Bioactive Materials 8 (2022) 71-94

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.sciencedirect.com/journal/bioactive-materials

Bioactive Materials

KeAi

BIOACTIVE
MATERIALS

Check for

How far is Lignin from being a biomedical material? e

Sigit Sugiarto”, Yihao Leow, Chong Li Tan®", Guan Wang? Dan Kai®"

& Institute of Materials Research and Engineering (IMRE), A*STAR, 2 Fusionopolis Way, Innovis, #08-03, Singapore 138634 Singapore
" Department of Biomedical Engineering, National University of Singapore, 4 Engineering Drive 3, Singapore 117583, Singapore

ARTICLE INFO ABSTRACT

Keywords:

Biomass

Biomedical applications
Antioxidants

Tissue engineering

3D printing

Lignin is a versatile biomass that possesses many different desirable properties such as antioxidant, antibacterial,
anti-UV, and good biocompatibility. Natural lignin can be processed through several chemical processes. The
processed lignin can be modified into functionalized lignin through chemical modifications to develop and
enhance biomaterials. Thus, lignin is one of the prime candidate for various biomaterial applications such as drug
and gene delivery, biosensors, bioimaging, 3D printing, tissue engineering, and dietary supplement additive. This

review presents the potential of developing and utilizing lignin in the outlook of new and sustainable bio-
materials. Thereafter, we also discuss on the challenges and outlook of utilizing lignin as a biomaterial.

1. Introduction

Lignin constitutes about 15-35% of lignocellulosic biomass obtained
from the processes of wood and paper processing industries, and it is the
second most abundant natural material on earth [1]. It consists of
cross-linked polyphenolic structures which provide structural support
for plants and it plays an important role in the formation of cell walls
[2]. As of today, merely less than 2% of the industrial lignin waste are
being used commercially [3]. Most of the utilized lignins are in the form
of lignosulfonates which are used as an additive to building materials,
while the remaining are mostly used as a low-grade fuel or simply dis-
carded as waste [4]. The worldwide production of lignin is presently
produced on a large production volume with an estimated market size of
USD 954.5 million in 2019 with a projected annual growth rate of 2% by
2027 [5].

With a combination of large-scale production and the rising aware-
ness of environmental sustainability, there has been an increasing in-
terest in the valorization of lignin in different fields, such as materials
and chemicals. In the biomedical field, natural polymers such as cellu-
lose, alginate, chitosan, and chitin are some of the most commonly used
materials in the development of drug delivery and tissue engineering
[6-8]. In particular, cellulose, another main component of lignocellu-
losic biomass, has been recognized as a biomedical material for decades,
due to its unique mechanical properties, availability, biodegradability
and biosafety [9]. With years of investigation, various cellulose sub-
categories, such as cellulose micro/nanofibrils, cellulose nanocrystals,
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bacterial cellulose and nanowood, have been developed and shown their
advantages in the area.

Unfortunately, lignin is still rarely known in the biomedical field.
The heterogeneity of natural lignin makes it rather difficult to further
develop lignin for biomedical applications. The heterogeneity of lignin
arises from the multiple resources and extraction methods that are used
to obtain lignin. Also, current research and application works on lignin-
based biomaterials lacked the focus on in vivo biocompatibility and
biodegradability. The lack of the fundamental understanding on the
mechanism of lignin breakdown by the human body remains one of the
greatest challenges of utilizing lignin as a biomaterial today.

Despite these drawbacks, lignin possesses many unique properties
(antioxidant and anti-UV properties, as well as good antimicrobial ac-
tivities), which are lacking in other natural polymers [10]. With such
advantages, lignin could be potentially used as a bioactive compound to
complement commonly-used biomaterials, such as cellulose. With an
increase of interest in utilizing lignin as a functional material and its
biomedical applications over the past 5 years as shown in Fig. 1, this
shows lignin potential as a strong candidate for the development of new
and sustainable biomaterials. In the past five years, a few groups have
written a review of lignin use in biomedical applications [10-14]. A
recent review by Liu et al. focused on the utilization of lignin nano-
particles and hydrogels in biomedical applications such as drug and gene
delivery, and bioimaging [14]. Figueiredo et al. have also provided an
overview of the preparation of lignin-based nanomaterials with anti-
oxidant, anti-UV and antimicrobial properties in nanocomposites, drug
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Fig. 1. Total number of publications in the last 10 years. a) by number of publications; b) by number of citations per year. Search terms: “Lignin biomedical”, “Lignin
functional material”, “Lignin nano material”. According to Web of Science, searched on 1 June 2021.
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Fig. 3. Compositions of natural lignin in different types of plants. Reproduced from Ref. [13] with permission from Elsevier. Copyright 2019.
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Table 1
Summary of different lignin types.
Type of Lignin ~ Source of Solubility” Mw (Da) PDI" Ty (°C)° Aliphatic Phenolic N S Characteristics” Application
Lignin® OH (%)" OH (%)° ()" (%)
Kraft lignin Softwood, Alkali, 3700-19,800 2.5-3.5 140-150 9.8-10.1 454+ 0.3 0.05 1-3 Lower S content, High antioxidant,
Hardwood organic high phenolic OH antimicrobial,
solvents groups anti-UV activities
[28].
Easy to modify for
biomedical
application
Lignosulfonate Softwood, Water 12,000-60,000 6-8 130-140 - 2.0+ 0.2 0.02 3.5-8 High S content, Antioxidant,
Hardwood water soluble, antiviral,
high MW and PDI,  anticoagulant,
self-association antiulcerogenic,
and and antitumor
agglomeration in [27].
aqueous solution Difficult to use for
biomedical
application due to
high sulfur
content.
Soda lignin Annual Alkali 1300-10,400 2.5-3.5 130-140 2.5-3.1 4.4 +£0.3 0.17 0 Sulfur-free, more Antioxidant,
plants p-hydroxyl units antimicrobial
and carboxyl [29].
groups, high May not be
silicate and Ni suitable due to
content low yield
Organosolv Softwood, Wide 4100-10,800 1.5-2.5 90-110 3.2-3.5 2.7+ 0.3 0.02 0 Sulfur-free, High antioxidant,
lignin Hardwood, range of higher chemical antimicrobial,
Annual organic purity, lower Mw,  anti-UV activities
plants solvents very hydrophobic [28].
Easy to modify for
biomedical
application

@ Reference obtained from Ref. [30].
b Reference obtained from Ref. [31].
¢ Reference obtained from Ref. [32].

delivery and gene delivery applications [12].

In contrast to previous reviews, this review provides a detailed
overview on the current state and the progression of lignin as a
biomaterial. We outlined advanced methods for lignin modification and
highlighted unique benefits of lignin for biomedical applications,
notably its antioxidant, antimicrobial, anti-UV, and biocompatibility.
Moreover we provided an in-depth review of the potential applications
of lignin in various biomedical fields, especially in tumor therapy, bio-
imaging/biosensors, tissue engineering and 3D printing (Fig. 2).

2. Background of lignin

Lignin is biosynthesized from three hydroxycinnamyl alcohols or
monolignols: p-coumaryl, coniferyl, and sinapyl. An enzyme-mediated
dehydrogenative polymerization converts p-coumaryl, coniferyl, and
sinapyl into p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
respectively [15]. Fig. 3 illustrates the conversion of monolignols into
their corresponding polymer units.

Lignins can be classified based on their origin. Lignins from softwood
are composed almost entirely of G, have little to no S with low levels of
H. Lignins from grass have roughly equal parts of G and S with more H
units than softwood and hardwood. Lignins from hardwood is a mixture
of G and S with traces of H. As hardwood lignins contain both G and S, it
would have two or three methoxy groups per aromatic ring. The extra
methoxy groups inhibit the aromatic rings from forming specific link-
ages, and hence hardwood lignins having more linear structures
compared to softwood.

Monolignols are polymerized via oxidative coupling, catalyzed by
laccases and peroxidases to generate monolignol radicals [16]. Elec-
tronic delocalization of these radicals propagates the polymerization
reaction resulting in lignin having a high degree of heterogeneity. Due to
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its complex nature, an accurate characterization of lignins’ structure has
eluded modern analytical techniques. Spectroscopic analysis by 3'P
NMR and fractionation of lignin into lignin-carbohydrate complexes
alludes that even within the same sample, the structure of individual
lignin molecules may vary widely, with some molecules displaying a
high degree of linearity, others demonstrate extensive branching [17].
Hence its composition is normally illustrated by the abundance of H/G/S
polymeric units and the types of inter-unit linkages in the biopolymer
[18].

The inter-unit linkages of lignin comprise of ether bonds, methoxy,
benzyl alcohol, phenolic hydroxyl, aliphatic hydroxyl, noncyclic benzyl
ether, and carbonyl groups [19]. The numerous functional groups
impart lignin with a distinctive reactivity to various chemical reactions
and therefore, a large potential to chemically alter lignin.

2.1. Types of lignins

There exist several different types of lignin that are produced via
different processing methods [20]. These include kraft, organosolv, soda
lignins, as well as lignosulphonates. The most common of which is kraft
lignin that accounts for about 85% of all lignin produced in the world.

Kraft lignin is created from kraft (sulfate) pulping, a process in which
wood chips are dissolved in white liquor, a solution of sodium hydroxide
and sodium sulfide, with an initial pH between 13 and 14 [21]. Sodium
hydroxide deprotonates the phenolic hydroxyl groups of lignin while
causing a secondary reaction that cleaves the o-O-4-ether and
B-O-4-ether links, the most frequent bonds in lignin. The mixture is
cooked at about 170 °C, causing dissolution of lignin and hemicellulose
(used by pulp and paper making industry), to produce black liquor. The
lignin particles are then precipitated by acidifying the black liquor to pH
9 [22]. The precipitate can then be separated with filtration.
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Scheme 1. Free radical scavenging mechanism by lignin which is stabilized by the resonance structure.

Dark-colored and generally insoluble, kraft lignins can dissolve in alkali
as they contain many phenolic hydroxyl groups. The molecular weight
of kraft lignin ranges from 3700 to 19800 Da [23].

