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Abstract: Lignin is a complex organic polymer. It has a crucial role in providing structural support,
rigidity, and defense against disintegration. Following cellulose, it ranks as the second most
abundant natural polymer discovered on Earth. Lignin is composed of several phenolic compounds
that form a complex, three-dimensional framework. Lignin, unlike cellulose, is a non-carbohydrate
polymer rather than a polysaccharide. Lignin's characteristics pose both difficulties and prospects
in several sectors, spanning from agriculture to renewable energy. The investigation of the
composition of Lignin and its manipulation through engineering are closely intertwined.
Disruptions of genes implicated in the lignin biosynthesis pathway can result in substantial
alterations in the composition and architecture of Lignin. These modifications can offer novel
approaches for altering Lignin and deliberately engineering the polymer to enhance its worth or
simplify its extraction from cell wall polysaccharides. As a result, the definition of Lignin is
constantly expanding and being adjusted to accommodate its diversity and adaptability. This
review examines explicitly the versatility of the lignin molecule.
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1. Introduction

Lignin, a complex organic polymer, is a critical player in plant biology. Its primary building
blocks, monolignols, are linked through various chemical bonds, resulting in a heterogeneous and
irregular structure. This unique structure gives Lignin several crucial functions. It provides
mechanical strength and rigidity to plant cell walls. It assists in transporting water and nutrients
through the vascular tissues by strengthening the xylem vessels. It contributes to the plant's defense
against pathogens and pests due to its complex and recalcitrant structure, which is difficult for most
organisms to break down. These functions underscore the importance of Lignin in plant biology and
biochemistry [1].

Lignin's industrial and environmental significance is vast. As a byproduct of the paper-making
process, it is used to produce high-quality paper. It is also a valuable source of energy when burned
and finds use in various industrial applications. Moreover, as a renewable resource, Lignin is being
explored for conversion into biofuels, chemicals, and materials, contributing to the development of
sustainable biorefineries. In natural ecosystems, the degradation of Lignin plays a significant role in
the carbon cycle, influencing soil fertility and carbon sequestration. These applications underscore
the potential of Lignin in various industries and environmental contexts [2].

Applications of Lignin are vast. Lignin can be used in the production of adhesives, resins, and
binders for various industrial applications. Research is ongoing to develop lignin-based bioplastics
as a sustainable alternative to petroleum-based plastics. Lignin is being investigated as a precursor
for the production of carbon fiber, which is used in lightweight, high-strength materials for the
aerospace and automotive industries.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The heterogeneous and complex nature of Lignin makes it challenging to process and utilize
efficiently. Significant research is focused on developing methods to break down Lignin into valuable
monomers and chemicals through processes such as pyrolysis, oxidation, and microbial degradation [3].

Lignin's unique properties and abundance make it a promising material for various industrial
applications, although its complexity presents challenges that continue to be the subject of active
research and innovation (Figure 1).

Figure 1. Lignin structure is represented as balls and sticks.

1.1. Lignin Isolation

A sustainable society must look for renewable resources to replace fossil carbon in the
production of chemicals, fuels, and materials. A significant portion of lignocellulosic biomass, Lignin,
is a plentiful and renewable source of aromatics that is currently underutilized since it is frequently
burned as an unwanted byproduct in the manufacturing of bioethanol and paper. There is much
promise for this Lignin as a source of valuable aromatic compounds and materials. Lignin-focused
biorefinery methods are presently being developed with the goal of obtaining additional value from
Lignin. Nonetheless, the degree of degradation and modification of the extracted Lignin directly
affects how well these innovative lignin-focused biorefineries function. Hence, in order to potentially
enhance the worth of Lignin, it is imperative to thoroughly investigate the reactivity and degradation
routes of the inherent Lignin present in the plant material. The structure of undegraded native-like
Lignin derived from lignocellulosic plant material closely resembles that of native Lignin. This
renders it a good candidate for a comprehensive investigation into the reactivity and structure of
native Lignin.[4].

One of the main problems in converting lignocellulose biomass into products with additional
value is lignin recalcitrance. Although the use of ligninolytic bacteria is currently restricted, in situ
biodegradable lignin-modifying enzyme-producing bacteria are thought to be an excellent answer to
lignin biodegradation issues [5].

As an illustration, the researchers examined the potential of Lignin, a substance extracted from
black liquor waste, for the production of binderless briquettes composed entirely of Lignin. These
briquettes had a calorific value that varied between 5670 and 5876 kcal/kg. The acid precipitation
technique was employed to extract Lignin from black liquor. Throughout the precipitation process,
the pH level was controlled at different levels by using sulfuric acid, citric acid, and acetic acid. The
evaluation of isolation conditions was conducted utilizing a range of approaches, such as the Klasson
method, proximal analysis, ultimate analysis, Fourier Transform Infrared (FTIR), adiabatic bomb
calorimeter, density measurement, and Drop Shatter Index (DSI) testing. The methodologies
employed aimed to examine the influence of isolation circumstances on the attributes of Lignin and
the qualities of the resultant briquette. The results demonstrated that briquettes with a fixed carbon
content of 72%, an exceptional DSI (degree of sulfonation index) of 99.7%, and a calorific value
comparable to coal-based briquettes were effectively produced from Lignin extracted using citric acid
ata pH of 3 [6].

Acidifying the pH of the mixture enhances the extraction of Lignin from black liquor. Sulfuric
acid is particularly effective for lignin precipitation due to its capacity to lower the pH of the solution
to a minimum of 2 [7]. A lower pH is required for the separation of Lignin from black liquor and for
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the protonation of its phenolic and carboxylic functional groups [16]. However, the use of sulfuric
acid has significant drawbacks, such as the release of hazardous gases that can lead to environmental
problems and carcinogenic effects in humans [8,9]. Employing a less potent acid is considered to be
a viable resolution for these problems.

1.2. Lignin Synthesis

Lignin valorization has the ability to serve as a substitute for certain aromatic compounds as a
platform due to its composition as a polymer of aromatic molecules. Some bacteria in nature possess
methods for degrading lignin. So far, researchers have discovered more and more ways to convert
lignin-derived aromatic compounds. This makes it simpler to create more pathways for lignin
conversion in model microorganisms. The utilization of synthetic biology techniques would promote
the conversion of Lignin into valuable products such as aromatic compounds, ring-cleaved chemicals
produced from Lignin, and bioactive substances [10].

Recent findings have shown that Lignin has the potential to produce a range of aromatic
chemicals, such as gallic acid, vanillin, and p-hydroxybenzoic acid (pHBA). pHBA, an industrial
platform chemical, is commonly used as the initial raw material for the biosynthesis of many
commercially essential compounds such as vanillyl alcohol, xiamenmycin, gastrodin, resveratrol, and
MA. Additionally, it is utilized as a monomer in the production of liquid crystal polymers.
Burkholderia glumae strain BGR achieved effective production of pHBA from the lignin component
p-coumaric acid by removing two genes involved in pHBA degradation, namely gene . In addition,
it was shown that increasing the expression of phcs II, which encodes for p-hydroxcinnmaoyl-CoA
synthetase II, improved the pHBA synthesis in batch reaction . In addition, when E. Coli expresses a
distinct pHBA decarboxylase, it has the ability to convert pHBA into phenol, which is a commonly
utilized chemical in the chemical industry [11].

Vanillin is an essential aromatic flavoring component used in innovative food and perfume
fragrances. The removal of vanillin dehydrogenase in Rhodococcus jostii RHA1 (R. jostii RHA1) led
to the accumulation of vanillin, reaching a concentration of 96 mg/L. This was seen in a minimum
medium containing 2.5% wheat straw lignocellulose and 0.05% glucose . The process involved the
use of a temperature-controlled system in E. coli to convert ferulic acid, a typical component of
Lignin, into vanillin. This was achieved by expressing Fcs and Ech enzymes from the thermophilic
actinomycete A. thermoflava N1165. At a temperature of 50°C, vanillin was produced in this system
as a result of the decrease in the activities of ADHs and the increase in the activities of functional Fcs
and Ech at high temperatures. Vanillin was synthesized at a temperature of 30°C in this particular
system. However, the constant requirement for ATP and CoA has greatly hindered the effective
transformation of lignin-derived aromatics due to the biosynthetic pathway involving Fcs and Ech.
In addition, Pad and Ado established a pathway in E. coli that does not require a coenzyme to
produce 4-vinylguaiacol and vanillin from ferulic acid. Vanillin was synthesized in S. cerevisiae by
converting the lignin component ferulic acid using the VpVAN gene from Vanilla planifolia through
heterologous expression. ADH, an alcohol dehydrogenase in S. cerevisiae, efficiently catalyzes the
transformation of vanillin into vanillyl alcohol [12].

In addition, the detoxification study revealed that S. cerevisiae was capable of converting p-
coumaric acid, ferulic acid, and coniferyl aldehyde into metabolites that are less toxic. Aminated
compounds are very valued synthetic materials that play a crucial role in the creation of a wide range
of exceptional chemicals and pharmaceuticals. Through the process of heterologous production, the
w-transaminase (w-Tam) known as CV2025 from Chromobacterium violaceum DSM30191 may be
synthesized in E. coli. This synthesis enables the conversion of vanillin into vanillylamine through
amination. The enzyme vanillin dehydrogenase, encoded by the genes vdh or ligV, catalyzes the
conversion of vanillin to vanillic acid, except for vanillylamine. Vanillic acid exhibits pharmacological
effects. Aryl O-demethylase possesses the capacity to convert vanillic acid into protocatechuic acid
(PCA), which serves as an essential constituent of polymers. The production of PCA from vanillic
acid in E. coli was enhanced by introducing plant methionine synthase and vanillic acid O-
demethylase (ligM) from SYK-6. The VanA and VanB genes found in lignin-degrading bacteria, such
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as R. jostii RHA and Pseudomonas putida KT2440, are also responsible for catalyzing the O-
demethylation of vanillic acid. In addition, Corynebacterium glutamicum has the ability to produce
p-coumaric acid (PCA) from p-hydroxybenzoic acid (pHBA) through the expression of the pobA
gene, which encodes the pHBA hydroxylase. Catechol serves as a valuable precursor for the
production of diverse polymeric polymers, and it can be obtained through the decarboxylation of
PCA. In order to decrease the harmfulness, vanillin was converted into catechol in E. coli by a
synthetic process involving the genes ligV, ligM, and aroY (which encode PCA decarboxylase) and
resulting in the production of an aromatic transporter called CouP. In addition, the vanillin self-
inducible promoter ADH? from S. cerevisiae was introduced into E to circumvent the cost of using
an external inducer. Coli. Furthermore, the expression of a three-domain reductase (GcoB) and a
cytochrome P450 aromatic O-demethylase from the CYP255A family in P. putida can facilitate the
conversion of guaiacol, a consequence of lignin depolymerization, into catechol [14].

Syringaldehyde, a lignin-derived aromatic molecule, can be transformed into syringic acid
through the heterologous expression of desV or ligV in E. Coli. In addition, the demethylase enzymes
desA and ligM have the ability to convert syringic acid into gallic acid, which is a naturally occurring
phytochemical known for its strong antibacterial and antioxidant characteristics. In addition, gallic
acid was produced in E. Coli by using pHBA, with the expression of the Pseudomonas aeruginosa
pHBA hydroxylase mutant PobA in a heterologous manner. The Ipdc gene catalyzes the
decarboxylation of gallic acid, resulting in the production of pyrogallol. Pyrogallol serves as a
precursor for the manufacture of trimethoprim, an antibiotic, muscle relaxant gallamine triethiodide,
and insecticide bendiocarb.[15-18].

Figure 2. Syringaldehyde structure is represented as balls and sticks.

2. Production of Bioactive Substances

Flavonoids, stilbenoids, and coumarins are known to be frequently utilized in human health care
as compounds produced from phenylpropanoid. The lignin pretreatment liquid contained p-
coumaric acid and ferulic acid, which were utilized to create artificial biosynthetic pathways in E. coli
or S. cerevisiae, resulting in the production of flavonoids, stilbenoids, and coumarins Flavonoids,
stilbenoids, and coumarins are commonly employed in human healthcare as chemicals derived from
phenylpropanoid.. The lignin pretreatment liquid contains p-coumaric acid and ferulic acid, which
were used to construct synthetic pathways in E. coli or S. cerevisiae, leading to the synthesis of
flavonoids, stilbenoids, and coumarins. In addition, resveratrol can be synthesized from pHBA by
engineering a reverse (-oxidative phenylpropanoid degradation pathway in Corynebacterium
glutamicum strains. The presence of a sugar residue significantly alters the bioactivity of the majority
of secondary metabolites, which are predominantly found in their glycosylated form in nature.
Gastrophin was synthesized in E. coli by constructing a synthetic pathway that involved endogenous
alcohol dehydrogenases, Rhodiola glycosyltransferase UGT73B6, and Nocardia carboxylic acid
reductase. This process allowed the conversion of pHBA into dystrophin. Vanillin glucoside was
produced from ferulic acid by simultaneously expressing VpScVAN and AtUGT72E2 in S. cerevisiae.
Overexpression of the VvGT2 gene from Vitis vinifera in E. coli resulted in the glycosylation of gallic
acid, a consequence of Lignin breakdown, leading to the production of 3-glucogallin. Based on these
discoveries, it is possible to create artificial routes to transform aromatic molecules originating from
Lignin, such as p-coumaric acid, ferulic acid, and pHBA, into bioactive substances that have increased
worth, such as flavonoids, stilbenoids, and coumarins, along with their glycosylated derivatives.
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Furthermore, by developing a reversal of the [3-oxidative phenylpropanoid degradation pathway in
Corynebacterium glutamicum strains, resveratrol can be obtained from pHBA. A sugar residue
dramatically changes the bioactivity of most secondary metabolites, which are found in nature mostly
in their glycosylated form. By creating an artificial pathway including endogenous alcohol
dehydrogenases, Rhodiola glycosyltransferase UGT73B6 , and Nocardia carboxylic acid reductase,
gastrophin was generated from pHBA in E. coli. By coexpressing VpScVAN and AtUGT72E2 in S.
cerevisiae , vanillin glucoside was generated from ferulic acid. When the glucosyltransferase gene
VvGT2 from Vitis vinifera was overexpressed in E. coli, gallic acid —a byproduct of the breakdown
of Lignin —was glycosylated, yielding 3-glucogallin. According to these findings, synthetic pathways
might be built to convert lignin-derived aromatics like p-coumaric acid, ferulic acid, and pHBA into
bioactive compounds with added value like flavonoids, stilbenoids, and coumarins, as well as their
glycosylated derivatives [19,20].

3. Lignin Bioactivity Antimicrobial and Antifungal Properties

Lignin bioactivity pertains to the physiological and biochemical effects of Lignin and its
derivatives on living creatures, encompassing plants, animals, and microbes. The many bioactivities
of these substances can be applied in the fields of medicine, pharmacy , agriculture, and
environmental management. The following are key elements of lignin bioactivity: Lignin and its
derivatives have been shown to possess antibacterial properties against various bacterial strains. This
makes Lignin a potential natural preservative or antimicrobial agent in food and medical and
pharmaceutical applications. Also, lignin compounds can inhibit the growth of certain fungi, offering
potential for use in agricultural settings to protect crops from fungal infections. Lignin can disrupt
bacterial cell walls and membranes, leading to cell lysis and death. Its phenolic components can also
interfere with bacterial enzymes and proteins, inhibiting their function(Table 1).

Table 1. Lignin antimicrobial and antifungal mode of action (MOA).

=+

Mechanism Description Ref.
Cell Wall Integrity: Lignin and its derivatives can interact with the
components of microbial cell walls, particularly in bacteria. This
interaction can compromise the integrity of the cell wall, leading to
cell lysis and death.

Membrane Permeability: Lignin can embed itself into the lipid
bilayer of microbial cell membranes, causing increased permeability.
This disruption allows the leakage of essential intracellular contents
and ultimately results in cell death.

Disruption of Cell
1 Walls and
Membranes

[21]

Oxidative Stress: Lignin can induce the production of reactive
oxygen species (ROS) within microbial cells. ROS are highly reactive
Generation of molecules that can damage cellular components such as DNA,
2 Reactive Oxygen proteins, and lipids, leading to oxidative stress and cell death. [22]
Species (ROS) The phenolic groups in Lignin can undergo redox cycling,
contributing to ROS generation. This mechanism is particularly
effective against a broad range of microorganisms.

Inhibition of Metabolic Enzymes: Lignin can inhibit key enzymes
involved in microbial metabolism. The phenolic compounds in

W

Enzyme Inhibition [23]

Lignin can bind to the active sites of these enzymes, preventing
them from catalyzing essential biochemical reactions.

DNA Binding: Lignin and its derivatives can interact with microbial
Interaction with ~ DNA, causing structural changes or damage. This interaction can [24]
Nucleic Acids inhibit DNA replication and transcription, thereby preventing

microbial proliferation.
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Genetic Damage: The oxidative stress induced by Lignin can lead to
mutations and breaks in the microbial DNA, further inhibiting cell
viability.

Nutrient Deprivation: Lignin can chelate essential metal ions such as
iron and magnesium, which are necessary for microbial growth and
Chelation of Metal ~ enzyme function. By sequestering these ions, Lignin deprives

> Ions microorganisms of critical nutrients, inhibiting their growth. [25]
Metabolic Disruption: The chelation of metal ions can also disrupt
various metabolic pathways that depend on these cofactors.
Lignin can chelate metal ions like iron and magnesium, which are
Chelation of essential for microbial growth. By binding these ions, Lignin [26]
Essential Nutrients deprives microorganisms of the nutrients they need for survival and
proliferation.
Disruption of . . . s .
Lignin can interfere with the electron transport chain in microbial
7 Electron Transport [27]

Chain cells, disrupting energy production and leading to cell death.

Lignin can bind to microbial proteins, causing structural changes or
8 Binding to Proteins denaturation. This binding can inhibit enzyme activity and interfere [28]
with protein function, leading to microbial cell death.

. Lignin can interfere with quorum sensing, the process by which
Interference with & 9 8 p y

. bacteria communicate and coordinate their behavior. Disrupting
9  Quorum Sensing

. o . 29
quorum sensing can prevent biofilm formation and reduce [29]

virulence.

. : Lignin can affect the expression of genes involved in microbial
Modulation of & P &

10 ) virulence and survival. This modulation can inhibit microbial [30]
Gene Expression o
growth and pathogenicity.

Lignin can prevent the attachment of microorganisms to surfaces,

Surface Interaction
thereby inhibiting biofilm formation. Biofilms protect microbes from

11 and Biofilm . . . [31]
. external threats, so preventing their formation enhances
Prevention . . .
antimicrobial efficacy.
. . Lignin can disrupt the membrane potential of microbial cells,
Disruption of Do . s . .
affecting ion gradients and membrane permeability. This disruption
12 Membrane o - . [32]
. can lead to cell death due to the inability to maintain essential
Potential
cellular processes.
Interaction with  Lignin can bind to membrane proteins, altering their structure and
13 Cell Membrane function. This binding can inhibit nutrient transport, signal [33]

Proteins transduction, and other critical cellular functions.

