvement of various proteins in the degradation of
aromatic substrates was confirmed. The quantity of proteins implicated in stress response,
detoxification, membrane, and cell wall metabolism, and the metabolism of substrates and
amino acids, were altered when aromatic substrates were present. The presence of aromatic
compounds also resulted in the activation of a glyoxylate shunt due to the upregulation of
crucial enzymes involved in its pathway [168]. Based on the above studies, it is evident
that these findings are pivotal for advancing lignin biotransformation strategies and hold
significant potential for applications in environmental biotechnology and the production of
valuable products.

6.2. Enzyme Engineering

The function of lignocellulose-degrading enzymes may further be improved using
enzyme engineering technology. Tailor-made enzymes can be designed to enhance their
catalytic efficiency for the breakdown of all three major components of LCB. One of the
key elements influencing the adoption of catalytic bioprocesses for industrial-scale bio-
transformation is believed to be protein engineering [169]. Enzyme properties have been
improved through engineering techniques that utilize rational design or directed evolution
(Figure 3), enabling the production of highly efficient biocatalysts that exhibit potential
for various industrial applications [170,171]. As shown in Figure 3, engineered enzymes
exhibit enhanced catalytic characteristics, kinetics, thermostability, pH stability, substrate
specificity, regioselectivity, stereoselectivity, enantioselectivity, and resistance to organic
solvents [172,173]. Directed evolution is a random mutagenesis technique that involves
iterative mutagenesis cycles to produce a large library and high-throughput screening,
followed by the identification of the better variants [174]. Directed evolution or molecular
evolution is a promising technique that can create effective biocatalysts without detailed
knowledge of enzyme sequence or three-dimensional structure [172]. Contrary to directed
evolution, the rational design approach of protein engineering involves targeted mutagen-
esis computational techniques and a de novo design. It relies on the structure, function,
and catalytic action of the enzyme of interest to induce specific site-directed mutagenesis-
mediated modifications in the amino acid sequence [172,173,175,176]. A study reported
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the application of a directed evolution approach for improving the catalytic efficiency of
enzyme DyP from Pseudomonas putida MET94 for phenolic compound disruption. The
error-prone polymerase chain reaction was used for three rounds of random mutagen-
esis. The results indicated a 100-fold enhancement in catalytic efficiency for substrate
2,6-dimethoxyphenol, better effectiveness for syringyl-type phenolics, guaiacol, aromatic
amines, kraft lignin, and the lignin phenolic model dimer guaiacylglycerol-3-guaiacyl ether.
The mutations were seen in three amino acids (E188K, A142V, and H125Y), all present
on the enzyme surface [177]. Dye-decolourizing peroxidase DyplB from Pseudomonas
fluorescens Pf-5 was engineered using directed evolution to improve its oxidation ability
of lignin and phenolic compounds. An enhanced kcat/Ky for Mn(Il) oxidation up to
4-7 fold, thermostability, and product release were observed in the case of mutant enzymes
as compared to wild type [178]. The native signal peptide of fungal laccases was replaced
with the preproleader sequence from the x-factor of S. cerevisiae. Laccase activity in the
extracts of S. cerevisiae cultures was enhanced using protein engineering approaches [179].
Lignin-based compounds were converted into cis,cis-muconic acid, for subsequent hy-
drogenation to adipic acid by metabolically engineering Pseudomonas putida KT2440. The
engineered organism resulted in a cis,cis-muconate yield of 13.5 g L~! in 78.5 h from a
model lignin-based compound. The cis,cis-muconic acid was later hydrogenated to adipic
acid with a conversion rate of more than 97% using Pd/C catalyst [180]. Considering the
above-mentioned studies, it is evident that using semi-rational design methodologies that
combine artificial intelligence with knowledge of protein structures and sequences, these
techniques may aid in producing diverse enzymes with higher specificity and functionality
tailored for various industrial applications.
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Figure 3. Various enzyme engineering approaches for the development of engineered enzymes with
advanced properties.

Artificial intelligence (Al) and CRISPR-Cas gene editing are two cutting-edge tech-
niques that have recently become effective instruments for enzyme engineering technology
in lignin valorization. Machine learning (ML) approaches are required for enzyme biosys-
tem modeling due to the enormous volumes of multi-omics data that are available and
the increasing high throughput. ML models have the potential to uncover patterns in
complex biological data, including genotype at various scale analyses and phenotype at
metabolic status. By forecasting novel candidates or procedures for the production of
valuable products from lignin, pattern recognition, and statistical models facilitate the
design applications of biosystems [181]. Even though genomics, metabolomics, and gene
alterations for lignin valorization strategies are going ahead with distinct achievements,
integrated data-driven prediction models of microbial strains/consortia with improved
enzymatic efficiencies for lignin valorization are still needed. Understanding the integrated
operation and compatibility of novel enzyme systems within microbial communities or
microbes is also essential. In order to mimic microbial systems, synthetic biology is needed,
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along with investigation in non-model organisms and robust experimental validation of
the metabolic, biochemical, regulatory, and genetic underpinnings of certain products and
defined processes in known microorganisms.

7. Challenges and Future Perspectives

Lignocellulosic biomass is a viable substitute for producing fuels and fine chemicals,
where cellulose and hemicelluloses, as alternative carbon sources, have been extensively
investigated. However, research on lignin valorization to bioproducts development as an es-
sential component of modern biorefineries has picked up pace in recent years only. Despite
significant advancements, there are still many challenges with lignin depolymerization
using different lignin-degrading enzymes. The limited specificity and efficacy of natural
lignin-degrading enzymes is one of the main obstacles observed. These enzymes frequently
have low catalytic activity, are unstable at pilot-scale or in industrial environments, and are
easily inhibited by lignin breakdown products. Furthermore, enzyme performance varies
due to the structural complexity and diversity of lignin generated from various biomass
sources. Large-scale industrial uses of these enzymes are also restricted by the continued
high cost of downstream processing and enzyme production. In addition to this, certain
end products generated via lignin degradation may inhibit enzyme activity, reducing the
overall efficiency of the process.

For years, researchers have investigated lignin production or valorization with dif-
ferent lignin extraction methods, and more recently, they have used genetic engineering
tools to tailor the biological pathways to boost pulping efficiency or saccharification yield
in a biorefinery. Although it has been demonstrated that these feedstocks with engineered
lignins fulfill the objective function of raising saccharification yields, they have not yet
been thoroughly investigated with the goal of generating lignin degradation products that
microorganisms may readily catabolize.

Additionally, some naturally occurring lignins found in specific plant species have
unique chemical compositions that could result in much more uniform slates of lignin
breakdown products that are better suited for microbial catabolism. A potential illustration
would be the recently identified C-lignin, which is made up of caffeyl alcohol and found in
the seed coats of certain species of Cactaceae and vanilla. Moreover, to measure and moni-
tor the conversion of lignin degradation products within actual lignin-enriched process
streams, significant developments in analytical technology are also required. These tools
are essential for determining how well microorganisms convert lignin overall, guaranteeing
process consistency, and comprehending the metabolic patterns that each microbe displays
in a chemically complicated matrix. Promising innovative methods to improve enzyme
stability, catalytic efficiency, and substrate specificity have been made possible by recent
developments in enzyme engineering, such as directed evolution and rational protein
design. Finding new lignin-degrading enzymes and better understanding the metabolic
pathways involved in lignin catabolism could be made easier by the integration of omics
technologies, including proteomics, metabolomics, and genomes. In order to create mi-
crobial consortia that can break down lignin cooperatively, synthetic biology techniques
should also be investigated.

Analyzing the impact of lignin on enzymatic hydrolysis is made more difficult by the
composition and structural differences of lignin from various biomass and pretreatment
methods. For the effective analysis of lignin, it is imperative to speed up the development
of analytical tools and techniques, such as high throughput, and multivariate analysis
modeling, combining several analytical techniques to create a comprehensive range of
lignin structural features. In the future, industrial scalability will depend on the creation of
reliable enzyme cocktails suited for certain lignin feedstocks as well as affordable enzyme
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production technologies. The efficiency of lignin valorization can be further increased
by combining biocatalysis with physical and chemical “green” pretreatment techniques.
The genetically engineered microbial hosts (bacteria, fungi) could be used for high-yield,
cost-effective enzyme production. Moreover, developing enzymes with reduced sensitivity
to inhibitors through rational design or mutagenesis is a promising and viable solution for
better efficacy of the lignin degradation process. Furthermore, there are new opportunities
to advance this sector more quickly thanks to the use of artificial intelligence and machine
learning in enzyme design and pathway optimization.

In order to maintain the value of the resources in the cycle, a lignin-based circular
bioeconomy uses waste and lignin byproducts as feedstocks (Figure 4). The cradle-to-cradle
concept states that since lignin is depolymerized by extracellular oxidative enzymes to
produce low molecular weight aromatic compounds, a lignin-based circular bioeconomy
allows the incorporation of technical materials into the biological cycle. The market value of
lignin-based products has been rising, and new knowledge on technologies that use lignin
for various products and uses has been clarified with the circular economy element, with an
emphasis on creating a practical, affordable lignin valorization process. From a commercial
perspective, the potential applications of lignin will be determined by the selling price
range of lignin from biorefineries in the circular economy. The degree of standardization of
lignin as the primary substrate and the level of purity of the lignin-derived products using
enzymatic methods must be determined by markets in order for them to be more readily
accepted. More lignin is anticipated to be produced as a byproduct by different industrial
sectors as more regulations are implemented in the direction of a structured bioeconomy.
In light of this, the studies concentrating on biocatalysis, sourcing, durability, separability,
and recyclability will significantly advance the creation of circular lignin materials in the
years to come.
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Figure 4. Flowchart depicting lignin valorization into value-added products and sustainability
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8. Conclusions

Lignin is the most prevalent aromatic heteropolymer that represents a significant
renewable resource for producing high-value chemicals, fuels, and biomaterials. Recent
developments in the use of lignin across various industrial sectors highlight its potential as
a crucial element in high-performance, eco-friendly materials of the future. The current re-
view outlines the valorization of lignin through an environment-friendly biological process
involving microbial enzymes. The use of lignin-depolymerizing enzymes has demonstrated
remarkable potential in selectively breaking down lignin’s complex structure under mild
reaction conditions. Microbial systems, including engineered strains, further contribute to
enhancing lignin depolymerization and product specificity. When combined with cutting-
edge bioprocess techniques like multi-enzyme cascade reactions and immobilized enzyme
systems, lignin bioconversion’s scalability and viability have significantly increased. Ad-
ditionally, combining biocatalytic methods with other valorization techniques, including
solvent extraction or chemical catalysis, has demonstrated synergistic benefits, increasing
the conversion efficiency of lignin. However, to enable the sustainable and economical use
of lignin for the production of biofuels, platform chemicals, and advanced biomaterials,
future research should emphasize overcoming present constraints through interdisciplinary
approaches.