Organosolv lignins are produced from solvent pulping — an alterna-
tive to kraft and sulfite pulping — that has been reported to be more
environmentally friendly. Most solvent pulping processes employ sulfur-
free chemicals, such as water, acetone, ethylene glycol, formic, and
acetic acid for delignification [24]. Temperatures for organosolv pulping
typically range from 140 to 220 °C, hence solvents with high boiling
points are used for pulping to be carried out under atmospheric pressure,
although recovery of the spent liquor would be more laborious. Water is
almost always used in conjunction with organic solvents to reduce vapor
pressure and solubilize hemicellulose. Organosolv lignins are generated
from precipitation, normally by adjusting concentration, pH, or tem-
perature. Organosolv lignins are normally of high purity, low molecular
weight, and narrow molecular weight distribution [20]. The molecular
weight of organosolv lignin is between 4100 and 10800 Da [23].

Soda lignins are produced from soda pulping, by cooking pulp res-
idue with sodium hydroxide at 170 °C, for about 1.5 h. The black liquor
is then cooled, sieved to remove fibrous material, and slowly acidified to
pH 5.5 which induces precipitation. After stirring for about 15 min, the
mixture was further acidified to pH 3. Lignin was recovered by filtration
[25]. Often derived from non-wood sources like straw, grass, and
bagasse, soda lignins are characterized by their high phenolic hydroxy
content and relatively low (but variable) glass transition temperature,
and low molecular weight [20]. The molecular weight of soda lignin is
between 1300 and 10400 Da [21]. Despite having a lower lignin re-
covery efficiency compared to kraft pulping, lignin produced from soda
pulping is essentially sulfur-free [21]. Sulfur-free lignin is desirable as
the presence of sulfur is an obstacle in downstream catalytic processes.

As the most widely available form of commercial lignin [26],
lignosulphonates are produced via the sulfite process that extracts lignin
using various salt of sulfurous acid. Sulfonate groups SO5 are incorpo-
rated into lignin, thus making lignosulphonates water-soluble and
anionically charged [27]. Ultrafiltration is the most common method to
separate lignosulphonates as it is relatively easy to upscale and the
process is not particularly sensitive to pH or temperature. The molecular
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weight of lignosulphonates can also be selected by controlling mem-
brane size. The average molecular weight of lignosulfonate from hard-
wood is around 12000 Da, while lignosulfonate from softwood is around
60000 Da [21]. Table 1 shows a summary of the different types of lignin.

3. Lignin properties for biomedical applications
3.1. Antioxidant

Molecules with the ability to scavenge or inhibit free radicals in
living systems and foods in order to prevent oxidation are classified as
antioxidants. To prolong their shelf-life and to preserve their inherent
properties, antioxidants are normally added to many products, such as
food, beverages, cosmetics, and pharmaceutical products. Some of the
commonly used synthetic antioxidants are butylated hydroxytoluene
(BHT), butylated hydroxyanisole (BHA), propyl gallate (PG), and tert-
butylhydroquinone (TBHQ) [33]. Unfortunately, despite their effec-
tiveness as antioxidants, BHT and BHA are also known for their cyto-
toxicity and carcinogenicity, even in low concentrations [34-38].
Therefore, natural antioxidants which possess high biocompatibility are
in great need to replace the currently used harmful antioxidants.

The intriguing free-radical scavenging (antioxidant) activity of lignin
has long been studied by many scientists [39]. Faustino et al. and
Azadfar et al. reported surprisingly high antioxidant activity possessed
by lignin [40-42]. Discovery by Azadfar et al. showed that lignin’s
antioxidant activity is comparable to the commercially used antioxi-
dants, guaiacol, and butylated hydroxytoluene. DPPH (2,2-diphe-
nyl-1-picrylhydrazyl) antioxidant assay results suggested a percentage
of inhibition of the DPPH radicals in the following order: guaiacol
(103.6 + 1.36) > butylated hydroxytoluene (103.3 + 1.0) > ferulic acid
(102.6 £ 0.8) > pretreated lignin (86.9 + 0.3). Several studies have been
conducted to investigate the free radical scavenging activity of lignin
extracted from different sources, such as mulberry juice [43], pine cone
extract [44,45], and cacao husk [46].

The antioxidant property of lignin is often attributed to the abundant
amount of phenolic group and oxygen-containing functional groups
which exist in lignin [47-50]. These functional groups in lignin are able
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Fig. 4. Chromophore groups in lignin and their absorption spectra in the UV light range. Reproduced and modified from Ref. [87] with permission from MDPI.

Copyright 2020.

to terminate oxidative chain reactions by reacting with free radicals that
are present in the system efficiently [51]. The phenolic hydroxy groups
(ArO-H) in lignin allow it to scavenge the free radicals (R e) through
hydrogen transfer and single electron transfer reactions according to this
scheme: ArO-H + R e — ArO e + R-H [48]. The process is as illustrated
in Scheme 1. The antioxidant capacity of lignin is dependent on the
availability of the phenolic hydroxy groups and hence it varies accord-
ing to the number of phenolic functional groups available.

Additionally, several studies have reported that the antioxidant ac-
tivity of lignin is dependent on its biomass source, extraction method,
and post-treatment reactions [48,49,52]. For example, Kaur et al. found
that unmodified lignin from sugarcane bagasse had higher antioxidant
activity than lignin that was chemically modified via acetylation and
epoxidation [49]. Also, in a study by Wang et al. that obtained three
lignin fractions through successive fractionation of enzymatic hydrolysis
lignin (EHL) which is a byproduct of ethanol production, lignin fractions
with lower molecular weight were found to have higher antioxidant
activity [52]. This is due to the presence of more phenolic groups present
in lignin fractions with smaller molecular weights. As the scavenging
activity of lignin is related to its polyphenolic structure, Wang et al.
proposed that the antioxidant activity increases as the molecular weight
of lignin fractions decrease in the case of their research.

Despite the antioxidant property of lignin, its application was once
limited due to its poor miscibility with numerous polymer matrices [53].
However, various strategies have since been developed to chemically
graft polymer chains onto lignin [53-56]. It was also reported that the
antioxidant property remains intact in lignin-based copolymers, such as
lignin- poly(e-caprolactone-co-lactide) (lignin-PCLLA) [57]. This
further expands the possibility for lignin copolymers to be used in the
development of novel materials for applications where the antioxidant
property is required.
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3.2. Antibacterial

A bacterial infection is caused by pathogenic bacteria. It leads to
many infectious diseases, such as strep throat, pneumonia, tuberculosis,
bronchitis, meningitis, etc. Although some of these diseases are treatable
using antibiotics, they remain a major health problem in the world.
Since the discovery of penicillin in 1928, many conventional antibac-
terial agents have been developed in the drug pipeline and have played a
pivotal role in saving millions of lives [58-60]. However, its
cost-effectiveness and easy accessibility have caused overuse leading to
the development of antibiotic resistance [61]. Therefore, there is a need
for the continuous development of novel alternative antibacterial
agents. These include metal-based, polymer-based, and plant-based
antimicrobial agents [62]. Even though silver nanoparticles (AgNPs)
often display huge potentials as antibacterial, antifungal [63], and
antiviral [64] agents, their low degradability is often of concern. Thus,
an environmentally friendly antibacterial alternative is needed.

Lignin is a natural biopolymer which is a promising candidate for the
synthesis of green materials that are non-toxic to the environment [62,
65]. Moreover, the antibacterial property of lignin has been quite
intensively studied over the years [66,67]. Its activity against bacteria is
attributed to its phenolic fragment which possesses a double bond in the
Cq = Cg position of the side chain and a methyl group in the y position
[56,62,67]. In general, it was suggested that the antibacterial activity is
attained by the contact of phenolic compounds with bacteria that leads
to the damage of cell membrane and lysis of the bacteria [68-70].
Additionally, the antimicrobial property of lignin may function as a form
of resistance to bacterial adherence. In a study by Larraneta et al., lignin
hydrogels synthesized form dealkalinated lignin developed for
biomedical application were reported to resist bacterial adherence of
S. aureus and P.mirabilis up to five times compared to the typical medical
material poly(vinyl chloride) (PVC) [71].
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While antioxidant properties are detected in all types of lignin, its
antimicrobial performances are dependent on the type of lignin and the
microbial species [72]. Investigations conducted by Dong et al. on lignin
extracted from residue of corn stover to ethanol production, the extracts
exhibited antimicrobial activities, with specificity against Gram-positive
bacteria and yeast, but not against Gram-negative bacteria or bacterio-
phage MS2 [73]. Similarly, Nada et al. reported that lignins precipitated
from pulping liquor have specific efficacy towards Gram-positive bac-
teria, such as B. subtilis and B. mycoides, but not towards Gram-negative
bacteria such as E. coli [66].

Due to the heterogeneity of lignin, its antimicrobial properties can
also be influenced by the extraction conditions and botanical source [62,
73-75]. Alzagameem et al. found that different kinds of lignin followed
a trend in antimicrobial activity: organosolv of softwood > kraft of
softwood > organosolv of grass. Kraft lignin generally has a reduced
antimicrobial activity against Gram-positive bacteria due to the pres-
ence of carbohydrate content and aliphatic OH groups. On the other
hand, Organosolv lignin has higher methoxyl content in general, which
may act as secondary antiradical source [48]. Additionally, the study by
Klapiszewski et al. also showed that the antimicrobial effectiveness of
lignin is affected by extraction and preparation parameters such as pH

76

and temperature [75].

3.3. Anti-ultraviolet

Ultraviolet (UV) light is the segment of the electromagnetic spectrum
with wavelengths between 200 and 400 nm. UV radiation can be further
divided into UV-C (200-280 nm), UV-B (280-320 nm), and UV-A
(320-400 nm). A distinguishing feature of UV compared to the visible
light spectrum is its ability to ionize molecules and hence induce
chemical reactions [76]. Apart from its harmful effects on the human
body such as damaging DNA molecules, the ability of UV light to pho-
todegrade organic materials or polymers is well established [77,78].
Thus, there has been growing interest in the development of
UV-shielding materials, particularly in bio-based and sustainable ma-
terials that are environmentally friendly [79]. Among other natural
materials such as melanin and cellulose, scientists have also explored the
use of lignin as a UV filter [80-82].