Inhibition of ATP  Lignin can inhibit ATP synthesis in microbial cells by interfering
14 Synthesis with the function of ATP synthase or other components of the ATP  [34]
production pathway, leading to energy depletion and cell death.

Lignin can induce apoptosis-like cell death in microbial cells,
characterized by cell shrinkage, DNA fragmentation, and other
apoptotic markers. This programmed cell death can be triggered by
oxidative stress and other cellular disruptions caused by Lignin.

Induction of
15 Apoptosis-like Cell
Death

[35]

Activation of  Lignin can enhance the activity of naturally occurring antimicrobial
16 ~ Antimicrobial = peptides by interacting with them and increasing their affinity for [36].
Peptides microbial cell membranes.

Lignin can act synergistically with other antimicrobial agents,

Synergistic Effects
ynerg enhancing their efficacy. This synergy can occur through various
17 with Other . X . . . e [37]
.. . mechanisms, such as disrupting microbial defenses or facilitating
Antimicrobials

the entry of other antimicrobials.
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Altering Microbial Lignin can alter key metabolic pathways in microbial cells, leading
18 Metabolic to the accumulation of toxic intermediates or depletion of essential [38]
Pathways metabolites, which can inhibit growth and survival.

These references cover a broader range of mechanisms through which Lignin exhibits
antimicrobial activity, including membrane potential disruption, interaction with membrane
proteins, inhibition of ATP synthesis, induction of apoptosis-like cell death, activation of
antimicrobial peptides, synergistic effects with other antimicrobials, and alteration of microbial
metabolic pathways. Lignin is effective against a wide range of bacteria, including both Gram-
positive and Gram-negative strains. This broad-spectrum activity makes it a versatile antimicrobial
agent. When used in combination, Lignin can enhance the efficacy of traditional antibiotics. This
synergistic effect can help reduce the required antibiotic doses and mitigate the development of
antibiotic resistance [39].

4. Research and Application

Modification for Enhanced Activity: Chemical modifications of Lignin, such as sulfonation or
oxidation, can enhance its antimicrobial properties. Modified Lignin often exhibits more substantial
and more specific antimicrobial effects. Combination with Other Agents: Lignin can be combined
with traditional antimicrobial agents to enhance efficacy and reduce the likelihood of resistance
development. Incorporating Lignin into nanomaterials can improve its delivery and interaction with
microbial cells, making it more effective as an antimicrobial agent in coatings, films, and other
applications [40].

Lignin's antimicrobial activity can vary depending on its source, extraction method, and degree
of modification. Standardizing lignin preparations is necessary for consistent results. While Lignin is
generally considered safe, its potential toxicity to human cells and the environment needs to be
thoroughly assessed, especially for applications in medicine and food preservation (Table 2).

Table 2. Lignin antioxidant properties mode of action (MOA).

# Mechanism Description Ref

Lignin has significant antioxidant properties due to its phenolic structure,
which allows it to scavenge free radicals. This activity is beneficial in
reducing oxidative stress in biological systems and can be harnessed in the
development of health supplements and pharmaceuticals.

Antioxidant
1  Properties

[41]

Some studies suggest that Lignin and its derivatives can reduce

Anti-
_ m inflammation by modulating the activity of inflammatory mediators. This
inflammatory . L ) .
2 Effects potential makes Lignin a candidate for developing treatments for [42]

inflammatory diseases.

Certain lignin derivatives have been found to exhibit cytotoxic effects on
Anticancer cancer cells, inhibiting their growth and proliferation. This anticancer
3  Potential  potential is an area of ongoing research, with the goal of developing lignin- [43]
based therapeutic agents.

Drug Delivery Due to its biocompatibility and biodegradability, Lignin is being explored
4 Systems as a carrier material for drug delivery systems. Lignin nanoparticles can = [44]
encapsulate drugs, enhancing their stability and controlled release.

Lo Lignin can act as a prebiotic, promoting the growth of beneficial gut
Prebiotic 5 P P & & 5

5 Activity bacteria. This property is essential for maintaining a healthy digestive

system and could be utilized in the development of functional foods and
dietary supplements.

[45]
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Environmental Lignin-degrading microorganisms can be used to break down
6 Applications  environmental pollutants, such as pesticides and industrial chemicals,  [46]
making Lignin a valuable tool in bioremediation efforts.

Lignin and its derivatives can enhance plant growth by improving soil
structure, increasing nutrient availability, and providing protection against [47]

Bioremediation . . . .
pathogens. This can lead to more sustainable agricultural practices.

4.1. Lignin as a Binder

Furthermore, briquette applications have been described as using Lignin as a binder [48-52].
Lignin was used as a binder in earlier studies for wood [53,54], organic municipal solid waste [55],
and anthracite-based briquettes [56,57]. Additionally, it was stated that Lignin might be used as a fuel
and binder, enhancing the briquette's thermal and physical characteristics. Densified particles or
loose fuel components make up briquettes. In briquetting, loose fuel components or particles are
crushed under pressure into smaller volume agglomerates that can hold their compressed state [58].
It has certain advantages to using biomass directly as fuel, including a higher heat content and a more
compact size that makes storage and transportation easier [59]. Typically, coal or biomass, such as
agricultural waste, is used to make briquettes; binder is sporadically used as well. When a material
is unable to generate a robust densified form, a binder is required. Its function is to promote inter-
particulate bonding, which enables the densified form to form [60,61]. Even though the inorganic-
based binder creates a briquette with a greater compressive strength and compaction ratio and is
more hydrophobic, the organic-based binder is favored [62]. This is due to the fact that adding
inorganic materials tends to lower the calorific value of the final briquette and raise its ash content
and burn-out temperature [63,64]. Because of the differing thermal behaviors of the binder and fuel
material, binder-based briquettes, although flexible, have several drawbacks, including non-uniform
combustion qualities and a loss in compacting properties at high temperatures [65,66]. In these
situations, using the binderless briquette —a briquette compacted without binder —is more beneficial.
However, the materials that may be utilized in this kind of briquette are restricted since the materials
must be able to create a strong attraction between all of the particles. It should be possible to condense
Lignin, the material often employed as the binder, into an all-lignin, binderless briquette. Its
important qualities as fuel and its capacity to form hydrogen bonds with one another—a feature
made possible by the hydroxy group (-OH) in Lignin—made this conceivable. This study used the
acid precipitation method to separate and purify Lignin from black liquor, which was then used to
create an all-lignin briquette without the need for a binder. Citric and acetic acids, which are less
harmful to the environment than sulfuric acid, were used to isolate Lignin. It has been shown that
Lignin can precipitate in the presence of acetic and citric acids [67]. The study assessed the impact of
pH and acid type on the lignin purity and briquette characteristics. To the best of our knowledge,
Lignin—which is primarily used as a binder —has never been used in a single-component binderless
briquette. Density measurement, proximal and ultimate analysis, the calorific value test, and the drop
shatter test were used to evaluate the briquette's properties [68-70].

Lignin is a highly prevalent organic polymer on Earth, ranking second in abundance only to
cellulose. Lignin is mainly located in the cell walls of plants and provides stiffness, defense, and the
ability to transport water. It plays a crucial function in maintaining the structural strength of plants.
Due to its intricate and diverse chemical composition, which is composed of phenolic subunits, this
molecule is very adaptable and can be used in a wide range of industries. Lignin's versatility is being
utilized more and more in fields such as material science, energy generation, pharmaceuticals,
cosmetics, and environmental sustainability, making it an essential component in the advancement
of bio-based economies [71].

4.2. Structural Adaptability in Nature; Role in Plants

Lignin is crucial for the mechanical strength of plant cell walls, particularly in woody plants. It
cross-links with other cell wall components such as cellulose and hemicellulose, creating a robust
matrix that allows plants to grow tall and withstand environmental stresses like wind and microbial
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attack. The hydrophobic nature of Lignin also facilitates efficient water transport within the plant,
particularly in vascular tissues like the xylem, where it helps prevent water loss and supports nutrient
distribution [72].

Lignin is primarily composed of three types of phenylpropanoid monomers: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. These monomers form different kinds of Lignin
depending on their relative abundance. Guaiacyl (G) lignin: Predominantly composed of coniferyl
alcohol, typically found in gymnosperms (softwoods). Syringyl (S) lignin: Predominantly composed
of sinapyl alcohol, commonly found in angiosperms (hardwoods). p-Hydroxyphenyl (H) lignin:
Contains more p-coumaryl alcohol, often found in grasses and some other plants [73].

The structure of Lignin can vary significantly based on the type and ratio of monomers and the
types of linkages (such as 3-O-4, 3-f3, and (3-5 linkages) that form between them. This results in a
highly heterogeneous and irregular polymer network, which is adaptable to different functional
requirements. Lignin provides rigidity and compressive strength to plant cell walls, allowing plants
to grow tall and withstand various physical stresses. Lignin's structure contributes to the water-
repellent nature of plant cell walls, preventing water loss and providing protection against
pathogens. The complex and irregular structure of Lignin makes it resistant to enzymatic breakdown,
contributing to its role in plant defense [74].

Lignin's structure can be influenced by environmental factors such as light, temperature, and
nutrient availability. For example, plants exposed to high levels of UV radiation may produce more
Lignin with certain monomer compositions that provide better protection against UV damage. Stress
conditions, such as drought or pathogen attack, can also lead to alterations in lignin biosynthesis,
resulting in a more robust or differently cross-linked lignin structure to protect the plant better. The
structural adaptability of Lignin has been crucial in plant evolution, particularly in the development
of vascular plants that can grow tall and transport water efficiently. This adaptability has allowed
plants to colonize a wide range of terrestrial environments. Lignin's ability to evolve and adapt its
structure has also played a role in the co-evolution of plant-microbe interactions, particularly in the
context of lignin degradation by certain fungi and bacteria [75].

4.3. Biodegradation Resistance

The intricate and uneven composition of Lignin renders it remarkably impervious to microbial
decomposition. This attribute enhances the resilience of wood and other lignified tissues in the
natural environment, facilitating the long-term retention of carbon in terrestrial ecosystems. The
inherent durability of Lignin against decomposition presents difficulties in the processing of biomass
for biofuel production, necessitating the use of sophisticated techniques to convert Lignin into usable
energy efficiently. The adaptability of Lignin has significant implications for industries such as
biofuel production, where modifying lignin content and structure in plants could improve the
efficiency of biomass conversion. Understanding Lignin's structural adaptability also aids in
developing new materials, such as bioplastics and carbon fibers, where Lignin's natural properties
can be harnessed or modified for specific applications. Lignin's structural adaptability is a key factor
in its biological functions, its role in plant evolution, and its potential for various industrial
applications [76].

4.4. Industrial Versatility: Material Science

Lignin's chemical versatility makes it a valuable component in the production of bioplastics and
composites. It can be chemically modified and blended with other polymers, enhancing the material's
properties, such as biodegradability, strength, and thermal stability. These lignin-based materials are
increasingly used in packaging, automotive components, construction materials, and more, offering
sustainable alternatives to petroleum-based plastics. Lignin can be integrated into thermoplastic
matrices to enhance their mechanical properties and biodegradability. Lignin-based composites
exhibit improved stiffness, UV resistance, and thermal stability, which are essential for automotive
components, electronics, and packaging materials. Moreover, these materials contribute to reducing
the environmental footprint associated with conventional plastics [77].
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Lignin can be used as a renewable raw material to produce bioplastics. It can be chemically
modified and blended with other biopolymers like polylactic acid (PLA) or polyhydroxyalkanoates
(PHA) to create sustainable alternatives to conventional plastics. Lignin is often used as a filler or
reinforcing agent in composite materials, improving mechanical properties such as stiffness and
strength. For example, Lignin can be combined with polymers like polypropylene or polyethylene to
create biocomposites that are lighter and more environmentally friendly than traditional composites.
Lignin is a promising precursor for carbon fiber production due to its aromatic structure and high
carbon content. Lignin-derived carbon fibers are being developed as a cost-effective and sustainable
alternative to those made from polyacrylonitrile (PAN). These fibers are used in high-performance
materials for aerospace, automotive, and sporting goods industries. Lignin-based carbon fibers can
also be used in energy storage applications, such as in the electrodes of batteries and supercapacitors,
where they offer high conductivity and surface area. Lignin can be used as a sustainable alternative
to petroleum-based adhesives in wood products like plywood and particleboard. Lignin-based
adhesives provide strong bonding properties while being environmentally friendly and reducing
formaldehyde emissions. Lignin can be used as a binder in construction materials, such as asphalt
and concrete, improving durability and reducing the environmental impact of these materials.
Lignin's natural UV-absorbing properties make it an excellent additive for UV stabilization in
plastics, coatings, and paints. It can also act as an antioxidant, protecting materials from oxidative
degradation and extending their lifespan. Lignin has inherent flame-retardant properties due to its
high carbon content and char formation during combustion. It can be used as an additive in polymers
to enhance flame resistance. Lignin can be processed into nanoparticles, which have applications in
drug delivery, coatings, and as functional fillers in polymers. These nanoparticles offer advantages
such as biodegradability, low toxicity, and the ability to be functionalized for specific applications.
Lignin can be used to create hydrogels with tunable properties for applications in biomedical devices,
water purification, and agriculture. These hydrogels benefit from Lignin's biodegradability and
ability to form stable cross-linked networks. Lignin can be depolymerized to produce valuable
aromatic chemicals like vanillin, phenols, and other compounds used in the production of resins,
adhesives, and various fine chemicals. This valorization of Lignin aligns with the principles of green
chemistry and circular economy. Lignin-derived solvents, such as bio-based dimethyl sulfoxide
(DMSO) alternatives, are being explored for their potential to replace traditional, petroleum-based
solvents in various industrial processes. Lignin can be used in water treatment applications as an
adsorbent to remove heavy metals, dyes, and other pollutants from wastewater. Its functional groups
allow it to bind with various contaminants, making it effective in environmental remediation. Lignin
can be used to improve soil structure and fertility, acting as a natural binder in soil stabilization
processes or as a slow-release fertilizer when combined with other nutrients [78,79].

One of the challenges in using Lignin in material science is the variability in its structure and
composition depending on its source and extraction process. Research is ongoing to develop methods
for purifying and modifying Lignin to achieve consistent and desirable properties for various
applications. While Lignin has shown great potential in numerous applications, scaling up the
production of lignin-based materials to industrial levels remains a challenge. This includes
optimizing extraction methods and integrating lignin processing into existing manufacturing
systems [80,81].

4.5. Energy Production

Lignin’s high carbon content and energy density make it a promising candidate for biofuel
production. It can be converted into bio-oil, biodiesel, or syngas through processes such as pyrolysis,
gasification, or hydrothermal liquefaction. Lignin-derived biofuels are renewable and can help
reduce dependence on fossil fuels, contributing to lower greenhouse gas emissions. Additionally,
Lignin can be co-fired with other biomass in power plants to produce heat and electricity, enhancing
the energy output and sustainability of biomass energy systems. Lignin can be used to create
environmentally friendly adhesives and resins. These lignin-based adhesives are formaldehyde-free,
reducing the health risks associated with traditional adhesive products. Applications include wood
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composites, coatings, and laminates, where Lignin serves as a sustainable alternative to synthetic
resins [82].

Lignin plays an increasingly significant role in energy production, particularly as a source of
bioenergy. Its high carbon content and abundance in biomass make it a promising candidate for
various energy-related applications. Below are some key areas where Lignin is utilized in energy
production. Lignin, being a significant component of lignocellulosic biomass (about 15-30%), is
burned directly in biomass power plants to generate heat and electricity. Its high energy content,
typically around 25-27 MJ/kg, makes it an efficient fuel for combustion processes. The direct
combustion of Lignin contributes to renewable energy generation, especially in integrated
biorefineries where Lignin is a byproduct of biofuel production. Pyrolysis is a thermal decomposition
process where Lignin is heated in the absence of oxygen, leading to the production of bio-oil, syngas,
and biochar. Bio-oil can be further refined into biofuels like biodiesel, while syngas can be used to
generate electricity or as a precursor for synthetic fuels. In gasification, Lignin is converted into
syngas (a mixture of carbon monoxide and hydrogen) through partial oxidation at high temperatures.
These syngas can be used to produce electricity or converted into liquid fuels through the Fischer-
Tropsch synthesis. HTL is a process where Lignin is converted into bio-crude oil under high pressure
and temperature in the presence of water. The resulting bio-crude can be upgraded into
transportation fuels. HTL has the advantage of being able to process wet biomass, making it a
versatile option for lignin-rich materials. Lignin can be processed into solid fuels such as pellets and
briquettes, which are used in heating systems and small-scale power generation. These solid fuels
have a high energy density and can be used as a renewable alternative to coal or wood in boilers and
furnaces. Lignin can be used as a feedstock for hydrogen production through processes like catalytic
reforming. This involves breaking down Lignin's complex structure into smaller molecules, which
are then converted into hydrogen gas. Lignin-derived hydrogen is a potential renewable energy
source for fuel cells and other applications. Lignin can also be involved in photocatalytic water
splitting, where it acts as a sacrificial agent to produce hydrogen. This method leverages solar energy
to split water into hydrogen and oxygen, with Lignin providing electrons to facilitate the process.
Microbial fuel cells (MFCs) can utilize Lignin as a substrate for electricity generation. Certain
microorganisms can degrade Lignin and, in the process, transfer electrons to an electrode, generating
electricity. This is a novel approach to converting lignin waste into bioelectricity, although it is still
in the experimental stage. Lignin can be used to produce carbon materials for energy storage devices,
such as batteries and supercapacitors. For instance, lignin-derived activated carbon can serve as an
electrode material in supercapacitors, offering high surface area and good conductivity. Lignin can
be chemically modified to produce materials with redox-active properties, making it suitable for use
in flow batteries or as a binder in lithium-ion batteries. Lignin's natural polymer structure can be
tailored to enhance energy storage. In integrated biorefineries, Lignin is often a byproduct of
processes like ethanol production. Instead of being considered trash, Lignin can be utilized through
energy generation techniques such as combustion, gasification, or conversion into biofuels. This
enhances the overall effectiveness and long-term viability of the biorefinery process. An obstacle in
utilizing Lignin for energy generation is its intricate and fluctuating composition, which poses
difficulties in effectively converting it into energy products. Continual research is being conducted to
create catalysts and techniques that can more efficiently dismantle the structure of Lignin. The
economic feasibility of generating energy from Lignin is a crucial factor to consider. Although Lignin
is readily available, the expense of transforming it into energy products needs to be competitive with
alternative sources of renewable and non-renewable energy. Technological advancements and
optimization of processes are essential for enhancing the economic viability of lignin-based energy
production [83-85].