Author Contributions: Conceptualization, PN. and V.S.; validation, V.S., PN. and C.-H.K,; investiga-
tion, V.S. and C.-H.K.; writing—original draft preparation, P.N.; resources, H-M.D.W. and C.-].S.;
writing—review and editing, Y.-C.L. and C.-H.K,; visualization, C.-H.K. and Y.-C.L.; supervision,
C.-H.K.; funding acquisition, C.-H.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by research funding grants from the National Science and
Technology Council of Taiwan (NSTC 111-2221-E-992-005-MY3).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing does
not apply to this article.

Acknowledgments: Author P.N. thankfully acknowledges the National Science and Technology
Council of Taiwan for providing the Post-Doctoral Fellowship (Grant no. NSTC 113-2811-E-992-003).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Rahman, A.; Murad, SSM.W.; Mohsin, A.K.M.; Wang, X. Does Renewable Energy Proactively Contribute to Mitigating Carbon
Emissions in Major Fossil Fuels Consuming Countries? J. Clean. Prod. 2024, 452, 142113. [CrossRef]

Wang, J.; Azam, W. Natural Resource Scarcity, Fossil Fuel Energy Consumption, and Total Greenhouse Gas Emissions in Top
Emitting Countries. Geosci. Front. 2024, 15, 101757. [CrossRef]

Awasthi, M.K,; Sar, T.; Gowd, S.C.; Rajendran, K.; Kumar, V.; Sarsaiya, S.; Li, Y.; Sindhu, R.; Binod, P.; Zhang, Z.; et al. A
Comprehensive Review on Thermochemical, and Biochemical Conversion Methods of Lignocellulosic Biomass into Valuable End
Product. Fuel 2023, 342, 127790. [CrossRef]

Candra, O.; Chammam, A.; Alvarez, ].R.N.; Muda, I.; Aybar, H.S. The Impact of Renewable Energy Sources on the Sustainable
Development of the Economy and Greenhouse Gas Emissions. Sustainability 2023, 15, 2104. [CrossRef]

Financing Clean Energy Transitions in Emerging and Developing Economies—Analysis—IEA. Available online: https://www.
iea.org/reports/financing-clean-energy-transitions-in-emerging-and-developing-economies (accessed on 24 December 2024).
Trends in Solid Waste Management. Available online: https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_
management.html#:%E2%88%BC:text=When%20looking %20forward, %20global %20waste, %20waste%20generation %20and %
20income%20level (accessed on 24 December 2024).

Sharma, V.; Tsai, M.-L.; Chen, C.-W.; Sun, P-P.; Patel, A K,; Singhania, R.R.; Nargotra, P.; Dong, C.-D. Deep Eutectic Solvents as
Promising Pretreatment Agents for Sustainable Lignocellulosic Biorefineries: A Review. Bioresour. Technol. 2022, 360, 127631.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.jclepro.2024.142113
https://doi.org/10.1016/j.gsf.2023.101757
https://doi.org/10.1016/j.fuel.2023.127790
https://doi.org/10.3390/su15032104
https://www.iea.org/reports/financing-clean-energy-transitions-in-emerging-and-developing-economies
https://www.iea.org/reports/financing-clean-energy-transitions-in-emerging-and-developing-economies
https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html#:%E2%88%BC:text=When%20looking%20forward,%20global%20waste,%20waste%20generation%20and%20income%20level
https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html#:%E2%88%BC:text=When%20looking%20forward,%20global%20waste,%20waste%20generation%20and%20income%20level
https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html#:%E2%88%BC:text=When%20looking%20forward,%20global%20waste,%20waste%20generation%20and%20income%20level
https://doi.org/10.1016/j.biortech.2022.127631
https://www.ncbi.nlm.nih.gov/pubmed/35850394

Catalysts 2025, 15, 91 27 of 34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

Dahmen, N.; Lewandowski, I.; Zibek, S.; Weidtmann, A. Integrated Lignocellulosic Value Chains in a Growing Bioeconomy:
Status Quo and Perspectives. GCB Bioenergy 2019, 11, 107-117. [CrossRef]

Mujtaba, M.; Fernandes Fraceto, L.; Fazeli, M.; Mukherjee, S.; Savassa, S.M.; Araujo de Medeiros, G.; do Espirito Santo Pereira, A.;
Mancini, S.D.; Lipponen, J.; Vilaplana, F. Lignocellulosic Biomass from Agricultural Waste to the Circular Economy: A Review
with Focus on Biofuels, Biocomposites and Bioplastics. J. Clean. Prod. 2023, 402, 136815. [CrossRef]

Nargotra, P.; Sharma, V.; Sharma, S.; Kapoor, N.; Bajaj, B.K. Development of Consolidated Bioprocess for Biofuel-Ethanol
Production from Ultrasound-Assisted Deep Eutectic Solvent Pretreated Parthenium hysterophorus Biomass. Biomass Convers.
Biorefin. 2020, 12, 5767-5782. [CrossRef]

Singhania, R.R.; Patel, A.K,; Raj, T.; Chen, C.-W.; Ponnusamy, V.K.; Tahir, N.; Kim, S.-H.; Dong, C.-D. Lignin Valorisation via
Enzymes: A Sustainable Approach. Fuel 2022, 311, 122608. [CrossRef]

Bilal, M.; Qamar, S.A.; Yadav, V.; Cheng, H.; Khan, M.; Adil, S.F; Taherzadeh, M.].; Igbal, HM.N. Exploring the Potential of Ligninolytic
Armory for Lignin Valorization—A Way Forward for Sustainable and Cleaner Production. J. Clean. Prod. 2021, 326, 129420. [CrossRef]
Nargotra, P.; Vaid, S.; Bajaj, B. Cellulase Production from Bacillus subtilis SV1 and Its Application Potential for Saccharification of
Ionic Liquid Pretreated Pine Needle Biomass under One Pot Consolidated Bioprocess. Fermentation 2016, 2, 19. [CrossRef]

Liu, C.; Wy, S.; Zhang, H.; Xiao, R. Catalytic Oxidation of Lignin to Valuable Biomass-Based Platform Chemicals: A Review. Fuel
Process. Technol. 2019, 191, 181-201. [CrossRef]

Chauhan, PS.; Agrawal, R.; Satlewal, A.; Kumar, R.; Gupta, R.P.; Ramakumar, S.5.V. Next Generation Applications of Lignin
Derived Commodity Products, Their Life Cycle, Techno-Economics and Societal Analysis. Int. ]. Biol. Macromol. 2022, 197,
179-200. [CrossRef] [PubMed]

Xu, Z.; Lei, P; Zhai, R.; Wen, Z.; Jin, M. Recent Advances in Lignin Valorization with Bacterial Cultures: Microorganisms,
Metabolic Pathways, and Bio-Products. Biotechnol. Biofuels 2019, 12, 32. [CrossRef] [PubMed]

Ahmad, UM.; Ji, N,; Li, H.; Wu, Q.; Song, C.; Liu, Q.; Ma, D.; Lu, X. Can Lignin Be Transformed into Agrochemicals? Recent
Advances in the Agricultural Applications of Lignin. Ind. Crops Prod. 2021, 170, 113646. [CrossRef]

Jedrzejczak, P.; Collins, M.N.; Jesionowski, T.; Klapiszewski, L. The Role of Lignin and Lignin-Based Materials in Sustainable
Construction—A Comprehensive Review. Int. J. Biol. Macromol. 2021, 187, 624-650. [CrossRef] [PubMed]

Gregorio, V.E; Pié, L.; Tercetio, A. A Systematic Literature Review of Bio, Green and Circular Economy Trends in Publications in
the Field of Economics and Business Management. Sustainability 2018, 10, 4232. [CrossRef]

Velvizhi, G.; Balakumar, K.; Shetti, N.P.; Ahmad, E.; Kishore Pant, K.; Aminabhavi, T.M. Integrated Biorefinery Processes for
Conversion of Lignocellulosic Biomass to Value Added Materials: Paving a Path towards Circular Economy. Bioresour. Technol.
2022, 343, 126151. [CrossRef]

Chauhan, P.S. Role of Various Bacterial Enzymes in Complete Depolymerization of Lignin: A Review. Biocatal. Agric. Biotechnol.
2020, 23, 101498. [CrossRef]

Iram, A.; Cekmecelioglu, D.; Demirci, A. Ideal Feedstock and Fermentation Process Improvements for the Production of
Lignocellulolytic Enzymes. Processes 2021, 9, 38. [CrossRef]

Yadav, A.; Sharma, V.; Tsai, M.-L.; Chen, C.-W.; Sun, P-P; Nargotra, P; Wang, J.-X.; Dong, C.-D. Development of Lignocellulosic
Biorefineries for the Sustainable Production of Biofuels: Towards Circular Bioeconomy. Bioresour. Technol. 2023, 381, 129145.
[CrossRef]

Sharma, V.; Sharma, D.; Tsai, M.-L.; Ortizo, R.G.G.; Yadav, A ; Nargotra, P.; Chen, C.-W.; Sun, P.-P,; Dong, C.-D. Insights into the
Recent Advances of Agro-Industrial Waste Valorization for Sustainable Biogas Production. Bioresour. Technol. 2023, 390, 129829.
[CrossRef] [PubMed]

Nargotra, P.; Sharma, V.; Lee, Y.-C.; Tsai, Y.-H.; Liu, Y.-C.; Shieh, C.-J.; Tsai, M.-L.; Dong, C.-D.; Kuo, C.-H. Microbial Lignocellu-
lolytic Enzymes for the Effective Valorization of Lignocellulosic Biomass: A Review. Catalysts 2022, 13, 83. [CrossRef]

Leong, H.Y.; Chang, C.K.; Khoo, K.S.; Chew, KW.; Chia, S.R.; Lim, J.W.; Chang, ].S.; Show, P.L. Waste Biorefinery towards a
Sustainable Circular Bioeconomy: A Solution to Global Issues. Biotechnol. Biofuels Bioprod. 2021, 14, 1-15. [CrossRef] [PubMed]
Nargotra, P,; Bajaj, B.K.; Singhania, R.R.; Sharma, D.; Sharma, V. Transition from Linear to Circular Bioeconomy for the Sustainable
Production of Green Chemicals. In Bioeconomy for Sustainability; Garg, V.K., Kataria, N., Eds.; Springer Nature: Singapore, 2024;
pp. 65-80, ISBN 978-981-9718-37-5.

