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Harnessing lignin, which is the secondmost abundant biopolymer and is cost-effective, biocompatible, and

nontoxic, could be a promising alternative to conventional food packaging materials. Each year, millions of

tons of lignin are produced, and it is commonly used as a low-value fuel by being burned. However, this

inexpensive and abundant bioresource biomass has the potential to be utilized as food packaging

materials. It is crucial to explore lignin-based renewable resources to facilitate the shift towards an

environmentally friendly materials circular economy. Recent research has shown that lignin-based

materials possess excellent anti-oxidant and anti-bacterial properties, in addition to good mechanical

and antiviral properties, UV light barrier, and enhanced thermal properties, making them suitable

candidates for use as food packaging materials. This study aims to provide current perspectives on the

use of lignin based materials for food packaging applications. The article provides a critical analysis of the

physicochemical characteristics, processing techniques, and extraction and structural features of lignin

from various sources as well as its derived materials. Additionally, it outlines the latest trends in

converting lignin into lignin nanoparticles. This comprehensive review concludes with future

perspectives on lignin based materials for food packaging applications.
Sustainability spotlight

In today's world, where environmental concerns are at the forefront, lignin, a sustainable biomass, has the potential to revolutionize various industries and
alleviate ecological burdens. In the pulp and paper industry, lignin is produced as a byproduct that can be utilized to reduce waste and develop innovative
solutions for food packaging materials. By employing lignin's properties, industries can contribute to a more sustainable future by minimizing the waste of
petroleum-based materials and developing eco-friendly packaging alternatives. Additionally, lignin-derived materials in food packaging can signicantly reduce
the food industry's carbon footprint. Through ongoing research and development, lignin has the potential to catalyze transformative change in various
industries and pave the way for a greener and more sustainable future.
Introduction

Lignin, a prevalent aromatic polymer, reinforces plant cell walls
alongside cellulose and hemicellulose. Recent data have
revealed that the paper sector generates over 50 million metric
tons of biomass byproducts yearly.1,2 However, 98% of this
organic matter is burned for power generation or ends up in
wastewater systems, which negatively affects the ecosystem.3,4

Approximately 2% of the biomass material remains suitable for
industrial use, particularly for producing benecial lignin-
based products. Additionally, one-h of the planet's total
biomass consists of lignin.5 Researchers have discovered that
upon combination, these substances form a reinforced struc-
ture resembling a supramolecular scaffold, providing cells with
chemical and physical resilience to ght against infections and
itional Science, South Academic Building

n, Alberta, T6G 2P5, Canada. E-mail:

5130, Khyber Pakhtunkhwa, Pakistan

the Royal Society of Chemistry
deterioration caused by enzymes and chemicals.6 Plants like
jute, cotton, wood pulp, and industrial hemp possess interme-
diate lamellae that store a signicant amount of lignin (up to
35%). The various types of lignin available in themarket include
kra lignin (9%), lignosulfonates (88%), and the newly devel-
oped sulfur-free organosolv (2%). If current trends continue, it
is projected that lignin will be valued at $913.1 million by
2025.7,8 Lignin has numerous industrial applications, such as
food packaging materials, drug delivery systems, tissue engi-
neering scaffolds, and sterile biomedical device components.9–11

Its intrinsic UV shielding properties, anti-oxidant capacity,
chemical stability, and physical toughness also enhance the
value of consumer goods.12

Lignin is a polymer composed of three monolignols: syringyl
(S) units, guaiacyl (G) units, and p-hydroxyphenyl (H) units.
Lignin biomolecules include spatially organized phenolic
groups, such as sinapyl, coniferyl, and p-coumaryl, which
enable a variety of functional entities and connections.13,14 The
heterogeneity of lignin arises from the interaction between its
H, G, and S units, resulting in a range of functional groups and
Sustainable Food Technol., 2024, 2, 945–966 | 945
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connections. The aryl ether-O-4 linkage accounts for approxi-
mately 50% of all connections.15

In the past, lignin-containing industrial waste materials and
their byproducts were the primary sources of organic compo-
nents and energy. The structural foundation of lignin is formed
by the S, G, and H subunits, which are produced when phe-
nylpropanoid units undergo radical coupling.16 Due to its
heterogeneous nature, recovering lignin in its native form is
challenging, making it difficult to obtain structural details.
However, recent advancements in near-perfect recovery of mil-
led wood lignin (MWL) and cellulolytic enzyme lignin (CEL),17

have partially resolved this issue. Previous research on lignin
was limited to the pulp and paper industry, as it was typically
discarded as waste in that sector. As a result, studies focused on
chemical proling and structural elucidation.18

Lignins are polysaccharide-bound compounds that exhibit
uneven distribution patterns and are intertwined with cellulose
and hemicellulose in their natural state.18 The physicochemical
characteristics of lignin are inuenced by various factors,
including the plant source, extraction method, treatment
parameters, and other elements.19 Lignin-rich byproducts from
industries and agriculture, such as paper and pulp,20 bagasse,21

wood, agricultural waste products, and other organic wastes,22

are abundant in lignin. In contrast, organic wastes like grass,
some plant pieces, and other organic wastes produce very
little lignin.15

Recently, there has been a growing interest in lignin-derived
composites due to their nanoforms, which enhance durability
and provide signicant value to materials such as fabrics and
rubber.23 Native lignin, when considered as a single entity, is
unable to provide the expected interaction and performance-
boosting properties compared to nano-sized lignins.24 Nano-
lignins have demonstrated improved water sensing, mechan-
ical, UV shielding, and thermal performance capabilities when
impregnated with gluten-containing nanostructures. In
contaminated water systems, chitosan and nanolignins have
shown methyl orange scavenging ability up to 83%. According
to a study, the lignin nanoparticle shape offers improved
stability and dispersibility for up to two months. Without using
any chemicals, evenly distributed nanolignins can be produced
by sonic irradiation.25 Silver ion-loaded nanolignins can be l-
led with biodegradable and environmentally acceptable cationic
poly-electrolyte layers to create silver nanoparticle llers. When
combined with silver ions, the poly-electrolyte surface kills
a variety of bacterial species, particularly quaternary-amine-
resistant E. coli, Pseudomonas aeruginosa, and Ralstonia sp. It
also enables interaction with the bacterial cell membrane.26

In recent patented work, cryogel is produced by embedding
lignin nanoparticles in crosslinked gelatin at subfreezing
temperatures, resulting in a densely crosslinked microporous
composition with pores size between 50–50 mm. This unique
combination of collagen-derived natural polymer (gelatin) and
natural biowaste polymer (lignin) enhances mechanical
performance and shape recovery rate while exhibiting strong
free radical scavenging action and inhibiting bacterial growth.27

In another patent, developed a novel method to modify ligno-
cellulosic materials, particularly wood, while preserving their
946 | Sustainable Food Technol., 2024, 2, 945–966
original architectural design. By employing partial delignica-
tion and lling of the material's structures, a new composite
material is produced that exhibits desirable characteristics.
This innovative approach creates possibilities for the develop-
ment of advanced materials with diverse applications, which
could signicantly impact various industries.28 Therefore, we
believe that it is essential to review the applications of lignin
derived environmentally friendly and biodegradable materials
with excellent attributes for food packaging. To the best of our
current knowledge, a comprehensive review of the lignin
structure, sources, extraction and processing techniques, and
applications in food packaging materials has not yet been
published.
Structure and sources

Lignin, in comparison to cellulose and hemicellulose, possesses
a considerably more complex structure.29 It is composed of three
fundamental monolignol building blocks, namely phenyl-
propanoid units (C9-units) p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S), which are polymerized by radicals in plants to
form lignin.30 The C9 formula, which represents the average
lignin unit composition, is oen written as CxHyOz(OCH3)n.
These monolignols are interconnected through a variety of
carbon–carbon bonds (b-1, b-5, b–b, 5–5, b-6) and inter-unit
connections of ether (b-O-4, a-O-4, 4-O-5) to form a three-
dimensional macromolecular structure of lignin.31 Like cellu-
lose, lignin lacks a regular structure and is highly chemically
heterogeneous due to the irregular mixing of varying quantities
of monolignols and various patterns of substitution on their
phenylpropanoid units.32 Lignin's polymeric structure has not
yet been fully understood. Some researchers propose that lignin
should be classied as a random copolymer rather than
a biopolymer due to its lack of a repeating monomer in its
structure.33,34 Furthermore, nearly all naturally occurring lignin
is connected to carbohydrates, primarily hemicelluloses.35

Approximately 40–60%of the inter-unit connections in lignin are
composed of bond of b-O-4 of the ether.36 It is important to note
that the structure of lignin is signicantly inuenced by the
extraction process, genetic species, culture site, and harvesting
season of the parent plant. In terms of the factors that inuence
the structure of lignin, hardwood lignin is primarily composed
of G and S units while a signicant portion of G units make up
the majority of sowood lignin. Themakeup of monolignols and
how they are linked together in lignin is determined by the
species or source, as demonstrated by the H : G : S ratios in
lignins from radish and carrot roots37 and grass.38 Additionally,
lignins from various sections of a plant have distinct ne
structures, as seen in Chinese quince lignin.39 Furthermore, the
method used to remove lignin affects its ne structure, as shown
by the differences in the composition of monolignols and their
relationships to cellulose enzymatic lignins, ethanol, alkali, and
milled wood.40 The physicochemical differences between lignin
and cellulose or hemicellulose are signicant. Unlike cellulose,
lignin is amorphous in the solid state.