4.6. Chemical Production

Lignin can be depolymerized to produce a range of aromatic compounds, such as vanillin (a
flavoring agent) and phenols (used in resins and adhesives). These aromatic chemicals are
traditionally derived from petrochemicals, but Lignin offers a more sustainable and renewable
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source. The ability to produce high-value chemicals from Lignin is a crucial area of research, driving
innovation in green chemistry and industrial biotechnology. Lignin, as a complex and abundant
biopolymer, holds significant potential for the production of various chemicals. The aromatic nature
of Lignin, derived from its phenylpropanoid units, makes it a valuable resource for creating high-
value chemicals, especially in the context of sustainable and bio-based chemical production. Below
are some critical applications and processes where Lignin is utilized in chemical production. Lignin,
as a complex and abundant biopolymer, holds significant potential for the production of various
chemicals. The aromatic nature of Lignin, derived from its phenylpropanoid units, makes it a
valuable resource for creating high-value chemicals, especially in the context of sustainable and bio-
based chemical production. Below are some critical applications and processes where Lignin is
utilized in chemical production [86].

Lignin is one of the primary natural sources of vanillin, a widely used flavoring agent. Vanillin
can be produced through the oxidative depolymerization of Lignin, offering a renewable alternative
to synthetic vanillin derived from petrochemicals. This process typically involves the oxidation of
Lignin to break down its complex structure into smaller aromatic molecules, including vanillin.
Lignin can be depolymerized to produce phenolic compounds such as phenol, catechol, guaiacol, and
syringol. These compounds are essential in the production of phenolic resins, adhesives, and other
industrial chemicals. Phenolic compounds from Lignin can be obtained through thermal or chemical
depolymerization methods like pyrolysis or alkaline oxidation. Through depolymerization processes
such as hydrolysis, pyrolysis, or hydrogenolysis, Lignin can be broken down into monomers and
oligomers. These smaller molecules serve as platform chemicals that can be further transformed into
a wide range of products, including bio-based plastics, solvents, and other chemical intermediates.
These monomers, derived from the breakdown of Lignin, are valuable for synthesizing bio-based
polymers. They can also be used in the production of specialty chemicals and as precursors for the
synthesis of more complex molecules. Lignin can be used as a feedstock to produce bio-based
polyurethane foams. These foams are used in insulation, packaging, and cushioning materials. The
polyols derived from Lignin are reacted with isocyanates to create polyurethane, offering a more
sustainable alternative to conventional petrochemical-derived polyurethanes. Lignin can replace
phenol in the production of phenolic resins, which are used in adhesives, coatings, and molding
compounds. These lignin-based resins are more environmentally friendly and contribute to the
reduction of reliance on fossil fuels. Lignin-derived compounds have antioxidant and UV-absorbing
properties, making them suitable for use as additives in plastics, cosmetics, and pharmaceuticals [87].

These compounds can enhance the stability and shelf life of products by protecting them from
oxidative degradation and UV damage. Certain lignin-derived chemicals exhibit bioactive properties,
making them potential candidates for pharmaceutical applications. For example, lignin-derived
oligomers and monomers have shown antimicrobial, anti-inflammatory, and anticancer activities in
various studies. Lignin can be chemically modified to produce bio-based solvents, such as dimethyl
sulfoxide (DMSO) alternatives. These solvents are helpful in multiple industrial processes, including
chemical synthesis and formulation, offering a greener alternative to traditional solvents.
Depolymerized Lignin can yield dimeric and oligomeric compounds that serve as green solvents in
various applications. These solvents are characterized by their biodegradability and low toxicity,
making them attractive for environmentally conscious chemical processes. Lignin can be used as a
filler or reinforcing agent in composite materials. It enhances the mechanical properties of
composites, making them stronger and more durable. These lignin-enhanced materials are used in
automotive parts, construction materials, and consumer goods. Epoxy resins derived from Lignin are
used in coatings, adhesives, and composite materials. Lignin-based epoxies offer improved
sustainability compared to traditional petrochemical-based resins, and they can be tailored for
specific applications by modifying the lignin structure.

Various catalytic processes have been developed to depolymerize Lignin into valuable
chemicals. These include hydrogenolysis, oxidation, and reductive depolymerization, which break
down Lignin's complex structure into more straightforward, more valuable chemical compounds.
Catalysts used in these processes often include metals like palladium, nickel, and ruthenium, which
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help facilitate the breaking of Lignin’s strong bonds. Enzymatic methods, using lignin-degrading
enzymes such as laccases and peroxidases, can selectively break down Lignin into specific monomers
and oligomers. These biocatalytic approaches offer mild reaction conditions and high specificity,
making them attractive for producing fine chemicals from Lignin. One of the significant challenges
in using Lignin for chemical production is its complex and heterogeneous structure, which varies
depending on the source and extraction method. This variability can make it challenging to achieve
consistent chemical yields and product quality. The economic viability of lignin-based chemical
production depends on improving processing technologies to increase efficiency and reduce costs.
Research and development in this area focus on optimizing lignin extraction, depolymerization, and
conversion processes to make them more commercially feasible [88.89].

4.7. Environmental and Agricultural Applications Soil Enhancement

Lignin-based products can be used as soil conditioners. When applied to agricultural soils,
Lignin helps to increase organic matter content, promoting healthier plant growth and reducing the
need for chemical fertilizers. Its ability to bind soil particles also helps prevent erosion and improves
soil stability. Lignin’s ability to adsorb heavy metals and organic pollutants makes it useful in water
treatment and environmental remediation. Lignin-based materials, such as hydrogels and activated
carbons, are effective in removing contaminants from wastewater, offering a sustainable solution for
ecological management. Lignin can enhance soil structure by promoting the formation of soil
aggregates. These aggregates improve soil porosity and aeration, which are crucial for root growth
and microbial activity. The binding properties of lignin help stabilize these aggregates, reducing soil
erosion and compaction. Lignin's ability to hold water makes it beneficial for improving soil water
retention. When added to soil, Lignin can increase the soil's capacity to retain moisture, which is
particularly valuable in arid and semi-arid regions. This improved water retention can lead to better
plant growth and reduced irrigation needs. Lignin contributes to the increase of soil organic matter
(SOM), which is essential for soil fertility. As a complex and recalcitrant organic compound, Lignin
decomposes slowly, providing a long-term source of carbon and nutrients for the soil. This slow
decomposition helps maintain a steady supply of organic matter, supporting microbial communities
and enhancing soil health. The incorporation of Lignin into the soil can aid in carbon sequestration,
helping to mitigate climate change. Due to its resistance to degradation, Lignin can remain in the soil
for extended periods, effectively storing carbon and reducing atmospheric CO2 levels. Lignin can
enhance soil fertility by improving nutrient retention. It has a high cation exchange capacity (CEC),
which allows it to retain essential nutrients like calcium, magnesium, potassium, and ammonium.
These nutrients are then slowly released to plants, improving nutrient availability and reducing the
need for chemical fertilizers. Lignin can bind with heavy metals in the soil, reducing their
bioavailability and toxicity. This chelation process can help remediate contaminated soils and make
them safer for agricultural use. Lignin can play a significant role in preventing soil erosion. When
used as a soil amendment or in mulching, Lignin helps stabilize the soil surface, reducing the impact
of wind and water erosion. This is especially important in areas prone to erosion, where Lignin can
protect the soil and maintain its productivity. Lignin-rich materials, such as bark or straw, can be
used as mulch to protect the soil surface. These materials help reduce evaporation, control weeds,
and prevent soil erosion while also adding organic matter as they decompose [90].

Lignin provides a habitat for soil microorganisms, particularly fungi, which play a crucial role
in lignin degradation. The presence of Lignin in the soil supports a diverse and active microbial
community, which is essential for nutrient cycling, soil structure, and overall soil health. Lignin can
influence the decomposition rates of other organic materials in the soil. By interacting with enzymes
produced by soil microorganisms, Lignin can modulate the breakdown of plant residues,
contributing to a balanced nutrient release over time. Lignin can be used as a base for biodegradable
soil amendments that improve soil quality without leaving harmful residues. These amendments can
be designed to slowly release nutrients, improve soil structure, and enhance microbial activity,
providing a sustainable alternative to synthetic soil conditioners. Lignin-containing organic matter,
such as compost or biochar, can enhance the soil's natural resistance to pests and diseases. The
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physical barrier provided by lignin-rich mulch can reduce the spread of soil-borne pathogens, while
the enhanced microbial activity in lignin-amended soils can suppress harmful organisms.

While it contributes to long-term soil stability and carbon sequestration, it may not provide
immediate nutrient availability compared to other organic amendments. Blending Lignin with other
faster-decomposing organic materials can help balance nutrient release. The effectiveness of Lignin
as a soil enhancer can depend on its source and the method of extraction. Lignin from industrial
processes, such as those from the pulp and paper industry, may contain impurities or be chemically
modified, which could affect its performance in soil applications. Ensuring the purity and suitability
of Lignin for agricultural use is essential [91-95].

4.8. Biodegradable Mulches

Lignin-based mulches are used in agriculture to suppress weeds, retain soil moisture, and
regulate soil temperature. Unlike traditional plastic mulches, lignin-based mulches are biodegradable
and contribute to soil health as they decompose, adding organic matter and improving soil fertility
over time. This practice supports sustainable agriculture by reducing the need for herbicides and
synthetic inputs. Lignin can be used to create slow-release fertilizers, where nutrients are
encapsulated within a lignin matrix. This allows for a more controlled release of nutrients, improving
their efficiency and reducing environmental impacts such as nutrient runoff, which can cause water
pollution. The slow decomposition rate of Lignin can be both an advantage and a challenge. Lignin-
based biodegradable mulches are an emerging, eco-friendly alternative to conventional plastic
mulches used in agriculture and landscaping. These mulches offer several environmental and
agricultural benefits due to their biodegradability, contribution to soil health, and ability to suppress
weeds. Here’s an overview of lignin biodegradable mulches, their benefits, and how they are used
[96,97].

Lignin for biodegradable mulches is typically derived from industrial byproducts, such as those
from the paper and pulp industry, or agricultural residues like straw or wood chips. The Lignin is
extracted and processed into a material that can be used as mulch. Lignin can be combined with other
natural polymers (e.g., cellulose, hemicellulose) and bioplastics to create a composite material that is
durable yet biodegradable. These composites can be formed into sheets or films, similar to traditional
plastic mulches. The production of lignin-based mulches involves blending Lignin with other
biodegradable polymers, possibly adding fillers, plasticizers, and other additives to enhance
performance. The material is then processed through extrusion or casting methods to create mulch
films or sheets. Unlike traditional plastic mulches, lignin-based mulches break down naturally in the
soil over time, reducing waste and environmental pollution. Microorganisms in the soil decompose
the mulch, converting it into carbon dioxide, water, and biomass, which further enrich the soil. Lignin
mulches effectively suppress weeds by blocking sunlight, preventing weed seeds from germinating
and growing. This reduces the need for chemical herbicides, promoting a more organic approach to
weed management [98].

Lignin mulches help retain soil moisture by reducing evaporation. This is particularly beneficial
in arid and semi-arid regions, where water conservation is crucial. By maintaining higher soil
moisture levels, these mulches can improve plant growth and reduce the frequency of irrigation.
Similar to plastic mulches, lignin-based mulches help regulate soil temperature by insulating the soil.
They can keep the soil warmer in cool climates and cooler in hot climates, thus creating a more stable
environment for plant roots. As lignin-based mulches decompose, they add organic matter to the soil,
enhancing soil structure, fertility, and microbial activity. The slow release of Lignin’s complex organic
compounds can improve soil carbon content and nutrient availability over time. Lignin-based
biodegradable mulches offer a sustainable alternative to polyethylene (PE) and other conventional
plastic mulches, which contribute to plastic pollution. By decomposing naturally, lignin mulches
eliminate the need for removal and disposal, reducing labor costs and environmental impact. The use
of lignin-based mulches can contribute to carbon sequestration. As Lignin decomposes, it helps build
soil organic matter, which acts as a long-term carbon sink, potentially mitigating climate change.
Traditional plastic mulches can break down into microplastics, which pose risks to soil health, water
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quality, and wildlife. Lignin-based mulches avoid this issue, as they fully biodegrade into non-toxic
substances [99,100].

While biodegradability is a significant advantage, ensuring that the mulch lasts throughout the
growing season without degrading too quickly can be a challenge. Researchers are working on
optimizing the balance between durability and biodegradability. Currently, lignin-based
biodegradable mulches may be more expensive than traditional plastic mulches due to the costs
associated with production and the development of new materials. However, as production scales
up and technology advances, costs are expected to decrease. The performance of lignin-based
mulches can vary depending on the specific formulation and environmental conditions. Factors such
as temperature, humidity, and soil microbial activity can influence the rate of degradation and the
effectiveness of the mulch. Lignin-based mulches are particularly well-suited for use in vegetable and
fruit crops, where they can provide weed suppression, moisture retention, and soil temperature
regulation. They are especially beneficial in organic farming systems, where synthetic chemicals are
avoided. Beyond agriculture, lignin-based mulches can be used in landscaping for weed control,
aesthetic purposes, and soil enhancement. Their natural appearance and environmental benefits
make them an attractive option for sustainable landscaping practices. These mulches can also be used
in row crops and perennial plantings, where long-term soil health is a priority. The gradual
decomposition of Lignin adds to the organic matter over time, improving soil quality for future
plantings. Ongoing research focuses on optimizing the composition of lignin-based mulches to
enhance their performance characteristics, such as strength, flexibility, and degradation rate. This
involves experimenting with different lignin sources, blends with other biodegradable materials, and
the incorporation of natural additives. Field trials are being conducted to assess the effectiveness of
lignin-based mulches in various agricultural and environmental settings. These trials help determine
the best practices for using these mulches and provide data on their long-term impact on soil health
and crop yields [101,102].

4.9. Pharmaceutical and Cosmetic Uses Drug Delivery Systems

Lignin nanoparticles have emerged as promising carriers for drug delivery systems. These
nanoparticles can encapsulate active pharmaceutical ingredients, allowing for targeted delivery and
controlled release in the body. Lignin's biocompatibility and ability to bind with a wide range of
molecules make it a versatile platform for developing new drug delivery technologies, particularly
in cancer treatment and chronic disease management. Lignin has inherent antioxidant properties due
to its phenolic structure, which can neutralize free radicals and prevent oxidative damage. These
properties make Lignin a valuable ingredient in pharmaceuticals and cosmetics, particularly in
products designed to protect the skin from aging. Lignin also exhibits antimicrobial properties, which
can be utilized in wound dressings and antimicrobial coatings [103].

Vanillin, namely 4-hydroxy-3-methoxybenzaldehyde, is typically found in the most significant
amounts, making up approximately 20% of the total. It is currently the sole phenolic chemical
produced on a large scale from biomass. The pod of the Vanilla orchid accounts for only 5% of global
vanilla production. By contrast, the production of vanillin from synthetic sources accounts for 95%,
with 15% of the synthetic vanillin being obtained from lignin [104]. Several approaches have been
devised to synthesize vanillin using Kraft lignin [105,106] and ferulic acid [107,108]. Trimethoprim is
an antibiotic prescribed for urinary infections, while L-DOPA is used to manage Parkinson's disease
as it serves as a precursor for the neurotransmitter dopamine [109]. The study also investigated the
potential of vanillin to protect against diabetic nephropathy, a prevalent consequence of diabetes that
results in impaired kidney function [110].
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Figure 3. Vanillin structure is represented as balls and sticks.

Tablets are the most commonly used pharmaceutical dosage form [111]. They are relatively
simple to manufacture, show good physical stability and are extensively accepted by patients [112].
Different pharmaceutical excipients can be used for direct compression, including a wide range of
polymers [113-115]. These polymers include synthetic macromolecules, such as poly (vinyl
pyrrolidone) or poly (acrylic acid), and natural polymers, such as cellulose [116]. Cellulose is one of
the most essential excipients used in tableting due to its excellent binding properties in the dry state
[117]. Moreover, cellulose is the most abundant natural polymer on Earth [118-120]. This biopolymer
is present in plant cell walls and, accordingly, is a renewable raw material [121-123]. However, in
addition to cellulose and its derivatives, the majority of the excipients used in solid oral dosage forms
are synthetic polymers [124]. There is a need to find new renewable polymers that can be used for
pharmaceutical applications [125]. Considering that the pharmaceutical excipient market is expected
to be worth 8.53 USD billion by 2023 [126], extensive efforts have been made to develop new
excipients for tablet preparation [127,128]. An excellent renewable and cost-effective candidate for
this purpose is lignin (LIG). LIG is a biopolymer present in the cell walls of vascular plants formed
by randomly crosslinked networks of methoxylated and hydroxylated phenylpropane [129,130]. This
compound provides mechanical protection to the plant. Moreover, LIG protects the plants from
external biological and chemical stresses as it possesses antioxidant and antimicrobial properties
[131,132]. LIG is one of the most abundant polymers on Earth, second after cellulose [133-136]. The
main difference between cellulose and LIG is that the latter remains relatively unexploited [137,138].
The majority of the close to 70 million tonnes of LIG produced during cellulose extraction by the
paper industry are burnt as low-grade fuel or just discarded as waste [139,140]. Less than 2% of the
total amount of LIG produced is reused to manufacture specialty products [141]. Due to its
abundance and added value properties (antioxidant and antimicrobial activities), LIG has
considerable potential to be used in new functional and green materials. During the last decade,
researchers have made extensive efforts to develop new LIG-based materials [142,143]. This
biopolymer has been used in a wide variety of applications, such as antimicrobial agents, antioxidant
additives, UV protective agents, hydrogel-forming molecules, nanoparticle components, or binders
in lithium batteries, among others [144,145]. However, the use of LIG as an excipient for
pharmaceutical formulations is scarce, and only a few studies describe its use [146-148]. Accordingly,
more work is necessary to complement the findings described in these papers and fully understand
the potential of LIG as a pharmaceutical excipient. In the present work, we propose the use of LIG as
an excipient for direct compression in the preparation of tablet-containing drugs. For this purpose, a
model drug was selected, tetracycline (TC), and was combined with LIG to prepare tablets.
Additionally, LIG was combined with microcrystalline cellulose (MCC) to prepare different types of
tablets. The tablets were characterized by evaluating their crushing strength, homogeneity of content,
morphology, wettability, antioxidant properties, and drug release.[149,150]

There is a pressing necessity to discover renewable biopolymers that can replace synthetic ones.
Natural biopolymers, such as cellulose and its derivatives, are widely utilized by the pharmaceutical
sector. There is a pressing necessity to discover sustainable biopolymers as substitutes for synthetic
ones. Natural biopolymers, such as cellulose and cellulose derivatives, are widely utilized by the
pharmaceutical sector. Currently, a diverse range of synthetic pharmaceutical excipients are used.
Complete substitution of synthetic biopolymers with natural ones is unattainable because of specific
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constraints inherent in natural biopolymers, such as their intrinsic unpredictability. Nevertheless,
LIG can serve as a pharmaceutical excipient for tablets, not limited to pharmaceutical applications.
The scientific community is diligently striving to develop natural alternatives to address this
deficiency. In addition, LIG can be used as an excipient in the preparation of dietary supplements or
fertilizers in tablet form. Therefore, LIG has demonstrated intriguing characteristics, and as a result,
we feel that its potential as a pharmaceutical excipient should be fully utilized for various
applications [151,152].