Heo, ].B.; Lee, Y.-S.; Chung, C.-H. Raw Plant-Based Biorefinery: A New Paradigm Shift towards Biotechnological Approach to
Sustainable Manufacturing of HMEF. Biotechnol. Adv. 2019, 37, 107422. [CrossRef] [PubMed]

Tan, T; Pang, S.; Zhang, Z. Editorial for Special Issue of Biorefinery. Biotechnol. Adv. 2019, 37, 507. [CrossRef]

Palmeros Parada, M.; Asveld, L.; Osseweijer, P.; Posada, J.A. Setting the Design Space of Biorefineries through Sustainability
Values, a Practical Approach. Biofuels Bioprod. Biorefin. 2018, 12, 29-44. [CrossRef]

Julio, R.; Albet, J.; Vialle, C.; Vaca-Garcia, C.; Sablayrolles, C. Sustainable Design of Biorefinery Processes: Existing Practices and
New Methodology. Biofuels Bioprod. Biorefin. 2017, 11, 373-395. [CrossRef]


https://doi.org/10.1111/gcbb.12586
https://doi.org/10.1016/j.jclepro.2023.136815
https://doi.org/10.1007/s13399-020-01017-0
https://doi.org/10.1016/j.fuel.2021.122608
https://doi.org/10.1016/j.jclepro.2021.129420
https://doi.org/10.3390/fermentation2040019
https://doi.org/10.1016/j.fuproc.2019.04.007
https://doi.org/10.1016/j.ijbiomac.2021.12.146
https://www.ncbi.nlm.nih.gov/pubmed/34968542
https://doi.org/10.1186/s13068-019-1376-0
https://www.ncbi.nlm.nih.gov/pubmed/30815030
https://doi.org/10.1016/j.indcrop.2021.113646
https://doi.org/10.1016/j.ijbiomac.2021.07.125
https://www.ncbi.nlm.nih.gov/pubmed/34302869
https://doi.org/10.3390/su10114232
https://doi.org/10.1016/j.biortech.2021.126151
https://doi.org/10.1016/j.bcab.2020.101498
https://doi.org/10.3390/pr9010038
https://doi.org/10.1016/j.biortech.2023.129145
https://doi.org/10.1016/j.biortech.2023.129829
https://www.ncbi.nlm.nih.gov/pubmed/37839650
https://doi.org/10.3390/catal13010083
https://doi.org/10.1186/s13068-021-01939-5
https://www.ncbi.nlm.nih.gov/pubmed/33827663
https://doi.org/10.1016/j.biotechadv.2019.107422
https://www.ncbi.nlm.nih.gov/pubmed/31398398
https://doi.org/10.1016/j.biotechadv.2019.04.013
https://doi.org/10.1002/bbb.1819
https://doi.org/10.1002/bbb.1749

Catalysts 2025, 15, 91 28 of 34

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sharma, V,; Tsai, M.-L.; Nargotra, P.; Chen, C.-W.,; Sun, P.-P; Singhania, R.R.; Patel, A.K.; Dong, C.-D. Journey of Lignin from a
Roadblock to Bridge for Lignocellulose Biorefineries: A Comprehensive Review. Sci. Total Environ. 2022, 861, 160560. [CrossRef]
Paone, E.; Tabanelli, T.; Mauriello, F. The Rise of Lignin Biorefinery. Curr. Opin. Green Sustain. Chem. 2020, 24, 1-6. [CrossRef]
Kumar, B.; Verma, P. Biomass-Based Biorefineries: An Important Architype towards a Circular Economy. Fuel 2021, 288, 119622.
[CrossRef]

Yadav, A.; Dong, C.-D.; Sharma, D.; Tsai, M.-L.; Sun, P.-P.; Nargotra, P.; Chen, C.-W.; Choure, K,; Sharma, V. Integrated Choline
Chloride/Citric Acid-Microwave Pretreatment for Efficient Nanolignin Extraction and Bioethanol Production from Cocoa Pod
Husk Waste. Energy Environ. 2024, 0958305X241270269. [CrossRef]

Sharma, D.; Sharma, V.; Tsai, M.-L.; Yadav, A.; Nargotra, P.; Sun, P.-P.; Chen, C.-W.; Dong, C.-D. Improved Xylooligosaccharides
Production from Xylan Extracted Using Ultrasound-Assisted Alcoholic Deep Eutectic Solvent Pretreatment of Pineapple Leaf
Waste. Ind. Crops Prod. 2025, 224, 120250. [CrossRef]

Patel, A.; Shah, A.R. Integrated Lignocellulosic Biorefinery: Gateway for Production of Second Generation Ethanol and Value
Added Products. . Bioresour. Bioprod. 2021, 6, 108-128. [CrossRef]

Nikolakopoulos, A.; Kokossis, A. A Problem Decomposition Approach for Developing Total Water Networks in Lignocellulosic
Biorefineries. Process Saf. Environ. Prot. 2017, 109, 732-752. [CrossRef]

Ng, D.KS.; Ng, K.S.; Ng, R.T.L. Integrated Biorefineries. In Encyclopedia of Sustainable Technologies; Abraham, M.A., Ed.; Elsevier:
Oxford, UK, 2017; pp. 299-314, ISBN 978-0-12-804792-7. [CrossRef]

De Bari, I.; Giuliano, A.; Petrone, M.T.; Stoppiello, G.; Fatta, V.; Giardi, C.; Razza, F.; Novelli, A. From Cardoon Lignocellulosic
Biomass to Bio-1,4 Butanediol: An Integrated Biorefinery Model. Processes 2020, 8, 1585. [CrossRef]

Huang, K.; Won, W.; Barnett, K.J.; Brentzel, Z.].; Alonso, D.M.; Huber, G.W.; Dumesic, ].A.; Maravelias, C.T. Improving Economics
of Lignocellulosic Biofuels: An Integrated Strategy for Coproducing 1,5-Pentanediol and Ethanol. Appl. Energy 2018, 213, 585-594.
[CrossRef]

Liu, Z.-H.; Hao, N.; Wang, Y.-Y.; Dou, C.; Lin, E; Shen, R.; Bura, R.; Hodge, D.B.; Dale, B.E.; Ragauskas, A.J.; et al. Transforming
Biorefinery Designs with ‘Plug-In Processes of Lignin’ to Enable Economic Waste Valorization. Nat. Commun. 2021, 12, 3912.
[CrossRef]

Lauwaert, J.; Stals, I.; Lancefield, C.S.; Deschaumes, W.; Depuydt, D.; Vanlerberghe, B.; Devlamynck, T.; Bruijnincx, P.C,;
Verberckmoes, A. Pilot scale recovery of lignin from black liquor and advanced characterization of the final product. Sep. Purif.
Technol. 2019, 221, 226-235. [CrossRef]

Felby, C.; Hassingboe, J.; Lund, M. Pilot-scale production of fiberboards made by laccase oxidized wood fibers: Board properties
and evidence for cross-linking of lignin. Enzym. Microb. Technol. 2002, 31, 736-741. [CrossRef]

Chen, H.; Wan, K,; Zheng, F,; Zhang, Z.; Zhang, Y.; Long, D. Mechanism Insight into Photocatalytic Conversion of Lignin for
Valuable Chemicals and Fuels Production: A State-of-the-Art Review. Renew. Sustain. Energy Rev. 2021, 147, 111217. [CrossRef]
Yoo, C.G.; Meng, X,; Pu, Y.; Ragauskas, A.]. The critical role of lignin in lignocellulosic biomass conversion and recent pretreatment
strategies: A comprehensive review. Bioresour. Technol. 2020, 301, 122784. [CrossRef] [PubMed]

Poveda-Giraldo, ].A.; Solarte-Toro, J.C.; Alzate, C.A.C. The potential use of lignin as a platform product in biorefineries: A review.
Renew. Sustain. Energy Rev. 2021, 138, 110688. [CrossRef]

Garlapati, VK.; Chandel, A.K,; Kumar, S.J.; Sharma, S.; Sevda, S.; Ingle, A.P.; Pant, D. Circular economy aspects of lignin: Towards
a lignocellulose biorefinery. Renew. Sustain. Energy Rev. 2020, 130, 109977. [CrossRef]

Sethupathy, S.; Morales, G.M.; Gao, L.; Wang, H.; Yang, B.; Jiang, J.; Sun, J.; Zhu, D. Lignin valorization: Status, challenges and
opportunities. Bioresour. Technol. 2022, 347, 126696. [CrossRef] [PubMed]

Dey, S.; Basu, R. Lignin Valorisation Using Lignolytic Microbes and Enzymes: Challenges and Opportunities. In Trends Biotechnol.
Polyextremophiles; Springer: Cham, Switzerland, 2024; pp. 395-415. [CrossRef]

Gonziélez-Gonzélez, R.B.; Igbal, HM.N,; Bilal, M.; Parra-Saldivar, R. (Re)-Thinking the Bio-Prospect of Lignin Biomass Recycling
to Meet Sustainable Development Goals and Circular Economy Aspects. Curr. Opin. Green Sustain. Chem. 2022, 38, 100699.
[CrossRef]

Rajesh Banu, J.; Preethi; Kavitha, S.; Tyagi, V.K.; Gunasekaran, M.; Karthikeyan, O.P.; Kumar, G. Lignocellulosic Biomass Based
Biorefinery: A Successful Platform towards Circular Bioeconomy. Fuel 2021, 302, 121086. [CrossRef]

Liao, ]J.J.; Latif, N.H.A.; Trache, D.; Brosse, N.; Hussin, M.H. Current Advancement on the Isolation, Characterization and
Application of Lignin. Int. |. Biol. Macromol. 2020, 162, 985-1024. [CrossRef]

Shuai, L.; Sitison, J.; Sadula, S.; Ding, ].; Thies, M.C.; Saha, B. Selective C-C Bond Cleavage of Methylene-Linked Lignin Models
and Kraft Lignin. ACS Catal. 2018, 8, 6507—-6512. [CrossRef]

Ye, K.; Liu, Y.,; Wu, S.; Zhuang, J. A Review for Lignin Valorization: Challenges and Perspectives in Catalytic Hydrogenolysis. Ind.
Crops Prod. 2021, 172, 114008. [CrossRef]

Nguyen, L.T.; Phan, D.P,; Sarwar, A.; Tran, M.H.; Lee, O.K,; Lee, E.Y. Valorization of industrial lignin to value-added chemicals by
chemical depolymerization and biological conversion. Ind. Crops Prod. 2021, 161, 113219. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2022.160560
https://doi.org/10.1016/j.cogsc.2019.11.004
https://doi.org/10.1016/j.fuel.2020.119622
https://doi.org/10.1177/0958305X241270269
https://doi.org/10.1016/j.indcrop.2024.120250
https://doi.org/10.1016/j.jobab.2021.02.001
https://doi.org/10.1016/j.psep.2016.12.007
https://doi.org/10.1016/B978-0-12-409548-9.10138-1
https://doi.org/10.3390/pr8121585
https://doi.org/10.1016/j.apenergy.2017.11.002
https://doi.org/10.1038/s41467-021-23920-4
https://doi.org/10.1016/j.seppur.2019.03.081
https://doi.org/10.1016/S0141-0229(02)00111-4
https://doi.org/10.1016/j.rser.2021.111217
https://doi.org/10.1016/j.biortech.2020.122784
https://www.ncbi.nlm.nih.gov/pubmed/31980318
https://doi.org/10.1016/j.rser.2020.110688
https://doi.org/10.1016/j.rser.2020.109977
https://doi.org/10.1016/j.biortech.2022.126696
https://www.ncbi.nlm.nih.gov/pubmed/35026423
https://doi.org/10.1007/978-3-031-55032-4_17
https://doi.org/10.1016/j.cogsc.2022.100699
https://doi.org/10.1016/j.fuel.2021.121086
https://doi.org/10.1016/j.ijbiomac.2020.06.168
https://doi.org/10.1021/acscatal.8b00200
https://doi.org/10.1016/j.indcrop.2021.114008
https://doi.org/10.1016/j.indcrop.2020.113219