Lignin is a material that resembles approximately spherical
particles that only slightly dissolve in solvents.41,42 Its
© 2024 The Author(s). Published by the Royal Society of Chemistry
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insolubility in practically all aqueous solutions is widely
recognized.43 Measurements of polydispersity (Mw/Mn), number
average molecular weight (Mn) and weight average molecular
weight (Mw) were frequently made in regards to molecular mass.
However, these values varied greatly among the various lignins,
sometimes by several orders of magnitude. For example, Hata-
keyama44 found that the kra lignin from beech (Fagus crenata)
had Mw, Mn, and Mw/Mn values of 8020 g mol−1, 1840 g mol−1,
and 4.35, respectively. Nevertheless, Stark, Yelle, and Agarwal45

reported that the ponderosa pines (Pinus ponderosa) kra lignin
was 4.49 × 107, 3.82 × 107, and 1.18, respectively.

The main issue with lignin solutions during molecular mass
measurement is their solubility in organic solvents. According
to Brunow and Lundquist,46 a true lignin solution is typically
difficult to create and the insoluble portion must coexist. Given
that lignin's soluble part is signicantly lower than its insoluble
portion, there is inevitable ambiguity. Comparably, there is
a wide range of documented lignin thermal stabilities con-
cerning the glass transition temperature, with values falling
between 89.9 and 174 °C.47 Mainly, the physicochemical char-
acteristics of lignin are dependent on their source.48,49

According to Erdocia et al.,50 the primary functional group
found in lignin is the hydroxyl group, which is essential for both
its reactivity and how it interacts with surrounding molecules,
such as water. Roughly 10% to 13% of all aromatic rings aremade
up of free phenols.51 The relevance of lignin's safety for use in
a variety of foods is particularly signicant for the food industry.52

The utilization of agro-processing residues and plants as
sources of lignin is of great importance. In India, the produc-
tion of lignin is facilitated by the large amounts of biowaste
generated by the ayurvedic industry. Additionally, other sources
of lignin include pine varieties such as red clover, bagasse from
sugar cane, lucerne, elephant grass, grass species like Festuca
arundinacea, Brazilwood, and several bamboo species like
Bambusa vulgaris & Chusquea oxylepis.53

There are numerous advantages to using agricultural
byproducts for synthesizing lignin, including environmental,
nancial, and technological benets. Lignocellulosic materials
from crops such as sugar cane, maize, rice, and wheat supply
the majority of biomass for the global agro-industry, while other
crops make up a small portion of this biomass. The production
of bioethanol from lignin-rich agricultural byproducts using
enzymes and genetically modied yeasts can contribute to
energy security in an environmentally friendly manner. The
disposal of biowastes from the Ayurvedic medicinal industry
contributes to the large amounts of industrial biomass that
accumulate in landlls. Research supports the use of leover
lignin-containing plant-based products. The team's water-
miscible bioactive potential has previously been demonstrated
using herbal residues le behind by the Ayurvedic medical
sector.22 Traditional solvents, such as water, milk, ghee, oil, etc.,
listed in Ayurvedic scriptures do not extract all of the phyto-
chemicals from herbal remnants, indicating that there is still
potential for further extraction. The research conducted by
Vinardell and colleagues focused on the investigation of lignin
compounds derived from Acacia nilotica, which is commonly
referred to as the babul tree, and their biological signicance.54
© 2024 The Author(s). Published by the Royal Society of Chemistry
Preparation methods

Previously, it was commonly understood that plant-based meals
contained higher levels of lignin in their non-edible parts, such
as seed coverings, cereal husks, and sugarcane bagasse, than in
their consumable parts. As a result, the majority of food-grade
lignins are derived from these brous by-products. To develop
a valuable food ingredient and product with added value, an
efficient and cost-effective method of separating lignin from
these byproducts must be employed. The conventional lignin
isolation process involves pulverizing, separating, purifying,
and drying. During the pulping process, lignin is released, and
the polysaccharide bonds are broken.55 The existing lignin
isolation technologies may be broadly classied into two groups
(Fig. 1) based on the lignin's physical condition during the
pulping process.56 The rst group involves extraction tech-
niques that dissolve and completely disperse the lignin in the
resultant pulp. In the second group, lignin appears as an
insoluble residue in the pulp produced (leaving operations).
However, the application scenarios for these two techniques are
not well established. Lignin is oen measured using a gravi-
metric technique following isolation due to its low reactivity
and inert character.57 Ideally, the optimal isolation process
would yield chemically unchanged lignin that is free of non-
lignin impurities. However, no existing technique can meet all
of these conditions, despite signicant efforts to investigate
potential isolation approaches to preserve the original structure
of lignin.58 In other words, the physicochemical characteristics
and structure of lignin are largely determined by the isolation
process used. The most common way to refer to lignin is by the
method used to separate it, such as milled wood lignin (MWL)
or lignin that has been hydrolyzed, alkali, sulte, or organosolv
processed.

The process of creating milled wood lignin (MWL) begins
with dry biomass being ground in a ball mill until it passes
through a 0.50 mm screen, which mechanically breaks the
connections between lignin and polysaccharides. Next, the
powdered material is dissolved in toluene and extracted using
a natural solvent with less than 4% water content, which can be
ethanol, acetic acid, or dioxane.

Finally, the lignin found in the natural solvent–water mixture
can be recovered as sediments by slowly adding the mixture into
deionized water. According to El Hage et al., Holtman et al. and
Rencoret et al., this method of preparation falls into the rst
group.60–62 Although the yield of isolated MWL is oen low
compared to other techniques, this method has the least impact
on lignin structure, as noted by Bjorkman.63 As a result, MWL is
frequently used in structural evaluations but is not suitable for
commercial use. On the other hand, lignin can also be produced
from unprocessed biomass through substantial acid hydro-
lysis64 or hydrolysis with enzymes40 to break down carbohydrate
components and liberate lignin. Aer the removal of the
broken-down carbohydrates, lignin is le as an insoluble
residue, which is why this method of preparation falls into the
second group.

Cellulase is a commonly utilized enzyme in enzyme-
mediated hydrolysis, as reported in a recent study.40 However,
Sustainable Food Technol., 2024, 2, 945–966 | 947
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Fig. 1 Procedure of the lignin isolation.59 Adapted and modified with permission of Francis and Taylor publishers.
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other acid hydrolysis agents, such as sulfuric acid,64 nitric
acid,65 hydrochloric acid,66 phosphoric acid,67 oxalic acid,68

periodic acid,69 and peracetic acid,68 are also frequently
employed in this process. According to Y. Sun and Cheng
(2002),70 the acid hydrolysis stage is the most crucial step in this
process, as it liberates dissolved polysaccharides and yields
pure lignin-containing solid residues. Concentrated or diluted
acid solutions can be used for acid hydrolysis at typical pressure
and temperature conditions, as indicated by Sluiter and
coworkers,71 or at high temperatures (165–195 °C), as reported
by Guo and his colleagues.72 Horst et al.mentioned that sulfuric
acid and hydrochloric acid are commonly utilized to hydrolyze
Klason andWillstätter lignins, which are examples of hydrolytic
lignin.66 In the traditional Klason process, the pretreatment step
biomass (milled, dewaxed, defatted, deproteinized, etc.) is
initially incubated in 72% H2SO4 at 37 °C for two hours. To
remove all polysaccharides, the mixture is then reduced to 3%
H2SO4 and reuxed for four hours at 800 °C. The Klason process
is considered a standard technique for determining the amount
of lignin in plant materials due to its high yield.73 For
a comprehensive understanding of the Klason process, one may
refer to the Carrier et al.64 paper. The Klason process is expected
to cause structural changes in lignin due to its strong acidic
conditions. Specically, the formation of phenolic groups and
the breakdown of certain aryl and alkyl ethers in units of benzyl
alcohol are anticipated.74 Consequently, the Klason procedure
is not suitable for adequately preparing lignin for structural
characterization. During the acid hydrolysis process, 42%
hydrochloric acid was utilized by the Willstatter lignin. The
different methods are summarized in Fig. 2.

Regarding the process of enzymatic hydrolysis, lignin's
carbohydrates are extracted through the use of enzymes that
break down cellulose and hemicelluloses. This results in
insoluble leovers referred to as lignin hydrolyzed enzymati-
cally (EHL), which typically contain approximately 95% of the
948 | Sustainable Food Technol., 2024, 2, 945–966
original lignin and are contaminated with around 10–12% of
protein and carbohydrate contaminants, making subsequent
analysis more challenging.57,75 According to Yin and his
coworkers,76 the enzymatic hydrolysis in this process is oen
carried out under mild conditions, which preserves the majority
of the active functional molecules, particularly phenolic and
alcoholic hydroxyl groups, in lignin. An example of the EHL
process is provided in the paper by Zhang et al.40

During the pulping stage, lignin is extracted from biomass
using a high temperature and a NaOH solution (4–7%).77,78 This
results in the formation of a black liquid, which can be sepa-
rated from the lignin by acidication with HCl or CO2. If
a solution of NaOH and Na2S is used as the pulping medium,
kra lignin is generated,79 while if a NaOH solution is used
without Na2S, soda lignin is produced.80 These days, sowood
and non-wood materials such as peel and pomace are typically
processed using the soda process, while hardwoodmaterials are
typically processed using the kra process. During the soda
process, lower molecular weight lignin fragments can be
produced when alkali hydrolysis partially cleaves the a-ether
linkages in lignin.55