4.10. Cosmetics

The antioxidant qualities of lignin make it highly important in skincare products since it
effectively shields against oxidative stress induced by environmental elements, including UV
radiation and pollution. Lignin is a valuable component in anti-aging lotions, serums, and
sunscreens. In addition, the emulsifying and thickening capabilities of Lignin improve the texture
and durability of cosmetic products.

4.11. Pharmaceutical Formulation

Administration of vanillin at a dose of 100 mg/kg, together with fasting blood glucose level,
resulted in enhanced kidney function. The researchers determined that vanillin treatment
demonstrated a strong protective effect on the kidneys against diabetic nephropathy. They
recommend that administering vanillin at the initial stages of diabetic nephropathy should be a
priority for future clinical studies involving humans. Several research in the literature have examined
the anticancer properties of vanillin and compounds derived from vanillin. A prior study
investigated the in vivo anticancer effects of vanillin semi-carbazone on Ehrlich ascites carcinoma
cells in Swiss albino mice. Vanillic acid, also known as 4-hydroxy-3-methoxybenzoic acid, is a
derivative of vanillin that has undergone oxidation. It is commonly employed as a flavoring
ingredient. An animal model was utilized to explore the impact of vanillic acid, similar to vanillin,
on the harmful effects of cisplatin, a widely used cancer medication [153,154]. This study
demonstrated that male albino rats treated with vanillic acid at doses of 50-100 mg/kg exhibited a
significant improvement in renal function and a reduction in antioxidant status, bringing them closer
to normal levels. This effect was shown when comparing the vanillic acid-treated group to the group
of animals treated alone with cisplatin. The results indicate that vanillin and vanillic acid have the

potential to be utilized together as a combined treatment in cancer therapy [155].

Ferulic acid, also known as 4-hydroxy-3-methoxycinnamic acid, is a phenolic acid derived from
lignin. It can be utilized in the production of vanillin and vanillic acid. Ferulic acid is commonly cross-
linked with hemicelluloses through ester linkages in the plant cell wall [156]. The substance can be
obtained through the use of hot water [157], deep eutectic solvents [158], or alkaline procedures [159].
It has been traditionally utilized in Chinese medicine to treat cardiovascular and cerebrovascular
ailments [160]. Being a natural antioxidant, it can eliminate free radicals and possesses a diverse range
of activities, including antioxidant, antibacterial, anti-inflammatory, antidiabetic, and anti-
carcinogenic properties [161,162].

Figure 4. Ferulic acid structure is represented as balls and sticks.
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Curcumin, a compound formed by the combination of two molecules of ferulic acid, specifically
affects essential genes related to the growth of new blood vessels, programmed cell death, cell
division, and the spread of cancer cells. Because of these effects, it is regarded as a substance that can
fight against cancer [163]. Lin et al. conducted a study to examine the effects of ferulic acid on human
keratinocyte HaCaT cells that were exposed to UVB radiation [164]. The analysis has shown that
ferulic acid can suppress the formation of UVB-induced skin tumors and has potential anti-
carcinogenic capabilities. A separate study examined the radiosensitizing effect of ferulic acid, which
enhances the deadly effects of radiation, on two types of cervical cancer cells (HeLa and ME-180)
[165]. A study revealed that ferulic acid intensifies the deleterious impact of radiation, leading to a
reduction in cell viability and survival rate. Fahrioglu et al. investigated the effect of ferulic acid on
gene expression, cell survival, colony formation, and invasion in MIA PaCa-2 human pancreatic
cancer cells [166]. According to their findings, ferulic acid acts as an anticancer agent by influencing
the cell cycle, apoptosis, invasion, and colony formation of cancer cells.

In addition, only a limited number of research have examined the impact of ferulic acid and its
synergistic effects with other antioxidants on diabetes. Song et al. experimented to evaluate the
efficacy of ferulic acid on rats that were both obese and diabetic [140]. It was discovered that it greatly
enhanced the antioxidant activity in the plasma, heart, and liver. In addition, they documented the
efficacy of their treatment in mitigating oxidative stress in obese rats suffering from advanced
diabetes. A separate investigation examined the potential benefits of ferulic acid in mitigating protein
glycation, lipid peroxidation, membrane ion pump activity, and phosphatidylserine exposure in
human erythrocytes exposed to high glucose levels. The results demonstrate that ferulic acid can
enhance the effects of hyperglycemia and avoid vascular damage linked to diabetes [167].

Coumaric acid is a compound that is derived from cinnamic acid and contains hydroxyl groups.
In nature, the most common form of coumaric acid is known as g-coumaric acid. Alkaline hydrolysis
is a technique that may be employed to produce it, and it can mitigate the detrimental impact of UV
radiation on cells. This is why it is frequently utilized as a critical component in cosmetics . Coumaric
acid, similar to ferulic acid, is a well-known plant-derived antioxidant. The antioxidant activity of the
substance was evaluated alongside other phenolic compounds, including ferulic acid and cafeic acid,
on various occasions. Yeh et al. conducted a study on the lipid-lowering and antioxidative effects of
o-coumaric acid, ferulic acid, and cafeic acid [168]. In a recent study, the antidiabetic benefits of 11
phenolic acids, including o-coumaric acid, were compared to metformin [169]. The findings
demonstrated that all phenolic acids showed similar or more potent effects on glucose absorption in
HepG2 cells [170].

Additionally, this study discovered that coumaric acid exhibits one of the most potent inhibitory
effects on glucosidase among the three phenolic acids. The study examined the potential preventive
properties of g-coumaric acid and ferulic acid against colon cancer utilizing the Caco-2 endothelial
tumor cell line . The study discovered that both of these chemicals demonstrated anti-proliferative
actions on Caco-2 human cancer cells and decreased the number of cancer cells to 43-75% of the
control after 2-3 days of treatment. Roy et al. investigated the impact of g-coumaric acid and ferulic
acid on the HCT 15 human colorectal cancer cell line and the epidermal growth factor receptor
(EGFR), which is believed to have a substantial influence on the progression of colorectal cancer. It
was found that several chemicals can impede the action of EGFR at its active site. Additionally, the
cytotoxicity experiments revealed that both g-coumaric acid and ferulic acid exhibited significant
effectiveness in triggering cell death in colorectal cancer cells [171].

Syringic acid (4-hydroxy-3, 5-dimethoxybenzoic acid) is another phenolic known for its intense
antioxidant activity and can be obtained via alkaline hydrolysis [172]. It can be used as a therapeutic
agent in various diseases such as diabetes, cancer, and liver damage [173]. It can modulate the
dynamics of several biological targets, such as transcriptional and growth factors [174]. The leaves
and bark of different Quercus species (a small oak tree) have been used to extract syringic acid and
other phenolic compounds for assessment of their biological activities [175]. Quercus infectoria is one
of the most famous traditional medicines in Asia and is used to treat wound infections and toothache
[176]. In 1979, syringic acid (extracted from powdered galls of Quercus infectoria using solvent
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extraction) and the neuropharmacological activity of a syringic acid-rich extract were tested on mice
[177]. The antimicrobial activity of syringic acid and syringic acid-containing plant extracts was also
assessed against different bacteria and fungi [178,179]. Abaza et al. investigated the antimitogenic
and chemo-sensitizing activities of syringic acid isolated from Tamarix aucheriana (salt cedar plant)
against human colorectal cancer cell lines SW1116 and SW837 [160]. They reported that syringic acid
showed a time and dose-dependent antimitogenic effect against cancer cells with little cytotoxicity
on normal fibroblasts. They also reported that it sensitized cancer cells to standard chemotherapies
and increased their sensitivity up to 20,000-fold compared to standard drugs.

Eugenol, also known as 4-allyl-2-methoxyphenol, is a chemical compound that is obtained from
lignin found in woody biomass. Eugenol can undergo many metabolic routes to be transformed into
ferulic acid and vanillin [161-163]. Lignin depolymerization can yield not just lignin itself but also a
diverse range of active biomaterials. According to Varanasi et al., the production of chemicals derived
from lignin, such as eugenol, phenols, guaiacols, syringes, and catechols, relies on the initial
concentration of biomass and the temperature at which it is dissolved. They were able to produce
approximately 2 grams of eugenol from 1 kilogram of low sulfonate alkali lignin by dissolving it at
160°C for 6 hours with a biomass loading of 3% [164]. Eugenol is commonly employed as a flavoring
ingredient and food additive.

Figure 5. Eugenol structure is represented as balls and sticks.

Additionally, the literature contains several research that investigate the antioxidant and
antibacterial properties of the subject. Experiments have been conducted to assess the efficacy of
eugenol and isoeugenol against various foodborne pathogens, including S. aureus, Bacillus subtilis,
Listeria monocytogenes, E. coli, Salmonella typhimurium, and Shigella dysenteriae [165]. A study
demonstrated that exposure to eugenol rescued SHSY5Y cells from glucose-induced cell death and
enhanced cell survival. The animal-based model demonstrated that eugenol administration had a
significant impact on reducing the average body weight and blood glucose levels of diabetic rats. A
separate study conducted on animals showed that eugenol, a compound found in animals, has anti-
diabetic solid properties. This was evidenced by a notable decrease in serum glucose, triglyceride,
and cholesterol levels in diabetic male adult Sprague-Dawley rats [166-168]. Furthermore, this study
showed that administering eugenol at a dosage of 10-20 mg/kg improved insulin sensitivity. This
finding suggests that eugenol has potential as a therapeutic agent for the prevention of type 2
diabetes.

Lignophenol, a functional polymer derived from lignin, can be obtained by performing phase
separation processes using phenol derivatives and concentrated acid [169]. Despite the fact that
lignophenols possess significant antioxidant characteristics, their physiological function and possible
medicinal applications have not been thoroughly described [170-172]. Literature has documented the
medicinal potential of lignophenols through in vitro and animal-based investigations. According to
a study conducted on rats with streptozotocin-induced diabetes, lignophenols were found to reduce
oxidative and inflammatory harm in the kidney. This was achieved by inhibiting excessive oxidative
stress and the inflammation and activation of macrophages in the diabetic kidney [173]. Lignophenols
were found to be crucial in enhancing vascular function in individuals with diabetes by reducing
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oxidative stress and inflammation in blood vessels through the inhibition of NAD(P)H oxidase, as
demonstrated in a separate research investigation [174-176]. These findings suggest that
lignophenols can regulate the prevalent diseases of the modern era, namely diabetes and obesity.

Lignin OH

Figure 6. Lignophenole structure is represented.

The primary by-product of the sulfite pulping process is water-soluble lignosulfonates, which
are salts derived from lignosulfonic acid. These materials have been demonstrated to be valuable raw
resources for fine compounds, such as vanillin [177]. Lignosulfonic acid (LSA) is a polyanionic
macromolecule derived from lignin, a low-cost by-product of the pulp and paper industries. The
acknowledged antiviral and antibacterial efficacy of LSA underscores its potential as an economical
medicinal agent. Gordts et al. conducted experiments to examine the antiviral effects of pure LSA (a
commercially available substance) against HIV and HSV in several cellular tests [178]. The
researchers showed that LSA effectively prevented the infection of T cells by HIV and HSV.
Additionally, LSA had potent inhibitory effects on the replication of HIV. Additionally, they stated
that LSA specifically targeted the proteins on the outer layer of the virus and did not exhibit any
antiviral effects on viruses that lack an outer layer. Several research in the literature have explored
the potential of LSA for controlled drug release. Microspheres composed of a combination of LSA
and gelatine were created by cross-linking with glutaraldehyde. These microspheres were utilized to
achieve controlled release of an anti-malarial medication [179]. This study showed that the presence
of microspheres increased the pace at which the medication was released for a duration of up to 10
hours. Furthermore, the release of the drug was found to be influenced by the pH levels. A study was
conducted using LSA and sodium alginate mix microspheres to create a polymer matrix that allows
for the controlled release of an antibiotic called ciprofloxacin [180]. According to the findings, the
carrier that was created is appropriate for delivering drugs in a controlled manner for gastrointestinal
purposes. Hasegawa et al. investigated the inhibitory effects of LSA on the absorption of glucose in
the intestines [181]. In human colorectal cancer cells, it was shown that LSA hindered the uptake of
2-deoxyglucose. In their rat experiments, it was observed that LSA effectively regulated the increase
in blood glucose levels. Feeding diabetic KK-Ay mice with LSA significantly reduced the growth of
serum glucose levels by inhibiting a-glucose activity and intestinal glucose absorption [182]. These
findings indicate that in addition to lignophenols, LSA may have the potential to manage obesity and
diabetes. Complexes formed between lignin and carbohydrates Lignin-carbohydrate complexes
(LCCs) are formed in the cell walls of lignified plants through covalent linkage between certain
polysaccharides and lignin [183]. There are a total of eight distinct types of links between lignin and
carbohydrates. These include benzyl ether, benzyl ester, glycosidic, phenyl glycosidic, hemiacetal
linkages, acetal linkages, ferulate ester, and ferulate ester bonds [184]. The primary forms of LLC
links in wood include phenyl glycoside, benzyl ethers, and ester linkages [185]. In contrast, non-wood
plants mostly contain ferulate and ferulate esters as prominent LCC connections [186]. Under acidic
conditions, the benzyl ethers and phenyl glycoside bonds present in wood can be readily broken
[187]. The variable content and structure of natural lignocellulosic composites (LCCs) might be
attributed to the presence of various forms of lignin and polysaccharides in different lignocellulosic
biomasses. The existence of LCC, whether it occurs naturally or is produced during processing, is
regarded as a contributing factor to the challenges encountered in the chemical and biological
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treatment of lignocellulosic biomass. A study conducted by researchers recovered six different types
of LCC fractions from Eucalyptus using a combination of aqueous dioxane and successive
precipitation with 70% ethanol, 100% ethanol, and acidic water. The study demonstrated that the low
molecular weight LCC, which had a significant carbohydrate content (60-63%), was separated during
the initial extraction process using 70% ethanol. The primary structures identified in the LCCs
recovered from poplar's hot water pretreatment liquid were glucomannan-lignin and
glucuronoxylan-lignin, as shown in a recently published work [188]. Biomass Conversion and
Biorefinery 13 have shown the ability to stimulate antibiotic activity in mice afflicted with
Staphylococcus aureus, a pathogenic bacterium responsible for a diverse range of clinical illnesses
[189]. Another research found that unrefined lignin, which was obtained by using an alkaline
extraction process on leftover maize stover from ethanol production, showed antibacterial properties
against the Gram-positive bacteria S. aureus and Listeria monocytogenes [190]

However, the extracts did not exhibit the same effect on Gram-negative bacteria, such as E. coli
and S. enteritidis. The study also found that the antibacterial properties of the extracts were in line
with their antioxidant properties, which were similarly influenced by the extraction conditions, such
as temperature and the ratio of residue to solvent. Low-cost carriers (LCCs) have also been utilized
for anticancer research. Sakagami et al. conducted a study to examine the anticancer properties of
LCCs derived from hot water and alkaline extracts of pine cones, based on traditional knowledge
suggesting their effectiveness against gastroenterological cancers. Researchers discovered evidence
indicating that isolated LCCs greatly extended the lifespan of mice that had received implants of
ascites tumor cells (sarcoma-180). Inonotus obliquus, also known as Chaga mushroom, is a traditional
medicine that has been utilized for the treatment of various malignant tumors in humans since the
sixteenth century [191,192]. Niu et al. conducted a study to examine the properties, as well as the
antioxidant and immunological activities in a laboratory setting, of LCCs that were obtained from
the alkaline extract of 1. obliquus [193]. They stated that extracts with various radical scavenging
capabilities showed outstanding antioxidant and immunological properties. These findings indicate
that certain LCCs may be responsible for the renowned anti-tumor effects observed in certain plants.
LCCs are employed as a natural UV-blocking ingredient in sunscreens and moisturizers. The UV
protection efficacy of resveratrol and vitamin C was compared with the LCCs derived from Lentinus
edodes mycelia. The findings indicated that the anti-UV effectiveness of LCCs was similar to that of
two widely recognized UV-protective chemicals [194]. A separate investigation demonstrated that
low molecular weight compounds (LCCs) obtained from pine cone and pine seed shells exhibited
remarkable effectiveness in protecting against ultraviolet (UV) radiation. These LCCs were isolated
by a series of alkaline extraction and acid precipitation procedures [195].

Hydrogels are typically described as hydrophilic polymers that form a three-dimensional
structure capable of holding a significant amount of water. Advantageous features often encompass
characteristics such as non-toxicity, high capacity for drug loading, ability to degrade naturally,
compatibility with living organisms, exceptional support structure, and a well-organized
arrangement [196]. Hydrogels possessing these characteristics hold promise for use in personal
hygiene items, medication delivery devices, wound healing dressings, and regenerative medical
treatments [197-199]. The utilization of natural polymers for hydrogel creation has experienced a
growing trend in recent years [200]. Hyaluronic acid, chondroitin sulfate, chitosan, gelatine, alginate,
and cellulose derivatives have been utilized in the creation of hydrogel systems based on biopolymers
[201]. Lignin possesses considerable promise for use in the production of biodegradable hydrogels.
It is rich in functional hydrophilic groups such as hydroxyls, carbonyls, and methoxyls, which enable
straightforward chemical modification for various purposes [202]. Lignin possesses several inherent
benefits, including antibacterial, antioxidant, and biodegradable characteristics. Therefore, hydrogels
derived from lignin exhibit favorable characteristics as coverings for medicinal materials [203].

The three primary techniques employed for the synthesis of lignin-based hydrogels are cross-
linking copolymerization, cross-linking of reactive polymer precursors, and cross-linking via
polymer-polymer interaction. Elsewhere, the various synthetic methods and cross-linkers employed
in the development of hydrogels based on lignin have been thoroughly examined [204]. The
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researchers created biocompatible hydrogels by combining a 2.5% (w/v) chitosan solution in acetic
acid with a 10% (w/v) alkali lignin solution. The resulting gels were found to be non-toxic to both
stem cells and animals. Based on these findings, the authors concluded that the cross-linked products
have significant potential for use in wound healing applications [205]. Mondal et al. have created a
hydrogel with exceptional antibacterial properties and rapid self-healing capabilities by utilizing a
significant quantity of lignosulfonate and Al+3. A separate investigation was conducted to assess the
mechanical durability and compatibility with living organisms of hydrogels made from hyaluronan
and Kraft lignin, which were bonded together using carbodiimide. According to the scientists, the
inclusion of Kraft lignin in amounts of up to 3% (w/w) enhanced the durability of the hydrogels [206].
Raschip et al. created hydrogel films by combining lignin derived from annual fiber crops with
xanthan gums, which are commonly used as a food additive and thickening agent. The purpose of
this was to release vanillin. The researchers discovered that the lignin served as an antioxidant agent
and enhanced the biocompatibility of the resulting hydrogels [207]. Recently, a soluble fraction of
lignin was extracted and separated from the black liquor oil of empty fruit bunches using an
acidification process. This isolated lignin was then utilized in the synthesis of a lignin-agarose
hydrogel, with epichlorohydrin serving as the cross-linking agent [208]. The study indicated that the
hydrogels that were created possess favorable mechanical characteristics. A separate investigation
involved the creation of hydrogels by means of the radical polymerization of hardwood Kraft lignin,
which was then compared to synthetic hydrogels. The study demonstrated that hydrogels derived
from lignin exhibit a greater capacity for swelling and superior thermal stability compared to
synthetic hydrogels. The production of hydrogels based on lignin is still an emerging research field,
and there are just a few therapeutic trials available.