Catalysts 2025, 15, 91 29 of 34

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Ren, T.; Qi, W.; Su, R.; He, Z. Promising techniques for depolymerization of lignin into value-added chemicals. ChemCatChem
2019, 11, 639-654. [CrossRef]

Acciardo, E.; Tabasso, S.; Cravotto, G.; Bensaid, S. Process intensification strategies for lignin valorization. Chem. Eng. Process.-
Process Intensif. 2022, 171, 108732. [CrossRef]

Victor, A.; Pulidindi, LN.; Selvaraj, S.; Gedanken, A. Commercial Scale Quantification of Lignin. Int. J. Environ. Chem. 2024, 10,
20-26. [CrossRef]

Sharma, V.; Nargotra, P; Bajaj, B.K. Ultrasound and surfactant assisted ionic liquid pretreatment of sugarcane bagasse for enhancing
saccharification using enzymes from an ionic liquid tolerant Aspergillus assiutensis VS34. Bioresour. Technol. 2019, 285,121319. [CrossRef]
[PubMed]

Wang, N.; Liu, K.; Hou, Z.; Zhao, Z; Li, H.; Gao, X. Microwave-assisted deep eutectic solvents pretreatment for lignocellulose:
Kinetics, intensified mechanism and process optimization. Chem. Eng. Sci. 2025, 302, 120881. [CrossRef]

Guo, M;; Jin, T.; Nghiem, N.P; Fan, X.; Qi, P.X,; Jang, C.H.; Shao, L.; Wu, C. Assessment of Antioxidant and Antimicrobial
Properties of Lignin from Corn Stover Residue Pretreated with Low-Moisture Anhydrous Ammonia and Enzymatic Hydrolysis
Process. Appl. Biochem. Biotechnol. 2018, 184, 350-365. [CrossRef] [PubMed]

Wang, Y,; Sun, S; Li, E; Cao, X.; Sun, R. Production of Vanillin from Lignin: The Relationship between 3-O-4 Linkages and
Vanillin Yield. Ind. Crops Prod. 2018, 116, 116-121. [CrossRef]

Qian, Y.; Zhong, X.; Li, Y,; Qiu, X. Fabrication of Uniform Lignin Colloidal Spheres for Developing Natural Broad-Spectrum
Sunscreens with High Sun Protection Factor. Ind. Crops Prod. 2017, 101, 54-60. [CrossRef]

Kurakake, M.; Hirotsu, S.; Shibata, M.; Kubota, A.; Makino, A. Lignin Antioxidants Extracted from Lignocellulosic Biomasses by
Treatment with Ammonia Water. Ind. Crops Prod. 2015, 77, 1028-1032. [CrossRef]

Saratale, R.G.; Saratale, G.D.; Ghodake, G.; Cho, S.-K.; Kadam, A.; Kumar, G.; Jeon, B.-H.; Pant, D.; Bhatnagar, A.; Shin, H.S.
Wheat Straw Extracted Lignin in Silver Nanoparticles Synthesis: Expanding Its Prophecy towards Antineoplastic Potency and
Hydrogen Peroxide Sensing Ability. Int. ]. Biol. Macromol. 2019, 128, 391-400. [CrossRef] [PubMed]

Sun, S.; Liu, F; Zhang, L.; Fan, X. One-Step Process Based on the Order of Hydrothermal and Alkaline Treatment for Producing
Lignin with High Yield and Antioxidant Activity. Ind. Crops Prod. 2018, 119, 260-266. [CrossRef]

Ma, J.; Li, T,; Liu, Y.; Cai, T.; Wei, Y.; Dong, W.; Chen, H. Rice Husk Derived Double Network Hydrogel as Efficient Adsorbent for
Pb(II), Cu(Il) and Cd(II) Removal in Individual and Multicomponent Systems. Bioresour. Technol. 2019, 290, 121793. [CrossRef]
[PubMed]

Liu, Z.-H.; Xie, S.; Lin, E; Jin, M.; Yuan, ].S. Combinatorial Pretreatment and Fermentation Optimization Enabled a Record Yield
on Lignin Bioconversion. Biotechnol. Biofuels 2018, 11, 21. [CrossRef] [PubMed]

Xu, K,; Li, Q.; Xie, L.; Shi, Z.; Su, G.; Harper, D.; Tang, Z.; Zhou, J.; Du, G.; Wang, S. Novel Flexible, Strong, Thermal-Stable,
and High-Barrier Switchgrass-Based Lignin-Containing Cellulose Nanofibrils/Chitosan Biocomposites for Food Packaging. Ind.
Crops Prod. 2022, 179, 114661. [CrossRef]

Fertahi, S.; Bertrand, L; Ilsouk, M.; Oukarroum, A.; Amjoud, M.; Zeroual, Y.; Barakat, A. New Generation of Controlled Release
Phosphorus Fertilizers Based on Biological Macromolecules: Effect of Formulation Properties on Phosphorus Release. Int. . Biol.
Macromol. 2020, 143, 153-162. [CrossRef] [PubMed]

Sharma, S.; Tsai, M.-L.; Sharma, V.,; Sun, P.-P.; Nargotra, P.; Bajaj, B.K.; Chen, C.-W.; Dong, C.-D. Environment Friendly Pretreatment
Approaches for the Bioconversion of Lignocellulosic Biomass into Biofuels and Value-Added Products. Environments 2023, 10, 6.
[CrossRef]

Dong, C.-D.; Tsai, M.-L.; Nargotra, P.; Kour, B.; Chen, C.-W.; Sun, P--P.; Sharma, V. Bioprocess Development for the Production of
Xylooligosaccharide Prebiotics from Agro-Industrial Lignocellulosic Waste. Heliyon 2023, 9, €18316. [CrossRef] [PubMed]
Sharma, V.; Nargotra, P.; Sharma, S.; Bangotra, R.; Singh, A.P.; Kapoor, N.; Mahajan, R.; Bajaj, B.K. Purification and Biochemical
Characterization of an Ionic Liquid Tolerant Cellulase from Aspergillus assiutensis VS34 for Potential Biomass Conversion
Applications. Environ. Sustain. 2024, 7, 325-338. [CrossRef]

Liu, Z.H.; Le, RK,; Kosa, M.; Yang, B.; Yuan, J.; Ragauskas, A.]. Identifying and creating pathways to improve biological lignin
valorization. Renew. Sustain. Energy Rev. 2019, 105, 349-362. [CrossRef]

Gao, J.; Ali, M.Y,; Kamaraj, Y.; Zhang, Z.; Weike, L.; Sethupathy, S.; Zhu, D. A Comprehensive Review on Biological Funnel
Mechanism in Lignin Valorization: Pathways and Enzyme Dynamics. Microbiol. Res. 2024, 287, 127835. [CrossRef] [PubMed]
Chandrawanshi, S.; Jayapal, A. Microbial depolymerization of Kraft lignin for production of Vanillic acid by indigenous
ligninolytic strains. . Indian Chem. Soc. 2024, 101, 101438. [CrossRef]

Paul, M.; Pandey, N.K,; Banerjee, A ; Shroti, G.K.; Tomer, P; Gazara, R K.; Thatoi, H.; Bhaskar, T.; Hazra, S.; Ghosh, D. An insight
into omics analysis and metabolic pathway engineering of lignin-degrading enzymes for enhanced lignin valorization. Bioresour.
Technol. 2023, 379, 129045. [CrossRef] [PubMed]

Janusz, G.; Pawlik, A.; Sulej, J.; Swiderska-Burek, U.; Jarosz-Wilkotazka, A.; Paszczyniski, A. Lignin Degradation: Microorganisms,
Enzymes Involved, Genomes Analysis and Evolution. FEMS Microbiol. Rev. 2017, 41, 941-962. [CrossRef]


https://doi.org/10.1002/cctc.201801428
https://doi.org/10.1016/j.cep.2021.108732
https://doi.org/10.37628/IJEC
https://doi.org/10.1016/j.biortech.2019.121319
https://www.ncbi.nlm.nih.gov/pubmed/30981012
https://doi.org/10.1016/j.ces.2024.120881
https://doi.org/10.1007/s12010-017-2550-0
https://www.ncbi.nlm.nih.gov/pubmed/28688047
https://doi.org/10.1016/j.indcrop.2018.02.043
https://doi.org/10.1016/j.indcrop.2017.03.001
https://doi.org/10.1016/j.indcrop.2015.09.069
https://doi.org/10.1016/j.ijbiomac.2019.01.120
https://www.ncbi.nlm.nih.gov/pubmed/30684583
https://doi.org/10.1016/j.indcrop.2018.04.030
https://doi.org/10.1016/j.biortech.2019.121793
https://www.ncbi.nlm.nih.gov/pubmed/31323508
https://doi.org/10.1186/s13068-018-1021-3
https://www.ncbi.nlm.nih.gov/pubmed/29422949
https://doi.org/10.1016/j.indcrop.2022.114661
https://doi.org/10.1016/j.ijbiomac.2019.12.005
https://www.ncbi.nlm.nih.gov/pubmed/31812750
https://doi.org/10.3390/environments10010006
https://doi.org/10.1016/j.heliyon.2023.e18316
https://www.ncbi.nlm.nih.gov/pubmed/37519746
https://doi.org/10.1007/s42398-024-00311-1
https://doi.org/10.1016/j.rser.2019.02.009
https://doi.org/10.1016/j.micres.2024.127835
https://www.ncbi.nlm.nih.gov/pubmed/39032264
https://doi.org/10.1016/j.jics.2024.101438
https://doi.org/10.1016/j.biortech.2023.129045
https://www.ncbi.nlm.nih.gov/pubmed/37044152
https://doi.org/10.1093/femsre/fux049

Catalysts 2025, 15, 91 30 of 34

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Weng, C.; Peng, X.; Han, Y. Depolymerization and conversion of lignin to value-added bioproducts by microbial and enzymatic
catalysis. Biotechnol. Biofuels 2021, 14, 84. [CrossRef] [PubMed]