Lignin is well-known for its UV-absorbent properties [82-84]. In
nature, lignin protects the cellulose fibers of plants that are vulnerable to
UV [85]. The anti-UV properties of lignin are attributed to the
UV-absorbing functional groups such as phenolic, ketones, and other
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chromophores [83,84,86] as shown in Fig. 4.

The use of lignin as a UV-shield has been thoroughly reviewed
recently by Sadeghifar and Raauskas. [87]. They have reviewed the use
of lignin in applications such as sunscreen products, packaging films,
varnish, paint, and microorganism protection. Sadeghifar and Raauskas
reported in their review that both modified and non-modified lignin
with a blend of smaller than 10% with other material increases the UV
blocking effect of commercial products such as lotion and creams [87]. It
is noteworthy to point out that lignin also demonstrated a synergistic
effect and increased the total UV protection when used in mixtures
containing other synthetic anti-UV materials as compared to using the
anti-UV synthetic material or lignin alone [87].

3.4. Biocompatibility/biosafety

Biocompatible polymers, such as polysaccharides and proteins have
attracted a lot of attention from many researchers for biomedical pur-
poses such as drug and gene nanocarriers [88-93]. The key dis-
tinguishing feature of a biomaterial compared to any other materials is
its ability to co-exist with the human body with an appropriate host
response in a specific situation [94]. Biomaterials prepared from natural
sources such as plants typically have good biocompatibility. Unlike
other common plant-based natural polymers such as cellulose and
pectin, there have not been as many studies investigating the biocom-
patibility of lignin [95].

An important concept that is closely related to biocompatibility is
cytotoxicity. A study that evaluated the cytotoxicity of lignins from
different sources using immortalized human keratinocyte cell line,
HaCaT, and mouse fibroblast cell line was done using colorimetric assay
which measures the ability of live cells to take up neutral red dye, the
study revealed that the tested lignins (lignosulfonate, bagasse, steam
explosion, and Curan 100) have cytotoxic effects only at very high
concentrations based on their ICsy values at above 400 pg/mL [96].
Lignosulfonate was discovered to be the least cytotoxic in the two cell
lines tested among the four lignins studied and the most cytotoxic lignin
was found to be kraft lignin on HaCaT cells and Bagasse on 3T3 cells.

However, it is also important to note that native lignin and extracted
lignin are different as the different chemical extraction processes alters
both the physical and chemical properties of lignin, this includes the
molecular weight which affects its solubility, chemical modification,
varying aromatic content, and presence of impurities such as sulfur and
ash [97]. High temperatures and harsh chemical processes are often
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used in the extraction of lignin, such as kraft process, often results in
irreversible degradation of highly condensed lignin due to the reduction
of ether bond linkages, especially p-O-4 bonds that causes the processed
lignin to be chemically less reactive as compared to native lignin [98].
Therefore, it is crucial that studies are conducted for each different types
of lignin for the biocompatibility and biodegradability.

4. Modification of functional groups

Modification of lignin can also take place without depolymerizing its
innate structure. A variety of chemical modifications have been pro-
posed, to improve the solubility in organic solvents, increase reactivity
and decrease brittleness of lignin-based materials. More importantly,
modified lignins allows incorporation of necessary functional groups
which enhances the blending of lignin with other polymers in the
development of new biomaterials and also enhance the biocompatibility
of biopolymers [14]. Fig. 5 shows some of the common modifications to
add new chemical sites to lignin.

4.1. Functionalization of hydroxyl groups

Lignin possesses phenolic hydroxyl groups, and aliphatic hydroxyl
groups at C-o and C-y positions of the side chain. Altering these reactive
phenolic hydroxyl groups can significantly affect the properties of the
resulting material. One particularly useful change is the enhanced sol-
ubility of lignin when the hydroxyl groups form lignin polyol de-
rivatives. As unmodified lignin exhibits poor solubility in many common
organic solvents, dissolution of lignin is vital for structural character-
ization and valorization.

Modifications to lignin explore ways to incorporate new chemical
sites onto lignin via pathways such as, alkylation/dealkylation [99,100],
esterification, etherification [101], and phenolation [102] with signifi-
cant focus being placed on functionalizing hydroxyl groups. The modi-
fication of lignin showed an important role in the development of new
biomedical materials.

Esterification is amongst the most straightforward ways to alter lig-
nins’ hydroxyl groups. This reaction has been accomplished by a variety
of reagents, including acid chlorides, acid anhydrides, and other acidic
compounds [103-105]. The mechanical properties of esterified lignin
were found to deteriorate less compared to alkylated lignin [106].
Esterification may also be carried out with anhydrides to enhance sol-
ubility in nonpolar solvents, by reducing polarity as the length of alkyl
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moiety increases [107,108]. Some esterified lignin had shown favorable
characteristics of biomaterials. Hajirahimkhan et al. performed esteri-
fication of kraft Lignin and successfully synthesized methacrylated
lignin (ML), up to 70% of hydroxyl group conversion, to form
UV-curable lignin formulation. Their work showed that incorporation of
ML improved hydrophobicity, thermal stability, increased cure per-
centage, and surface adhesion as compared to the control without ML
[109]. Hydrogels that was synthesized through the esterification of
lignin’s hydroxyl groups, together with polyethylene glycol and car-
boxylic acid polymer was investigated by Larraneta et al. The formed
hydrogels incorporate up to 40% of lignin into a novel hydrogel which
possesses antibacterial properties and ability to deliver hydrophobic
drugs, in comparison to the control GANPEG hydrogel, lignin-based
hydrogel had shown significantly greater resistance to two pathogens
[711.

4.2. Graft copolymers

Another approach for the chemical modification of lignin is to bind
polymeric chains to it through its reactive, predominantly hydroxyl
groups. This results in a star-like branched copolymer, with lignin at its
core. Fabrication of lignin graft copolymers can be accomplished via two
distinct routes, the “grafting from” and the “grafting to” methods as
shown in Fig. 6. The first approach is normally favored as it yields a
larger graft density compared to the latter.

“Grafting from” approach can be done via two methods, atom
transfer radical polymerization (ATRP) [110,111] and ring-opening
polymerization (ROP) [101,112-114]. Such polymerization ap-
proaches are able to endow lignin with more features suitable for
biomedical applications. For example Liu et al. [111]polymerized
2-(dimethylamino)ethyl methacrylate (DMAEMA) with lignin. The
copolymer, lignin-g-PDMAEMA could efficiently compact plasmid DNA,
while grafts with short-chain PDMAEMA demonstrated high gene
transfection efficiency. On the other hand, “Grafting to” is a relatively
more difficult and unpopular method of producing lignin-graft co-
polymers, often requiring multiple step reactions [115-118]. A study
done by Kai et al. showed the potential of using kraft Lignin grafted with
Poly(ethylene glycol) methacrylate (PEGMA) via ATRP was used as an
antioxidant which can also enhance UV protection [119]. Also, Kim
et al. showed how thermoresponsive lignin-based biomaterial formed
via ATRP grafting of N-isopropylacrylamide (NIPAM) on kraft lignin
could have an interesting biomedical, biosensor and hydrogel applica-
tions, due to the unique thermal sensitivity of polyNIPAM lower critical
solution temperature (LCST) behavior [110].

5. Applications of lignin-based materials
5.1. Lignin as drug and gene delivery vehicle

Drug and gene deliveries are used in both targeted delivery and
controlled release of therapeutic agents which can improve the efficacy
of the therapeutic agents. There is a need to discover enhanced natural
and biocompatible materials to safely deliver the drugs to targeted
areas. One of the important aspects in the development of drug and gene
delivery systems is the search for better delivery vehicles which include
the use of nanoparticles, encapsulation, and microspheres. In recent
years, lignin-derived biomaterials have some promising potential as a
drug and gene delivery vehicle due to their desirable properties such as
anti-microbial, antioxidant, and biocompatibility.

Engineered nanoparticles are particularly useful in the area of
biomedicine due to the larger surface to mass ratio as compared to other
particles. This unique feature enables nanoparticles to have enhanced
capability to bind, adsorb and carry useful compounds such as drugs,
genes, and proteins [120]. In recent years, there has been an increasing
interest in lignin-based nanoparticles for the development of drug and
gene delivery.
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5.1.1. Drug encapsulation

Lignin has tremendous potential in drug encapsulations due to its
ability to encapsulate lipophilic drugs, which allows for controlled and/
or targeted drug release which are applicable in cancer and tumor
therapy. The versatility of lignin’s unique characteristics and modifi-
cation in the development of functional materials, such as its ability to
self-assemble into nanoparticles as well as synthesis of grafted lignin via
ATRP and ROP, further value adds lignin’s potential as a biomaterial.
For example, Alqahtani et al. shown the potential viability of utilizing
cross-linked organosolv lignin nanoparticles (LNP) for oral drug de-
livery. In their work, they have successfully encapsulated a lipophilic
drug model using curcumin in LNP with an average size of 104 nm with
an encapsulation efficiency of 92%. The encapsulated curcumin was also
found to be stable under storage conditions. In addition, in vitro release
assays showed the high stability of the LNP in simulated gastric condi-
tions and desirable slow release under intestinal conditions. The ab-
sorption and bioavailability study also showed that the curcumin-loaded
LNP showed no toxicity to Caco-2 cells and it also enhanced curcumin
cellular uptake and intestinal permeation compared to free curcumin.
Incubation of LNPs on a Caco-2 cell monolayer led to a fivefold increase
in apparent permeability compared to free curcumin. It was also showed
that using LNP increases the bioavailability of curcumin by 10-folds as
compared to unformulated curcumin. Their work showed the potential
of LNP as a non-toxic enhancement for the absorption of lipophilic oral
drugs [121].