The use of strong oxidants, such as anthraquinone (AQ) or
H2O2, is frequently employed in the extraction of linked
carbohydrates from lignin in alkali solutions.81 In the Kra
method, the Na2S dosage is typically determined to be 16 g per
liter of 1 M NaOH. By attaching to the a-carbon atom in the
ether linkages, sulde and bisulde ions have the potential to
break portions of the lignin's ether connections during this
process. Unlike soda lignin, kra lignin contains approximately
1% sulfur in the form of aliphatic groups.82

The level of acidity when precipitating alkali lignin has
a signicant impact on themolecular weight of the end product;
the greater the extent of acidity, the lower the product's
molecular weight. The sulte pulping process, which treats
biomass with a water-based solution consisting of sulfur
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Flow diagram of preparation processes of milled wood lignin.59 Adapted and modified with permission of Francis and Taylor publishers.
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dioxide and a sulfurous acid salt at temperatures ranging from
125 to 1500 °C, results in sulfonated lignin, also known as
lignosulfonate.55 Acid hydrolysis may be used in this method to
cleave the bonds to polysaccharides,80 and it may also partially
destroy the a- and b-ether linkages in lignin.83 The resulting
lignin contains carboxylic groups, phenolic/aliphatic hydroxyl
groups, and functional groups such as lignosulfonic acid (LA),
lignosulfonate, and carboxylic group, depending on the type of
sulfurous acid salt used, such as calcium sulte,84 sodium
sulte,85 or magnesium sulte.86 Sulte lignin is water-soluble
due to its high sulfonate content (up to 13%).82 Lignin can be
extracted from pulping liquors through various methods, such
as dialysis, membrane ltration, and alcohol precipitation.
According to the study reported by Shimizu et al.,83 these tech-
niques may partially degrade the a- and b-ether linkages in
lignin. By using different sulfurous acid salts, like calcium
sulphite,87 sodium sulphite,85 or magnesium sulte,86 the
resulting lignin contains functional groups such as carboxylic
groups, phenolic/aliphatic hydroxyl groups, and lignosulfonic
acid (LA), lignosulfonate, and carboxylic group.

Organosolv lignin is produced by heating biomass in a dilute
organic solvent (40–80%, v/v) at temperatures ranging from
1400–2200 °C.88 In this process, the a-ether connections in
lignin are broken down using hydrolytic cleavage, and an acid
or base catalyst is employed to dissolve the lignin fragments in
the solvent.80 A variety of organic solvents, such as acetone,
ethanol, methanol, formic acid, or acetic acid, can be used
along with different catalysts like HCl and NaOH-AQ combi-
nation.89 Some of the commonly used techniques include
Alkaline sulte-AQ-methanol (ASAM),90 Formacell,91 Alcell,89
© 2024 The Author(s). Published by the Royal Society of Chemistry
Organocell,92 and Acetosolv.93 The Alcell process utilizes
a sulfuric acid catalyst (approximately 1.0%) and a dilute
ethanol solution (about 65%, v/v) to process biomass.94 The
Organocell method employs a 30% NaOH catalyst in combina-
tion with an aqueous methanol solution (40%, v/v), either with
or without AQ.55 The Acetosolv technique involves heating
biomass in a 93% (v/v) aqueous acetic acid solution with less
than 1% HCl as a catalyst.55 The Formacell approach uses
a water-based solution containing peroxyformic acid, which is
created when formic acid and H2O2 are combined.95 Finally, the
ASAM procedure utilizes an aqueous NaOH solution (approxi-
mately 14%) containing methanol (15%), AQ (0.1%), ethylene
diamine tetra acetic acid (0.5%), and Na2SO3 (Na2SO3/NaOH 1

4
80/20) at 1500 C.55 Both annual plants and hardwoods can be
processed effectively with the organosolv approach. Apart from
the ASAMmethod, organosolv lignin is sulfur-free and has a low
molecular weight of roughly 5000.55 Additionally, the organo-
solv process can be enhanced by using a novel pulping
approach of steam explosion before solvent extraction, which
has become more and more common as an organosolv tech-
nique in recent years.83 Furthermore, pretreating biomass with
ion solutions such as 1-ethyl-3-methylimidazolium acetate has
been shown to lessen the greenhouse gas emissions of volatile
organic solvents, making it a more environmentally friendly
option.96
Strategies for lignin incorporation into polymeric lm

Solution casting. Stokes' law forms the basis for the solution
casting method. In this process, the prepolymer and polymer
Sustainable Food Technol., 2024, 2, 945–966 | 949
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are combined evenly and rendered soluble in the appropriate
solution.97 The lignin is distributed either in the same solution
or a separate one, whereas the polymer, acting as the matrix
phase, dissolves easily and turns soluble in the solution. Solu-
tion casting, also known as the wet processing method, has
performed higher compared to other production techniques
due to its ease of use and absence of specialized equipment
needed for injection-molding or extrusion procedures.97 Saraf
and Glasser used solution casting to create lignin-based poly-
urethane lms by combining hydroxypropyl lignin derivatives
with an aliphatic or aromatic isocyanate. The study's experi-
mental materials included two lignins, kra and steam-
exploding lignin, and two diisocyanates, hexamethylene diiso-
cyanate (HDI) and tolylene diisocyanate (TDI).98 In this process,
the lignin and solubilized polymer matrix (epoxy) are continu-
ously mixed and swirled, and then casting, drying, or solvent
evaporation is performed.99 Compared to the hot-pressed
method, the solution casting approach yields a lignin-based
polymeric lm with a higher degree of crystallinity. Solution
casting is the most efficient method for producing thermally
stable lms of polymers from materials that tend to form gels
prior to the reaction being complete. Typically, a suitable
solvent—such as water, alcohol, or any other organic solvent—
is used to dissolve the polymer. Because solution casting poly-
mer composites are made at room temperature, they degenerate
and deteriorate less quickly than molten compression molding
composites.100 The physical, aging, and mechanical properties
of manufactured polymeric composites are inuenced by
various factors, including the viscosity of the polymer, the even
distribution of the particles, their stereochemistry, conforma-
tions, type of hardener, ingredients, and ambient conditions.101

Blown lm extrusion. Extrusion of blown lms is one of the
numerous processes utilized in the production of polymers.
Specialty polymer lms, such as stretch, shrink, and barrier
lms (which shield deli meat), as well as shopping bags and
frozen food packaging, are produced using this method and are
widely utilized in packaging.102 Although there are more types
(LDPE, HDPE, and LLDPE), the two polymers that are most
frequently used for blown lm extrusion are polypropylene and
polyethylene. This technology, known as co-extrusion, has the
potential to produce multi-layer lms that integrate multiple
plastics into one lm, as well as more complex monolayer lms.
Chiappero blow-molded LLDPE pellets with sizes of particles
ranging from 38 to 75 mm, that include 2.5%, 5%, and 10%
lignin to produce exible lms.103 Melt ow index experiments
indicate that 85% of the polymer mix containing kra lignin
may be extrusion molded adequately. Tiny amounts of plasti-
cizing agents are added to blend solutions to modify the cross-
linking of lignin molecules. It was noted that 85% of the kra
lignin could possibly be put to use. It was discovered that the
use of polymer and the appropriate plasticizers might result in
a combination of a glass transition temperature (Tg) which is
almost ambient. To obtain the required lm thickness and
width, this production method can be adjusted. The use of
solvent casting and extrusion is prevalent in the production of
lignin-based polymers, which have diverse applications such as
packaging, drug delivery, biological medicine, wound healing,
950 | Sustainable Food Technol., 2024, 2, 945–966
agricultural applications, seed coatings, and automotive
components. The addition of lignin to chitosan lms in these
processes oen results in surface roughening, which can
further decrease the contact angle. Studies have demonstrated
the benets of using lignin as twin ller in high-density poly-
ethylene extrusion and blow molding. Two methods were
employed to produce polylactic acid nanocomposites with
lignin nanoparticles at varying weights: melt extrusion and
solvent-based casting. The ability to control the mechanical
properties of the nal plastic product based on the process
settings and base polymer(s) used is a signicant advantage of
using conventional blown lm extrusion techniques. Blown
lm extrusion is a process in which the polymer is caused to
expand radially and move upward, leading to the application of
pressures in the draw and transverse directions. As a result, the
polymer stretches, giving the lm its strength. The quantity of
infusion and drawing can be adjusted to provide the desired
strength in the cross and draw directions. Furthermore, blown
lm extrusion is highly versatile, enabling the production of
various single or multi-layer lms in a range of widths and
thicknesses, as reported.104

Compression molding. The use of compression molding in
the production of thermosetting polymers is a common prac-
tice. A standard compression molding procedure involves
a curing interval of 3 minutes at a temperature of 350 °F and
a pressure of 100 psi (180 °C and 700 kPa). Aer thematerial has
dried, the plastic package is removed from the mold. This
method of production is low-cost and suitable for high-volume
production.105 In one experiment, aluminum foils were coated
equally with copolymers based on lignin, and these foils were
then placed in a compression mold at a temperature of 110 °C
and a pressure of approximately 117MPa for 3minutes.106 It was
observed that as the ber content of the lignin composite lm
increased, so did its impact and exural strength. However, for
lignin-based polylactic acid lms, the solvent casting approach
was found to have better dispersion than the compression
molding method. Beech wood our is used to produce Bjork-
man lignin, which is then used to make polyethylene lms.
These lms, which were created by compression molding aer
solution casting, exhibited superior antibacterial properties.107

By adding 2% of an antimicrobial substance to the polyethylene
lms through solution casting and then compressing the
material, the resulting lms had improved antibacterial quali-
ties.107 Blends of starch, PVA, and lignin with glycerol as
a plasticizer were created using a compression molding
machine for lm manufacturing and the melt compounding
process.108 There are two types of compression molding
processes: hot compression molding and cold compression
molding. Cold compression molding cures at room tempera-
ture, while hot press molding cures by heating the mold, which
then transfers heat to the composite components.105

Lignin based materials for food packaging applications.
Lignin is a promising biopolymer that can be used in food
packaging applications. According to recent studies, lignin-
derived materials possess excellent physicochemical proper-
ties (shown in Table 1) that make them suitable for use in food
packaging applications. In this section, we will discuss the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of the lignin derived materials for food packaging applications

Lignin derived materials
Barrier and antibacterial
properties Mechanical properties Thermal durability Ref.