Ji, T.; Liaqat, F.; Khazi, M.I; Liaqat, N.; Nawaz, M.Z.; Zhu, D. Lignin biotransformation: Advances in enzymatic valorization and
bioproduction strategies. Ind. Crops Prod. 2024, 216, 118759. [CrossRef]

Zhao, L.; Zhang, J.; Zhao, D.; Jia, L.; Qin, B.; Cao, X,; Zang, L.; Lu, F; Liu, E. Biological degradation of lignin: A critical review on
progress and perspectives. Ind. Crops Prod. 2022, 188, 115715. [CrossRef]

Cagide, C.; Castro-Sowinski, S. Technological and biochemical features of lignin-degrading enzymes: A brief review. Environ.
Sustain. 2020, 3, 371-389. [CrossRef]

Biko, O.D.V; Viljoen-Bloom, M.; van Zyl, W.H. Microbial Lignin Peroxidases: Applications, Production Challenges and Future
Perspectives. Enzym. Microb. Technol. 2020, 141, 109669. [CrossRef] [PubMed]

Asgher, M.; Nasir, I.; Khalid, N.; Qamar, S.A. Development of Biocomposites Based on Bacterial Cellulose Reinforced Delignified
Rice Husk-PVA Plasticized with Glycerol. ]. Polym. Res. 2020, 27, 347. [CrossRef]

Rashid, G.M.; Bugg, T.D. Enhanced biocatalytic degradation of lignin using combinations of lignin-degrading enzymes and
accessory enzymes. Catal. Sci. Technol. 2021, 11, 3568-3577. [CrossRef]

Majeke, B.M.; Collard, EX.; Tyhoda, L.; Gorgens, J.F. The synergistic application of quinone reductase and lignin peroxidase for the
deconstruction of industrial (technical) lignins and analysis of the degraded lignin products. Bioresour. Technol. 2021, 319, 124152.
[CrossRef] [PubMed]

Saldarriaga-Herndndez, S.; Velasco-Ayala, C.; Leal-Isla Flores, P.; de Jestis Rostro-Alanis, M.; Parra-Saldivar, R.; Igbal, HM.N.;
Carrillo-Nieves, D. Biotransformation of Lignocellulosic Biomass into Industrially Relevant Products with the Aid of Fungi-
Derived Lignocellulolytic Enzymes. Int. J. Biol. Macromol. 2020, 161, 1099-1116. [CrossRef]

Kumar, A.; Chandra, R. Ligninolytic enzymes and its mechanisms for degradation of lignocellulosic waste in environment.
Heliyon 2020, 6, €03170. [CrossRef]

Zhang, W.; Wang, W.; Wang, J.; Shen, G.; Yuan, Y.; Yan, L.; Tang, H.; Wang, W. Isolation and Characterization of a Novel Laccase
for Lignin Degradation, LacZ1. Appl. Environ. Microbiol. 2021, 87, €01355-21. [CrossRef] [PubMed]

Chio, C.; Sain, M.; Qin, W. Lignin Utilization: A Review of Lignin Depolymerization from Various Aspects. Renew. Sustain. Energy
Rev. 2019, 107, 232-249. [CrossRef]

Morsi, R.; Bilal, M.; Igbal, HM.N.; Ashraf, S.S. Laccases and Peroxidases: The Smart, Greener and Futuristic Biocatalytic Tools to
Mitigate Recalcitrant Emerging Pollutants. Sci. Total Environ. 2020, 714, 136572. [CrossRef]

Barber-Zucker, S.; Mindel, V.; Garcia-Ruiz, E.; Weinstein, ].J.; Alcalde, M.; Fleishman, S.J. Stable and Functionally Diverse Versatile
Peroxidases Designed Directly from Sequences. J. Am. Chem. Soc. 2022, 144, 3564-3571. [CrossRef]

Rahmanpour, R.; Rea, D.; Jamshidi, S.; Fiilop, V.; Bugg, T.D.H. Structure of Thermobifida fusca DyP-Type Peroxidase and Activity
towards Kraft Lignin and Lignin Model Compounds. Arch. Biochem. Biophys. 2016, 594, 54—60. [CrossRef]

Datta, R.; Kelkar, A.; Baraniya, D.; Molaei, A.; Moulick, A.; Meena, R.S.; Formanek, P. Enzymatic Degradation of Lignin in Soil: A
Review. Sustainability 2017, 9, 1163. [CrossRef]

Bugg, T.D.H.; Williamson, J.J.; Rashid, G.M.M. Bacterial Enzymes for Lignin Depolymerisation: New Biocatalysts for Generation
of Renewable Chemicals from Biomass. Curr. Opin. Chem. Biol. 2020, 55, 26-33. [CrossRef] [PubMed]

Picart, P.; Dominguez de Maria, P.; Schallmey, A. From Gene to Biorefinery: Microbial 3-Etherases as Promising Biocatalysts for
Lignin Valorization. Front. Microbiol. 2015, 6, 916. [CrossRef] [PubMed]

Pandey, M.P,; Kim, C.S. Lignin Depolymerization and Conversion: A Review of Thermochemical Methods. Chem. Eng. Technol.
2011, 34, 29-41. [CrossRef]

Pollegioni, L.; Tonin, F,; Rosini, E. Lignin-Degrading Enzymes. FEBS ]. 2015, 282, 1190-1213. [CrossRef] [PubMed]

Su, Y;; Yu, X,; Sun, Y,; Wang, G.; Chen, H.; Chen, G. Evaluation of Screened Lignin-Degrading Fungi for the Biological Pretreatment
of Corn Stover. Sci. Rep. 2018, 8, 5385. [CrossRef] [PubMed]

Gaur, N.; Narasimhulu, K.; Pydisetty, Y. Biochemical and Kinetic Characterization of Laccase and Manganese Peroxidase from
Novel Klebsiella pneumoniae Strains and Their Application in Bioethanol Production. RSC Adv. 2018, 8, 15044-15055. [CrossRef]
[PubMed]

Hafid, H.S.; Baharuddin, A.S.; Mokhtar, M.N.; Omar, EN.; Mohammed, M.A.P.; Wakisaka, M. Enhanced Laccase Production for
Oil Palm Biomass Delignification Using Biological Pretreatment and Its Estimation at Biorefinary Scale. Biomass Bioenergy 2021,
144,105904. [CrossRef]

Nazar, M.; Xu, Q.; Zahoor; Ullah, M.W.; Khan, N.A ; Igbal, B.; Zhu, D. Integrated Laccase Delignification with Improved
Lignocellulose Recalcitrance for Enhancing Enzymatic Saccharification of Ensiled Rice Straw. Ind. Crops Prod. 2023, 202, 116987.
[CrossRef]

Zhu, D,; Liang, N.; Zhang, R.; Ahmad, F; Zhang, W.; Yang, B.; Wu, J.; Geng, A.; Gabriel, M.; Sun, J. Insight into Depolymerization
Mechanism of Bacterial Laccase for Lignin. ACS Sustain. Chem. Eng. 2020, 8, 12920-12933. [CrossRef]


https://doi.org/10.1186/s13068-021-01934-w
https://www.ncbi.nlm.nih.gov/pubmed/33812391
https://doi.org/10.1016/j.indcrop.2024.118759
https://doi.org/10.1016/j.indcrop.2022.115715
https://doi.org/10.1007/s42398-020-00140-y
https://doi.org/10.1016/j.enzmictec.2020.109669
https://www.ncbi.nlm.nih.gov/pubmed/33051019
https://doi.org/10.1007/s10965-020-02314-y
https://doi.org/10.1039/D1CY00431J
https://doi.org/10.1016/j.biortech.2020.124152
https://www.ncbi.nlm.nih.gov/pubmed/32992274
https://doi.org/10.1016/j.ijbiomac.2020.06.047
https://doi.org/10.1016/j.heliyon.2020.e03170
https://doi.org/10.1128/AEM.01355-21
https://www.ncbi.nlm.nih.gov/pubmed/34524901
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.scitotenv.2020.136572
https://doi.org/10.1021/jacs.1c12433
https://doi.org/10.1016/j.abb.2016.02.019
https://doi.org/10.3390/su9071163
https://doi.org/10.1016/j.cbpa.2019.11.007
https://www.ncbi.nlm.nih.gov/pubmed/31918394
https://doi.org/10.3389/fmicb.2015.00916
https://www.ncbi.nlm.nih.gov/pubmed/26388858
https://doi.org/10.1002/ceat.201000270
https://doi.org/10.1111/febs.13224
https://www.ncbi.nlm.nih.gov/pubmed/25649492
https://doi.org/10.1038/s41598-018-23626-6
https://www.ncbi.nlm.nih.gov/pubmed/29599465
https://doi.org/10.1039/C8RA01204K
https://www.ncbi.nlm.nih.gov/pubmed/35541315
https://doi.org/10.1016/j.biombioe.2020.105904
https://doi.org/10.1016/j.indcrop.2023.116987
https://doi.org/10.1021/acssuschemeng.0c03457

Catalysts 2025, 15, 91 31 of 34

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Chandukishore, T.; Biswas, T.S.; Prabhu, A.A. Valorization of Sugarcane Bagasse for High-Yield Production of Laccase through
Aspergillus terreus for Effective Azo Dye Decolourization. Prep. Biochem. Biotechnol. 2024, 54, 1170-1181. [CrossRef] [PubMed]
Zhu, N.; Zhu, Y; Li, B.; Jin, H.; Dong, Y. Increased Enzyme Activities and Fungal Degraders by Gloeophyllum trabeum Inoculation
Improve Lignocellulose Degradation Efficiency during Manure-Straw Composting. Bioresour. Technol. 2021, 337, 125427.
[CrossRef] [PubMed]

Zhang, Z.; Xia, L.; Wang, F; Lv, P; Zhu, M.; Li, J.; Chen, K. Lignin Degradation in Corn Stalk by Combined Method of H,O,
Hydrolysis and Aspergillus oryzae CGMCC5992 Liquid-State Fermentation. Biotechnol. Biofuels 2015, 8, 183. [CrossRef] [PubMed]
Shaheen, R.; Asgher, M.; Hussain, F,; Bhatti, H.N. Immobilized Lignin Peroxidase from Ganoderma lucidum IBL-05 with Improved
Dye Decolorization and Cytotoxicity Reduction Properties. Int. J. Biol. Macromol. 2017, 103, 57-64. [CrossRef] [PubMed]

Jong, W.Y.L,; Show, PL.; Ling, T.C.; Tan, Y.S. Recovery of Lignin Peroxidase from Submerged Liquid Fermentation of Amauroderma
rugosum (Blume & T. Nees) Torrend Using Polyethylene Glycol/Salt Aqueous Two-Phase System. J. Biosci. Bioeng. 2017, 124,
91-98. [CrossRef]

Zhao, X.; Huang, X.; Yao, J.; Zhou, Y,; Jia, R. Fungal Growth and Manganese Peroxidase Production in a Deep Tray Solid-State
Bioreactor, and In Vitro Decolorization of Poly R-478 by MnP. J. Microbiol. Biotechnol. 2015, 25, 803-813. [CrossRef]

