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Abstract: Lignin represents one of the most abundant plant-derived polymers. It is mostly present in
the cell wall, and its primary role is to provide mechanical support to the plant. Chemical processes
during wood-pulping yield diverse technical lignins with distinct characteristics. Due to their
complex and variable nature, technical lignins are often undervalued and are mainly used as burning
fuel in mills. However, various technical lignins have been shown to possess antimicrobial properties.
Consequently, there is an increasing interest in understanding the properties and conditions that
underlie their antimicrobial characteristics and how we can utilize them for practical applications.
This review, for the first time, comprehensively summarized the antimicrobial activities of technical
lignins and their potential antimicrobial applications.
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1. Introduction

Lignin is the most abundant natural terrestrial polymer after cellulose and chitin.
It is one of the main constituents of the plant cell wall, providing mechanical support,
controlling water conduction, and protecting the plant from biochemical degradation [1].
Approximately 50 million Mg of commercial purified lignin (i.e., technical lignins) are
separated from wood during pulp and papermaking processes each year worldwide [2].
However, due to its complex nature, only a small portion (1–2%) of this material is pro-
cessed into valuable byproducts, with the rest being incinerated [3]. The source of lignin
(hardwood vs. softwood) and the extraction conditions affect lignin’s structure and chemi-
cal properties, which in turn influence its end-use applications. The four major processes
used for technical lignin production include sulfite, Kraft, soda, and organosolv pulp-
ing [4]. Technical lignins are currently used commercially as binders, additives for concrete
mixtures, dispersants, and feed and food additives [5].

Among the commercially available technical lignins, lignosulfonates and Kraft lignins
have been reported to exhibit antibacterial [6], antifungal [7], and antiviral activities [8],
and prebiotic activities [9]. Furthermore, recent research in the development of novel
biopolymers with microbicidal properties has led to the development and assessment of
lignin-derived biomaterials, including dealkaline lignin-based hydrogels [10], nanocompos-
ite fibers made from alkali Kraft lignin, and nanoparticles synthesized by dissolving alkali
Kraft lignin into ethylene glycol [11]. Successful modifications that boost the antimicrobial
properties of technical lignins will revamp the value of forest bioproducts, which will
benefit greatly the areas heavily dependent on forest resources. Understanding the antimi-
crobial properties and mechanisms of technical lignins will lead to innovative solutions for
combating bacterial infections, enhancing animal health and food safety, and mitigating
environmental contaminations. Currently, the modes of action of technical lignin antimi-
crobial activities are not well understood, as different classes of technical lignins may have
different mechanisms. In addition, the wide array of technical lignins and their derivatives,
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as well as the divergent methodologies used to assess their antimicrobial activity, create a
challenge for direct comparisons between studies. This review aims to provide a thorough
exploration of the antimicrobial attributes exhibited by technical lignins. It serves to consol-
idate, for the first time, the existing research on assessing the antimicrobial properties of
technical lignins and their derivatives, structured around their chemical properties.

2. Native Lignin Chemical Properties

Lignin is defined as a complex phenolic polymer formed by the oxidative coupling of
4-hydroxyphenylpropanoids [12]. The primary lignin precursors are coniferyl, sinapyl, and
p-coumaryl alcohols (Figure 1). They undergo enzyme-initiated dehydrogenative polymer-
ization during biosynthesis, generating interunit ether and carbon–carbon linkages within
the lignin macromolecule [13]. The most predominant linkage is the β-O-4 linkage, which
comprises approximately 50% of the total linkages [14]. Lignin polymers are considerably
more reactive than cellulose or other natural polymers. They lack a repetitive order of units,
instead showcasing a diverse array of functional groups, including methoxyl, carboxyl,
carbonyl, hydroxyl, and some minor terminal aldehyde groups [15]. The presence and
quantities of these functional groups vary depending on the lignin’s origin and extraction
process [3].
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Lignin is found in higher plant tissues as a cell wall component that provides rigidity
and strength, controls water conduction, and protects the plant from microbial degrada-
tion [16]. It is one of the most abundant natural terrestrial polymers, with approximately
300 billion Mg on earth [17] and a biosynthetic production rate of 100 million Mg an-
nually [18]. In plant tissue, lignin does not exist as an independent polymer, but it is
linked with hemicellulose through covalent bonds, forming carbohydrate polymer ma-
trixes termed lignin–carbohydrate complexes [19].