Lignin—gellan gum-hydroxyethyl
cellulose

Enhanced hydrophobicity, UV,
antioxidant property

Tensile strength (MPa): 23.0 �
1.1,39.0 � 0.8 (respectively, for
gellan gum, lignin—gellan
gum-hydroxyethyl cellulose)

Tg (°C): 149.2 � 0.5,
156.9 � 0.3 (for gellan
gum, lignin—gellan
gum-hydroxyethyl
cellulose, respectively)

111

Exhibited better antibacterial
and non-cytotoxic properties

EB (%): 20.3 � 0.4,32.5 � 0.4
(respectively, for gellangum,
lignin—gellan gum-
hydroxyethyl cellulose)

Tm (°C): 205.6 � 0.6,
216.0. � 0.3 (for gellan
gum, lignin—gellan
gum-hydroxyethyl
cellulose, respectively)

Cellulose–lignin lms Enhance antibacterial and UV-
shielding, durability

Tensile strength (MPa): 75.90 First weight loss (room
temperature to 160 °C)
was about 10%

121

Enhanced antibacterial
property, hydrophobicity

Tonset of cellulose lm is
270 °C, which increased
to 275 °C and 290 °C

Good water vapor and oxygen
barrier ability of the phenolated
lignin/cellulose

Tmax (maximum mass
loss temperature)
values are 291, 308 and
320 °C for the cellulose
and cellulose-lignin
derived lms,
respectively

Carboxymethyl cellulose (CMC)
and lignin lm

Enhanced physical properties,
thickness, solubility, moisture
content, and water vapor
permeability (WVP) were
improved from 0.09 to 0.14 mm,
84.75 to 51.03%, 31.34 to
19.30%, and 4.98 to 1.08× 10−10

g m−1 s−1 Pa−1, respectively

Tensile strength (TS) increased
from 18.29 to 32.61 MPa and
elongation at break (EAB) of
the CMC-lignin lms from and
32.5–45.3%

— 122

Poly(butylene succinate (PBS)
based lignin lms

— PBS tensile modulus (MPa)
636.8 � 56.9 (machine
direction MD), 794.7 � 50.4
(transverse direction TD)

(PBS melting
temperature (Tm) 112.0
°C, crystallization
temperature (Tc) 91.0 °C

123

Tensile strength (MPa) 38.3 �
3.5 (MD), 35.4 � 5.3 (TD)

PBS based lignin lms
Tm 112.3 °C, Tc 90.7 °C

Elongation at break (%) 279.3
� 30.9 (MD), (%) 8.8� 2.4 (TD)
Tensile modulus 652.0 � 37.5
(MD), 809.7 � 69.9 (TD)
Tensile strength (MPa) 37.3 �
1.8 (MD), 33.5 � 2.5 (TD)
Elongation at break (%)282.8
� 15.8 (MD), 6.7 � 0.5 (TD)

Polyvinyl alcohol (PVA)/chitin-
lignin nanoparticles (PVA/CI/
LNP) lms

Enhanced barrier properties Tensile strength 23.40 � 1.36 PVA (degradation
temperature) (DT) 75.99
°C, (weight loss) (WL)
95.30% at rst peak

118

PVA moisture (%) 16.33 � 1.70 Elongation (%) 121.6 � 0.12 PVA/CI/LNP (DT) 96.34
°C, (WL) 97.00%

PVA/CI/LNP moisture (%) 5.79 �
1.81

PVA/Ci/LNP tensile strength
36.82 � 0.17, elongation (%)
121.2 � 0.13

Alkali lignin lignosulfonate—soy
protein isolate

Enhanced thermal, mechanical,
and UV barrier qualities
decreased penetration of the
vapor of water

TS (MPa): 4.74 � 0.34, 8.01 �
0.89,10.98 � 1.02 (respectively,
for soy protein, 10%
lignosulfonate–soy protein,
10% alkali lignin—soy protein)

First weight loss 50–100
°C. The second weight
loss occurred at around
300 °C

112

EB (%): 126.33 � 17.9, 79.95 �
5.32, 7.45 � 1.24 (respectively,
for soy protein, 10%

© 2024 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2024, 2, 945–966 | 951
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Table 1 (Contd. )

Lignin derived materials
Barrier and antibacterial
properties Mechanical properties Thermal durability Ref.

lignosulfonate—soy protein,
10% alkali lignin—soy protein)

Lignin—nanocellulose Improved UV protection and
oxygen permeability

Tensile strength (MPa) 22.8 — 124
Elastic modulus (GPa) 4.7
Breaking strain (%) 0.7

Lignin—poly (lactic acid) (PLA) Strong antioxidative action TS(MPa): ∼40, ∼30
(respectively, for PLA, PLA—
40% lignin)

Tonset (°C): 323.6, 306.1
for PLA, PLA—40%
lignin, respectively)

125

EB(%): ∼15,∼2 (respectively,
for PLA, PLA—40% lignin)

Tmax (°C): 330.2,
320.7(for PLA, PLA—
40% lignin,
respectively)
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latest research on lignin based materials for food packaging
applications, focusing on their antibacterial, antioxidant, UV,
antiviral, and other properties. Plant cell walls are composed of
lignin, a complex phenolic substance that serves as a natural UV
lter and possesses high antioxidant properties. Despite these
advantages, lignin has poor mechanical and separating char-
acteristics. When combined with agar, however, it can improve
the lm's mechanical and thermal durability, as well as its water
vapor barrier and transparency.109,110 Although the integration
of lignin with other biopolymers has the potential to offer
numerous advantages, the research conducted in this eld is
currently limited. For instance, a study by Rukmani Krishnan
et al.111 used the solvent casting method to create composite
lms by combining lignin with gellan gum and hydroxyethyl
cellulose at different weight percentages (0, 1, 5, and 10%). The
addition of 10% lignin resulted in a 59.2% increase in tensile
strength and 100% and 90% protection against UVB and UVA
rays, respectively. Another study by Zadeh, O'Keefe, and Kim112

found that an alkalilignin–lignosulfonate–soy protein isolate
lm had similar UV barrier properties to lignin, and also
exhibited improved thermal and mechanical stability.

A recent study has shown that wood-inspired biopolymeric
nanocomposite lms offer a promising solution to environ-
mental concerns in food packaging. These lms are made from
sustainable materials, including cellulose nanobers, ligno-
sulfonates, and beechwood xylans, and possess exceptional
qualities such as UV protection, mechanical strength, and fruit
preservation (see Fig. 3). This study emphasizes the potential for
cost-effective and eco-friendly packaging solutions that priori-
tize sustainability.113

A study reported that lignin, an abundant biopolymer pres-
ents in agricultural biomass and characterized by its sustain-
ability and biodegradability, can be utilized as a viable
alternative for the production of biomaterials, particularly
polymer packaging. Aer extracting and analyzing it from wheat
straw, the incorporation of lignin into nanocomposite lms
showcases its potential to enhance antioxidant, antibacterial,
and UV protective properties. The resulting lms exhibit strong
antimicrobial activity against a variety of pathogens and effec-
tive UV protection, highlighting their potential as eco-friendly,
952 | Sustainable Food Technol., 2024, 2, 945–966
cost-effective, and sustainable biomaterials. Moreover, the
inherent qualities of lignin-based lms—such as low cost,
biocompatibility, exibility, and transparency—further support
their applicability in the food packaging industry.114

Recently, researchers have developed lignin nanoparticles
(LNPs) using the deep eutectic solvent (DES) anti-solvent
approach and combined them with a polyvinyl alcohol (PVA)
matrix to create nanocomposite lms. These lms exhibit
improved mechanical, thermal, and hydrophobic qualities, as
well as good UV protection, potent antioxidants, and strong
antibacterial activity against E. coli and S. aureus as exhibited in
Fig. 4. The use of LNPs in PVA-based nanocomposite lms holds
great promise for their application in active food packaging.115

Garg and coworkers studied that incorporating lignin's
exceptional properties, such as its tensile strength, antioxidant,
antibacterial, and UV barrier properties, along with chitosan's
lm-forming capabilities, could lead to the development of
improved food packaging materials. The rened hydrogel
formulations show enhanced bioactivity and reduced produc-
tion costs, suggesting the potential for creating environmentally
friendly food packaging solutions. Furthermore, the optimized
synthesis method enhances the efficiency of hydrogel lm
production.116 According to another study, incorporating lignin
into biodegradable polylactic acid (PLA) composite lms as
a reinforcing ller proves effective. Researchers created lignin-
graed polylactic acid co-polymers and mixed them with PLA
through in situ polymerization, resulting in lms with improved
mechanical properties and strong antioxidant capabilities.
These ndings suggest a promising path for the creation of
high-performing, eco-friendly packaging materials.117