Liu, E.; Segato, F.; Wilkins, M.R. Fed-Batch Production of Thermothelomyces thermophilus Lignin Peroxidase Using a Recombinant
Aspergillus nidulans Strain in Stirred-Tank Bioreactor. Bioresour. Technol. 2021, 325, 124700. [CrossRef] [PubMed]

Chauhan, A K.; Choudhury, B. Synthetic Dyes Degradation Using Lignolytic Enzymes Produced from Halopiger aswanensis Strain
ABC_IITR by Solid State Fermentation. Chemosphere 2021, 273, 129671. [CrossRef] [PubMed]

Liu, X.; Ding, S.; Gao, F; Wang, Y.; Taherzadeh, M.].; Wang, Y.; Qin, X.; Wang, X.; Luo, H.; Yao, B; et al. Exploring the Cellulolytic and
Hemicellulolytic Activities of Manganese Peroxidase for Lignocellulose Deconstruction. Biotechnol. Biofuels Bioprod. 2023, 16, 139.
[CrossRef] [PubMed]

Zhou, M.; Wang, Y.; Wang, Y.; Tu, T.; Zhang, J.; Wang, X.; Zhang, G.; Huang, H.; Yao, B.; Luo, H.; et al. Sequential Pretreatment
with Hydroxyl Radical and Manganese Peroxidase for the Efficient Enzymatic Saccharification of Corn Stover. Biotechnol. Biofuels
Bioprod. 2024, 17, 136. [CrossRef] [PubMed]

Zhang, X.; Zhang, K.; Chen, J.; Yang, G.; Jia, Z. Enhancement of Lignin Removal from Poplar Prehydrolysis Liquor by Manganese
Peroxidase-Induced Polymerization. Ind. Crops Prod. 2023, 206, 117751. [CrossRef]

Kong, W.; Fu, X.; Wang, L.; Alhujaily, A.; Zhang, ].; Ma, F; Zhang, X.; Yu, H. A Novel and Efficient Fungal Delignification Strategy
Based on Versatile Peroxidase for Lignocellulose Bioconversion. Biotechnol. Biofuels 2017, 10, 218. [CrossRef]

Ravichandran, A.; Rao, R.G.; Thammaiah, V.; Gopinath, S.M.; Sridhar, M. A versatile peroxidase from Lentinus squarrosulus
towards enhanced delignification and in vitro digestibility of crop residues. BioResources 2019, 14, 5132-5149. [CrossRef]
Singhvi, M.; Kim, B.S. Lignin Valorization Using Biological Approach. Biotechnol. Appl. Biochem. 2021, 68, 459—-468. [CrossRef]
Dashora, K.; Gattupalli, M.; Tripathi, G.D.; Javed, Z.; Singh, S.; Tuohy, M.; Sarangi, P.K.; Diwan, D.; Singh, H.B.; Gupta, V.K.
Fungal Assisted Valorisation of Polymeric Lignin: Mechanism, Enzymes and Perspectives. Catalysts 2023, 13, 149. [CrossRef]
Andlar, M,; Rezi¢, T.; Mardetko, N.; Kracher, D.; Ludwig, R.; Santek, B. Lignocellulose Degradation: An Overview of Fungi and
Fungal Enzymes Involved in Lignocellulose Degradation. Eng. Life Sci. 2018, 18, 768-778. [CrossRef] [PubMed]

Bilal, M.; Igbal, H.M.N. Ligninolytic Enzymes Mediated Ligninolysis: An Untapped Biocatalytic Potential to Deconstruct
Lignocellulosic Molecules in a Sustainable Manner. Catal. Lett. 2020, 150, 524-543. [CrossRef]

Zhuo, R.; Fan, F. A Comprehensive Insight into the Application of White Rot Fungi and Their Lignocellulolytic Enzymes in the
Removal of Organic Pollutants. Sci. Total Environ. 2021, 778, 146132. [CrossRef] [PubMed]

Zabed, HM.; Akter, S.; Yun, |J.; Zhang, G.; Awad, EN.; Qi, X.; Sahu, J.N. Recent advances in biological pretreatment of microalgae
and lignocellulosic biomass for biofuel production. Renew. Sustain. Energy Rev. 2019, 105, 105-128. [CrossRef]

Marinovi¢, M.; Aguilar-Pontes, M.V.; Zhou, M.; Miettinen, O.; de Vries, R.P.; Mékeld, M.R.; Hildén, K. Temporal transcriptome
analysis of the white-rot fungus Obba rivulosa shows expression of a constitutive set of plant cell wall degradation targeted genes
during growth on solid spruce wood. Fungal Genet. Biol. 2018, 112, 47-54. [CrossRef] [PubMed]

Yang, L.; Yuan, H.; Yang, Y.; Wang, R.; Wang, C.; Wei, X.; Chen, S;; Yu, J.; Ma, X. Enhanced Lignin Degradation in Tobacco Stalk
Composting with Inoculation of White-Rot Fungi Trametes hirsuta and Pleurotus ostreatus. Waste Biomass Valorization 2020, 11,
3525-3535. [CrossRef]

Xie, S.; Qin, X.; Cheng, Y.; Laskar, D.; Qiao, W.; Sun, S.; Reyes, L.H.; Wang, X.; Dai, S.Y.; Sattler, S.E.; et al. Simultaneous Conversion
of All Cell Wall Components by an Oleaginous Fungus without Chemi-Physical Pretreatment. Green Chem. 2015, 17, 1657-1667.
[CrossRef]

Fang, W.; Zhang, P.; Zhang, X.; Zhu, X.; van Lier, ].B.; Spanjers, H. White Rot Fungi Pretreatment to Advance Volatile Fatty Acid
Production from Solid-State Fermentation of Solid Digestate: Efficiency and Mechanisms. Energy 2018, 162, 534-541. [CrossRef]
Coconi Linares, N.; Ferndndez, F.; Loske, A.M.; Gémez-Lim, M.A. Enhanced Delignification of Lignocellulosic Biomass by
Recombinant Fungus Phanerochaete chrysosporium Overexpressing Laccases and Peroxidases. J. Mol. Microbiol. Biotechnol. 2018, 28,
1-13. [CrossRef]


https://doi.org/10.1080/10826068.2024.2332881
https://www.ncbi.nlm.nih.gov/pubmed/38557365
https://doi.org/10.1016/j.biortech.2021.125427
https://www.ncbi.nlm.nih.gov/pubmed/34217022
https://doi.org/10.1186/s13068-015-0362-4
https://www.ncbi.nlm.nih.gov/pubmed/26594239
https://doi.org/10.1016/j.ijbiomac.2017.04.040
https://www.ncbi.nlm.nih.gov/pubmed/28438681
https://doi.org/10.1016/j.jbiosc.2017.02.008
https://doi.org/10.4014/jmb.1410.10054
https://doi.org/10.1016/j.biortech.2021.124700
https://www.ncbi.nlm.nih.gov/pubmed/33461124
https://doi.org/10.1016/j.chemosphere.2021.129671
https://www.ncbi.nlm.nih.gov/pubmed/33517115
https://doi.org/10.1186/s13068-023-02386-0
https://www.ncbi.nlm.nih.gov/pubmed/37726830
https://doi.org/10.1186/s13068-024-02583-5
https://www.ncbi.nlm.nih.gov/pubmed/39558384
https://doi.org/10.1016/j.indcrop.2023.117751
https://doi.org/10.1186/s13068-017-0906-x
https://doi.org/10.15376/biores.14.3.5132-5149
https://doi.org/10.1002/bab.1995
https://doi.org/10.3390/catal13010149
https://doi.org/10.1002/elsc.201800039
https://www.ncbi.nlm.nih.gov/pubmed/32624871
https://doi.org/10.1007/s10562-019-03096-9
https://doi.org/10.1016/j.scitotenv.2021.146132
https://www.ncbi.nlm.nih.gov/pubmed/33714829
https://doi.org/10.1016/j.rser.2019.01.048
https://doi.org/10.1016/j.fgb.2017.07.004
https://www.ncbi.nlm.nih.gov/pubmed/28754284
https://doi.org/10.1007/s12649-019-00692-z
https://doi.org/10.1039/C4GC01529K
https://doi.org/10.1016/j.energy.2018.08.082
https://doi.org/10.1159/000485976

Catalysts 2025, 15, 91 32 of 34

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Grgas, D.; Rukavina, M.; Beslo, D.; Stefanac, T.; Crnek, V; Siki¢, T.; Habuda-Stani¢, M.; Landeka Dragicevi¢, T. The Bacterial
Degradation of Lignin—A Review. Water 2023, 15, 1272. [CrossRef]

Xu, R.; Zhang, K,; Liu, P,; Han, H.; Zhao, S.; Kakade, A.; Khan, A.; Du, D.; Li, X. Lignin Depolymerization and Utilization by
Bacteria. Bioresour. Technol. 2018, 269, 557-566. [CrossRef] [PubMed]

Sainsbury, P.D.; Mineyeva, Y.; Mycroft, Z.; Bugg, T.D.H. Chemical Intervention in Bacterial Lignin Degradation Pathways:
Development of Selective Inhibitors for Intradiol and Extradiol Catechol Dioxygenases. Bioorg. Chem. 2015, 60, 102-109.
[CrossRef] [PubMed]

Salvachua, D.; Werner, A.Z.; Pardo, I.; Michalska, M.; Black, B.A.; Donohoe, B.S.; Haugen, S.J.; Katahira, R.; Notonier, S.; Ramirez,
KJ.; et al. Outer Membrane Vesicles Catabolize Lignin-Derived Aromatic Compounds in Pseudomonas putida KT2440. Proc. Natl.
Acad. Sci. USA 2020, 117, 9302-9310. [CrossRef]

Xu, Z.; Pan, C.; Li, X.; Hao, N.; Zhang, T.; Gaffrey, M.].; Pu, Y.; Cort, ].R.; Ragauskas, A.]J.; Qian, W.-]; et al. Enhancement of
Polyhydroxyalkanoate Production by Co-Feeding Lignin Derivatives with Glycerol in Pseudomonas putida KT2440. Biotechnol.
Biofuels 2021, 14, 11. [CrossRef] [PubMed]

Mohammad, S.H.; Bhukya, B. Biotransformation of Toxic Lignin and Aromatic Compounds of Lignocellulosic Feedstock into
Eco-Friendly Biopolymers by Pseudomonas putida KT2440. Bioresour. Technol. 2022, 363, 128001. [CrossRef] [PubMed]

Khan, M.U.; Ahring, B.K. Lignin Degradation under Anaerobic Digestion: Influence of Lignin Modifications—A Review. Biomass
Bioenergy 2019, 128, 105325. [CrossRef]