Tortora et al. also investigated the ultrasound-assisted formation of
oil-filled Kraft lignin microcapsules. The group showed that lignin mi-
crocapsules were viable for both drug release study of coumarin-6 in
different mediums and biocompatibility for in vitro study of Chinese
hamster ovary (CHO) cells. They have proven the non-cytotoxicity and
successfully incorporated lignin microcapsules into the CHO cells. This
work showed a promising outlook of the potential of using bio-based
renewable lignin sources in the biomedical field [122].

Li et al. developed pH-responsive lignin-based complex micelles
using purified AL. Self-assembly of quaternized AL and sodium dodecyl
benzenesulfonate (SDBS) into complex micelles in ethanol and water
mixture. The complex micelles were able to form uniform nanoparticles
that were able to encapsulate more than 74% of the model drug,
ibuprofen. These micelles were also able to exhibit pH-responsive
behavior through phase changes in different pH. An in vitro release
study of ibuprofen showed controlled release of the drug in different pH
environment which resulted in more than 75% of ibuprofen drug being
preserved in simulated gastric fluid (pH 1.2), and over 90% of the drug
was released in simulated intestinal fluid (pH 7.4). This suggests the
capability of lignin to be utilized in oral drug delivery systems [123].

Recently, Siddiqui et al. also studied the potential of self-assembling
nanoparticles. In their work, they used solvent displacement and flash
pH change to control and optimize the size of the blank Kraft lignin
nanoparticle (BLNP). They further studied the viability of BLNP as a
drug carried by studying the hemocompatibility, cytotoxicity, and
genotoxicity studies on Drosophila melanogaster model organism which
showed that BLNPs were biocompatible as compared to metallic and
inorganic nanoparticles. Irinotecan was used as a model drug which was
incorporated in the synthesis of drug-loaded lignin nanoparticles
(DLNP). It was found that DLNP was able to have a good drug loading
capacity and high encapsulation efficiency. This demonstrated the sus-
tained release capability of DLNP with high drug loading, which was
able to reduce the IC50 value of irinotecan by almost 3 folds. This
showed the promising capability of lignin nanoparticles as a biomaterial
of the future [124].

Bryne et al. proposed using novel AL conjugated with poly(lactic-co-
glycolic acid) (L-PLGA) as a nanoparticle drug delivery system to
enhance the efficacy of targeted therapies. L-PLGA nanoparticles were
loaded with MEK1/2 inhibitor GDC-0623 and were tested in vitro on
MDA-MB-231 TNBC cell line, loaded PLGA nanoparticles were used as a
control. L-PLGA nanoparticles were found to be much smaller than
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PLGA nanoparticles and also had slower drug release with improved
efficacy [125]. Their work showed the positive impact of grafted lignin
nanoparticles which could support the importance of lignin as a
biomaterial in drug encapsulations.

Lignin has been widely studied in cancer and tumor therapy due to
its potential to act as a targeted drug carrier with its biocompatible
properties as mentioned earlier. Dai et al. developed a novel green lignin
nanoparticle without modification by using alkali lignin (AL) with a
simple and scalable preparation technique. Their group formed perfect
AL spheres via the self-assembly method and showed that self-assembly
of AL loaded with bioactive resveratrol (RSV) and Fe3O4 magnetic
nanoparticles were able to form a stable nano-drug carrier with proven
efficacy of the drug with sustained release, stability, and drug accu-
mulation as shown in Fig. 7 [126]. In another work, Figueiredo et al.
developed lignin-derived nanoparticles using corn cob derived alkali
lignin, which are round with a narrow size distribution. These nano-
particles have shown good stability at pH 7.4 and also low cytotoxicity
in all the tested cell lines with a hemolytic rate below 12% after 12 h of
incubation. On the other hand, pure lignin nanoparticles were shown to
efficiently load hydrophobic and cytotoxic drugs and enhance the sus-
tained drug release profile at both pH 5.5. and pH 7.4. They also re-
ported that Fe3O4 infused lignin nanoparticles showed promising results
in cancer therapy and diagnosis in magnetic targeting and MRI [127].

Further, Siddiqui et al. did some work on irinotecan and P-gp
modulator loaded lignin nanoparticles that are functionalized with
CD44 receptors for the treatment of colon cancer. In this work, they have
successfully demonstrated the use of lignin’s antioxidant properties to
control the oxidative stress that can potentially prevent cancer relapse as
part of the 4-way approach as shown in Fig. 8 [128]. This work has
shown lignin’s crucial potential as a viable nano-vehicle for therapeutic
drugs along with its innate property as an antioxidant for its potential in
treating cancer and also prevention of cancer relapse.

Zhou et al. grafted p-cyclodextrin (p-CD) into enzymatic-hydrolysis
lignin (EHL) which self-assembled to form hollow nanoparticles to
encapsulate an antitumor drug, hydroxycamptothecin (HCPT). The
formed lignin nanoparticles were shown to have low toxicity. Their
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study showed good drug loading and encapsulation efficiency, along
with a good sustained-release capability [129].

5.1.2. Gene delivery

Recent advances in gene delivery that utilizes lignin low cytotoxic
nature as potential carriers. Presently, polyethylenimine (PEI) is
commonly used for gene transfection, however it also contributes to the
dose-dependent cytotoxicity [130]. To address this challenge, lignin was
discovered to have the potential to be a viable better alternative to PEI
due to its low cytotoxicity. However, lignin on its own does not have a
binding site to the negatively charged DNA. In order to solve this, the use
of lignin-based nanotubes and functionalization of lignin with potential
DNA binding sites were investigated. Ten et al. synthesized lignin
nanotubes (LNTs) that were shown to have low cytotoxicity to human
HelLa cells up to concentrations of 90 mg/mL, which is 10 times higher
than the tolerable concentration of carbon nanotubes (CNTs). This work
showed the potential of using LNTs as a gene delivery vehicle. Formu-
lated LNTs were able to enter HeLa cells without the need for auxiliary
agents, AL-based LNTs were showed to be able to enter the cell nucleus.
AL-based LNTs were also well capable of binding to DNA and delivering
DNA into the nucleus. Making LNTs particularly useful in smart gene
delivery systems. However, the immunogenicity of using LNTs needs to
be further investigated, along with the effect of different lignin sources
on the immune response [131].

Liu et al. formed kraft lignin graft copolymers using lignin macro-
initiator and 2-(dimethylamino)ethyl methacrylate (DMAEMA) via
atom transfer radical polymerization (ATRP) to form hyperbranched
copolymers. They studied the copolymer’s DNA binding capability, the
formation of nanoparticles with plasmid DNA (pDNA), cytotoxicity, and
gene transfection in cultured cells with reasonable success. The newly
formed lignin-based copolymer was able to inhibit the migration of
PDNA through the formation of nanoparticle complexes with sizes
ranging from 100 to 200 nm at N/P of at least 5. They have also reported
that the lignin copolymer with PDMAEMA showed much lower cyto-
toxicity as compared to PEI (25 kDa). Lignin copolymers with shorter
PDMAEMA grafts have proven surprisingly good gene transfection
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efficiency in cell lines of Cos-7, Hela, and MDA-MB-231 [111].

In another work, Jiang et al. used kraft lignin to synthesize multi-
armed cationic lignin-PGEA-PEGMA copolymer via ATRP. Their work
showed that the multi-armed copolymers were able to efficiently
compact pDNA into nanoparticles with sizes ranging from 150 to 250
nm at an N/P ratio of at least 10. The lignin-based copolymer showed
high transfection efficiency which is comparable or much higher as
compared to PEI control when tested in HEK 293T and Hep G2 cell lines.
In addition, the copolymer also showed excellent antioxidant activity
which made the cationic lignin-based copolymer a suitable candidate for
gene delivery [132].

5.2. Biosensors and bioimaging

A biosensor can be defined as a sensor that consists of a bioreceptor
that identifies and communicates with the analyte to give off a biological
signal [133]. This signal is then transformed into an electrical signal via
a transducer element. The obtained electrical signal signifies the pro-
portionate amount of biochemical analyte present in the tested sample
[134]. Biosensors are classified into electrochemical, optical, thermal,
and piezoelectric biosensors depending on the transducer [133]. Due to
the abundance of aromatic subunits, lignin exhibits strong compatibility
with carbon-based materials and effective adsorption onto sp?-hybri-
dized carbon surfaces [135,136]. Lignin is also capable of acting as a
stabilizing agent for nanoparticles including silver [137]. In combina-
tion with its biocompatible property, lignin presents itself to be a suit-
able material for biosensing and bioimaging applications.