4.12. Role in Sustainable Development Circular Economy

Lignin is often considered a waste product in the paper and pulp industry. However, its
valorization into high-value products such as chemicals, biofuels, and materials aligns with the
principles of the circular economy, where waste is minimized and resources are maximized. By
transforming Lignin into valuable products, industries can reduce their environmental impact and
contribute to more sustainable production processes. Lignin is central to the development of a bio-
based economy, where renewable biological resources replace fossil-based materials. Its utilization
in creating biofuels, biochemicals, and biomaterials supports the reduction of carbon footprints and
promotes sustainability. The ongoing research in lignin valorization is pivotal in advancing circular
economy practices, where waste materials are transformed into valuable products [209].

Podophyllotoxin, a lignan derived from podophyllum species, has been shown to possess
various types of pharmaceutical activity, such as anthelmintic, antifungal, antiviral, and
antineoplastic. Previous reports have demonstrated that PPT and its derivatives, including etoposide
and teniposide, have been successfully utilized to treat lung cancer, liver cancer, breast cancer, non-
Hodgkin and other lymphomas. The mechanism of the anti-cancer activities of PPT is mainly
attributed to the binding of the colchicine site of tubulin, disrupting microtubule assembly, which
results in mitotic arrest and cellular apoptosis. However, the systemic application of PPT for the
treatment of cancer has been greatly limited due to poor water solubility and lack of selectivity.
Therefore, it is of critical importance to develop a treatment strategy that can improve the aqueous
solubility and selectivity of PPT. The use of delivery systems to improve the water solubility of
lipophilic drugs has been explored during the past several decades. Among those delivery systems,
cyclodextrin (CD) complexation has become the focus of interest for hydrophobic drug delivery due
to its reliable safety profile, simple preparation method, and high drug loading capacity.
Cyclodextrins (CDs) are cyclic derivatives of starch that are obtained from starch by enzymatic
process. They are torus-shaped circular a-(1,4) linked oligosaccharides that have been extensively
used to improve the aqueous solubility, bioavailability, and stability or decrease unfavorable side
effects of drugs . The glucose chains in CDs form a unique conical structure with a hydrophobic
cavity, and lipophilic compounds may enter and form water-soluble complexes that alter the physical
and chemical properties of the drug. a-, p- and y-CD consist of six, seven, and eight glucose units,
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respectively, which are the most studied cyclodextrins. In particular, 3-CD is more extensively used
in drug delivery systems due to the appropriate cavity size, good ability to combine aromatic units,
ready availability, easy production, and relatively economical price. However, the low water
solubility (1.85g/100ml) of parent (B-CD limits their further application in pharmaceutical
formulations. The relatively low water solubility of 3-CD may be owing to an internal hydrogen bond
formed between the C-2-OH and the C-3-OH of the neighboring glucose unit. The formation of the
hydrogen bond in the 3-CD molecule results in a secondary belt, leading to a relatively rigid structure
[210]. In addition, 3-CD application is also limited due to the lack of selectivity. The development of
a site-specific delivery system with greater efficacy and lower toxicity has recently become an urgent
need to overcome the limitations of conventional therapy [211].

Figure 7. Podophyllotoxin, a lignan derived from the podophyllum species structure, is represented
as balls and sticks.

Biotin, one of the B vitamins, also known as vitamin H, is a water-soluble vitamin. As a cellular
growth promoter, biotin and its derivatives have already been used in the field of cancer studies and
tissue engineering [212]. Biotin was found in the kidney, liver, pancreas, and milk [213]. Due to the
rapid cell growth and enhanced proliferation, cancer cells need more certain vitamins than normal
cells. Therefore, the receptors involved in the uptake of vitamins are usually overexpressed on the
surface of tumor cells. As a consequence, these surface receptors are helpful as tumor-targeting
biomarkers. It has been reported that additional biotin is needed for the rapid growth and
proliferation of cancer cells [214]. Specifically, biotin is present in higher content in cancerous tissue
than in normal tissue [215]. Coincidentally, biotin receptors have been reported to be over-expressed
on the surfaces of many types of tumor cells [216]. Highly proliferating cancer cells such as MDA-
M231, MCF7, A549, HeLa, and HepG2 cells exhibit elevated biotin receptors in comparison with
health cells. Therefore, biotin is a famous targeting agent for drug delivery systems. As a specific
active targeting agent [217], biotin has been utilized in drug carriers to increase intra-cellular uptake
of drugs and decrease toxicity in normal tissues [218]). When biotin is conjugated with other drugs
via amide or ester linkages, it spontaneously acts as a targeting moiety for specific interaction with
tumor cells [219]. Previous reports demonstrated that a biotin and arginine-modified hydroxypropyl-
[-cyclodextrin could improve the anticancer activity of paclitaxel[220].

Therefore, we hypothesized that biotin as a tumor-specific ligand conjugated with 3-CD to
strengthen its cancer selectivity is feasible. The purpose of this study is to improve the water solubility
and cancer selectivity of the PPT through the formation of PPT/B-CD inclusion complexes. The
inclusion complexes of PPT/B-CD were prepared and analyzed by water solubility, phase solubility,
Job’s plot, 1 H NMR and 2D ROESY NMR, Powder X-ray diffraction(XRD), Fourier transformation-
infrared spectroscopy(FT-IR), Scanning electron microscopy(SEM). In addition, the cell cytotoxicity
experiment was conducted to study the antitumor activity of the PPT/B-CD complexes. The cellular
uptake was carried out to investigate the targeting ability of B-CD with rhodamine B as a fluorescence
probe [221].
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4.13. Renewable Raw Material

As a naturally occurring polymer, Lignin's application as a renewable raw material is critical in
the transition to a bio-based economy. Its use in replacing fossil-derived materials helps reduce
carbon footprints and promotes sustainable development. Industries are increasingly focusing on
Lignin as a source for producing bio-based chemicals, materials, and energy, supporting global
efforts to mitigate climate change. Lignin’s role in carbon sequestration is also significant. By
contributing to the long-term storage of carbon in soil and plant biomass, Lignin helps mitigate
climate change. Forests, where lignin-rich biomass is abundant, act as carbon sinks, absorbing more
carbon dioxide than they release, which is crucial in the global effort to reduce atmospheric carbon
levels [222].

Lignin, which is a non-edible part of biomass, contains valuable functional groups that are
sought after for chemical syntheses. Efficiently breaking down lignin while preserving the precious
cellulose and hemicellulose has been a major obstacle. Current biomass processing methods either
result in significant condensation of lignin, which makes it challenging to use chemically, or prioritize
complete depolymerization of lignin to generate monomers that are hard to separate for subsequent
chemical synthesis. In this study, we present a novel method for selectively breaking down polymers,
resulting in the formation of oligomers that can be easily transformed into polymer networks that are
chemically recyclable. The technique exploits the high specificity of photocatalytic activation of the
[-O-4 bond in lignin using tetrabutylammonium decatungstate (TBADT). The presence of external
electron mediators or scavengers facilitates the breaking or oxidation of this bond, respectively,
allowing for precise control over the depolymerization process and the concentration of a crucial
functional group, C-O, in the resulting products [223].

As an important component of lignocellulose, lignin offers numerous advantages as an attractive
feedstock. For example, lignin is abundant, accounting for 15-40% of the total biomass;1 it is rich in
aromatic functionalities that are of great potential value for chemical synthesis and material
fabrication; lignin is inedible, so its utilization will not compete with food needs. However, existing
biomass processing technologies prioritize cellulose and hemicellulose.As a result, lignin has been
significantly underutilized. Consider the traditional pulping process as an example. The
delignification methods produce the so-called technical lignin, which often leads to structural
heterogeneity and undesired side reactions (e.g., condensation) and makes its subsequent chemical
utilization challenging. Recently, an alternative lignin-first strategy has emerged to convert native
lignin in lignocellulose into value-added chemicals directly.For instance, reductive catalytic
fractionation (RCF) as a lignin-first approach produces a mixture of low molecular weight
compounds from native lignin. However, the mixture produced by RCF is often complex to separate.
Moreover, RCF tends to destroy high-value functional groups such as carboxylic acids, aldehydes,
and aromatic rings, undermining the value of these products as precursors for chemical syntheses.
Indeed, most RCF studies focus on retrieving the thermal energy of the products by using them as
fuels. Recognizing these challenges, researchers have recently turned their attention to
depolymerizing native lignin under mild conditions. Successful examples have been demonstrated
to utilize the hydrogen-atom transfer (HAT) reaction for selectively targeting the abundant -1 and
B-O-4 motifs. A unique advantage offered by HAT is the ability to preserve the aromatics, ketones,
and aldehydes.Nevertheless, earlier attempts at using HAT-based chemistries for lignin valorization
have primarily focused on producing small molecules, which remain challenging to separate. On the
other hand, partial depolymerization of lignin has started to show its promise for the construction of
functional materials, such as thermoset plastics, elastomers, or trimers. Nevertheless, these initial
materials are constructed from kraft lignin, which has already undergone significant unwanted
chemical modifications in the pulping process that affect its chemical integrity [224].

5. Conclusions

Lignin, an abundant and sustainable resource, contains a plethora of aromatic chemicals. Lignin
and lignin-derived aromatics can be used as starting materials to synthesize aromatic compounds,
ring-cleaved products, and bioactive molecules with added value. The findings suggest that synthetic
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biology can facilitate the conversion of Lignin into valuable compounds. The main challenge in the
field of lignin valorisation consists in the structural diversity and heterogeneity across the available
technical lignins. Lignins can be considered interesting substances with respect to anti-tumour
treatments; in numerous of the studies were investigated also polyphenols with structural found in
lignin, mixtures . Often, the observed cytotoxic activity of lignin and lignin derivatives is the result
of interactions of lignin with other substances or lignin containing natural complexes such as lignin—
carbohydrate complexes. The influence of lignin modification on drug release and pH-dependent
releasing behavior of oral solid dosage forms is used now in different formulations. Lignin can be
readily chemically modified due to the existence of different functional groups in its structure thats
why the importance of using biodegradble polymers in the pharmaceutical field is crucial.

Despite the structural challenges with respect to regulatory aspects, the suitability of lignin as
excipient for the production of conventional tablets has been tested and reported. Incorporating
pharmaceutical substances in the presence of lignin or chemically derived carboxylated lignin are
also new pharmaceutical dosage forms. With respect to applications in the pharmaceutical sector,
usage of lignin particles as delivery vehicle is most obvious; such actives would have to be co-
precipitated upon particle formation, requiring a comparable solubility profile. This is a very
imortanta parameter for the formulaion of nanoparticles in fact the presence of lignin increased the
release efficiency while protecting the active substances. In terms of using lignin as the main active,
be sides challenges similar to those just presented , more work in terms of structure-activity and
release of active substances relationships is needed that might require an innovative formulation.

Author Contributions: Conceptualization, C.N.L.,, A.C. and M.L.; methodology, C.N.L., A.C,, and M.L.;
validation, C.N.L., A.C., and M.L.; formal analysis, C.N.L., and M.L.; investigation, C.N.L., and M.L.; resources,
CN.L. and M.L.; data curation, C.N.L., and M.L.; writing—original draft preparation, C.N.L., and M.L.;
writing —review and editing, C.N.L., A.C. and M.L,; visualization C.N.L., A.C. and M.L. All authors have read
and agreed to the published version of the manuscript.

Funding: Please add: This research received no external funding.
Data Availability Statement: Data sharing is not applicable.

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

References

1. Boerjan, W, Ralph, J., & Baucher, M. (2003). Lignin Biosynthesis. Annual Review of Plant Biology, 54, 519-546.

2. Vanholme, R, Demedsts, B., Morreel, K., Ralph, ]., & Boerjan, W. (2010). Lignin Biosynthesis and Structure.
Plant Physiology, 153(3), 895-905.

3. Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, P. F., Marita, ]. M., Hatfield, R. D., Ralph, S.
A., Christensen, J. H., & Boerjan, W. (2004). Lignins: Natural polymers from oxidative coupling of 4-
hydroxyphenylpropanoids. Phytochemistry Reviews, 3, 29-60.

4. Mansfield, S. D., Kang, K. Y., & Chapple, C. (2012). Designed for Deconstruction—Poplar Trees Altered in
Lignification Improve the Outcome of Biomass Conversion. The Plant Journal, 72(4), 569-582.

5. Hatfield, R., & Vermerris, W. (2001). Lignin Formation in Plants. The Dilemma of Linkage Specificity, Plant
Physiology, 126(4), 1351-1357.

6.  Thakur, V. K, Thakur, M. K., & Raghavan, P. (2014). Progress in Green Polymer Composites from Lignin
for Multifunctional Applications: A Review. ACS Sustainable Chemistry & Engineering, 2(5), 1072-1092.

7. Dee, S.]., & Bell, A. T. (2011). A Study of the Reactivity of Lignin during Pyrolysis Using Pyrolysis Gas
Chromatography Combined with Density Functional Theory Calculations. Energy & Fuels, 25(9), 4086-4095.

8. Norgren, M., & Edlund, H. (2014). Lignin: Recent Advances and Emerging Applications. Current Opinion
in Colloid & Interface Science, 19(5), 409-416.

9.  Zhao, X,, Zhang, L., & Liu, D. (2012). Biomass Recalcitrance. Part I: The Chemical Compositions and
Physical Structures Affecting the Enzymatic Hydrolysis of Lignocellulose. Biofuels, Bioproducts and
Biorefining, 6(4), 465-482.

10. Laurichesse, S., & Avérous, L. (2014). Chemical Modification of Lignins: Towards Biobased Polymers.
Progress in Polymer Science, 39(7), 1266-1290.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

26

11. Ragauskas, A.]., Beckham, G. T., Biddy, M. ], Chandra, R., Chen, F., Davis, M. F,, ... & Wyman, C. E. (2014).
Lignin Valorization: Improving Lignin Processing in the Biorefinery. Science, 344(6185), 1246843.

12.  Azadi, P., Inderwildi, O. R,, Farnood, R., & King, D. A. (2013). Liquid Fuels, Hydrogen and Chemicals from
Lignin: A Critical Review. Renewable and Sustainable Energy Reviews, 21, 506-523.

13. Gosselink, R. J., de Jong, E., Guran, B., & Abacherli, A. (2004). Co-Production of Dyes and Biofuels from
Lignin. Biomacromolecules, 5(4), 1240-1246.

14. Ragauskas, A.].,, Beckham, G.T., Biddy, M. J., Chandra, R., Chen, F., Davis, M. F,, ... & Wyman, C. E. (2014).
Lignin Valorization: Improving Lignin Processing in the Biorefinery. Science, 344(6185), 1246843.

15. Xu, C, Arancon, R. A. D,, Labidi, J., & Luque, R. (2014). Lignin Depolymerisation Strategies: Towards
Valuable Chemicals and Fuels. Chemical Society Reviews, 43(22), 7485-7500.

16. Norgren, M., & Edlund, H. (2014). Lignin: Recent Advances and Emerging Applications. Current Opinion
in Colloid & Interface Science, 19(5), 409-416.

17.  Gosselink, R.]J. A, de Jong, E., Guran, B., & Abécherli, A. (2004). Co-Production of Dyes and Biofuels from
Lignin. Biomacromolecules, 5(4), 1240-1246.

18. Mohan, D., Pittman, C. U., & Steele, P. H. (2006). Pyrolysis of Wood/Biomass for Bio-oil: A Critical Review.
Energy & Fuels, 20(3), 848-889.

19. Kogel-Knabner, I. (2002). The Macromolecular Organic Composition of Plant and Microbial Residues as
Inputs to Soil Organic Matter. Soil Biology and Biochemistry, 34(2), 139-162.

20. Feng, X, Simpson, A. J., & Simpson, M. J. (2005). Chemical and Mineralogical Controls on Humic Acid
Sorption to Clay Mineral Surfaces. Organic Geochemistry, 36(11), 1553-1566.

21. Sun, R, Tomkinson, J., & Ma, P. L. (2000). Whole Crop Utilization of Cereal Grains. Lignins and
Hemicelluloses in Straw. In Cereal Chemistry and Technology (pp. 377-396). Springer, Boston, MA.

22. Dong, X,, Dong, M., Ly, Y., Turley, A, Jin, T., & Wu, C. (2011). Antimicrobial and antioxidant activities of
Lignin from residue of corn stover to ethanol production. Industrial Crops and Products, 34(3), 1629-1634.

23. Liu, Z.,, & Balasubramanian, V. (2013). A new approach to biopolymer composite synthesis using Lignin
and bacterial biopolyester. Journal of Materials Science, 48(21), 7848-7855.

24. Qiu, X, Kong, Q., Rong, L., & Tan, C. (2016). Antimicrobial and antifungal properties of lignin-based
polyols with high phenolic hydroxyl content. International Biodeterioration & Biodegradation, 111, 8-14.

25. Figueiredo, P., Lintinen, K., Hirvonen, J., Kostiainen, M. A., Santos, H. A., & Yli-Kauhaluoma, J. (2018).
Properties and chemical modifications of Lignin: Towards lignin-based nanomaterials for biomedical
applications. Progress in Materials Science, 93, 233-269.

26. Qiu, X., Kong, Q., Rong, L., & Tan, C. (2016). Antimicrobial and antifungal properties of lignin-based
polyols with high phenolic hydroxyl content. International Biodeterioration & Biodegradation, 111, 8-14.

27. Figueiredo, P., Lintinen, K., Hirvonen, J., Kostiainen, M. A., Santos, H. A., & Yli-Kauhaluoma, J. (2018).
Properties and chemical modifications of Lignin: Towards lignin-based nanomaterials for biomedical
applications. Progress in Materials Science, 93, 233-269.

28. Dong, X., Dong, M., Ly, Y., Turley, A,, Jin, T., & Wu, C. (2011). Antimicrobial and antioxidant activities of
Lignin from residue of corn stover to ethanol production. Industrial Crops and Products, 34(3), 1629-1634.

29. Qin, C, Li Y, & Liang, Z. (2015). Lignin-based antimicrobial materials: Preparation and applications. Green
Chemistry, 17(6), 3926-3930.

30. Ponomarenko, J., Dizhbite, T., Lauberts, M., Viksna, A., Dobele, G., & Telysheva, G. (2014). Characterization
of softwood and hardwood LignoBoost kraft lignins with emphasis on their antioxidant activity.
BioResources, 9(2), 2051-2068.

31. Prasetyo, E. N., Kudanga, T., Ostergaard, L. H., Rencoret, J., Gutierrez, A., del Rio, ]J. C., & Murkovic, M.
(2010). Polymerization of lignosulfonates by the laccase-HBT (1-hydroxybenzotriazole) system improves
dispersant properties and reduces antimicrobial activity. Bioresource Technology, 101(12), 5054-5062.

32. Upton, B. M., & Kasko, A. M. (2016). Strategies for the conversion of Lignin to high-value polymeric
materials: Review and perspective. Chemical Reviews, 116(4), 2275-2306.