Akinosho, H.O.; Yoo, C.G.; Dumitrache, A.; Natzke, J.; Muchero, W.; Brown, S.D.; Ragauskas, A.J. Elucidating the Structural
Changes to Populus Lignin during Consolidated Bioprocessing with Clostridium thermocellum. ACS Sustain. Chem. Eng. 2017, 5,
7486-7491. [CrossRef]

Duan, J.; Huo, X,; Du, WJ,; Liang, ].D.; Wang, D.Q.; Yang, S.C. Biodegradation of Kraft Lignin by a Newly Isolated Anaerobic
Bacterial Strain, Acetoanaerobium Sp. WJDL-Y2. Lett. Appl. Microbiol. 2016, 62, 55-62. [CrossRef] [PubMed]

Rai, R.; Bibra, M.; Chadha, B.S.; Sani, R K. Enhanced hydrolysis of lignocellulosic biomass with doping of a highly thermostable
recombinant laccase. Int. J. Biol. Macromol. 2019, 137, 232-237. [CrossRef]

Xu, H.; Guo, M.Y,; Gao, Y.H.; Bai, X.H.; Zhou, X.W. Expression and characteristics of manganese peroxidase from Ganoderma
lucidum in Pichia pastoris and its application in the degradation of four dyes and phenol. BMC Biotechnol. 2017, 17, 19. [CrossRef]
[PubMed]

Li, H.; Zhang, X,; Liu, J.; Chen, B,; Ran, Q.; Wang, R.; Yu, C.; Ma, X,; Song, H.; Jiang, Z. A newly isolated lignin degradation
bacterium Acinetobacter sp. B213 pretreatment effectively improved hydrolysis of corn straw by enhance cellulose retention and
reduce lignin degradation inhibitor. Res. Sg. 2022, 1. [CrossRef]

Wu, X,; Amanze, C.; Wang, J.; Yu, Z; Shen, L.; Wu, X;; Li, J.; Yu, R.; Liu, Y;; Zeng, W. Isolation and characterization of a
novel thermotolerant alkali lignin-degrading bacterium Aneurinibacillus sp. LD3 and its application in food waste composting.
Chemosphere 2022, 307, 135859. [CrossRef] [PubMed]

Khan, S.I; Zada, N.S.; Sahinkaya, M.; Colak, D.N.; Ahmed, S.; Hasan, F,; Belduz, A.O.; Canakgi, S.; Khan, S.; Badshah, M.; et al.
Cloning, expression and biochemical characterization of lignin-degrading DyP-type peroxidase from Bacillus sp. Strain BL5.
Enzym. Microb. Technol. 2021, 151, 109917. [CrossRef]

Khan, S.I; Sahinkaya, M.; Colak, D.N.; Zada, N.S.; Uzuner, U.; Belduz, A.O.; Canakgi, S.; Khan, A.Z; Khan, S.; Badshah, M.; et al.
Production and characterization of novel thermostable CotA-laccase from Bacillus altitudinis SL7 and its application for lignin
degradation. Enzym. Microb. Technol. 2024, 172, 10329. [CrossRef] [PubMed]

Sun, Y;; Liu, Z.L.; Hu, B.Y;; Chen, Q.J.; Yang, A.Z.; Wang, Q.Y,; Li, X.F; Zhang, ].Y.; Zhang, G.Q.; Zhao, Y.C. Purification and
characterization of a thermo-and pH-stable laccase from the litter-decomposing fungus Gymmnopus luxurians and laccase mediator
systems for dye decolorization. Front. Microbiol. 2021, 12, 672620. [CrossRef] [PubMed]

Liu, E.; Segato, F.; Prade, R.A.; Wilkins, M.R. Exploring lignin depolymerization by a bi-enzyme system containing aryl alcohol
oxidase and lignin peroxidase in aqueous biocompatible ionic liquids. Bioresour. Technol. 2021, 338, 125564. [CrossRef]

Fan, Y,; Zhang, Z.; Wang, F;; Li, J.; Hu, K; Du, Z. Lignin degradation in corn stover catalyzed by lignin peroxidase from Aspergillus
oryzae broth: Effects of conditions on the kinetics. Renew. Energy 2019, 130, 32—40. [CrossRef]

Kalsoom, U.; Ahsan, Z.; Bhatti, H.N.; Amin, F.; Nadeem, R.; Aftab, K.; Bilal, M. Iron oxide nanoparticles immobilized Aspergillus
flavus manganese peroxidase with improved biocatalytic, kinetic, thermodynamic, and dye degradation potentialities. Process
Biochem. 2022, 117, 117-133. [CrossRef]

Kong, W.; Chen, H.; Lyu, S.; Ma, F; Yu, H.; Zhang, X. Characterization of a novel manganese peroxidase from white-rot fungus
Echinodontium taxodii 2538, and its use for the degradation of lignin-related compounds. Process Biochem. 2016, 51, 1776-1783.
[CrossRef]

Dashora, K.; Gattupalli, M.; Javed, Z.; Tripathi, G.D.; Sharma, R.; Mishra, M.; Bhargava, A ; Srivastava, S. Leveraging Multiomics
Approaches for Producing Lignocellulose Degrading Enzymes. Cell. Mol. Life Sci. 2022, 79, 132. [CrossRef] [PubMed]


https://doi.org/10.3390/w15071272
https://doi.org/10.1016/j.biortech.2018.08.118
https://www.ncbi.nlm.nih.gov/pubmed/30219494
https://doi.org/10.1016/j.bioorg.2015.05.002
https://www.ncbi.nlm.nih.gov/pubmed/25984987
https://doi.org/10.1073/pnas.1921073117
https://doi.org/10.1186/s13068-020-01861-2
https://www.ncbi.nlm.nih.gov/pubmed/33413621
https://doi.org/10.1016/j.biortech.2022.128001
https://www.ncbi.nlm.nih.gov/pubmed/36150429
https://doi.org/10.1016/j.biombioe.2019.105325
https://doi.org/10.1021/acssuschemeng.7b01203
https://doi.org/10.1111/lam.12508
https://www.ncbi.nlm.nih.gov/pubmed/26465801
https://doi.org/10.1016/j.ijbiomac.2019.06.221
https://doi.org/10.1186/s12896-017-0338-5
https://www.ncbi.nlm.nih.gov/pubmed/28231778
https://doi.org/10.21203/rs.3.rs-2060011/v1
https://doi.org/10.1016/j.chemosphere.2022.135859
https://www.ncbi.nlm.nih.gov/pubmed/35987270
https://doi.org/10.1016/j.enzmictec.2021.109917
https://doi.org/10.1016/j.enzmictec.2023.110329
https://www.ncbi.nlm.nih.gov/pubmed/37804741
https://doi.org/10.3389/fmicb.2021.672620
https://www.ncbi.nlm.nih.gov/pubmed/34413835
https://doi.org/10.1016/j.biortech.2021.125564
https://doi.org/10.1016/j.renene.2018.06.037
https://doi.org/10.1016/j.procbio.2022.04.002
https://doi.org/10.1016/j.procbio.2016.01.007
https://doi.org/10.1007/s00018-022-04176-7
https://www.ncbi.nlm.nih.gov/pubmed/35152331

Catalysts 2025, 15, 91 33 of 34

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Ma, Y;; Jiang, B.; Liu, K; Li, R;; Chen, L.; Liu, Z.; Xiang, G.; An, J.; Luo, H.; Wu, ].; et al. Multi-Omics Analysis of the Metabolism of
Phenolic Compounds in Tea Leaves by Aspergillus luchuensis during Fermentation of Pu-Erh Tea. Food Res. Int. 2022, 162, 111981.
[CrossRef] [PubMed]

Li, X,; Gao, T.; Zhang, Y.; Yu, X;; Wang, Q.; Li, S.; Wang, S.; Gao, L.; Li, H. Genomic Characterization and Proteomic Analysis of
Bacillus amyloliquefaciens in Response to Lignin. Int. |. Biol. Macromol. 2024, 281, 136611. [CrossRef]

Prabhakaran, M.; Couger, M.B.; Jackson, C.A.; Weirick, T.; Fathepure, B.Z. Genome Sequences of the Lignin-Degrading Pseu-
domonas Sp. Strain YS-1p and Rhizobium Sp. Strain YS-1r Isolated from Decaying Wood. Genome Announc. 2015, 3. [CrossRef]
[PubMed]

Masai, E.; Kamimura, N.; Kasai, D.; Oguchi, A.; Ankai, A.; Fukui, S.; Takahashi, M.; Yashiro, I.; Sasaki, H.; Harada, T.; et al.
Complete genome sequence of Sphingobium sp. strain SYK-6, a degrader of lignin-derived biaryls and monoaryls. J. Bacteriol.
2012, 194, 534-535. [CrossRef] [PubMed]

Fernandez-Fueyo, E.; Ruiz-Duefias, EJ.; Ferreira, P; Floudas, D.; Hibbett, D.S.; Canessa, P.; Larrondo, L.F,; James, T.Y.; Seelenfre-
und, D.; Lobos, S.; et al. Comparative genomics of Ceriporiopsis subvermispora and Phanerochaete chrysosporium provide insight into
selective ligninolysis. Proc. Natl. Acad. Sci. USA 2012, 109, 5458-5463. [CrossRef]

Verma, A.K,; Chettri, D.; Verma, A K; Selvaraj, M.; Assiri, M.A. Bioprospecting Lignin for Biorefinery: Emerging Innovations and
Strategies in Microbial Technology. Biomass Bioenergy 2024, 181, 107052. [CrossRef]

Mahapatra, G.P; Raman, S.; Nayak, S.; Gouda, S.; Das, G.; Patra, ].K. Metagenomics Approaches in Discovery and Development
of New Bioactive Compounds from Marine Actinomycetes. Curr. Microbiol. 2020, 77, 645-656. [CrossRef] [PubMed]

Wilhelm, R.C.; Singh, R.; Eltis, L.D.; Mohn, W.W. Bacterial Contributions to Delignification and Lignocellulose Degradation in
Forest Soils with Metagenomic and Quantitative Stable Isotope Probing. ISME |. 2019, 13, 413-429. [CrossRef]

Jiménez, D.].; de Lima Brossi, M.].; Schiickel, J.; Kra¢un, S.K.; Willats, W.G.T.; van Elsas, ].D. Characterization of Three Plant
Biomass-Degrading Microbial Consortia by Metagenomics- and Metasecretomics-Based Approaches. Appl. Microbiol. Biotechnol.
2016, 100, 10463-10477. [CrossRef] [PubMed]

Moraes, E.C.; Alvarez, T.M.; Persinoti, G.F.; Tomazetto, G.; Brenelli, L.B.; Paixao, D.A.A.; Ematsu, G.C.; Aricetti, J.A.; Caldana, C.;
Dixon, N.; et al. Lignolytic-Consortium Omics Analyses Reveal Novel Genomes and Pathways Involved in Lignin Modification
and Valorization. Biotechnol. Biofuels 2018, 11, 75. [CrossRef] [PubMed]