An intriguing study investigates the use of oxytenanthera
abyssinica derived lignin nanoparticles (LNPs) in enhancing the
properties of polyvinyl alcohol/chitosan (PVA/CI) and polyvinyl
alcohol/chitin (PVA/CH) lms for active food packaging. The
addition of LNPs at concentrations of 1% and 3% improved the
lms' mechanical characteristics, antioxidant capacity, and
thermal stability. Furthermore, the inclusion of LNPs enhanced
the UV-blocking and antimicrobial properties, and prevented
the migration of dietary stimulants, making these lms prom-
ising candidates for use in active food packaging.118
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Digital photos of the packed fruits (B) freshly cut pears before and after storage in the refrigerator at 4 °C (3 and 7 days). Reproduced
with the permission of Elsevier.113
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Researchers have recently uncovered the promising potential
of carbon dots (CDs), made from sustainable lignin, for use in
intelligent sensing applications in food packaging. By incor-
porating CDs into a carrageenan biopolymer matrix,
a composite lm is produced that exhibits increased mechan-
ical characteristics, pH-dependent color change, UV radiation
blocking, and enhanced hydrophobicity. Additionally, the lm
demonstrates good antioxidant and antibacterial qualities, as
well as notable decreases in CO2 gas permeability and oxygen
transmission rate as presented in Fig. 5. The practical use of
this responsive packaging material in tracking milk deteriora-
tion through color changes showcases the potential for
sustainable and intelligent food packaging solutions.119

A recent study has produced eco-friendly food packaging
lms by combining lignin with a matrix of potato starch and
polyvinyl alcohol (PVA). The addition of lignin signicantly
improves the tensile strength, UV barrier, antioxidant activity,
water vapor barrier, and antibacterial properties of the lm. The
development of a polymer network structure by hydrogen
bonding, as conrmed by structural analysis, increases the
interfacial compatibility between polymers. Lignin's high
phenolic hydroxyl content facilitates its antioxidant action
through a proton-coupled electron transfer pathway. This study
© 2024 The Author(s). Published by the Royal Society of Chemistry
presents a promising method for developing multifunctional
composite lms using elements derived from biomass, which
have signicant potential for use in food packaging.120

Antioxidant properties of lignin based materials. Numerous
studies have validated the antioxidant capacity of lignin. Ten
years ago, in vitro experiments demonstrated that bagasse
lignin possessed antioxidant properties.126 Latif and coworkers
research revealed that lignin from oil palm fronds exhibited
a stronger Fe+3 reducing power than vanillin.127 According to
a study by Li et al., butylated hydroxyl toluene (BHT) had
a radical scavenging index of 0.29.128 On the other hand,
bamboo stem lignin treated with organosolv (formic acid/acetic
acid/water, 3/5/2, v/v/v) showed a strong ability to scavenge
DPPH radicals. Dong and his colleagues reported that the
oxygen radical absorbance capacity (ORAC) of the lignins from
maize stover obtained by specic ethanol extraction tasks
(1741.72–3119.68 lmol TE g−1) was much higher than that of
vitamin C (530.64 lmol TE g−1).129 In another study130 acetosolv
lignin made from bamboo shoot shell showed slightly higher
values than BHT in terms of ferric reducing power, DPPH, and
ABTS radical scavenging activities. In terms of the half-maximal
inhibitory concentration (IC50) of DPPH radical scavenging, the
lignins in rice husk by acidolysis (37.2 lg ml−1) and alkaline
Sustainable Food Technol., 2024, 2, 945–966 | 953
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Fig. 4 Plate count images of the bactericidal activity of nanocomposite films (A) corresponding to bacterial cell viability of S. aureus (B) and E. coli
(C). Reproduced with the permission of Elsevier.115
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enzymatic treatment (52.6 lg ml−1) showed higher values than
the reference antioxidants of quercetin (1.8 lg ml−1), rutin (4.3
lg ml−1), BHA (4.5 lg ml−1), and BHT (10.4 lg ml−1).131

Furthermore, our recent studies130,132 demonstrated that aceto-
solv lignins from the shells of sunower seeds and bamboo
shoots have greater antioxidant activity than BHT. A substantial
body of research133,134 has conrmed the in vitro antioxidant
activity of various lignins. For instance, bagasse lignin, ligno-
sulfonate, curan 100, and steam explosion lignin135 were able to
dose-dependently inhibit red blood cell hemolysis caused by
2,20-azobis (2-amidinopropane) dihydrochloride (a peroxyl
radical catalyst) in preserved human keratinocyte cell line
HaCaT and mouse broblast cell line 3T3. Additionally, similar
results were obtained with human red blood cells.126 Among all
the lignins examined, bagasse lignin showed the highest anti-
oxidant capacity. In human colon cancer CaCo-2 cells, pre-
incubation with kra lignin from spruce and beech wood
lignin from fermentation with yeast at a concentration of 50 lg
ml−1 may signicantly reduce H2O2-induced DNA strand
breaks.136 It is demonstrated the transepithelial mechanism of
transport of calcium lignosulphonate within CaCo-2 cell layers,
even at low levels.137 A study have shown have shown that the
lignin-polycaprolactone (PCL) copolymer has more antioxidant
activity than PCL.138 The lignin-PCL nanober exhibited a more
robust protective effect against H2O2-induced oxidative stress in
Schwann nerve cells that had been seeded, in comparison to its
PCL counterpart. Furthermore, proliferating on lignin-PCL
nanober, Schwann cells as well as dorsal root ganglion
neurons may facilitate nerve regeneration. Lastly, when beech
954 | Sustainable Food Technol., 2024, 2, 945–966
wood lignin extracted with dioxane/water was fed to rat primary
hepatocytes for 21 days at a dosage of 0.8 g/100 g, the hepato-
cytes demonstrated remarkable resistance to H2O2-induced
oxidative stress in vivo testing. DNA strand breaks were observed
to decrease as a result of this.136

Catignani and Carter139 discovered that adding lignin (l–
10%) to the rat diet increased the amount of retinol deposited in
the liver by 50–100%, despite the lack of data available at the
time. Unfortunately, until recently, no clinical data was avail-
able on lignin's antioxidant properties. However, it should be
noted that the mechanism underlying lignin's in vivo antioxi-
dant action remains unknown due to the material's poor
absorbability frommice's gastrointestinal tracts.140 Despite this,
the prebiotic benets of kra lignins and Alcell for farm
animals suggest a feasible in vivo approach through gut ora
regulation.141 Within the food chain, it was found that 2.5% of
kra lignin derived from wood sources was just as effective at
preventing maize oil oxidation caused by heating it to 1000 C
and aerating it at a rate of 180 mm per minute as 0.03% vitamin
E.139 Furthermore, milled wood lignin from green tea leaves may
block the autoxidation of linoleic acid by 50%, although it is less
efficient than the commercial antioxidants of VE and BHA.
Remarkably, lignin has been shown to enhance the antioxidant
capacities of a-tocopherol and gallate (EPG).142 Quercetin and
lignin have also been found to have a combined antioxidant
impact.143 As demonstrated, the specic technique employed
and the genetic origins of the starting material have a signi-
cant impact on the antioxidant capacity of separated lignin. For
instance, Dizhbite and coworkers discovered that alkali lignins
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Water and oxygen barrier properties of Carrageenan and Carrageenan-CD films (b) CO2 barrier property of Carrageenan and
Carrageenan-CD films (c) antioxidant activities of CD solution against ABTS and DPPH radicals (d) antioxidant activity of films against DPPH free
radicals (e) antioxidant activity of films against ABTS free radicals. Reproduced with the permission of Elsevier.119

© 2024 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2024, 2, 945–966 | 955
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from spruce, birch, and aspen—all produced using the same
technique—display antiradical capabilities that are, 0.5, 1.0,
and 1.1,144 respectively.

The results of the study conducted by Dong et al. indicated
that the soda lignins derived from maize stover and prepared
under different conditions displayed varying degrees of anti-
oxidant activity. Specically, the sample extracted at 950 °C for
120 minutes with a solid/solvent ratio of 1 : 4 (w/v) exhibited the
highest level of antioxidant activity among the four samples
tested.129 This nding is consistent with previous research
demonstrating that lignins derived from the same biomass can
have distinct antioxidant properties.145 It is widely accepted that
the structural features of lignin play a critical role in deter-
mining its antioxidant activity. For instance, the presence of
unbound phenolic hydroxyl, methoxy, aliphatic hydroxyl, and
double bonds between the side chain's outermost carbon atoms
have been reported to contribute to lignin's antioxidant
activity.144,146 The mechanism by which lignin actsas an anti-
oxidant is depicted in Fig. 6, which includes initiation, propa-
gation, termination, and several advanced oxidized products.

The concentration of phenolic hydroxyl in lignin is a key
structural feature that determines its antioxidant capacity. It is
worth noting that studies have shown that lowmolecular weight
lignins tend to have greater antioxidant activity than those with
higher molecular weights.147,148 This can be attributed to the fact
that lignin fragmentation exposes more phenolic hydroxyls,
thereby increasing its antioxidant activity. However, the
condensation reaction can harm lignin's antioxidant activity.