Biosensors based on oxides and lignin have been extensively studied
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by Jedrzak et al. for glucose detection via the catalytic oxidation
mechanism of glucose. They presented the assembly of silica/lignin
(SiOy/Lig) hybrid material that is suited for surface adsorption of
glucose oxidase (GOx) [135]. It was reported that the hybrid material
functionalized with lignin was able to immobilize 25.89 mg/g of GOx,
two times more amount compared to SiO, itself. The GOx-SiOy/Lig
system acted as a biocatalyst with carbon paste electrode (CPE) and
ferrocene (Fc) as redox mediators to form a second-generation glucose
biosensor. Following this, the group fabricated a magnetite/lignin
(Fe3O4/Lig) and magnetite/lignin/polydopamine (Fe3O4/Lig/PDA)
material to immobilize GOx with favorable affinity [138]. Similarly, the
two materials were combined with CPE and Fc for glucose detection in
the concentration range of 0.5-9.0 mM. The CPE/Fe304/Lig/PDA/-
GOx/Fc biosensor was further studied and compared with other avail-
able commercial glucose biosensors. It was concluded that the
CPE/Fe304/Lig/PDA/GOx/Fc biosensor has high sensing ability and
good accuracy because of the high GOx enzyme loading of 29.44 mg/g
of support. The group also tried modifying gallium oxide (GapOs) and
zirconium (IV) oxide (ZrOy) with kraft lignin to produce supports
capable of GOx adsorption [136]. 24.7 and 27.1 mg/g of GOx were
successfully immobilized onto the surface of GayO3/lignin and ZrO,/-
lignin supports respectively. Afterward, GaxO3/lignin/GOx and ZrOa/-
lignin/GOx systems were coupled with CPE and Fc, as shown in Fig. 9, to
construct an electrochemical biosensor used for glucose examination.
Carbon quantum dots (CQDs) are biocompatible and non-toxic car-
bon core particles of less than 10 nm. They are capable of emitting ra-
diation in the blue to red visible range. These minimally cytotoxic CQDs
offer a prospective method for in vitro or in vivo biological imaging of
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cells. Lignin-derived CQDs with fluorescent ability were functionalized
with amino-acids by Janus et al. [139]. Furthermore, when tested in
DPPH assay, they displayed radical scavenging behavior and are
non-cytotoxic in the presence of human dermal fibroblasts cells. Wang
et al. demonstrated the conversion of alkali lignin into graphene quan-
tum dots (GQDs) using a bottom-up synthesis approach [140]. O-ami-
nobenzenesulfonic acid (A-acid) is a recyclable solid aromatic acid
acting as a hydrotrope to dissolve lignin into lignin nanoparticles (LNPs)
and subsequently transform them into lignin-based GQDs (LGQDs) via
hydrothermal re-fusion. LGQDs display excellent fluorescence, water
solubility, and prolonged photostability. Biocompatibility determina-
tion was conducted with mouse fibroblast L929 and 3T3 cell lines. The
cell viability results indicated acceptable biocompatibility. As such,
LGQDs were adapted for the detection of hydrogen peroxide (H205).
Outcome from the experiments indicated exceptional detection ability
even at low concentration of 0.13 nM, with initially high excitonic
fluorescence followed by significant fluorescence quenching when H,O5
is present. Fluorescent carbon dots (CDs) produced via the hydrothermal
treatment of lignin under HyO, condition were synthesized by Chen
etal. [141]. The CDs exhibited photostable blue photoluminescence and
are water-soluble. Further investigation with A549 human lung adeno-
carcinoma cells demonstrated low cytotoxicity. Their imaging capabil-
ities were also evaluated using HeLa cells through in vitro experiments
and results revealed good photoluminescence. Therefore, the CDs are
deemed suitable for bio-imaging.

Aadil et al. studied the usage of silver nanoparticles (AGNPs) stabi-
lized by Acacia alkali lignin for hydrogen peroxide (H03) detection
[142]. It was proclaimed that silver ions (Ag*) were reduced by active
functional groups on lignin to silver metal (Ag®). The lignin stabilized
AGNPs appear to have good sensitivity and a linear relation across a
wide range of Hy0 concentration, from 107! to 10~ M. When tested in
vitro for their toxicity, they exhibit cytotoxic behavior in breast cancer
MCF-7 and melanoma A375 cell lines. Lignin nanoparticles (LNPs) were
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proved to be suitable for immobilization of horseradish peroxidase
(HRP) and GOX by Capecchi et al. [143]. Mediated by Concanavalin A
(Con A), HRP and GOX were oriented and adsorbed onto LNPs in the
right position. Cationic lignin (CATLIG) was determined to be the best
polyelectrolyte. The Con A/HRP-GOX system was subsequently tested
via ABTS and dopamine chromogenic substrates for the oxidation of
glucose. Nitrogen-doped laser-scribed graphene (N-LSG) fabricated from
lignin precursor via CO3 laser scribing process was reported by Lei et al.
[144]. N-LSG boasted enhanced electrochemical activity and heteroge-
neous electron transfer rate which are the result of highly conductive
porous N-LSG and enriched active edge-plane sites. N-LSG spray coated
with MXene/Prussian blue (Ti3C,Tx/PB) to form Ti3CyTx/PB-modified
N-LSG electrodes for HyO5 detection. The electrodes are further func-
tionalized with catalytic enzymes for glucose, lactate, and alcohol dis-
tinguishing purposes. Improved electrocatalytic activity for detection of
the compounds was illustrated over a broad concentration range.

Yuan et al. first synthesized Fe3Og4-lignin clusters through facile
hydrogen bonding, following which the clusters were carbonized to
form Fe3C@C composite core-shell magnetic nanoparticles [145].
Modified with an aptamer, the FesC@C-aptamer can be adopted for the
detection of prion protein (PrPS%). Due to the distinct affinity of
FesC@C-aptamer with PrPSC, the detection sensitivity of PrP5¢ was
improved approximately 10 times alongside a good linear relationship.
A layer-by-layer (LBL) film immunosensor was fabricated from antigenic
peptide (p17-1) sequence and lignin onto gold electrodes by Cerrutti
et al. [146]. The immunosensor was reported to be suitable for the
specific detection of anti-pl7 human immune deficiency virus (HIV)
antibodies (Ab) at a concentration as low as 0.1 ng/mL. This is attributed
to the lignin matrix maintaining the secondary a-helix structure of the
peptide, which is essential for anti-p17 HIV AB detection.

In essence, lignin coupled with various compounds and different
processing methods for functional biosensors can possibly be a devel-
oping research area in the biomedical field. These biosensing systems
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Table 2
Summary and key findings of lignin-related biosensors and bioimaging applications.
Type of Lignin Matrix Material Form In-vitro Study Key Findings References
Kraft lignin Silica Biosensor - Two-fold increase in glucose oxidase immobilization (25.28 mg/g) [135]
Glucose oxidase Successful linear response glucose detection (0.5-9 mM) with detection
limit (145 pM) and high sensitivity (0.78 pA/mM)
Kraft lignin Magnetite Biosensor - High glucose oxidase loading (29.44 + 2.39 mg/g) [138]
Polydopamine Comparable glucose detection sensitivity and accuracy with commercial
Glucose oxidase biosensors
Kraft lignin Gallium oxide Biosensor - 24.7 and 27.1 mg/g glucose oxidase immobilization [136]
Zirconium (IV) oxide Successful glucose detection
Glucose oxidase
Lignin from - Bioimaging = Human dermal fibroblasts ~ Good fluorescence ability and photostable for 30 days [139]
wood About 10-30% of radical scavenging behavior
Less than 20% decrease in fibroblasts, hence considered non-cytotoxic
Alkali lignin - Biosensor Mouse L929 fibroblasts Excellent sensitivity for hydrogen peroxide detection as low as 0.13 nM [140]
Mouse 3T3 fibroblasts Low cytotoxicity (>90.32% cell viability)
Lignin - Bioimaging ~ Human lung A549 Biocompatible and low cytotoxicity (>80% cell viability) [141]
adenocarcinoma cells Good photoluminescence for imaging of HeLa cells
HelLa cells
Alkali lignin Silver Biosensor Breast cancer MCF-7 cells  Hydrogen peroxide detection across 10~! — 107° M with high sensitivity [142]
Melanoma A375 cells and linear relationship
Cytotoxic characteristics (<30% cell viability)
Organosolv Concanavalin A Biosensor - Suitable for glucose detection using chromogenic substrates [143]
lignin Horseradish Better or comparable limit of detection at 0.85 pM
peroxidase
Glucose oxidase
Lignosulfonate Nitrogen Biosensor - Successful detection behavior for hydrogen peroxide (0-10 mM), glucose [144]
MXene/Prussian blue (10 pM-5.3 mM), lactate (0-20 mM) and alcohol (0-50 mM) across broad
concentrations
Corn stover Magnetite Biosensor - 10-fold sensitivity improvement and successful detection of prion protein [145]
lignin Anti-prion protein across 0.1-200 ng/mL
aptamer
Organosolv Antigenic p17-1 Biosensor - Successful detection of specific anti-p17 human immune deficiency virus [146]
lignin peptide sequence antibodies as low as 0.1 ng/mL

Control group

Chitosan/PVA

_ignin

.
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5™ day

10" day

15" day

Fig. 10. Photographs of wounds with control group (no dressing), LCPHO dressing, and LCPH1 dressing on the 0", 5th, 10th, and 15th day. Reproduced from
Ref. [151] with permission from Elsevier. Copyright 2019.
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could be a promising alternative for more accurate and sensitive diag-
nostic applications. Nonetheless, more intensive testing needs to be
conducted using these biosensors on biological fluids. In addition to in
vitro applications, the in vivo function has yet to be explored. Table 2
summarises the key findings of lignin-related biosensors and
bioimaging.

5.3. Tissue engineering

In the field of regenerative medicine, tissue engineering encompasses
the development of biocompatible functional materials through the
combination of multidisciplinary principles. Tissue engineering func-
tions as an ingenious way for the recovery, replacement, improvement,
or preservation of specific biological tissue or organ. Owing to its non-
toxic, ultraviolet protective, antioxidant and antibacterial properties of
the complex lignin macromolecule, multiple studies have been con-
ducted on the probable use of lignin in different types of materials and
processing methods for tissue engineering applications.

5.3.1. Hydrogel

Hydrogels are three-dimensional polymeric networks that are able to
absorb a large amount of fluid and retain them within itself [147].
Hydrogels have been one of the promising candidates in tissue engi-
neering as hydrogels are able to trap a great quantity of water within its
extended polymer network to mimic the surrounding tissue environ-
ment [148]. There have been many developments in recent years to shift
the use of synthetic polymers to natural polymers for their biocompat-
ibility and low cytotoxicity which are suitable for use in a variety of
biomedical applications [149]. Lignin renders itself as a suitable choice
of natural biocompatible polymer and a versatile choice in the devel-
opment of hydrogels for tissue engineering. In comparison to commonly
used materials for hydrogel such as polyethylene glycol, lignin is able to
bring special properties such as increased mechanical strength, adhe-
siveness, as well as antioxidant and antimicrobial properties [150]
which are desirable for biomaterial applications.

To reduce infection and promote wound healing, hydrogel consisting
of lignin has been widely investigated. Zhang et al. used developed
lignin-chitosan-PVA composite hydrogel for wound healing [151].
While PVA-chitosan has been previously studied to have excellent
biocompatibility and antibacterial properties, it has poor mechanical
strength. By incorporating lignin into the hydrogel system, his team was
able to improve the mechanical strength to around 47 MPa with good
protein adsorption capacity and wound compatibility. Wound healing
studies shown in the mouse model showed faster healing as compared to
the control and PVA-chitosan hydrogel as illustrated in Fig. 10.