33. Qian, Y., Qiu, X,, & Zhu, S. (2015). Lignin: A nature-inspired sun blocker for broad-spectrum sunscreens.
Green Chemistry, 17(4), 320-324.

34. Pang, B, Fu, K, Liu, H,, Yang, Z,, & Lu, X. (2018). Antibacterial mechanism of lignin-derived carbon dots
and their application in immunoassays. Journal of Materials Chemistry B, 6(24), 3656-3664.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

27

35. Constant, S., Wienk, H. L. ], Frissen, A. E., de Peinder, P., Boelens, R., van Es, D. S., Grisel, R. J. H., Weckhuysen,
B. M., Huijgen, W. J. J., Gosselink, R. J. A., & Bruijnincx, P. C. A. (2016). New insights into the structure and
composition of technical lignins: A comparative characterisation study. Green Chemistry, 18(9), 2651-2665.

36. Riva, R, Pantos, A., & Fina, A. (2019). Lignin-based materials: Present, future, and perspectives. Chemical
Reviews, 119(4), 1204-1261.

37. Vishtal, A., & Kraslawski, A. (2011). Challenges in industrial applications of technical lignins. BioResources,
6(3), 3547-3568.

38. Laurichesse, S., & Avérous, L. (2014). Chemical modification of lignins: Towards biobased polymers.
Progress in Polymer Science, 39(7), 1266-1290.

39. Spokas, K. A, & Reicosky, D. C. (2009). Impacts of Sixteen Different Biochars on Soil Greenhouse Gas
Production. Annals of Environmental Science, 3, 179-193.

40. Bilbao-Sainz, C., Avena-Bustillos, R. ]., Wood, D. F., Williams, T. G., McHugh, T. H., & Krochta, J. M. (2010).
Composite Edible Films Based on Hydroxypropyl Methylcellulose, Lignin, and Polyphenol. Journal of
Agricultural and Food Chemistry, 58(6), 3774-3780.

41. Cheng, S., D’cruz, 1., Wang, M., Leitch, M., & Xu, C. (2009). Highly Efficient Liquefaction of Woody Biomass
in Hot-Compressed Alcohol-Water Co-Solvents for the Production of Biopolyols. Bioresource Technology,
100(15), 3541-3547

42. Hayes, D. G., Anunciado, M. B. G., DeBruyn, J. M., Bandopadhyay, S., Schaeffer, S., English, M. E., &
Wadsworth, L. C. (2019). Biodegradable Plastic Mulch Films for Sustainable Specialty Crop Production.
Horticulture Research, 6(1), 1-9.

43. Zhiwen Wang , Peter ]. The isolation of Lignin with native-like structure. Biotechnol Adv. 2023
Nov:68:108230.

44. Sindiswa L. Dube,1 Foluso O. Osunsanmi,corresponding authorl Bongekile P. Ngcobo,1 Londiwe B.
Mkhwanazi,1 Zanele Z. Jobe,1 Raphael T. Aruleba,2 Rebamang A. Mosa,3 and Andrew R. Opokul.
Isolation and Characterization of Potential Lignin Peroxidase-Producing Bacteria from Compost Samples
at Richards Bay (South Africa).Pol ] Microbiol. 2023 Jun; 72(2): 117-124.

45. Kpalo S.Y., Zainuddin M.F., Manaf L.A. A Review of Technical and Economic Aspects of Biomass
Briquetting. Sustainability. 2020;12:4609.

46. Deshannavar U.B., Hegde P.G., Dhalayat Z., Patil V., Gavas S. Production and characterization of agro-
based briquettes and estimation of calorific value by regression analysis: An energy application. Mater. Sci.
Energy Technol. 2018;1:175-181.

47. Berghel ], Frodeson S., Granstrdm K., Renstrom R., Stahl M., Nordgren D., Tomani P. The effects of kraft
lignin additives on wood fuel pellet quality, energy use and shelf life. Fuel Process. Technol. 2013;112:64—69

48. Davies R.M., Davies O.A. Physical and combustion characteristics of briquettes made from water hyacinth
and phytoplankton scum as binder. J. Combust. 2013;2013

49. Miao, L., Li,Q., Diao, A., Zhang, X., Ma, Y., Construction of a novel phenol synthetic pathway in Escherichia
coli through 4-hydroxybenzoate decarboxylation. Appl. Microbiol. Biotechnol. 2015, 99, 5163-5173.

50. Ni, J., Gao, Y. Y., Tao, F., Liu, H. Y., Xu, P. , Temperature-directed biocatalysis for the sustainable
production of aromatic aldehydes or alcohols. Angew. Chem. Int. Ed. Engl. 2018, 57, 1214-1217.

51. Hansen, E. H., Moller, B. L., Kock, G. R., Bunner, C. M. et al., De novo biosynthesis of vanillin in fission
yeast (Schizosaccharomyces pombe) and baker's yeast (Saccharomyces cerevisiae). Appl. Environ.
Microbiol. 2009, 75, 2765-2774.

52. Adeboye, P. T., Bettiga, M. , Aldaeus, F., Larsson, P. T., Olsson, L. , Catabolism of coniferyl aldehyde,
ferulic acid and p-coumaric acid by Saccharomyces cerevisiae yields less toxic products. Microbial. Cell.
Fact. 2015, 14, 149.

53. Ludmila Martinkova, Michal Grulich, Miroslav Patek, Barbora Kiistkova, Margit Winkler. Bio-Based
Valorization of Lignin-Derived Phenolic Compounds: A Review. Biomolecules. 2023 Apr 22;13(5):717

54. Jian Yang , Xingye An , Bin Lu, Haibing Cao, Zhengbai Cheng , Xin Tong , Hongbin Liu , Yonghao Ni.
Lignin: A multi-faceted role/function in 3D printing inks.Int Biol Macromol2024 May;267(Pt 2):131364.

55. Thenapakiam Sathasivam, Jing Kai, Sigit Sugiarto, Yong Yu, Debbie Xiang Yun Soo , Qiang Zhu, Jasmeen
Merzaban , Dan Kai. Nano-Strategies for Lignin Biomaterials toward Cancer Therapy. Adv Health Mater.
2023 Jul;12(19):2300024.

56. Qing-Hu Ma. Lignin Biosynthesis and Its Diversified Roles in Disease Resistance.Genes. 2024 Feb
25;15(3):295.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

28

57.  Manzhao Yao , Xiaoyun Bi, Zuhao Wang, Peng Yu , Alain Dufresne , Can Jiang. Recent advances in lignin-
based carbon materials and their applications: A review. Int ] Biol Macromol. 2022 Dec 31;223(Pt A):980-1014.

58. Xiaolan Rao, Jaime Barros. Modeling lignin biosynthesis: a pathway to renewable chemicals.Trends Pland
Sci. 2024 May;29(5):546-559.

59.  Maurice N Collins. Lignin and its blends.Int ] Biol macromol. 2019 Aug 15:135:560.

60. Dominik Rais, Susanne Zibek. Biotechnological and Biochemical Utilization of Lignin. Adv Biochem Eng
Biotechnol. 2019:166:469-518.

61. Jeong Gu Lee, Ho Young Yoon, Joon-Yung Cha, Woe-Yeon Kim, Pil Joo Kim , Jong-Rok Jeon. Artificial
humification of lignin architecture: Top-down and bottom-up approaches. Biotechnol Adv. 2019
Dec;37(8):107416.

62. Sie Shing Wong , Riyang Shu, Jiaguang Zhang, Haichao Liu, Ning Yan. Downstream processing of lignin
derived feedstock into end products. Chem Soc. Rev. 2020 Aug 7;49(15):5510-5560.

63. Christopher C Azubuike, Marco N Allemann, Joshua K Michener. Microbial assimilation of lignin-derived
aromatic compounds and conversion to value-added products. Curr Opin Microbiol. 2022 Feb:65:64-72.

64. Adam Ekielski, Pawan Kumar Mishra. Lignin for Bioeconomy: The Present and Future Role of Technical
Lignin. Int ] Mol Sci. 2020 Dec 23;22(1):63.

65. Arren Liu, Dylan Ellis, Apurv Mhatre, Sumant Brahmankar, Jong Seto, David R Nielsen, Arul M Varman.
Biomanufacturing of value-added chemicals from lignin. Curr Opinj Biotechnol. 2024 Oct:89:103178.

66. Thomas S Lankiewicz, Hemant Choudhary, Yu Gao, Bashar Amer, Stephen P Lillington , Patrick A Leggieri
, Jennifer L Brown , Candice L Swift , Anna Lipzen, Hyunsoo Na, Mojgan Amirebrahimi , Michael K
Theodorou , Edward E K Baidoo , Kerrie Barry, Igor V Grigoriev, Vitaliy I Timokhin, John Gladden, Seema
Singh, Jenny C Mortimer, John Ralph, Blake A Simmons , Steven W Singer , Michelle A O'Malley. Lignin
deconstruction by anaerobic fungi. Nat Miccrobiol. 2023 Apr;8(4):596-610.

67. Vinoth Kumar Ponnusamy, Dinh Duc Nguyen, Jeyaprakash Dharmaraja , Sutha Shobana , ] Rajesh Banu,
Rijuta Ganesh Saratale , Soon Woong Chang , Gopalakrishnan Kumar. A review on lignin structure,
pretreatments, fermentation reactions and biorefinery potential. Bioresour Technol. 2019 Jan:271:462-472.

68. Kongyan Li, Wei Zhong, Penghui Li, Jianpeng Ren, Kangjie Jiang , Wenjuan Wu. Antibacterial mechanism
of lignin and lignin-based antimicrobial materials in different fields.

69. Judith Becker, Christoph Wittmann. A field of dreams: Lignin valorization into chemicals, materials, fuels,
and health-care products. Biotechnol Adv. 2019 Nov 1;37(6):107360.

70. Irfan Ullah, Zebang Chen, Yuxin Xie, Shahin Shah Khan , Seema Singh , Changyuan Yu, Gang Cheng.
Recent advances in biological activities of lignin and emerging biomedical applications: A short review. Int
J Biol Macromol. 2022 May 31:208:819-832.

71. Sang Cheon Lee, Thi Minh Thu Tran, Joon Weon Choi, Keehoon Won. Lignin for white natural
sunscreens.Int ] Biol Macromol. 2019 Feb 1:122:549-554.

72.  Igor Cesarino. Structural features and regulation of lignin deposited upon biotic and abiotic stresses. Curr
Opin Biotechnol. 2019 Apr:56:209-214

73. Renate Weiss, Georg M Guebitz, Alessandro Pellis, Gibson S Nyanhongo. Harnessing the Power of
Enzymes for Tailoring and Valorizing Lignin. Trfends Biotehnol. 2020 Nov;38(11):1215-1231.

74. Rabia Ayub, Ahmad Raheel. High-Value Chemicals from Electrocatalytic Depolymerization of Lignin:
Challenges and Opportunities.Int ] Mol Sci. 2022 Mar 29;23(7):3767

75.  Florian Bausch, Dickson D Owusu , Paul Jusner , Mario ] Rosado , Jorge Rencoret, Sabine Rosner , José C
Del Rio , Thomas Rosenau , Antje Potthast. Lignin Quantification of Papyri by TGA-Not a Good Idea.
Molecules. 2021 Jul 20;26(14):4384

76. Maurice N Collins, Mdrioara Nechifor, Fulga Tanasa, Mddalina Zanoaga , Anne McLoughlin, Michat A
Strézyk, Mario Culebras, Carmen-Alice Teaca. Valorization of lignin in polymer and composite systems
for advanced engineering applications - A review. Int ] Biol Macromol. 2019 Jun 15:131:828-849.

77. Gerald A Tuskan , Wellington Muchero , Timothy ] Tschaplinski, Arthur ] Ragauskas. Population-level
approaches reveal novel aspects of lignin biosynthesis, content, composition and structure.Curr Opin
Biotechnol. 2019 Apr:56:250-257.

78. Xuewen Xu, Penghui Li, Yidan Zhong , Jiangdong Yu , Chen Miao , Guolin Tong. Int ] Biol Macromol.
2023 Jul 15:243:125203


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

29

79. Jingyu Wang , Wenhao Chen , Dongjie Yang , Zhiqiang Fang , Weifeng Liu , Ting Xiang , Xueqing Qiu.
Monodispersed Lignin Colloidal Spheres with Tailorable Sizes for Bio-Photonic Materials. Small. 2022
May;18(19):€2200671.

80. Zhi-Min Zhao, Zhi-Hua Liu, Yungiao Pu, Xianzhi Meng , Jifei Xu , Joshua S Yuan, Arthur ] Ragauskas.
Emerging Strategies for Modifying Lignin Chemistry to Enhance Biological Lignin
Valorization.ChemSusChem. 2020 Oct 21;13(20):5423-5432

81. Tom Renders , Gil Van den Bossche , Thijs Vangeel , Korneel Van Aelst , Bert Sels. Reductive catalytic
fractionation: state of the art of the lignin-first biorefinery.Curr Opin Biotechnol. 2019 Apr:56:193-201.

82. Misato Ohtani , Taku Demura. The quest for transcriptional hubs of lignin biosynthesis: beyond the NAC-
MYB-gene regulatory network model. Curr Opin Biotechnol. 2019 Apr:56:82-87.

83. DPrajin Joseph , Vegar Ottesen, Mihaela Tanase Opedal, Sterker T Moe. Morphology of lignin structures on
fiber surfaces after organosolv pretreatment.Biopolymers. 2022 Sep;113(9):23520

84. Yang Cao, Season S Chen , Shicheng Zhang , Yong Sik Ok , Babasaheb M Matsagar , Kevin C-W Wu,
Daniel C W Tsang. Advances in lignin valorization towards bio-based chemicals and fuels: Lignin
biorefinery. Bioresour Technol. 2019 Nov:291:121878.

85. Joseph ] Bozell. Approaches to the selective catalytic conversion of lignin: a grand challenge for biorefinery
development.Top Curr Chem. 2014:353:229-55.

86. N L Radhika, Sarita Sachdeva, Manoj Kumar. Microbe assisted depolymerization of lignin rich waste and
its conversion to gaseous biofuel.] Environ Manage. 2021 Dec 15:300:113684.

87. Shi-Chang Liu, Tao Shi, Zi-Jing He, Kai Chen, Zhi-Hua Liu, Bing-Zhi Li, Ying-Jin Yuan. Ethylenediamine
pretreatment simultaneously improved carbohydrate hydrolysis and lignin valorization.Bioresour
Techol2023 Oct:386:129552.

88. Christian Hutterer, Gabriele Schild , Gerhard Kliba , Antje Potthast. Lignin profiling in extracted xylans by
size-exclusion chromatography.Carbohydr Polym. 2016 Oct 20:151:821-826.

89. Bongkot Hararak, Wanwitoo Wanmolee, Pawarisa Wijaranakul , Natcha Prakymoramas , Charinee
Winotapun , Wasawat Kraithong , Kamonwat Nakason. Physicochemical properties of lignin nanoparticles
from softwood and their potential application in sustainable pre-harvest bagging as transparent UV-
shielding films.Int ] Biol Macromol. 2023 Feb 28:229:575-588

90. David Ibarra , Luisa Garcia-Fuentevilla , Gabriela Dominguez , Raquel Martin-Sampedro , Manuel
Hernandez,Maria E Arias, José I Santos , Maria E Eugenio. NMR Study on Laccase Polymerization of Kraft
Lignin Using Different Enzymes Source.Int ] Mol Sci. 2023 Jan 25;24(3):2359.

91. Shao-Fei Sun, Hai-Yan Yang, Jing Yang, Zheng-Jun Shi, Jia Deng. Revealing the structural characteristics
of lignin macromolecules from perennial ryegrass during different integrated treatments.Int J Biol
Macromol 2021 May 1:178:373-380.

92. Jorge Rencoret , Ana Gutiérrez, Lidia Nieto, ] Jiménez-Barbero, Craig B Faulds, Hoon Kim, John Ralph,
Angel T Martinez, José C Del Rio. Lignin composition and structure in young versus adult Eucalyptus
globulus plants.Plant Physiol. 2011 Feb;155(2):667-82

93. Hiroshi Sakagami 1, Ken Hashimoto, Fumika Suzuki, Takako Ogiwara, Kazue Satoh, Hideyuki Ito,
Tsutomu Hatano, Yoshida Takashi, Sei-ichiro Fujisawa. Molecular requirements of lignin-carbohydrate
complexes for expression of unique biological activities.Phytochemistry2005 Sep;66(17):2108-2.

94. Ting Yang Nilsson, Michal Wagner, Olle Inganas. Lignin Modification for Biopolymer/Conjugated Polymer
Hybrids as Renewable Energy Storage Materials.ChemSusChem. 2015 Dec 7;8(23):4081-5

95. Michele Michelin , Simon Liebentritt, Anténio A Vicente , José Antonio Teixeira. Lignin from an integrated
process consisting of liquid hot water and ethanol organosolv: Physicochemical and antioxidant
properties.Int j Biol Macromol2018 Dec;120(Pt A):159-169.

96. Xin Zhang, Jinxu Zhang, Hua Yang, Chunyong He, Yubin Ke , Seema Singh , Gang Cheng. Determination
of the Structures of Lignin Subunits and Nanoparticles in Solution by Small-Angle Neutron Scattering;:
Towards Improving Lignin Valorizatio.ChemSusChem?2022 Oct 10;15(19):€202201230.

97.  Zhao Qin, Tian-Pei Zhao, Meng-Ke He, Jing-Yang Yuan , Bing-Bing Li, Zhi Qin , Hua-Min Liu , Xue-De
Wang. Chemical and structural transformations of lignin in sesame seed hull during roasting.Int J Biol
Macromol. 2024 Oct;277(Pt 1):134121

98. Fabia Weiland , Michael Kohlstedt , Christoph Wittmann. Guiding stars to the field of dreams:
Metabolically engineered pathways and microbial platforms for a sustainable lignin-based industry.Metsb
Eng 2022 May:71:13-41.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

30

99. C Lapierre 1, B Pollet, ] ] MacKay, R R Sederoff. Lignin structure in a mutant pine deficient in cinnamyl
alcohol dehydrogenase.] Agric Food Chem. 2000 Jun;48(6):2326-31.

100. Ulla Moilanen , Miriam Kellock, Sari Galkin, Liisa Viikari. The laccase-catalyzed modification of lignin for
enzymatic hydrolysis.Enzyme Microb Tewchnol. 2011 Dec 10;49(6-7):492-8.

101. Janne Asikkala, Tarja Tamminen, Dimitris S Argyropoulos. Accurate and reproducible determination of
lignin molar mass by acetobromination.] Agric Food Chem. 2012 Sep 12;60(36):8968-73.

102. Yaseen Mottiar, Ruben Vanholme, Wout Boerjan, John Ralph, Shawn D Mansfield. Designer lignins:
harnessing the plasticity of lignification.Curr Opin Biotechnol. 2016 Feb:37:190-200.

103. Jorge Rencoret, John Ralph, Gisela Marques, Ana Gutiérrez, Angel T Martinez, José C del Rio. Structural
characterization of lignin isolated from coconut (Cocos nucifera) coir fibers.] Agric Food Chem. 2013 Mar
13;61(10):2434-45.