Wang, J.; Suzuki, T.; Mori, T; Yin, R.; Dohra, H.; Kawagishi, H.; Hirai, H. Transcriptomics Analysis Reveals the High Biodegra-
dation Efficiency of White-Rot Fungus Phanerochaete sordida YK-624 on Native Lignin. . Biosci. Bioeng. 2021, 132, 253-257.
[CrossRef]

Chen, J.; Ye, Y;; Chi, Y;; Hao, X.; Zhao, Q. Transcriptomics and Co-Expression Network Analysis Revealing Candidate Genes for
the Laccase Activity of Trametes gibbosa. BMC Microbiol. 2023, 23, 29. [CrossRef]

Zhang, L.; Wang, Z.X.; Wang, Y.; Huang, B. Transcriptomic profile of lignocellulose degradation from Trametes versicolor on poplar
wood. BioResources 2017, 12, 2507-2527. [CrossRef]

Levy-Booth, D.J.; Hashimi, A.; Roccor, R.; Liu, L.-Y.; Renneckar, S.; Eltis, L.D.; Mohn, W.W. Genomics and Metatranscriptomics of
Biogeochemical Cycling and Degradation of Lignin-Derived Aromatic Compounds in Thermal Swamp Sediment. ISME ]. 2021,
15, 879-893. [CrossRef]

Larance, M.; Lamond, A.I. Multidimensional Proteomics for Cell Biology. Nat. Rev. Mol. Cell Biol. 2015, 16, 269-280. [CrossRef]
Shi, Z.; Han, C.; Zhang, X.; Tian, L.; Wang, L. Novel Synergistic Mechanism for Lignocellulose Degradation by a Thermophilic
Filamentous Fungus and a Thermophilic Actinobacterium Based on Functional Proteomics. Front. Microbiol. 2020, 11, 539438.
[CrossRef] [PubMed]

Zhu, X.; Zhou, Z.; Guo, G.; Li, J.; Yan, H.; Li, FE. Proteomics and Metabolomics Analysis of the Lignin Degradation Mechanism of
Lignin-Degrading Fungus Aspergillus fumigatus G-13. Anal. Methods 2023, 15, 1062-1076. [CrossRef] [PubMed]

Kumar, M.; Verma, S.; Gazara, R.K.; Kumar, M.; Pandey, A.; Verma, PK.; Thakur, I.S. Genomic and Proteomic Analysis of Lignin
Degrading and Polyhydroxyalkanoate Accumulating (3-Proteobacterium Pandoraea Sp. ISTKB. Biotechnol. Biofuels 2018, 11, 154.
[CrossRef] [PubMed]

Vandera, E.; Samiotaki, M.; Parapouli, M.; Panayotou, G.; Koukkou, A.I. Comparative Proteomic Analysis of Arthrobacter
Phenanthrenivorans Sphe3 on Phenanthrene, Phthalate and Glucose. J. Proteom. 2015, 113, 73-89. [CrossRef] [PubMed]

Bilal, M.; Igbal, H.M.N. Tailoring Multipurpose Biocatalysts via Protein Engineering Approaches: A Review. Catal. Lett. 2019, 149,
2204-2217. [CrossRef]

Liu, G.; Qu, Y. Integrated Engineering of Enzymes and Microorganisms for Improving the Efficiency of Industrial Lignocellulose
Deconstruction. Eng. Microbiol. 2021, 1, 100005. [CrossRef] [PubMed]

Bilal, M.; Cui, ]J.; Igbal, H.M. Tailoring enzyme microenvironment: State-of-the-art strategy to fulfill the quest for efficient
bio-catalysis. Int. J. Biol. Macromol. 2019, 130, 186-196. [CrossRef] [PubMed]

Contreras, F; Pramanik, S.; Rozhkova, A.M.; Zorov, LN.; Korotkova, O.; Sinitsyn, A.P.; Schwaneberg, U.; Davari, M.D. Engineering
Robust Cellulases for Tailored Lignocellulosic Degradation Cocktails. Int. J. Mol. Sci. 2020, 21, 1589. [CrossRef] [PubMed]


https://doi.org/10.1016/j.foodres.2022.111981
https://www.ncbi.nlm.nih.gov/pubmed/36461293
https://doi.org/10.1016/j.ijbiomac.2024.136611
https://doi.org/10.1128/genomeA.00019-15
https://www.ncbi.nlm.nih.gov/pubmed/25744986
https://doi.org/10.1128/JB.06254-11
https://www.ncbi.nlm.nih.gov/pubmed/22207743
https://doi.org/10.1073/pnas.1119912109
https://doi.org/10.1016/j.biombioe.2024.107052
https://doi.org/10.1007/s00284-019-01698-5
https://www.ncbi.nlm.nih.gov/pubmed/31069462
https://doi.org/10.1038/s41396-018-0279-6
https://doi.org/10.1007/s00253-016-7713-3
https://www.ncbi.nlm.nih.gov/pubmed/27418359
https://doi.org/10.1186/s13068-018-1073-4
https://www.ncbi.nlm.nih.gov/pubmed/29588660
https://doi.org/10.1016/j.jbiosc.2021.05.009
https://doi.org/10.1186/s12866-022-02727-3
https://doi.org/10.15376/biores.12.2.2507-2527
https://doi.org/10.1038/s41396-020-00820-x
https://doi.org/10.1038/nrm3970
https://doi.org/10.3389/fmicb.2020.539438
https://www.ncbi.nlm.nih.gov/pubmed/33042052
https://doi.org/10.1039/D2AY01446G
https://www.ncbi.nlm.nih.gov/pubmed/36723181
https://doi.org/10.1186/s13068-018-1148-2
https://www.ncbi.nlm.nih.gov/pubmed/29991962
https://doi.org/10.1016/j.jprot.2014.08.018
https://www.ncbi.nlm.nih.gov/pubmed/25257624
https://doi.org/10.1007/s10562-019-02821-8
https://doi.org/10.1016/j.engmic.2021.100005
https://www.ncbi.nlm.nih.gov/pubmed/39629162
https://doi.org/10.1016/j.ijbiomac.2019.02.141
https://www.ncbi.nlm.nih.gov/pubmed/30817963
https://doi.org/10.3390/ijms21051589
https://www.ncbi.nlm.nih.gov/pubmed/32111065

Catalysts 2025, 15, 91 34 of 34

173.

174.

175.

176.

177.

178.

179.

180.

181.

Sharma, V.K.; Sharma, M.; Usmani, Z.; Pandey, A.; Singh, B.N.; Tabatabaei, M.; Gupta, V.K. Tailored Enzymes as Next-Generation
Food-Packaging Tools. Trends Biotechnol. 2022, 40, 1004-1017. [CrossRef]

Madhavan, A.; Arun, K.B.; Binod, P; Sirohi, R.; Tarafdar, A.; Reshmy, R.; Kumar Awasthi, M.; Sindhu, R. Design of Novel Enzyme
Biocatalysts for Industrial Bioprocess: Harnessing the Power of Protein Engineering, High Throughput Screening and Synthetic
Biology. Bioresour. Technol. 2021, 325, 124617. [CrossRef]

Sharma, A.; Gupta, G.; Ahmad, T.; Mansoor, S.; Kaur, B. Enzyme Engineering: Current Trends and Future Perspectives. Food Rev.
Int. 2021, 37, 121-154. [CrossRef]

Ashraf, N.M.; Krishnagopal, A.; Hussain, A.; Kastner, D.; Sayed, A.M.M.; Mok, Y.-K.; Swaminathan, K.; Zeeshan, N. Engineering
of Serine Protease for Improved Thermostability and Catalytic Activity Using Rational Design. Int. |. Biol. Macromol. 2019, 126,
229-237. [CrossRef]

Brissos, V.; Tavares, D.; Sousa, A.C.; Robalo, M.P,; Martins, L.O. Engineering a Bacterial DyP-Type Peroxidase for Enhanced
Oxidation of Lignin-Related Phenolics at Alkaline pH. ACS Catal. 2017, 7, 3454-3465. [CrossRef]

Rahman Pour, R.; Ehibhatiomhan, A.; Huang, Y.; Ashley, B.; Rashid, G.M.; Mendel-Williams, S.; Bugg, T.D.H. Protein Engineering
of Pseudomonas fluorescens Peroxidase Dyp1B for Oxidation of Phenolic and Polymeric Lignin Substrates. Enzym. Microb. Technol.
2019, 123, 21-29. [CrossRef] [PubMed]

Aza, P; de Salas, F.; Molpeceres, G.; Rodriguez-Escribano, D.; de la Fuente, I.; Camarero, S. Protein Engineering Approaches to
Enhance Fungal Laccase Production in S. cerevisiae. Int. J. Mol. Sci. 2021, 22, 1157. [CrossRef] [PubMed]

Vardon, D.R.; Franden, M. A ; Johnson, C.W.; Karp, E.M.; Guarnieri, M.T; Linger, ].G.; Salm, M.].; Strathmann, T.]J.; Beckham, G.T.
Adipic Acid Production from Lignin. Energy Environ. Sci. 2015, 8, 617-628. [CrossRef]

Singh, S.; Morya, R.; Jaiswal, D.K.; Keerthana, S.; Kim, S.H.; Manimekalai, R.; de Araujo Pereira, A.P.; Verma, J.P. Innovations and
advances in enzymatic deconstruction of biomass and their sustainability analysis: A review. Renew. Sustain. Energy Rev. 2024,
189, 113958. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tibtech.2022.01.009
https://doi.org/10.1016/j.biortech.2020.124617
https://doi.org/10.1080/87559129.2019.1695835
https://doi.org/10.1016/j.ijbiomac.2018.12.218
https://doi.org/10.1021/acscatal.6b03331
https://doi.org/10.1016/j.enzmictec.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30686347
https://doi.org/10.3390/ijms22031157
https://www.ncbi.nlm.nih.gov/pubmed/33503813
https://doi.org/10.1039/C4EE03230F
https://doi.org/10.1016/j.rser.2023.113958

	Introduction 
	Integrated Biorefineries in a Circular Economy for Lignin Valorization 
	Lignin, Sources, and Valorization 
	Lignin and Its Sources 
	Lignin Valorization Routes 

	Biocatalysis in Lignin Valorization 
	Mechanism of Lignin Fractionation by Enzymes 
	Lignin-Degrading Enzymes 
	Lignin Peroxidase 
	Laccase 
	Manganese Peroxidase 
	Versatile Peroxidase 
	Dye-Decolorizing Peroxidase 

	Other Enzymes 

	Fungal and Bacterial Biocatalysts for Lignin Breakdown 
	Omics Technology and Enzyme Engineering for Enhanced Lignin Utilization 
	Omics Technology 
	Enzyme Engineering 

	Challenges and Future Perspectives 
	Conclusions 
	References