Correspondingly, Ravishankar et al. established the use of alkali
lignin as an ionotropic cross-linker with chitosan to fabricate chitosan-
alkali lignin hydrogels [152]. The hydrogels were proven to be
non-cytotoxic when tested in vitro against Mesenchymal stem cells and
to zebrafish at a maximum concentration of 100 pg/mL. Moreover, the
hydrogel surface is suited for cell adhesion and proliferation. Scratch
wound healing assay with mouse fibroblast NIH 3T3 cells displayed cell
migration attributes. In another study, Mahata et al. grafted hydrophilic
polyoxazoline copolymer onto lignin and further altered it with triazole
moiety to strengthen antimicrobial and antibiofilm capabilities [153].
The resultant compound was developed into a hydrogel and investigated
for its potential as an anti-inflammatory material. Hydrogel with 20 wt%
lignin was selected for in vitro and in vivo studies. In in vitro experiment,
it displayed anti-inflammation ability via reducing gene expression of
iNOS and IL-1f of inflamed mouse macrophage cells induced by lipo-
polysaccharide (LPS), a component of outer membrane of gram-negative
bacteria, often used to establish an inflammatory model to stimulate the
release of inflammatory cytokines including IL-1p [154]. In addition, the
hydrogel exhibits antioxidant capability. Further in vivo investigations
were conducted on burnt and infected wounds of rats. Results revealed
promising abilities such as infection prevention and wound healing
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capabilities. Similarly, Xu et al. extracted lignin from coconut husks and
integrated it into thermoresponsive polyurethane-based nanogel for
wound-dressing application [155]. The incorporation of lignin did not
significantly affect gelation and rheological properties, however critical
micelle concentration slightly increased. Through in vitro study on LO2
cells, the nanogel exhibited excellent biocompatibility and nontoxicity.
It was also evidenced to be capable of possessing radical scavenging
behavior. In vivo studies using mouse burn wound models demonstrated
the wound healing potential of the nanogel.

Silver nanoparticles are known to have remarkable antibacterial
characteristics which could aid in healing injuries [156]. The potential
of coupling these silver nanoparticles along with the properties of lignin
in hydrogels was evaluated in some research. Li et al. modified sodium
lignin sulfonate by grafting amino group to attain lignin amine (LA)
[157]. Afterward, LA was cross-linked with poly(vinyl alcohol) PVA to
form a hydrogel. Subsequent combination with silver nitrate solution led
to in situ reduction and formation of silver nanoparticles. As such, the
hydrogel exhibits improved antibacterial properties and was proven
in-vitro against S. aureus and E. coli bacteria. The hydrogel also dis-
played biocompatibility in toxicity tests with L929 cells. Jaiswal et al.
demonstrated the use of lignin as a reducing and capping agent for the
synthesis of silver nanoparticles (AgNPs) in carrageenan hydrogel ma-
trix cross-linked with divalent cations [158]. The physical properties of
the hydrogel were also improved as a result of divalent cation
cross-linking. In vitro study with mouse fibroblast 1929 cell line proved
acceptable biocompatibility. In vivo investigation detailed in Fig. 11
using Carra/Lig/AgNPs/MgCl2 hydrogel illustrated superior wound
healing capabilities on incision-induced Sprague-Dawley rats.

The addition of water-soluble glycinated kraft lignin (WS/KL) into
hyaluronan (NaHy) hydrogels were presented by Musilova et al. [159].
Both WS/KL and NaHy were found to be compatible with each other.
Hydrogel with lignin content up to 3% (w/w) enhanced creep resistance
and creep recovery. However, the swelling ability was reduced. Cyto-
toxicity studies evaluated NaHy hydrogel with incorporated WS/KL to
be non-toxic as cells can migrate and proliferate within the hydrogel
structure. Chandna et al. designed nanocomposite pH-stimulated poly
(acrylic acid) hydrogels ingrained with photodynamic nanoconjugates
derived from lignin [160]. The nanoconjugates were formed by binding
rose Bengal photosensitizer with silver and gold-based lignin nano-
complexes. They possess good physiological stability and photophysical
ability. They reported that the hydrogel doped with lignin-based nano-
conjugates are favorable against Candida tropicalis, providing maximum
laser-assisted antifungal inhabitation at low concentration. Polar
lignin-carbohydrate complexes (LCCs), LCC-48 and LCC-72, were pre-
pared by Zhao et al. and subsequently form hydrogel carriers [161].
LCC-48 and LCC-72 were cross-linked with polyethylene glycol digly-
cidyl ether for human hepatocyte (L-02) cell culture application. The
outcome from the cell culture study showed significant adhesion of
hepatocytes onto LCCs porous structure. Additionally, there was
improved liver cell proliferation and metabolic activity on the LCCs
carriers, thus suitable for liver cell culture.

To sum up, lignin was proven to be a viable ingredient in the for-
mation of lignin-based hydrogels. The hydrogels presented in the
various studies were capable of wound healing with no cytotoxic effects.
Hence, making them a potential biocompatible material in the field of
regenerative medicine.

5.3.2. Nanofibers

To fabricate nanofibers of uniform and controlled diameters, elec-
trospinning is a relatively simple and versatile technique widely avail-
able [162]. The porous morphology and nanoscale fibers make
electrospun matrixes potentially suited for tissue engineering applica-
tions such as cell culturing scaffolds [163].

Salami et al. electrospun PCL with 0-15 wt% lignin to produce a
PCL/Lig nanocomposite scaffold [164]. The scaffold containing 10 wt%
lignin has suitable physical, morphological, and mechanical properties
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Fig. 12. Formation of HAp minerals facilitated by lignin. (a) SEM images showing the absence and presence of lignin for the formation of HAp after a two-day
culturing. (b) SEM images of lignin/PCL nanofibrous film showing that the entire surface of the film was covered with HAp after incubation for 5 days. (c¢) High-
magnification SEM image showing a platelet-like structure, which is typically found in natural HAp. (d—f) Results from EDX elemental analysis showing the dis-
tribution of Ca and P. Reproduced from Ref. [169] with permission from ACS Publications. Copyright 2019.

for fibroblast cell proliferation. Utilizing atom transfer radical poly-
merization, Kai et al. grafted poly(methyl methacrylate) (PMMA) onto
lignin to form lignin-PMMA copolymers [165]. Molecular weights and
thermal properties can be modified by adjusting the ratio of lignin to
PMMA ratio. Afterward, the lignin-PMMA copolymers were mixed with
poly(e-caprolactone) (PCL) and electrospun into PCL/lignin-PMMA
nanofibers. The biocompatibility of these nanofibers was investigated
with human dermal fibroblasts (HDFs). The HDFs cells exhibited
favorable interactions, proliferation, and attachment with
PCL/lignin-PMMA nanofibers.

Wang et al. synthesized lignin-polycaprolactone (PCL) copolymer
through solvent-free ring-opening polymerization of alkali lignin and
e-caprolactone [166]. The copolymer was integrated into the PCL matrix
and electrospun to form PCL/lignin-PCL nanofibers for potential nerve
tissue regeneration. Mechanical properties were improved and the
nanofibers displayed good antioxidant properties upon the inclusion of
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lignin-PCL. Bone marrow mesenchymal stem cells were used to evaluate
the biocompatibility of PCL/lignin-PCL nanofibers and results indicated
enhanced cell viability with respect to PCL. Furthermore, Schwann cells
and dorsal root ganglion (DRG) neurons were cultured on the nano-
fibers. The outcome was positive with stimulated Schwann cell prolif-
eration, boosted myelin protein expressions of Schwann cells, and
promoted neurite outgrowth of DRG neurons. Likewise, through
ring-opening polymerization, Kai et al. demonstrated the combination of
10-50 wt% alkylated lignin and poly(lactic acid) (PLA) [167]. Following
which the PLA-lignin copolymers were mixed with poly(i-lactide)
(PLLA) to produce PLLA/PLA-lignin nanofibers using the electro-
spinning technique. The nanofibers exhibited positive antioxidant
behavior across 72 h. Additionally, rat PC12, human dermal fibroblasts,
and human mesenchymal stem cells were cultured s onto the nanofibers
to investigate the biocompatibility of PLLA/PLA-lignin nanofibers. It
was concluded that the nanofibers incorporated with lignin offer better
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Fig. 13. Photographs of (A) PLA and PLA coated pellets; (B) LIG and TC containing PLA filaments; (C) LIG and TC containing 1 cm x 1 cm squares prepared using 3D
printing; (D) different shapes printed using the filament containing 2%(w/w) LIG. Reproduced from Ref. [176] with permission from MDPI. Copyright 2019.

cell proliferation and are suitable for tissue engineering scaffolds.

Saudi et al. incorporated 0-5 wt% lignin into poly(vinyl alcohol)
(PVA)-poly(glycerol sebacate) (PGS) to create nanofibers via electro-
spinning for nerve tissue engineering application [168]. The higher
amount of lignin led to decreased fiber diameter and increased elastic
modulus. Also, the presence of lignin improved cell proliferation and
exhibited the ability for neural cell differentiation. Wang et al. reported
on the use of electrospun lignin and PCL to form lignin/PCL nanofibrous
films for hydroxyapatite (HAp) cultivation [169]. Since lignin contains
numerous hydroxyl groups, these reactive sites can accommodate Ca™
ions. After which, successive Ca* and POS~ coprecipitation promoted
HAp nucleation on lignin/PCL fibrous substrate. As observed in Fig. 12,
HAp nucleation has occurred. The following surface biomineralized
lignin/PCL-HAp composites were investigated for their oesteo-
conductivity capability. Improved osteoblast cell viability and prolifer-
ation were observed, signifying its suitability as an interface for bone
treatment.