104. Raquel Martin-Sampedro 1, Ewellyn A Capanema, Ingrid Hoeger, Juan C Villar, Orlando ] Rojas. Lignin
changes after steam explosion and laccase-mediator treatment of eucalyptus wood chips.] Agric Food
Chem. 2011 Aug 24;59(16):8761-9

105. Frederik R D van Parijs , Kris Morreel, John Ralph, Wout Boerjan, Roeland M H Merks. Modeling lignin
polymerization. I. Simulation model of dehydrogenation polymers.Plantr Physiol. 2010 Jul;153(3):1332-44.

106. Zhiying Yu, Ki-Seob Gwak, Trevor Treasure, Hasan Jameel, Hou-min Chang, Sunkyu Park. Effect of lignin
chemistry on the enzymatic hydrolysis of woody biomass.ChemSusChem. 2014 Jul;7(7):1942-50.

107. Singam Suranjoy Singh, Amr Zaitoon, Sonu Sharma, Annamalai Manickavasagan , Loong-Tak Lim.
Enhanced hydrophobic paper-sheet derived from Miscanthus x giganteus cellulose fibers coated with
esterified lignin and cellulose acetate blend. Intg ] Biol Macromol. 2022 Dec 31;223(Pt A):1243-1256.

108. A A Pereira, G F Martins, P A Antunes, R Conrrado, D Pasquini, A E Job, A A S Curvelo, M Ferreira, A
Riul Jr, CJ L Constantino. Lignin from sugar cane bagasse: extraction, fabrication of nanostructured films,
and application. Langmuir. 2007 Jun 5;23(12):6652-9.

109. Joseph Zakzeski , Anna L Jongerius, Pieter C A Bruijnincx, Bert M Weckhuysen. Catalytic lignin
valorization process for the production of aromatic chemicals and hydrogen.ChemSusChem. 2012
Aug;5(8):1602-9.

110. Richard Chazal , Paul Robert, Sylvie Durand, Marie-Francoise Devaux, Luc Saulnier, Catherine Lapierre,
Fabienne Guillon. Investigating lignin key features in maize lignocelluloses using infrared
spectroscopy.Appl Spectrosc. 2014;68(12):1342-7

111. J M Espineira, E Novo Uzal, L V Gémez Ros, ] S Carrién, F Merino, A Ros Barcel6, F Pomar. Distribution
of lignin monomers and the evolution of lignification among lower plants.Plant Biol2011 Jan;13(1):59-68.

112. Bryon S Donohoe , Stephen R Decker, Melvin P Tucker, Michael E Himmel, Todd B Vinzant. Visualizing
lignin coalescence and migration through maize cell walls following thermochemical
pretreatment.Biotechnol Bioeng. 2008 Dec 1;101(5):913-25

113. Anthony N Cauley , James N Wilson. Functionalized lignin biomaterials for enhancing optical properties
and cellular interactions of dyes.Biometer Sci. 2017 Sep 26;5(10):2114-2121.

114. Grigory Zinovyev, Ivan Sumerskii , Thomas Rosenau, Mikhail Balakshin, Antje Potthast. Ball Milling's
Effect on Pine Milled Wood Lignin's Structure and Molar Mass.Molecules. 2018 Sep 1;23(9):2223.

115. Vill§ Eniké Bécsy-Jakab, Anthony Savoy, Brian K Saulnier, Sandip K Singh, David B Hodge. Extraction,
recovery, and characterization of lignin from industrial corn stover lignin cake.Bioresour Techol. 2024
May:399:130610.

116. Fabio Tonin, Elisa Vignali, Loredano Pollegioni, Paola D'Arrigo, Elena Rosini. A novel, simple screening
method for investigating the properties of lignin oxidative activity.Enzyme Microb Technol. 2017
Jan:96:143-150.

117. Adil Mazar, Michael Paleologou. Comparison of the effects of three drying methods on lignin properties.Int
] Biol Macromol. 2024 Feb;258(Pt 2):128974.

118. Shin Young Park , Jae-Young Kim, Hye Jung Youn , Joon Weon Choi. Fractionation of lignin
macromolecules by sequential organic solvents systems and their characterization for further valuable
applications.Int ] Biol Maromol. 2018 Jan:106:793-802.

119. Juan José Villaverde, Jiebing Li, Monica Ek, Pablo Ligero, Alberto de Vega. Native lignin structure of
Miscanthus x giganteus and its changes during acetic and formic acid fractionation. ] Agric Food Chem.
2009 Jul 22;57(14):6262-70.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

31

120. Jia-Ling Wu, Teng-Fei Pan, Zhi-Xiong Guo, Dong-Ming Pan. Specific lignin accumulation in granulated
juice sacs of Citrus maxima.JK Agric Food Chem. 2014 Dec 17;62(50):12082-9.

121. Xiangzhen Meng, Jing Zhou, Xin Jin , Changlei Xia, Shanyu Ma, Shu Hong , John Tosin Aladejana, Anran
Dong , Yujia Luo, Jianzhang Li, Xianxu Zhan, Rui Yang. High-Strength, High-Swelling-Resistant, High-
Sensitivity Hydrogel Sensor Prepared with Wood That Retains Lignin.Biomacrfomolecules. 2024 Mar
11;25(3):1696-1708.

122. Allann Karlos Alves da Mata, Vinicius Taveira de Andrade Felipe, Selma Elaine Mazzetto, Diego
Lomonaco , Francisco Avelino. Development of an eco-friendly acetosolv protocol for tuning the
acetylation of coconut shell lignin: Structural, antioxidant, solubility and UV-blocking properties.Int ] Bil
Macromol. 2022 Jun 30:211:271-280.

123. Charlyse Pouteau, Stéphanie Baumberger, Bernard Cathala, Patrice Dole. Lignin-polymer blends:
evaluation of compatibility by image analysis.CR Biol. 2004 Sep-Oct;327(9-10):935-43.

124. Hui Zhang, Boming Yu, Wanpeng Zhou , Xinxin Liu, Fangeng Chen. High-value utilization of eucalyptus
kraft lignin: Preparation and characterization as efficient dye dispersant.Int ] Macromol 2018 Apr
1:109:1232-1238.

125. Rabih Saad , Zorana Radovic-Hrapovic, Behzad Ahvazi, Sonia Thiboutot, Guy Ampleman, Jalal Hawari.
Sorption of 2,4-dinitroanisole (DNAN) on lignin.] Environ Sci. 2012;24(5):808-13.

126. B M Majeke , M Garcia-Aparicio , O D Biko , M Viljoen-Bloom , W H van Zyl , ] F Gorgens. Synergistic
codon optimization and bioreactor cultivation toward enhanced secretion of fungal lignin peroxidase in
Pichia pastoris: Enzymatic valorization of technical (industrial) lignins.Enzyme Microb Technol. 2020
Sep:139:109593.

127. Aline Voxeur, Yin Wang, Richard Sibout. Lignification: different mechanisms for a versatile polymer.Curr
Opin Plant Biol. 2015 Feb:23:83-90.

128. Yugqing Zhang , Xiao Jiang , Shangi Wan , Wenjuan Wu , Shufang Wu, Yongcan Jin. Adsorption behavior
of two glucanases on three lignins and the effect by adding sulfonated lignin.] Biotechnol.2020 Nov
10:323:1-8.

129. Soo Jung Lee , Hyun Joo Kim , Eun Jin Cho, Younho Song , Hyeun-Jong Bae. Isolation and characterization
of lignin from the oak wood bioethanol production residue for adhesives. Int J Biol Macromol 2015
Jan:72:1056-62.

130. S Lepifre 1, M Froment, F Cazaux, S Houot, D Lourdin, X Coqueret, C Lapierre, S Baumberger. Lignin
incorporation combined with electron-beam irradiation improves the surface water resistance of starch
films.Biomacromolecules. 2004 Sep-Oct;5(5):1678-86.

131. Sun-Joo Moon, In-Yong Eom, Jae-Young Kim, Tae-Seung Kim, Soo Min Lee, In-Gyu Choi, Joon Weon Choi.
Characterization of lignin-rich residues remaining after continuous super-critical water hydrolysis of
poplar wood (Populus albaglandulosa) for conversion to fermentable sugars.Bioresour Technol. 2011
May;102(10):5912-6.

132. Wayne S Kontur , Charles N Olmsted , Larissa M Yusko, Alyssa V Niles , Kevin A Walters , Emily T Beebe
, Kirk A Vander Meulen , Steven D Karlen , Daniel L Gall , Daniel R Noguera , Timothy ] Donohue. A
heterodimeric glutathione S-transferase that stereospecifically breaks lignin's 3(R)-aryl ether bond reveals
the diversity of bacterial p-etherases. ] Biol Chem 2019 Feb 8;294(6):1877-1890.

133. Fengxia Yue, Fachuang Lu, Sally Ralph, John Ralph. Identification of 4-O-5-Units in Softwood Lignins via
Definitive Lignin Models and NMR.Biomacromolecules2016 Jun 13;17(6):1909-20.

134. B M Majeke, F-X Collard 2, L Tyhoda , ] F Gorgens. 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 Jan:319:124152.

135. Yuan-Yuan Bai , Ling-Ping Xiao, Zheng-Jun Shi, Run-Cang Sun. Structural variation of bamboo lignin
before and after ethanol organosolv pretreatment.Int ] Mol Sci. 2013 Oct 28;14(11):21394-413

136. Haiwei Guo , Bo Zhang , Zaojuan Qi, Changzhi Li , Jianwei Ji , Tao Dai, Aigin Wang , Tao Zhang.
Valorization of Lignin to Simple Phenolic Compounds over Tungsten Carbide: Impact of Lignin
Structure.Chem SusChem. 2017 Feb 8;10(3):523-532.

137. Jixing Bai, Shichao Wang, Yajun Li, Zhe Wang , Jianguo Tang. Effect of chemical structure and molecular
weight on the properties of lignin-based ultrafine carbon fibers.Int ] Biol Macromol. 2021 Sep 30:187:594-
602


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

32

138. Pepijn Prinsen , Anand Narani , Gadi Rothenberg. Lignin Depolymerisation and Lignocellulose
Fractionation by Solvated Electrons in Liquid AmmoniaChemSus Chem. 2017 Mar 9;10(5):1022-1032.

139. Raquel Martin-Sampedro, José I Santos , Maria E Eugenio , Bernd Wicklein, Laura Jiménez-Lépez , David
Ibarra. Chemical and thermal analysis of lignin streams from Robinia pseudoacacia L. generated during
organosolv and acid hydrolysis pre-treatments and subsequent enzymatic hydrolysis.Int j Biol Macromol.
2019 Nov 1:140:311-322.

140. Ran Bi, Martin Lawoko, Gunnar Henriksson. Phoma herbarum, a soil fungus able to grow on natural lignin
and synthetic lignin (DHP) as sole carbon source and cause lignin degradation] Ind Microbiol Biotechnol.
2016 Aug;43(8):1175-82.

141. Maria Pilar Vinardell, Montserrat Mitjans. Lignins and Their Derivatives with Beneficial Effects on Human
HealthInt ] Mol Sci 2017 Jun 7;18(6):1219

142. Zhao Wang, Leif ] Jénsson. Comparison of catalytically non-productive adsorption of fungal proteins to
lignins and pseudo-lignin using isobaric mass tagging.Bioresour Technol. 2018 Nov:268:393-401

143. Romualdo S Fukushima 1, Monty S Kerley. Use of lignin extracted from different plant sources as standards
in the spectrophotometric acetyl bromide lignin method] Agric Food Chem2011 Apr 27;59(8):3505-9

144. Omid Hosseinaei , David P Harper , Joseph ] Bozell , Timothy G Rials. Improving Processing and
Performance of Pure Lignin Carbon Fibers through Hardwood and Herbaceous Lignin BlendsInt ] Mol Sci.
2017 Jul 1,18(7):1410

145. Antonio Pereira, Ingrid C Hoeger, Ana Ferrer , Jorge Rencoret, José C Del Rio , Kristiina Kruus , Jenni
Rahikainen , Miriam Kellock, Ana Gutiérrez, Orlando J Rojas. Lignin Films from Spruce, Eucalyptus, and
Wheat Straw Studied with Electroacoustic and Optical Sensors: Effect of Composition and Electrostatic
Screening on Enzyme Binding.Biomacromolecules. 2017 Apr 10;18(4):1322-1332.

146. Yi-Ru Chen, Simo Sarkanen. Macromolecular replication during lignin biosynthesis.Phytochemistry 2010
Mar;71(4):453-62.

147. SJaramillo-Carmona, ] M Fuentes-Alventosa, G Rodriguez-Gutiérrez, K W Waldron, A C Smith, R Guillén-
Bejarano, ] Fernandez-Bolafios, A Jiménez-Araujo, R Rodriguez-Arcos. Characterization of asparagus
lignin by HPLC.J Food Sci. 2008 Sep;73(7):C526-32.

148. Singam Suranjoy Singh , Amr Zaitoon , Sonu Sharma , Annamalai Manickavasagan , Loong-Tak Lim.
Enhanced hydrophobic paper-sheet derived from Miscanthus x giganteus cellulose fibers coated with
esterified lignin and cellulose acetate blend.Int ] Biol Macromol. 2022 Dec 31;223(Pt A):1243-1256.

149. A A Pereira, G F Martins, P A Antunes, R Conrrado, D Pasquini, A E Job, A A S Curvelo, M Ferreira, A
Riul Jr, CJ L Constantino. Lignin from sugar cane bagasse: extraction, fabrication of nanostructured films,
and application. Langmuir2007 Jun 5;23(12):6652-9

150. Richard Chazal , Paul Robert, Sylvie Durand, Marie-Francoise Devaux, Luc Saulnier, Catherine Lapierre,
Fabienne Guillon. Investigating lignin key features in maize lignocelluloses using infrared spectroscopy.
Appl Spectgroscopy. 2014;68(12):1342-7.

151. Vill§ Eniké Bécsy-Jakab , Anthony Savoy , Brian K Saulnier , Sandip K Singh , David B Hodge. Extraction,
recovery, and characterization of lignin from industrial corn stover lignin cake. Bioresour technology. 2024
May:399:130610.

152. Fabricia Farias de Menezes , Damaris Batistao Martim , Liu Yi Ling , Aline Tieppo Nogueira Mulato, Elaine
Crespim , Juliana Velasco de Castro Oliveira , Carlos Eduardo Driemeier , Priscila Oliveira de Giuseppe,
George Jackson de Moraes Rocha. Exploring the compatibility between hydrothermal depolymerization of
alkaline lignin from sugarcane bagasse and metabolization of the aromatics by bacteria.Int J Biol
Macromol2022 Dec 31;223(Pt A):223-230

153. Vaidyanathan Sethuraman , Josh V Vermaas, Luna Liang , Arthur ] Ragauskas, Jeremy C Smith, Loukas
Petridis. Atomistic Simulations of Polydisperse Lignin Melts Using Simple Polydisperse Residue Input
Generator.Biomacromolecules2024 Feb 12;25(2):767-777

154. Fika Andriani, Martin Lawoko. Oxidative Carboxylation of Lignin: Exploring Reactivity of Different Lignin
Types.Biomacromolecules. 2024 Jul 8;25(7):4246-4254

155. Chihiro Kimura, Seong-Wook Oh, Takashi Fujita , Takashi Watanabe. Adsorptive Inhibition of Enveloped
Viruses and Nonenveloped Cardioviruses by Antiviral Lignin Produced from Sugarcane Bagasse via
Microwave Glycerolysis.Biomacromolecules. 2022 Mar 14;23(3):789-797.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

33

156. René Burger , Simon Lindner , Jessica Rumpf, Xuan Tung Do, Bernd W K Diehl , Matthias Rehahn , Yulia
B Monakhova , Margit Schulze. Benchtop versus high field NMR: Comparable performance found for the
molecular weight determination of lignin.] Pharm Biokmed Anal. 2022 Apr 1:212:114649.

157. Dhruva Mukhopadhyay, Changsomba Chang , Mohit Kulsreshtha , Pratima Gupta. Bio-separation of
value-added products from Kraft lignin: A promising two-stage lignin biorefinery via microbial
electrochemical technology.Int ] Biol Macromol. 2023 Feb 1:227:307-315

158. Xiaochen Ma, Shujun Liu , Hongliang Wang , Yulu Wang, Zhen Li, Tianyi Gu, Yulong Li , Fengjiao Xin,
Boting Wen. In Vitro Fermentation of Beechwood Lignin-Carbohydrate Complexes Provides Evidence for
Utilization by Gut BacteriaNutrients2023 Jan 1;15(1):220

159. Mingjie Chen , John Ralph, Jeremy S Luterbacher , Qing-Shan Shi, Xiaobao Xie. Selecting Suitable Near-
Native Lignins for Research.] Agric Food Chem. 2023 Dec 27;71(51):20751-20761

160. Xiaoyuan Zheng, Xuejiao Zhang , Jinmei Zhao, William Oyom , Haitao Long , Ruirui Yang , Lumei Pu,
Yang Bi , Dov Prusky. Meyerozyma guilliermondii promoted the deposition of GSH type lignin by
activating the biosynthesis and polymerization of monolignols at the wounds of potato tubers.Food Chem
2023 Aug 1:416:135688.

161. Daryna Diment, Oleg Tkachenko, Philipp Schlee , Nadine Kohlhuber, Antje Potthast, Tetyana M Budnyak
, Davide Rigo , Mikhail Balakshin. Study toward a More Reliable Approach to Elucidate the Lignin
Structure-Property-Performance Correlation.Biomacromolecules. 2024 Jan 8;25(1):200-212.

162. Xinwen Xu, Haiming Li , Xing Wang , Haigiang Shi , Meihong Niu, Yongchao Zhang , Zhiwei Wang ,
Yanzhu Guo. Effect of Lignin Structure Characteristics on the Performance of Lignin Based Phenol
Formaldehyde Adhesives.Macromol Rapid Commun. 2024 May;45(9):e2300663

163. Junying Ma , Xiaoyan Li, Maolin He, Yanwen Li, Wei Lu, Mengyao Li, Bo Sun, Yangxia Zheng. A Joint
Transcriptomic and Metabolomic Analysis Reveals the Regulation of Shading on Lignin Biosynthesis in
Asparagus.Int ] Mol Sci. 2023 Jan 12;24(2):1539.

164. Xiaoxia Duan, Xueke Wang , Ao Huang , Guijiang Liu, Yun Liu.Molecules. 2022 May 2;27(9):2905.

165. Lei Zhong, Miaomiao Xu , Chao Wang, Lupeng Shao, Jianzhen Mao , Weikun Jiang , Xingxiang Ji, Guihua
Yang, Jiachuan Chen, Gaojin Lyu , Chang Geun Yoo , Feng Xu. Pretreatment of willow using the alkaline-
catalyzed sulfolane/water solution for high-purity and antioxidative lignin production.Int ] Biol
Maxccromol. 2020 Sep 15:159:287-294.