Antibacterial properties of lignin based materials. Lignin
has been discovered to possess innate antimicrobial qualities
Fig. 6 Various reactions showing lignin antioxidant mechanism. Reprod

956 | Sustainable Food Technol., 2024, 2, 945–966
(Table 2), which protect plant tissue from microbial harm,.150

Although the antimicrobial activity of lignin is species-specic,
research has shown that it has the potential to serve as a natural
antibacterial agent and the mechanism is shown in Fig. 7. It is
demonstrated that the antibacterial properties of lignin by
successfully preventing the growth of Staphylococcus epidermidis
in sugarcane bagasse lignin lms.151 Lignin has been reported
to be effective against certain Gram-positive bacteria, such as L.
monocytogenes, L. innocua, S. aureus, B. subtilis, and B. mycoids,
but not against Gram-negative bacteria like S. Enteritidis and E.
coli.129,152 The reason for this difference in susceptibility is not
entirely clear, but it may be related to the absence of a second
cell wall in Gram-positive bacteria.153 However, this theory does
not always hold true for Gram-negative bacteria. Lignin has
been found to inhibit the growth of certain Gram-negative
bacteria, such as S. typhimurium and E. coli, as demonstrated
by a Medina study.153 In addition, dietary Alcell lignin may
reduce the quantity of E. coli in chicken waste and cecum
content, as reported by Baurhoo and his colleagues.154 This
nding has important implications for reducing intestinal E.
coli contamination during poultry slaughter. The precise
mechanism by which lignin inhibits bacteria is not yet fully
understood. It has been proposed that lignin's polyphenolic
compounds damage bacterial cell membranes, causing the cells
to lyse and releasing their contents.141 The effects of lignin on
fungi are complex and difficult to interpret universally.

With regard to yeast, spruce organ cells contain lignin that
inhibits strains of R. rubra, A. pullulans, B. alba, and C. tropicalis,
whereas the C. albicans strain is unaffected. However, the oil
palm empty fruit bunch alkali lignin is ineffective against
uced with the permission of Nature Springer Publisher.149

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antibacterial properties of the lignin based materials

Source of lignin Filler Matrix Microorganisms Ref.

Alkaline lignin Lignin nanoparticles (LNPs) Pectin S. aureus and E.coli 156
Corn straw Silver-lignin nanotube Corn straw S. aureus and E.coli 157
Alkaline lignin Citric acid and acetylated

modied LNPs
Polylactic acid E. coli and M. luteus 158

Commercial soda lignin
(PB1000)

LNPs Cellulose nanocrystals and
cellulose nanobrils

S. aureus 159

Alkali lignin (Sigma-Aldrich) Nanolignin and 0.5 wt%
metal oxide nanoparticles
(Ag2O, TiO2, WO3, Fe2O3 and
ZnFe2O4)

Polylactic acid (PLA) S. aureus and E. coli 160

Acacia mangium pulp mill
waste

Starch/polylactic acid Lignin biolm E. coli, Salmonella typhi and
S. aureus

161

Lignin (Shandong Longlive
co., Ltd.)

Lignin-zinc oxide hybrid
particles

(Butyleneadipate-co-
terephthalate) (PBAT)

Contact type antibacterial
property improved bacterial
adhesion decreased

162

Bamboo/alkaline Polyethyleneimine-lignin
contained cellulose
nanobers

Poly(vinyl alcohol) (PVA)
nanocomposite lms

S. aureus and E. coli 163

Lignosulfonate Tannic acid @ sodium
lignosulfonate–Ag
nanoparticles

PVA S. aureus and E. coli 164

Fig. 7 Mechanism of antimicrobial activity of lignin nanoparticles for food packaging applications. Reproduced with the permission of Nature
Springer Publisher.149
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Candida albicans, but shows inhibitory effects against Candida
lipolytica. Additionally, alkali lignin from maize stover is effec-
tive against some strains of fungi. Apple tree pruning leovers,
on the other hand, are observed to hinder the growth of S.
cerevisiae. The chemical structure, manufacturing technique,
and genetic heritage of lignin all play a role in its antibacterial
activity, as do the targeted strain of the microbe and the
working concentration. It is clear that lignin's antibacterial
activity is not fully established, but its dependence on these
© 2024 The Author(s). Published by the Royal Society of Chemistry
factors is evident. In light of the chemical structure of lignin,
two primary factors are the side chain structure and its func-
tional moieties. Specically, the presence of oxygen-containing
groups (–OH, –CO, and –COOH) on the side chain is consis-
tently associated with poor inhibitory power. However, iso-
eugenol, a phenolic component of lignin, displays an excellent
inhibitory action due to its double bonds position of the side
chain and the methyl group.141 Furthermore, the aromatic
compounds linked to the antibacterial activity of lignin are
Sustainable Food Technol., 2024, 2, 945–966 | 957
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similar to antibiotics like methicillin, carbenicillin, and benzyl
penicillin.155

Antiviral properties of lignin based materials. Several
viruses, such as the inuenza virus,165 herpes simplex virus,166

and human immunodeciency virus (HIV),167 are susceptible to
the potential antiviral properties of lignins. In a study by
Sakagami, it was found that Alcell lignin produced from cacao
seed husk displayed anti-HIV and anti-inuenza viral activity,
with selectivity values of >100 000 and 155, respectively.168

Furthermore, Matsuhisa and coworkers169 observed a ten-fold
increase in the vitality of hepatitis C virus-infected Huh7.5.1
cells when using the low-molecular-weight lignin from Lenti-
nula edodes mycelia solid culture, compared to its hot-water
extract, suggesting the lignin's antiviral activity.

Research has conrmed that lignins possess potential anti-
viral properties against various viruses, including HIV.167

According to study reported by Srisapoome et al., intramuscular
injection of kra lignin (from Penaeus monodon Linn., black
tiger shrimp) and yellow head virus solutions at lignin
concentrations of 1–20 mg L−1 before incubation signicantly
reduced shrimp mortality rates at 14–20 days aer injection.170

These ndings provide compelling evidence of lignin's antiviral
properties. The two main contributing factors for lignin's anti-
viral activity were found to be lignosulfonic acid (LA) and LCC.
As early as 1990, it was discovered that LCC exhibited antiviral
properties. Lai et al. provided evidence that LCC from pine
cones may prevent HIV replication.171 The LCC from seeds of
Pimpinella anisum signicantly decreased human cytomega-
lovirus, measles virus, and herpes simplex virus types 1 and 2
with selectivity index values up to 140, 210, and 3100, respec-
tively.172 In a study, it is reported that the high selectivity index
of up to 77 indicates that LCC generated from cocoa mass
demonstrates excellent anti-HIV activity.173 LA, a prominent
member of the lignin-derived macromolecule family, has a well-
established antiviral activity. Qiu et al.174 veried LA's bacteri-
cidal potential against HIV-1, with EC50 values versus the R5
and X4 HIV-1 strains being 6.323 mg mL−1 and 1.411 mg mL−1,
respectively. Gordts et al.166 reported similar results, demon-
strating that LA may signicantly inhibit the multiplication of
the four HIV strains in MT-4 and peripheral blood mononuclear
cells. Furthermore, a clinical trial conducted by Lopez et al.175

found that oral lignin-ascorbic acid supplementation decreased
the severity of symptoms and the likelihood of recurrent HSV-1
infection. Vinardell and Mitjans176 analyzed the extensive data
about the antiviral in nature functions of LA and LCC. The
literature currently available suggests that the possible antiviral
efficacy of lignin is dependent on several factors, such as the
lignin's source,173 the virus strain,169 and the parameters of
treatment (lignin concentration, length of treatment, and stage
of virus infection, among others).170,172 The relationship
between lignin concentration and dose dependency is
commonly established in research studies.169,170 Although the
exact mechanism underlying lignin's antiviral effect remains
unclear, various research proposals have been put forth. Virus
infection occurs when viral apolipoprotein E (apoE) interacts
with heparin sulfate on the host cell surface.56 Therefore,
lignin's ability to bind to viruses may reduce their adsorption
958 | Sustainable Food Technol., 2024, 2, 945–966
and penetration of host cells. A study suggested that lignin's
structural resemblance to heparin sulfate enables it to compete
with viruses for cell surface binding, thereby inhibiting their
ability to adhere to and infect cells.177 Secondly, lignin has been
demonstrated to inhibit the activities of several viral enzymes,
including RNA polymerase, reverse transcriptase, protease, and
plaque formation,171,178,179 thereby inhibiting viral replication.
Lastly, lignin's antioxidant properties may strengthen host cells'
defense against viral infection by reducing oxidative stress.175

UV light blocker properties of lignin based materials. The
naturally occurring biopolymer lignin possesses several attrac-
tive characteristics, including its three-dimensional, amor-
phous, renewable, and biodegradable nature. Lignin is derived
from the polymer matrix incorporated in active packaging,
which is a byproduct of the pulp and paper as well as bio-
rening industries. As the most abundant natural resource aer
cellulose, lignin is widely recognized as the greatest naturally
occurring phenolic biopolymer. It is composed of three distinct
phenol types that are linked via ether or single bond linkages,
lignin boasts an array of functional groups present in varying
concentrations.180

Lignin's functional groups, such as phenolic units, ketone
molecules, and chromophores, enable it to absorb UV light,
making it a potent UV blocker. In addition to its antioxidant and
radical-scavenging properties, lignin's functional groups
contribute to its exceptional UV blocking capabilities.181 Lignin
can absorb a broad spectrum of UV radiation with wavelengths
ranging from 250 to 400 nm and contains chromophore func-
tional groups.182 Despite its abundance as a byproduct of agri-
culture, lignin has traditionally had limited utility. However,
active packaging, which serves not only as an inert barrier but
also as an additional means of preserving food, represents
a promising application for this versatile biopolymer.183 Lignin
presents a wide range of frameworks, purities, and related
properties, which depend on its sort, source, and extraction
method. Some of the distinctive qualities of lignin are its
capacity to absorb UV light, low polarity (i.e., hydrophobic
qualities), and antioxidant properties.184 These characteristics
make lignin an appealing component in the production of lm
materials that have UV blocking and reduced hydrophilicity.185