Polycaprolactone (PCL) fibers loaded with 0-15 wt% lignin nano-
particles were electrospun by Amini et al. for nerve regeneration pur-
poses [170]. In vitro preliminary study of the PCL/lignin fibers was
conducted with rat pheochromocytoma (P12) cell line and human
adipose-derived stem cells (hADSCs). Results indicated improved cell
viability and differentiation with increasing lignin content. In vivo study
using adult male Wistar rats to evaluate sciatic nerve regeneration was
conducted. It was concluded that PCL fiber implants containing 15 wt%
lignin were beneficial for peripheral nerve regeneration by promoting
axonal sprouting. p-butyrolactone was grafted onto alkali lignin through
ring-opening polymerization to form lignin-poly(3-hydroxybutyrate)
(PHB) copolymer as validated by Kai et al. [171]. The copolymer was
then blended with PHB and electrospun into nanofibers. By incorpo-
rating lignin-PHB, the mechanical properties of the resultant nanofiber
were enhanced. Furthermore, the antioxidant behavior of PHB/lignin
nanofibers can be altered accordingly. NIH-3T3 fibroblast cells were
cultured in vitro onto the nanofibers and displayed acceptable conflu-
ence and biocompatibility. In vivo investigation on rat models also
suggest the implanted PHB/lignin nanofibers were non-irritant and
biocompatible. Liang et al. determined the use of electrospun nanofibers
comprised of poly(e-caprolactone) (PCL) combined with poly(e-capro-
lactone)-grafted lignin (PCL-g-lignin) obtained via solvent-free ring--
opening polymerization for osteoarthritis (OA) therapy [172].

86

Antioxidant and mechanical properties proved to be tunable by adjust-
ing the ratio of PCL-g-lignin and PCL respectively. The nanofibers
exhibited minimal cytotoxicity and improved cell viability, alongside
superior antioxidant and anti-inflammatory properties as evidenced
from in vitro oxidative stress stimulated human chondrocytes and in vivo
OA rabbit model studies. Antioxidant enzymes were triggered through
autophagy mechanism resulting in inhabitation of reactive oxygen
species (ROS) formation. Also, in vivo macroscopic and histological
analysis indicated successful suppression of OA development and
cartilage degradation.

Morganti et al. fabricated natural beauty masks from electrospinning
of chitin nanofibril-lignin block co-polymeric nanoparticles and other
natural biocompatible polymers [173]. The fibers are capable of trap-
ping and releasing various active ingredients such as sodium ascorbyl
phosphate, melatonin, beta-glucan, and nicotinamide. Cytotoxicity was
studied and was deduced in-vitro to be non-toxic to keratinocytes and
fibroblasts cells. Cytokine expression was also reduced. Anti-aging and
restorative properties were established as evidenced by the release of
Metallo Proteinase I and elevated production of collagen type I. The
effectiveness of the beauty masks was examined on 30 women volun-
teers with evident photoaging. The outcome from the study showed
protective and rejuvenating activity thus making these masks suitable
for mitigating skin premature aging.

In general, electrospinning is an easy, flexible, and cost-effective
processing technique for the fabrication of nanofibers with consistent
physical and chemical properties. As discussed earlier, nanofibers
incorporated with lignin were proved to be biocompatible and non-
cytotoxic in widely tested in-vitro and in-vivo experiments. Therefore,
electrospun lignin nanofibers are potentially suitable for tissue engi-
neering scaffolds in the biomedical industry. Although many of the
lignin combined nanofibers were determined to be biocompatible,
insufficient in vivo research hinders the application as implants in
humans.

5.3.3. Additive manufacturing

The popularity of additive manufacturing technology, also known as
3-dimensional (3D) printing, has been on the rise due to its adaptability
and promising approach for tissue engineering [174]. 3D printing allows
healthcare professionals to produce customizable and personalized
forms of treatment for injured individuals. Furthermore, increasing
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Fig. 14. Different forms of lignin-HPU hydrogel: (a) extruding the lignin-HPU ink from the 3D printer nozzle, (b) various patterns printed from lignin-HPU hydrogels,
(c) dry-spun hydrogel fibers from lignin-HPU, and (d) a knot formed with a fully swollen lignin-HPU hydrogel films. Scale bars: 5 mm. (e) Lignin-HPU patch on arm,
(f) peeling off the hydrogel film without any attached hair and without any pain, (g) human dermal fibroblast cells on lignin-HPU film, (h) viability of human dermal
fibroblast cells on lignin-HPU film versus controls (no material) at over 1, 2 and 3 days Reproduced from Ref. [177] with permission from ACS Publications.

Copyright 2018.

demands for sustainable materials have driven the incorporation of
natural polymers such as lignin in 3D printing technologies. Fused
deposition modeling (FDM), direct ink writing (DIW), stereolithography
(SLA), and digital light processing (DLP) are some examples of
commonly employed 3D printing techniques.

Polylactic acid (PLA) is an excellent thermoplastic biomaterial for
biomedical applications owing to its biodegradability and biocompati-
bility. Tanase-Opedal et al. incorporated 20 and 40 wt% sulfur-free soda
lignin into PLA matrix and showed that the PLA/lignin blends are suit-
able for FDM 3D printing [175]. The biocomposites with lignin inte-
grated led to significant improvement in antioxidant activity compared
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to neat PLA. In a separate study, Dominguez-Robles et al. successfully
extruded PLA filament containing kraft lignin, as evidenced in Fig. 13,
which displayed localized and prolonged antioxidant capabilities for
wound healing applications [176]. 0-3 wt% lignin was coated onto PLA
pellets with the aid of biocompatible castor oil and extruded at 200 °C.
The addition of antibiotics, tetracycline, for wound infection prevention
was also demonstrated and effectively reduced S. aureus adhesion. The
FDM-based filament can be 3D printed into meshes of customizable
geometry catered to a patient’s wound. Curcumin, a model drug, was
applied onto the mesh to study diffusion characteristics and results
indicated permeation rate was influenced by mesh dimensions.
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Fig. 15. (a) Relative release amount of PIs from samples using DAL-12ane/EDAB and DAL-11ene/EDAB as PIs. (b) Confocal laser scanning microscope images of
1929 cells incubated on poly PEGDA tablet fabricated by using different PIs. Hollow spheres fabricated by DLP 3D printed using HDDA as a monomer and (c) DAL-
11lene/EDAB or (d) DAL-12ane/EDAB as PIs. Reproduced from Ref. [179] with permission from ACS Publications. Copyright 2020.

With the advancement in 3D printing technologies, soft materials
such as hydrogels can also be printed with the use of DIW 3D printing
technique. 0-2.5 wt% lignin was introduced as a physical cross-linker in
hydrophilic polyether-based polyurethane (HPU) hydrogels by Oveissi
et al. [177]. The addition of 2.5 wt% lignin increased fracture energy,
Young’s modulus, and lap shear adhesiveness of the hydrogel, which is
primarily affiliated to increased hydrogen bonding within the
lignin-HPU network. In addition, it also displays load recovery perfor-
mance of 95% in loading/unloading cycles. Cell viability was examined
by culturing human dermal fibroblast onto the lignin-HPU film.
Outcome up to 72 h imply no significant changes in cell viability, thus
illustrates the film’s biocompatibility and supportive cell growth ability.
The group established that the lignin-HPU hydrogel has suitable and
adjustable rheological properties that can be extruded using direct ink
writing (DIW) 3D printing technique. Fig. 14 showcases the 3D print-
ability and biocompatibility of the lignin-HPU hydrogel.

A more recent hydrogel DIW-based bioink made from cellulose
nanofibril (CNF), alginate, and colloidal lignin particles (CLP) was
prepared by Zhang et al. [178]. Antioxidant properties were brought
about when CLP was incorporated into the CNF-alginate-CLP nano-
composite scaffolds. The antioxidant behavior is dependent on the
concentration of CLP added. Additionally, raising CLP concentration
increased the hydrogel viscosity which allows better shape accuracy and
3D printing resolution. After printing, the scaffolds displayed shape
stability and storage up to 7 days in Dulbecco’s phosphate buffer. The
rehydration ratio was above 80%, illustrating its high water-retention
capability. No negative effect of CLPs on hepatocellular carcinoma cell
line HepG2 was evidenced. HepG2 cells were proliferated on the interior
and exterior of the porous scaffolds, implying good biocompatibility.

DLP 3D printing technique relies on the photopolymerization of a
photopolymer matrix in the presence of photoinitiators. As such, Zhang
et al. synthesized two alkylated dealkaline lignin, DAL-11ene, and DAL-
12ane, via one-step esterification reaction between dealkaline lignin
(DAL) and undecanoyl chloride or dodecanoyl chloride [179]. Both
DAL-11ene and DAL-12ane exhibited better photoinitating efficiencies
compared to DAL. Co-initiator, ethyl 4-(dimethylamino)benzoate
(EDAB) was combined as an additional photoinitiator for DLP 3D
printing. Biosafety of 0.5-1 wt% DAL-11ene/EDAB or DAL-12ane/EDAB
as photoinitiators were evaluated by photopolymerization with poly-
ethylene glycol diacrylate (PEGDA) monomer. The tablets printed were
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incubated with L929 mouse fibroblasts followed by live/dead staining.
L1929 cells were well proliferated on both tablets indicating excellent
biosafety and cytocompatibility. Successful DLP 3D printing capability
was demonstrated by adding 1 wt% of either photoinitiators into 1,
6-hexanediol diacrylate (HDDA) monomer. Cytocompatibility and 3D
printed structures are shown in Fig. 15.

To summarize, lignin was demonstrated to be a possible additive into
a polymeric matrix and suitable for 3D printing applications. Moreover,
the blended materials exhibit desirable bioactive properties. These
properties together with the customizability of 3D printing are ideal for
patient-specific treatment. However, limited studies have been con-
ducted on the biocompatibility of using lignin as a 3D printing additive
especially for other types of 3D printing techniques other than extrusion
based methods. Future research should explore the use of lignin with
different 3D printing techniques and in-vivo studies to understand the
interactions between the lignin additive biomaterial and the biological
system. Table 3 summarises the key findings of lignin-related hydrogels,
nanofibers, and 3D printing applications.