166. Qi Shen, Yuyuan Xue, Yan Zhang , Tianjin Li , Taowei Yang , Shengren Li. Effect of microstructure-scale
features on lignin fluorescence for preparation of high fluorescence efficiency lignin-based
nanomaterials.Int ] Biol Macromol, 2022 Mar 31:202:520-528.

167. Elodie Melro, Alexandra Filipe , Artur ] M Valente, Filipe E Antunes, Anabela Romano , Magnus Norgren
, Bruno Medronho. Levulinic acid: A novel sustainable solvent for lignin dissolution.Int ] Biol
Macromol2020 Dec 1:164:3454-3461.

168. Yuliya A Popova, Semen L Shestakov , Artyom V Belesov , Ilya I Pikovskoi , Aleksandr Yu Kozhevnikov.
Comprehensive analysis of the chemical structure of lignin from raspberry stalks (Rubus idaeus L.).Int ]
Biol Macromol. 2020 Dec 1:164:3814-3822

169. Yueping Jiang , Yanhong Feng, Bo Lei , Huiting Zhong. Impact mechanisms of supercritical CO2-ethanol-
water on extraction behavior and chemical structure of eucalyptus lignin.Int ] Biol Macromol. 2020 Oct
15:161:1506-1515

170. Alejandro Rodriguez , Eduardo Espinosa. Special Issue "Lignocellulosic Biomass".Molecules2021 Mar
9,26(5):1483.

171. Eliana Capecchi, Elisabetta Tomaino, Davide Piccinino , Peter Elias Kidibule , Maria Fernandez-Lobato ,
Daniele Spinelli 3, Rebecca Pogni , Ana Garcia Cabado, Jorge Lago , Raffaele Saladino. Nanoparticles of
Lignins and Saccharides from Fishery Wastes as Sustainable UV-Shielding, Antioxidant, and Antimicrobial
Biofillers.Biomacromolecules. 2022 Aug 8;23(8):3154-3164.

172. Jing Li , Hui-Chao Hu , Xin-Sheng Chai. Rapid method for determination of carbonyl groups in lignin
compounds by headspace gas chromatography.] Chromatogr A. 2015 Jul 24:1404:39-43.

173. Cleiton A Nunes, Claudio F Lima, Luiz C A Barbosa, Jorge L Colodette, A F G Gouveia, Flaviano O Silvério.
Determination of Eucalyptus spp lignin S/G ratio: a comparison between methods. Bioresour Technol. 2010
Jun;101(11):4056-61.

174. Fengxia Yue , Fachuang Lu, Runcang Sun, John Ralph. Synthesis and characterization of new 5-linked
pinoresinol lignin models.Chemistry. 2012 Dec 14;18(51):16402-10.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

34

175. Anderson Guerra , Armindo R Gaspar, Sofia Contreras, Lucian A Lucia, Claudia Crestini, Dimitris S
Argyropoulos. On the propensity of lignin to associate: a size exclusion chromatography study with lignin
derivatives isolated from different plant species.Phytochemistry. 2007 Oct;68(20):2570-83.

176. Carmen Martinez , José L Rivera, Rafael Herrera, José L Rico, Nelly Flores, José G Rutiaga, Pablo Lopez.
Evaluation of the chemical reactivity in lignin precursors using the Fukui function.] Mol Model. 2008
Feb;14(2):77-81.

177. Claudia Crestini , Maria Chiara Caponi, Dimitris S Argyropoulos, Raffaele Saladino. Immobilized
methyltrioxo rhenium (MTO)/H202 systems for the oxidation of lignin and lignin model
compounds.Bioorg Med Chekm. 2006 Aug 1;14(15):5292-302.

178. Crisiane A Marangon , Caio G Otoni, Paula C Bertuso , Patricia F Rossi , Danilo M Dos Santos , Tainise V
Lourencon , Virginia C A Martins , Ana Maria G Plepis , Luiz H C Mattoso, Marcia Nitschke. Side-stream
lignins: Potential antioxidant and antimicrobial agents in milk. Food Res Int. 2024 Mar:180:114091.

179. Seiji Nakagame , Richard P Chandra, John F Kadla, Jack N Saddler. The isolation, characterization and
effect of lignin isolated from steam pretreated Douglas-fir on the enzymatic hydrolysis of
cellulose.Bioresour Technol2011 Mar;102(6):4507-17.

180. Maria E Eugenio , Raquel Martin-Sampedro , José I Santos , Bernd Wicklein , Juan A Martin, David Ibarra.
Properties versus application requirements of solubilized lignins from an elm clone during different pre-
treatments.Int J Biol Macromol. 2021 Jun 30:181:99-111

181. Jia-Long Wen, Shao-Long Sun, Bai-Liang Xue, Run-Cang Sun. Structural elucidation of inhomogeneous
lignins from bamboo.Int ] Biol macrfomol. 2015:77:250-9.

182. C Riittimann , R Vicufia, M D Mozuch, T K Kirk. Limited bacterial mineralization of fungal degradation
intermediates from synthetic lignin. Appl Environ Microbiol. 1991 Dec;57(12):3652-5

183. Cheng-Ye Ma , Xi-Tao Luo, Ling-Hua Xu, Qian Sun, Jia-Long Wen , Xiang-Feng Liang , Hui-Zhou Liu,
Tong-Qi Yuan. Structural elucidation and targeted valorization of untractable lignin from pre-hydrolysis
liquor of xylose production via a simple and robust separation approach.Int J Biol Macromol. 2023 Dec
31;253(Pt 4):127029.

184. Siti Hajar Sekeri , Mohamad Nasir Mohamad Ibrahim , Khalid Umar , Asim Ali Yaqoob , Mohamad Nurul
Azmi , M Hazwan Hussin , Muhammad Bisyrul Hafi Othman , Muhammad Fadhirul Izwan Abdul Malik.
Preparation and characterization of nanosized lignin from oil palm (Elaeis guineensis) biomass as a novel
emulsifying agent.Int ] Biol macromol. 2020 Dec 1:164:3114-3124.

185. Gabriel Murillo-Morales , Sivasamy Sethupathy , Meng Zhang , Lingxia Xu , Amirreza Ghaznavi, Jie Xu,
Bin Yang, Jianzhong Sun, Daochen Zhu. Characterization and 3D printing of a biodegradable polylactic
acid/thermoplastic polyurethane blend with laccase-modified lignin as a nucleating agent. Int J Biol
Macromol. 2023 May 1:236:123881

186. Fabio Hernandez-Ramos , Maria Gonzélez Alriols , M Mirari Antxustegi , Jalel Labidi 2, Xabier Erdocia.
Valorisation of crude glycerol in the production of liquefied lignin bio-polyols for polyurethane
formulations. Int ] Biol Macromol. 2023 Aug 30:247:125855.

187. Daye Kim , Jong-Chan Kim , Jonghwa Kim , Young-Min Cho , Chae-Hwi Yoon, Jun-Ho Shin, Hyo Won
Kwak , In-Gyu Choi. Enhancement of elongation at break and UV-protective properties of poly(lactic acid)
film with cationic ring opening polymerized (CROP)-lignin. Int J Biol Macromol 2023 Dec 31;253(Pt
6):127293.

188. Claire L Bourmaud , Stefania Bertella, Anna Bosch Rico, Steven D Karlen, John Ralph , Jeremy S
Luterbacher. Quantification of Native Lignin Structural Features with Gel-Phase 2D-HSQCO Reveals
Lignin Structural Changes During Extraction. Angew Chem Int Ed Eng. 2024 Jul 29;63(31):e202404442

189. Baojie Liu, Lu Liu, Baojuan Deng , Caoxing Huang, Jiatian Zhu , Linlin Liang , Xinliang He , Yuxin Wei,
Chengrong Qin , Chen Liang , Shijie Liu , Shuangquan Yao. Application and prospect of organic acid
pretreatment in lignocellulosic biomass separation: A review.Int ] Biol Macromol. 2022 Dec 1;222(Pt
A):1400-1413.

190. Wei Ding , Hao Sun , Xianzhen Li, Yanyang Li , Hongtao Jia , Yanli Luo , Diao She , Zengchao Geng.
Environmental applications of lignin-based hydrogels for Cu remediation in water and soil: adsorption
mechanisms and passivation effects.Environ Res. 2024 Jun 1:250:118442.

191. Siddhartha Singh , Neelam Sharma. Biochemical and in silico molecular study of caffeic acid-O-
methyltransferase enzyme associated with lignin deposition in tall fescue.Amino Acids. 2023
Oct;55(10):1293-1304.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

35

192. Antonio Ovejero-Pérez , Victoria Rigual , Juan Carlos Dominguez , M Virginia Alonso , Mercedes Oliet ,
Francisco Rodriguez. Acidic depolymerization vs ionic liquid solubilization in lignin extraction from eucalyptus
wood using the protic ionic liquid 1-methylimidazolium chloride.Int ] Biol Macromol. 2020 Aug 15:157:461-469.

193. Yugqing Zhang , Xiao Jiang 2 Shangi Wan , Wenjuan Wu , Shufang Wu , Yongcan Jin. Adsorption behavior of
two glucanases on three lignins and the effect by adding sulfonated lignin.J Biotechnol. 2020 Nov 10:323:1-8.

194. Xi-Chuang Cheng, Xin-Ran Guo, Zhao Qin, Xue-De Wang , Hua-Min Liu, Yu-Lan Liu. Structural features
and antioxidant activities of Chinese quince (Chaenomeles sinensis) fruits lignin during auto-catalyzed
ethanol organosolv pretreatment.Int ] Biol Macromol. 2020 Dec 1:164:4348-4358.

195. Shuai Xu, Jing-Yang Yuan, Ya-Ting Zhang, Qiao-Li Yang , Chen-Xia Zhang , Qing Guo, Zhao Qin , Hua-
Min Liu , Xue-De Wang , Hong-Xian Mei , Ying-Hui Duan. Effects of different precursors on the structure
of lignin-based biochar and its ability to adsorb benzopyrene from sesame oil.Int ] Biol Macromol. 2024
Jun;269(Pt 2):132216.

196. Nagore Izaguirre , Xabier Erdocia , Jalel Labidi. Exploring chemical reactions to enhance thermal and
dispersion stability of kraft and organosolv lignin. Int ] Biol macromol. 2024 Apr;264(Pt 2):130518.

197. Artur Hermano Sampaio Dias , Yuanxin Cao , Munir S Skaf , Sam P de Visser. Machine learning-aided
engineering of a cytochrome P450 for optimal bioconversion of lignin fragments.Phys Chem Chem Phys.
2024 Jun 26,26(25):17577-17587.

198. Usama Shakeel , Xinlong Li , Biao Wang , Fanhui Geng , Muhammad Saif Ur Rehman , Kai Zhang , Jian
Xu. Structural characterizations of lignins extracted under same severity using different acids. Int J Biol
macromol. 2022 Jan 1:194:204-212.

199. Yuyang Fan , Ming Lei , Yue Han , Zhengxue Zhang , Xiangchen Kong , Weicong Xu , Ming Li , Huiyan
Zhang , Rui Xiao , Chao Liu. Elucidating radical-mediated pyrolysis behaviors of preoxidized lignins.
Bioresour Technol. 2022 Apr:350:126908.

200. Oleg Tkachenko, Daryna Diment, Davide Rigo, Maria Stro Mme, Tetyana M Budnyak. Unveiling the
Nature of lignin's Interaction with Molecules: A Mechanistic Understanding of Adsorption of Methylene
Blue Dye.Biomacromolecules. 2024 Jul 8;25(7):4292-4304.

201. Xinran Han, Ke Song , Huazhong Yu , Xianwu Zhou, Jie Guo. Extraction and characterisation of kudzu
root residue lignin based on deep eutectic solvents.Phytochem Anal. 2024 Jun;35(4):786-798

202. Wei Ding, Hao Sun, Xianzhen Li , Yanyang Li, Hongtao Jia , Yanli Luo , Diao She , Zengchao Geng.
Environmental applications of lignin-based hydrogels for Cu remediation in water and soil: adsorption
mechanisms and passivation effects.Environ Res. 2024 Jun 1:250:118442.

203. Brian K Saulnier , Mohsen Siahkamari , Sandip K Singh , Mojgan Nejad , David B Hodge. Effect of Dilute
Acid Pretreatment and Lignin Extraction Conditions on Lignin Properties and Suitability as a Phenol
Replacement in Phenol-Formaldehyde Wood Adhesives.] Agric Food Chem. 2023 Jan 11;71(1):592-602

204. Sana Liaqat , Batool Fatima , Dilshad Hussain , Muhammad Imran , Shan E Zahra Jawad , Muhammad
Imran , Adeela Saeed , Saadat Majeed , Muhammad Najam-Ul-Haq. Doxorubicin encapsulated blend of
sitagliptin-lignin polymeric drug delivery system for effective combination therapy against cancer.Int J Biol
Macromol. 2024 Jun;269(Pt 2):132146.

205. Allann Karlos Alves da Mata , Vinicius Taveira de Andrade Felipe , Selma Elaine Mazzetto , Diego
Lomonaco , Francisco Avelino. Development of an eco-friendly acetosolv protocol for tuning the
acetylation of coconut shell lignin: Structural, antioxidant, solubility and UV-blocking properties. Int j Biol
macromol. 2022 Jun 30:211:271-280.

206. Lukasz Klapiszewski, Beata Podkoscielna, Marta Goliszek , Adam Kubiak , Karolina Mlynarczyk , Teofil
Jesionowski. .2021 May 1:178:344-353.

207. Weipeng Pan, Jian Lin. Efficient centrifugal spinning of soda lignin for the production of activated carbon
nanofibers with highly porous structure.Int ] Biol Macromol. 2022 Dec 1;222(Pt A):1433-1442

208. Maria Vigh. A trashed treasure: Lignin could become a large and renewable source of organic compounds
for the chemical industry to replace fossil fuel-based chemicals: Lignin could become a large and renewable
source of organic compounds for the chemical industry to replace fossil fuel-based chemicals. EMBO Rep.
2023 May 4;24(5):e57103.

209. Shuai Xu, Jing-Yang Yuan, Ya-Ting Zhang, Qiao-Li Yang , Chen-Xia Zhang , Qing Guo , Zhao Qin , Hua-Min
Liu, Xue-De Wang , Hong-Xian Mei , Ying-Hui Duan. Effects of different precursors on the structure of lignin-
based biochar and its ability to adsorb benzopyrene from sesame oil. Int ] Biol Macromol. 2024 Jun;269(Pt
2):132216.


https://doi.org/10.20944/preprints202409.2241.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2024 d0i:10.20944/preprints202409.2241.v1

36

210. Guangxu Yang, Zhenggang Gong, Xiaolin Luo, Lihui Chen, Li Shuai. Bonding wood with uncondensed
lignins as adhesives.Nature. 2023 Sep;621(7979):511-515

211. Dixita Chettri , Ashwani Kumar Verma , Shilpi Ghosh , Anil Kumar Verma. Biogas from lignocellulosic
feedstock: current status and challenges.Environ Sci Pollut Res Int. 2024 Jun;31(27):1-26

212. Guilherme Henrique Gongalves de Almeida , Rita de Cassia Siqueira-Soares , Thatiane Rodrigues Mota ,
Dyoni Matias de Oliveira, Josielle Abrahao , Marcela de Paiva Foletto-Felipe, Wanderley Dantas Dos Santos
, Osvaldo Ferrarese-Filho, Rogério Marchiosi. Aluminum oxide nanoparticles affect the cell wall structure
and lignin composition slightly altering the soybean growth.Plant Physiol Biochem. 2021 Feb:159:335-346.

213. Olga Morozova , Irina Vasil'eva , Galina Shumakovich , Maria Khlupova , Vyacheslav Chertkov , Alla
Shestakova, Alexander Yaropolov. Green Extraction of Reed Lignin: The Effect of the Deep Eutectic Solvent
Composition on the UV-Shielding and Antioxidant Properties of Lignin.Int ] Mol Sci. 2024 Jul
29;25(15):8277.

214. Yongxi Deng, Kecheng Zhu , Wenjun Jiang , Yixuan Liu, Linyang Xie , Fuhao Liu, Kangjie Yang , Yuanren
Jiang , Hanzhong Jia. Novel Chemical Routes for Carbon Dioxide and Methane Production from Lignin
Photodegradation: The Role of Environmental Free Radicals.Environ Sci Technol. 2024 Sep 10;58(36):16055-
16065.

215. Ryan G Bing, Daniel B Sulis, Jack P Wang , Michael W W Adams, Robert M Kelly. Thermophilic microbial
deconstruction and conversion of natural and transgenic lignocellulose.Environ Microbiol Rep. 2021
Jun;13(3):272-293.

216. Xiaoxue Song , Zhipeng Zhu , Xiang Chi, Sai Tang , Guangping Han , Wanli Cheng. Efficient downstream
valorization of lignocellulose after organosolv fractionation: Synergistic enhancement of waterborne
coatings by co-assembled lignin@cellulose nanocrystals.Int ] Biol Macromol. 2023 Feb 1:227:1325-1335.

217. Suchat Pongchaiphol , Nopparat Suriyachai , Bongkot Hararak , Marisa Raita , Navadol Laosiripojana,
Verawat Champreda. Physicochemical characteristics of organosolv lignins from different lignocellulosic
agricultural wastes.Int j Biol Macromol. 2022 Sep 1:216:710-727.

218. Kai Chen, Shengrong Yuan, Dan Wang, Dongming Qi, Fengfeng Chen, Xueqing Qiu. Curcumin-loaded
high internal phase emulsions stabilized with lysine modified lignin: a biological agent with high
photothermal protection and antibacterial properties.Food Funct. 2021 Aug 21;12(16):7469-7479.

219. Dimitris S Argyropoulos , Nicolo Pajer , Claudia Crestini. Quantitative 31P NMR Analysis of Lignins and
Tannins.] Vis Exp. 2021 Aug 2:(174).

220. Mariavittoria Verrillo, Davide Savy , Silvana Cangemi , Claudia Savarese , Vincenza Cozzolino ,
Alessandro Piccolo. Valorization of lignins from energy crops and agro-industrial byproducts as
antioxidant and antibacterial materials. ] Sci Food Agric. 2022 May;102(7):2885-2892.

221. Crisiane A Marangon , Caio G Otoni , Paula C Bertuso , Patricia F Rossi, Danilo M Dos Santos , Tainise V
Lourencon , Virginia C A Martins , Ana Maria G Plepis , Luiz H C Mattoso , Marcia Nitschke. Side-stream
lignins: Potential antioxidant and antimicrobial agents in milk. Food Res int. 2024 Mar:180:114091.

222. Qihong Zhang, Zouyue Yang, Weike Su. Review of studies on polysaccharides, lignins and small molecular
compounds from three Polygonatum Mill. (Asparagaceae) spp. in crude and processed states. Int ] Biol
Macromol. 2024 Mar;260(Pt 2):129511.

223. Leif ] Jonsson , Nils-Olof Nilvebrant. Comment on 'Making the biochemical conversion of lignocellulose
more robust'.Trends Biotechnol.2024 Apr;42(4):393-394.

224. 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.

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/10.20944/preprints202409.2241.v1