Lignin has also been studied as a potential additive to polymeric
materials to protect them from UV radiation-induced photo-
degradation, which results in yellowing and a loss of mechan-
ical characteristics.186

Lignin's radiation-protective properties have attracted
signicant attention, particularly its ability to act as a natural
UV blocker. Lignin is the second most abundant renewable
biomass on Earth and is rich in aromatic rings, making it an
attractive candidate for shielding polymeric materials from UV
light.187 Lignin's composition of phenolic units, chromophores,
and ketones allows it to naturally block almost the entire UV
light spectrum. Additionally, lignin possesses antifungal, anti-
bacterial, and antioxidant qualities.188 The potential use of
lignin as a replacement for articial absorbers in a composite
material is due to its strong UV-shielding ability. The sun
produces electromagnetic radiation in the form of UV radiation,
which can be divided into three wavelength bands: UVA (315–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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400 nm), UVB (280–315 nm), and UVC (100–280 nm).189 The
commercialization of lignin-based UV shield solutions is
hampered by their unappealing black appearance, despite their
remarkable capacity to absorb UV light.99 Lignin's complex
structure, polydispersity in molecular weight, brownish tint,
and numerous impurities make it difficult to utilize as a UV
blocker. Further research is needed to render lignin a suitable
bio-based UV blocker.190

Other properties of lignin based materials. In addition to its
well-known properties, recent studies have demonstrated that
lignin possesses several other attributes, such as anti-hyper-
cholesterolemia,191 anticancer,192 immunomodulating,193 anti-
coagulants,194 and anti-emphysema.195 With regard to lignin's
anticancer properties, an initial study showed that dietary
lignin altered fecal dry weight and bile acid excretion, two
potential risk factors for colon cancer, while gut transit time,
colon pH, and fecal bile acid concentration decreased. However,
it failed to reduce colon tumor frequency caused by 1,2-
dimethylhydrazine.196 In vitro results showed that dehydroge-
nate polymer, an enzymatically generated lignin model mole-
cule, inhibited the growth of normal fetal lung broblasts and
breast cancer cell lines.197 Furthermore, the ndings of Saratale
and coworkers198 conrmed that lignin-silver nanoparticles
derived from wheat straw exhibited dose-dependent lethal
effects on ovarian carcinoma cell lines (LD50 = 150 mg mL−1).
Evidence for lignin's ability to lower blood cholesterol dates
back to 1968, when research on its ability to bind bile acids in
vitro was conducted.199 Recent studies have demonstrated the
excellent ability of bamboo shoot shell lignin to bind a range of
bile salts, including sodium deoxycholate, sodium chenodeox-
ycholate, sodium taurocholate, and sodium cholate.150 In vivo
ndings by Thiffault et al.200 revealed that lignin was effective in
reducing elevated blood cholesterol levels; however, further
research showed that lignin was not successful in sequestering
conjugated bile acids.191

The use of biodegradable materials in food packaging has
gained signicant attention due to environmental concerns and
the depletion of petroleum resources. Cellulose, protein, and
starch are commonly used in natural biopolymer packaging
sheets, which are more environmentally friendly compared to
conventional plastic lms. However, these materials suffer from
limitations such as poor mechanical and water resistance,
which hinder their industrial application. To overcome these
limitations, lignin has been incorporated as ller in biode-
gradable lms to enhance their properties. Lignin-incorporated
coatings also exhibit antibacterial, antioxidant, and anti-
ultraviolet characteristics, making them suitable materials for
food packaging. Several studies have investigated the effects of
lignin addition on the physical, optical and bioactive properties
of various biodegradable materials.

Recent trends of lignin transformation into nanolignin. The
most appealing characteristics of lignocellulosic wastes are
their accessibility, biological activity, and ecological friendli-
ness. By leveraging the potential of nanotechnology, nanolignin
can enhance future treatments, diagnostics, and food sectors
that are based on nano-technologies. The growing interest in
environmental and nanotechnology research can be attributed
© 2024 The Author(s). Published by the Royal Society of Chemistry
to the continuous advancement of biomass containing lignin
that is recyclable. The past decade has witnessed a considerable
number of scientic breakthroughs that are relevant to the
increased utilization of lignin, particularly in the context of
nanolignin-based products.201 The following section discusses
the processes that can be employed to transform native lignin
into nanolignin.

Milling is a widely adopted method for the production of
nanolignins from plant sources, and it is a cost-effective
approach to generat lignins with nanomolecular-sized parti-
cles, as per Sharma and Kumar study.202 For instance, 5 g L−1 of
kra lignin can be homogenized for 4 hours at 15 K rpm to
produce 500 nm of kra lignin-derived nanolignin. Moreover,
an acoustic method based on sonication is used to manufacture
stable 10–20 nm nanolignin with a uniform distribution of 0.7%
lignin solution generated from wheat straw and Sarkanda grass.
The optimal parameters for producing such nanoscale mate-
rials without the generation of free radicals are 600 W of power
inputs for one hour in a uniform stable nanodispersion with
a size of 10–20 nm and 20 kHz sound waves.203

The extraction of lignin from biomass sources, such as
sowood kra lignin, has been a challenge due to its complex
structure and poor solubility in common solvents. However, by
utilizing a well-managed solvent shi approach, mid-sized
nanolignins can be produced, despite their relatively low
yield. The solvents selected for this method include acetone/
water, tetrahydrofuran, dimethyl sulfoxide, and acetone.202

The solvent-shiing method has been shown to yield lignin
nanoparticles with a size of 200–500 nm, using kra lignin and
tetrahydrofuran and water, while the particle size of tiny
nanolignin was found to be 221 ± 10 nm.192

It has been found that the precipitation of lignin nano-
particles can be inuenced by changes in pH, resulting in stable
nanostructures with tightly packed lignin moieties. This occurs
through two separate processes. In the rst process, an ethylene
glycol solution containing Indulin AT is added, followed by
aqueous HCl, which leads to the formation of biodegradable
nanoparticles that are pH stable. In the second procedure,
lignin and aqueous sodium hydroxide are mixed, and when
coupled with HNO3, they yield the necessary precipitates. This
method produces stable nanolignins below pH 5 that are safe
for the environment. Furthermore, model microorganisms
including Saccharomyces cerevisiae and Chlamydomonas rein-
hardtii were found to thrive unaffected by lignin-sourced
nanostructures, ensuring the viability of cells.202

Caicedo et al.204 synthesized nanomaterials derived from
lignin by template synthesis. This process involves a Schiff's
base reaction between the aldehyde molecules of thioglycolate
lignin and its amino counterparts in the alumina-activated
template (APTES). Once hydroxycinnamaldehydes, hydrox-
ycinnamates, or hydroxyzine. Antimicrobial silver nanoparticles
with a uniform dispersion of 45–55 nm pseudo spherical,
facilitated by reductant-assisted template synthesis of lignin
molecules, are produced. Although template synthesis offers
numerous benets, it also causes the toxicity factor associated
with surfactants like SDS and CTAB. In addition, the remov-
ability of source materials and problems with purication are
Sustainable Food Technol., 2024, 2, 945–966 | 959
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limiting variables that compromise the overall performance of
this technology.

To produce lignin nanober scaffolds, a solution containing
frozen monomer units is rst used. This process results in the
formation of ice crystals, which grow and separate the polymer
phase. Alkali lignin serves as the source material for homoge-
nous lignin nanober scaffolds that are formed under the
inuence of a rotating drum operating at 300 rpm and 77 K of
liquid nitrogen serving as a coolant.

To produce nanolignin via electrospinning, a solution of
polymers is required as the base substance. The mixture can be
fed through a 100m wide nozzle that acts as an electrode and/or
an auxiliary electrode system once it has been mixed with the
appropriate solvent. When employing electrospinning to
produce nanolignin, the optimal E-eld level ranges from 100
and 500 kV m−1.