6. Challenges and perspective

Another potential area for the valorization of lignin is the application
of lignin in health dietary supplements. Lignin extracted from the nat-
ural resource is commonly employed as a highly insoluble fiber in di-
etary supplement which may be helpful for digestion. Nevertheless, its
rich content in phenolic chemicals could find many other potential
benefits in human health. This includes anti-diabetic [180-183],
anti-obesity [184,185], anti-tyrosine [186,187] and gut-microbiota
balancing [188] which are beneficial to the human dietary health.

Processing and utilization of lignin as a biomaterial remains to be a
huge challenge today. There are many different types of lignins that
originate from a variety of natural sources, and there are also many
different processing methods as highlighted in this review. Each
different type of lignin possesses different properties due to its hetero-
geneity, which makes it particularly challenging to characterize lignin.
There is a need to further investigate the structure of lignin and discover
a way to obtain a more uniform lignin structure in order to complete the
picture of lignin as a biomaterial.

Today’s lignin source mainly comes from the processes of the pulp
and paper industries. Extensive mechanical and chemical processes have
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Table 3
Summary and key findings of lignin-related hydrogels, nanofibers, and 3D printing applications.
Type of Lignin Matrix Material Form In-vitro Study In-vivo Study Key Findings References
Lignosulfonate Chitosan Hydrogel Staphylococcus aureus Female 70% reduce in free radicals with 0.2 mg/mL [151]
Polyvinyl alcohol Bovine serum albumin Kunming mice lignin solution
Mouse osteoblasts Increased cell viability with increasing lignin
concentration (0.2-3.2 mg/mL)
Good antibacterial abilities at 10 wt% lignin
Faster and complete wound healing over 15 days
Alkali lignin Chitosan Hydrogel Mesenchymal stem Zebrafish Biocompatible in-vitro (99 + 3% cell viability) [152]
cells embryo Positive wound healing potential after 24 h
Mouse NIH3T3 Low cytotoxicity up to 100 pg/mL
fibroblast cells Suitable cell attachment, proliferation, and
migration surface
Lignosulfonate Polyoxazoline conjugated Hydrogel Mouse RAW 264.7 Sprague Exhibited antioxidant, cellular anti- [153]
triazole macrophage cells Dawley rats inflammatory, and antimicrobial activities
Escherichia coli Capable of preventing infection, promote
Pseudomonas healing, and reduced inflammation on burn
aeruginosa wound within 14 days
Salmonella typhi
Klebsiella pneumonia
Staphylococcus aureus
Staphylococcus
epidermidis
Candida albicans
Candida tropicalis
Coconut husk Polyethylene glycol Hydrogel Human LO2 liver cells SPF mice Excellent biocompatibility (>90% cell viability) [155]
extracted lignin Polypropylene glycol Cell survival rate of 64-83% in the oxidative
Polydimethylsiloxane stress cell model
Rapid and complete wound healing within 25
days
Sodium Polyvinyl alcohol Hydrogel Staphylococcus aureus - Improved antibacterial properties [157]
lignosulfonate Silver Escherichia coli Non-cytotoxic and biocompatible (=60% cell
Mouse L929 fibroblasts viability)
Alkali lignin Carrageenan Hydrogel Staphylococcus aureus Sprague Antibacterial behavior between 3 and 6 h [158]
Calcium chloride Escherichia coli Dawley rats Biocompatible properties (>95% cell viability
Copper chloride Mouse L929 fibroblasts after 48 h)
Magnesium chloride Wound healing effect within 14 days
Silver
Kraft lignin Hyaluronan Hydrogel Mouse embryonic - Non-cytotoxic (>90% cell viability) [159]
fibroblasts Positive cell migration and cell growth over 2-7
days
Kraft lignin Rose Bengal Hydrogel Candida tropicalis - Antifungal and antimicrobial properties at very [160]
Gold low ICs value (0.1 pg/mL)
Silver
Polyacrylic acid
Lignin- Polyethylene glycol Hydrogel Human L-02 - Positive hepatocytes adhesion [161]
carbohydrate diglycidyl ether hepatocytes Biocompatible with cell proliferation and
complex metabolic activity (highest after 5 days)
Kraft lignin Polycaprolactone Nanofibers Fibroblasts - Biocompatible (>98% cell viability across 8 [164]
days)
Improved biological cell response and
mechanical signals
Kraft lignin Polymethyl methacrylate Nanofibers Human dermal - Biocompatible [165]
Polycaprolactone fibroblasts Compatible cell attachment, proliferation, and
interaction across 9 days
Alkali lignin Polycaprolactone Nanofibers Rat Schwann cells - Biocompatible with antioxidant properties (up [166]
Human bone marrow to 98.3 £ 1.9% free radical inhabitation)
mesenchymal stem Stimulated cell proliferation, improved myelin
cells protein expression of Schwann cells, and
induced neurite outgrowth of DRG neurons
Alkali lignin Polylactic acid Nanofibers Rat PC12 cells - Positive antioxidant ability over 72 h [167]
Poly-1-lactide Human dermal Biocompatible with increased cell proliferation
fibroblasts
Human mesenchymal
stem cells
Kraft lignin Polyvinyl alcohol Nanofibers Rat PC12 cells - Non-cytotoxic [168]
Polyglycerol sebacate Induced cell proliferation and differentiation
across 7 days
Kraft lignin Polycaprolactone Nanofibers Mouse MC3T3-E1 - Suitable biocompatibility after 2 days [169]
Hydroxyapatite osteoblasts Osteoconductive with positive cell adhesion and
proliferation across 5-7 days
Kraft lignin Polycaprolactone Nanofibers Rat PC12 cells Male Wistar Enhanced cell viability and differentiation [170]
Human adipose- rats across 7-14 days
derived stem cells Supportive nerve regeneration characteristics
Alkali lignin Poly-3-hydroxybutyrate Nanofibers Mouse NIH3T3 [171]

fibroblasts
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Type of Lignin Matrix Material Form In-vitro Study In-vivo Study Key Findings References
Female Adjustable antioxidant property with the
Sprague highest inhabitation at 98.8 + 0.9% in 4 h
Dawley rats Non-cytotoxic and biocompatible across 35 days
Kraft lignin Polycaprolactone Nanofibers Human TC28a2 Male New Best antioxidant behavior at 97.50 + 1.30% [172]
chondrocyte cells Zealand inhabitation after 48 h
rabbits Highest cell viability at 82.95% and evidence of
cell proliferation from day 1-3
Biocompatible with the capability of reducing
OARSI score by 40.49%

Bio-lignin™ Chitin nanofibril Nanofibers Keratinocytes Women Non-cytotoxic behavior [173]
Sodium ascorbyl Fibroblasts volunteers Reduced cytokine expression and promoted cell
phosphate, proliferation (>100% cell viability)

Melatonin Positive protective, reparative, and antiaging
Beta-glucan properties
Nicotinamide
Soda lignin Polylactic acid 3D Printing - - Improved antioxidant activity (~45%) [175]
(FDM)
Kraft lignin Polylactic acid 3D Printing - - Highest antioxidant behavior at 80% in 5 h [176]
(FDM) Localized and prolonged antioxidant
capabilities

Alkali lignin Polyether-based 3D Printing Human dermal - Biocompatible and supports cell growth (>80% [177]
hydrophilic polyurethane (DIW) fibroblasts cell viability across 3 days)

Kraft lignin Cellulose nanofibrils 3D Printing Hepatocellular - Concentration-dependent antioxidant behavior [178]
Alginate (DIW) carcinoma HepG2 cells Shape stability and storage up to 7 days

Proliferation of HepG2 cells internally and
externally over 5 days
Alkylated Polyethylene glycol 3D Printing Mouse L929 fibroblasts  — Biosafe and non-cytotoxic across 2 days [179]

dealkaline lignin  diacrylate (DLP)

1,6-hexanediol diacrylate

resulted in lignin that is contaminated with salts and other toxic
chemicals. At the moment, there is no immediate clean source of lignin
that can be directly utilized as a biomaterial. One potential candidate is
organosolv lignin which uses green organic solvents such as acetone and
methanol for lignin extraction which reduces its environmental effects
and producing comparatively cleaner lignin as compared to other pro-
cessing methods. Even though there are some strong candidate that uses
lignin as a biomaterial such as lignin-based hydrogels, smart lignin
materials need to be further developed.

In addition, lignin is only used at very low concentrations and is
primarily used as an additive. In most cases, the lignin content in the
whole material system is <5%, and the benefit of adding lignin seems to
be limited. However, it is worth noting that even at low concentrations,
lignin-based materials are able to exhibit high anti-UV and antioxidant
properties, which could be potentially applied in functional wound
dressing or anti-inflammatory biomaterials. Of course, the ultimate
challenge is to be able to use more of lignin that would eventually
progress towards using lignin as a main component in biomaterials
while harnessing the benefits of lignin. There will be a strong need to
develop new lignin modification/processing methods. Chemical modi-
fications to lignin have shown to be helpful to improve the compatibility
and miscibility of lignin to integrate it with other polymeric matrixes,
which can effectively increase lignin content without scarifying the
mechanical strength of materials.

Despite the extensive studies done on the biocompatibility of lignin,
the mechanisms of the biocompatibility of lignin have yet to be fully
understood. More studies would be needed to obtain the fundamental
knowledge of lignin’s impact on cells, proteins, and genes. Moreover,
although lignin is naturally degraded by some bacteria and fungi, the
biodegradability of lignin in the human body remains to be a debatable
topic. Even though lignin is biodegradable lignin in environment (by
certain enzymes, fungi and bacterial species), in the context of bio-
materials for medical applications, the concept of biodegradation fo-
cuses on the biological processes inside human body which causes the
breakdown of the material [189]. Presently, lignin has been reported to
remain undigested in the small and large intestines in humans [190].
Nevertheless, the degradability of lignin in human body is still unclear
and future studies exploring this area will also be needed.
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As lignin is a new material, there is limited data on its properties to
effectively compare it to other biomaterials. With a better understanding
of the important underlying mechanisms of lignin, it would be possible
to propel the development of lignin as a potential new alternative of a
biomaterial through the potential exploitation of lignin’s biocompati-
bility, antimicrobial, anti-UV, and antioxidant properties.
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