Supercritical uids like carbon dioxide (CO2) are widely
utilized in the synthesis of nanolignin due to their non-toxic,
non-ammable, and cost-effective nature. Specically, CO2 is
an ideal choice for supercritical uid-mediated processes owing
to its favorable critical pressure and temperature of 7.4 MPa and
304.3 K, respectively. By reacting lignin with CO2 and acetone at
30 MPa and 35 °C, ne lignin nanoparticles with a diameter of
144 nm can be produced.205

The pressurized CO2 antisolvent method can also be
employed to create environmentally acceptable lignin nano-
particles (LNPs). In this technique, CO2 is rst pumped to
a chiller maintained at 258.2 K and then transferred to the
precipitator, where it is liqueed. Aer the precipitating unit
has settled, a lignin remedy is added, and the resulting lignin
nanoparticles are weighed. The mixture is then exposed to
sonication for thirty minutes at room temperature and sprayed
through a nozzle controlled by preset ow rates. The particles
that pass through the paper lter are collected. It is important to
note that this technique does not apply to CO2 immiscible
chemicals.202

In this process, an antisolvent such as water is mixed with
a lignin solution that has been prepared in an organic solvent.
The solvents used are not polar, and water is oen employed as
an antisolvent because lignin is either immiscible or sparingly
soluble.202 In one study, the antisolvent precipitation method
was used to produce lignin particles (ALNP and DLNP)
measuring 80–104 nm with strong UV shielding and radical
scavenging properties. The researchers used acetone and water,
constantly stirring at 20 °C and 300 rpm.206 However, this
method has some drawbacks, including the instability of the
colloid system, the morphology of the generated nanoparticles,
and the permanent nature of the solvents.202

Gilca et al.203 used this method to create stable nanoparticles
of lignin from a lignin (0.7%) solution. The aqueous solution
was then subjected to an hour-long acoustic treatment using an
ultrasonic probe that generated a 20 kHz frequency at 600 W.
Mild conditions were applied to allow the uniform nano-
suspension to dry.203

Another feedstock for LNP synthesis is steam-exploded rice
straw lignin (SERSL). To create a homogeneous solution, the
SERSL solution mixture and castor oil (20 wt%) were stirred. For
960 | Sustainable Food Technol., 2024, 2, 945–966
four hours, 20 mL of (1 molar) HCl was added in the form of
drops at 50 °C with the nitrogen setting in place. The newly
generated lignin nanoparticles were thoroughly washed in
ethanol and water until the pH reached 7.207

Nanoparticles with a diameter ranging from 45 to 250 nm
were manufactured through a new method that utilized
precursor materials including kra lignin and organosolv. The
synthesis process began with vortexing a kra solution in
ethylene glycol for 30 minutes and then ltering the mixture
using a 0.45 mmpore size syringe lter. Subsequently, 1–3 mL of
0.025 M nitric acid was quickly combined with 5 mL of the
puried solution in a scintillation vial, and the mixture was
shaken continuously, resulting in the formation of
particles.208–210 The second method involved vortexing and
ltering the acetone/organosolv solution in stock in the same
initial steps. Ultimately, supersaturated lignin was separated
into LNPs through the addition of 9.2 mL of water to a 1 mL
ltrate solution.211

In another study, Popa et al. investigated the role of
hydroxymethylation in the formation of lignin nanoparticles.
The process involved stirring a lignin suspension in 47 mm of
water for 120 minutes at room temperature using 10 g of lignin
derived from Sarkanda grass and wheat straw. The lignin
dispersion was then physically agitated for two hours before
being sterilized with a 50% solution containing 1.29 g sodium
hydroxide and a 25% solution consisting of 3.14 g ammonium
hydroxide. The next step involved allowing a 37% solution with
6.7 g formaldehyde to react for four hours at 85 °C. Aer
employing 1 N HCl (pH 2) in a recovery step, a precipitate was
created, which was subsequently centrifuged to form a solid
phase. The phase was rinsed twice with water and dried to
produce LNPs.212

This method transforms lignin-derived non-uniform poly-
mer clusters into uniformly distributed spherical colloidal
nanoparticles. In one experiment, alkali lignin was produced by
pulping black liquid, which was subsequently puried and
acetylated. The acetylated lignin-tetrahydrofuran (ACL-THF)
solution (1 mg mL−1) was created by adding tetrahydrofuran
to the solution, followed by water. The sudden increase in the
ACL-THF solution's scattered light intensity suggests the pres-
ence of hydrophobic acetylated lignin molecules in the mixture,
which promoted the formation of colloids. The critical water
concentration of 44 vol% facilitated the formation of spherical
colloids.213,214

Rugose wood components can be transformed into lignin-
based nanoparticles using the supercritical antisolvent
method, which combines several methods such as centrifuga-
tion, dissolution, precipitation, and the use of a CO2 super-
critical apparatus. In their patented process for creating
industrial-grade xylogen NPs, the researchers chose carbonic
acid as their preferred antisolvent.215 The process of creating
xylogen nanoparticles, which are particle sizes of less than
0.2 mm that have been alkali treated and freeze-dried to create
particles as small as 26 nm. The resulting xylogen NPs have an
average particle size of 30 nm.216

These xylogen NPs, when used as llers in organic rubber,
can improve vulcanization and create stable 100 nm lignin
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles. To synthesize the NR/LPCs (natural rubber/
lignin-poly (diallyldimethylammonium chloride) (PDADMAC)
complexes) composites, a colloidal LPC solution is mixed with
a 2% PDADMAC solution at an alkaline pH. The resulting
electrostatically assembled solution is then coprecipitated with
H2SO4 (pH 2) to create the nal product. The necessary steps
include ltration, cleaning, and drying under vacuum at 50 °C
to produce the NR/LPCs nanocomposites.217

Future perspectives and summary. Lignin possesses several
promising applications, particularly in biopolymers, but several
variables hinder its integration into polymer matrices. The
structural and compositional diversity of lignin is impacted by
factors such as the plant's source and extraction technique. To
fully comprehend the potential of lignin in various sectors, it is
crucial to characterize both the rawmaterials and nal products
comprehensively. The many types of lignin emphasize the
signicance of understanding the structure–activity
relationship.

Incorporating lignin into polymer lms for food packaging
can enhance mechanical strength, gas barrier properties, and
provide antioxidant and anti-UV benets. However, compati-
bility issues and the risk of phase separation pose challenges
when adding lignin to these materials. To effectively address
this issue, it is crucial to functionalize lignin or its nanoparticles
in order to achieve uniformity in the lm. Furthermore, addi-
tional research is needed to investigate the relationships
between lignin and other compounds, as well as the digestibility
of lignin-based lms. Assessing the inuence of lignin on the
compostability and degradability of the nal product is also
essential, considering its limited degradability in composting
environments.

The exact mechanism by which lignin acts as an antibacte-
rial agent is still uncertain and is the subject of ongoing
research. In pharmaceutical and biological contexts, lignin's
inconsistent molecular weight, impurities, and reactive group
composition present both opportunities and challenges, which
complicates the evaluation of its efficacy and safety. Despite
research demonstrating lignin's antibacterial properties in
solution, there is still much to learn about using it as a coating
material for antimicrobial surfaces. The development of lignin
coatings with the ability to directly inactivate microorganisms
appears promising, given the signicant role that surface
transmission plays in the spread of bacteria. Further studies
should focus on rening coating preparation and assessing
effectiveness against a diverse range of infections.

In summary, lignin offers a wide range of potential appli-
cations, particularly in the food industry, due to its versatility
and availability. Its ability to serve as a sustainable material has
garnered interest owing to its antioxidant and antibacterial
properties. However, further research is necessary to address
safety concerns and better understand its interactions with
other food components. Moreover, there is a need for more
research to demonstrate its effectiveness in real-world food
systems and to clarify its in vivo bioactivities. To fully exploit
lignin's potential in various sectors such as materials science,
pharmaceuticals, and packaging, affordable valorization tech-
nologies must be developed. By utilizing lignin's unique
© 2024 The Author(s). Published by the Royal Society of Chemistry
properties, we can enhance revenue streams, improve environ-
mental performance, and accelerate the transition toward
a more sustainable and eco-friendly economy.
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145 A. Garćıa, G. Spigno and J. Labidi, Ind. Crops Prod., 2017,
104, 242–252.

146 R. Y. Nsimba, N. West and A. A. Boateng, J. Agric. Food
Chem., 2012, 60, 12525–12530.

147 L. An, G. Wang, H. Jia, C. Liu, W. Sui and C. Si, Int. J. Biol.
Macromol., 2017, 99, 674–681.

148 X. Pan, J. F. Kadla, K. Ehara, N. Gilkes and J. N. Saddler, J.
Agric. Food Chem., 2006, 54, 5806–5813.

149 Anushikha and K. K. Gaikwad, Biomass Convers. Bioren.,
2023, 1–13.

150 E. Gogo, A. Opiyo, K. Hassenberg, C. Ulrichs and
S. Huyskens-Keil, Postharvest Biol. Technol., 2017, 129,
107–117.

151 J. Sunthornvarabhas, S. Liengprayoon, T. Lerksamran,
C. Buratcharin, T. Suwonsichon, W. Vanichsriratana and
K. Sriroth, Sugar Technol., 2018, 21, 355–363.

152 A. M. A. Nada, A. I. ElDiwany and A. M. Elshafei, Acta
Biotechnol., 1989, 9, 295–298.

153 J. D. C. Medina, A. L. Woiciechowski, A. Zandona Filho,
L. Bissoqui, M. D. Noseda, L. P. de Souza Vandenberghe,
S. F. Zawadzki and C. R. Soccol, Ind. Crop. Prod., 2016, 94,
630–637.

154 B. Baurhoo, A. Letellier, X. Zhao and C. A. Ruiz-Feria,
Poultry Sci., 2007, 86, 2509–2516.

155 M. T. Madigan, J. M. Martinko and J. Parker, Brock Biology
of Microorganisms, Prentice hall, Upper Saddle River, NJ,
2015.

156 S. Zhang, X. Cheng, Q. Fu, Y. Li, P. Wu, Y. Qiao, J. Yan, L. Si,
G. I. Waterhouse and H. Li, Food Hydrocolloids, 2023, 143,
108783.

157 Y. Lu, M. Jiang, Y. Pan, F. Wang, W. Xu, Y. Zhou and X. Du,
Int. J. Biol. Macromol., 2024, 254, 127630.

158 E. Cavallo, X. He, F. Luzi, F. Dominici, P. Cerrutti, C. Bernal,
M. L. Foresti, L. Torre and D. Puglia, Molecules, 2020, 26,
126.

159 E. Gerbin, G. Rivière, L. Foulon, Y.-M. Frapart, B. Cottyn,
M. Pernes, C. Marcuello, B. Godon, A. Gainvors-Claisse
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