The plant cell wall is a metabolically active, dynamic compartment with different
layers, and each layer has different compositions and attributes [20]. The composition
of a typical softwood cell wall includes the primary wall, the secondary wall, which is
divided into three sublayers (outer, middle, and inner layer), and the middle lamella. In
plant tissues that undergo lignification, such as the sclerenchyma, epidermis (not lignified
in legumes), xylem, and non-chlorenchymas parenchyma, lignin synthesis starts during
secondary cell wall formation at the cell corners in the middle lamella and the primary wall
when the outer layer formation initiates [1,21]. The middle lamella, primary wall as well as
the outer layer are mostly composed of lignin (80 and 52.7% of the total weight). However,
because the secondary wall occupies a larger portion of the wall, it is recognized for having
the highest lignin content [22].



Polymers 2024, 16, 2181 3 of 15

During lignin deposition, monolignols (coniferyl, sinapyl, and p-coumaryl alcohols)
are synthesized in the cytoplasm from phenylalanine via general phenyl-propanoid and
monolignol-specific pathways and transported to the cell wall, where they undergo ox-
idation and polymerization reactions to form lignin (i.e., lignification). The formation
of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units occurs when the respective
monolignols are incorporated into the lignin polymer [1].

Lignins can be classified into three major groups [20], namely softwood or guaiacyl
(formed mostly from G structures), hardwood or guaiacyl–syringyl (formed by a mixture
of S and G structures), and grass or syringyl–p–hydroxyphenyl lignin (formed from all
three monomers). The degree of cross-linking within each lignin group is a crucial factor in
determining the rigidity of its structure, which plays a significant role in shaping the overall
physicochemical properties of lignin and, consequently, its potential applications [23,24]. For
example, lignin from softwood is branched and cross-linked, whereas lignin from hardwood is
more linear due to the syringyl unit, which facilitates the retention of the linear structure [25].

3. Technical Lignins and Their Antimicrobial Characteristics

Among the processes used to extract lignin, Kraft pulping is the most important
pulping process globally [26]. Other major processes include sulfite, soda, and organosolv
pulping [27]. The extraction and isolation of lignin from lignocellulosic materials are con-
ducted under diverse conditions and multiple reactions (e.g., catalyzed biomass hydrolysis
and condensation of lignin fragments), resulting in products with different physicochemical
properties [24]. Therefore, in addition to the lignin source, the extraction methods also
substantially affect the structure and antimicrobial properties of the technical lignin [5].
Not all types of technical lignins have strong antimicrobial activity. In this review, only the
ones with reported antimicrobial properties are discussed. Figure 2 illustrates the proposed
antimicrobial modes of action attributed to technical lignins and their derivatives, and
Table 1 summarizes the antimicrobial activity tests conducted in the studies.
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Figure 2. Antimicrobial mechanisms of technical lignins and their derivatives. (A) Lignin polyphenols
induce oxidative stress within bacterial cells by generating reactive oxygen species (ROS), thereby
causing cellular damage [6,28]; (B) lignin nanoparticles penetrate bacterial cell walls, disrupting
membranes and altering permeability, leading to cell lysis [28,29]; (C) the generation of ROS reduces
intracellular pH and depletes ATP [28]; (D) lignin particles bind with cytoplasmic components,
potentially altering or inhibiting the expression of key metabolic proteins [28,29]; (E) certain lignin
types possess strong surfactant properties that interact with lipids and proteins, adversely affecting
fungal growth and viability [30,31]; (F) lignin particles interfere with viral entry by interacting with
virus envelopes [8].
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Table 1. Summary of the antimicrobial activity tests conducted in cited studies.

Technical Lignin Pathogens Tested Antimicrobial Test Method Reference

Sodium lignosulfonate

Candida dubliniensis
C. tropicalis
C. albicans
C. glabrata
C. parasilopsis

MIC 1;
Disk diffusion assay

[7]

Sodium lignosulfonate
D. hansenii
Aspergillus niger
Penicillium expansum

Disk diffusion assay [30]

Sodium lignosulfonate;
magnesium lignosulfonate;
alkali kraft lignin;
southern pine kraft lignin (LBKL);
LBKL acetone-insoluble;

Aspergillus amoenus
Mucor circinelloides
Penicillium solitum
Debaromyces hansenii

Broth antimicrobial assay;
MIC at different pH levels [31]

Sodium lignosulfonate

A. amoenus
M. circinelloides
P. solitum
D. hansenii

MIC and MFC 2 [32]

Lignosulfonate nanoparticles
Staphylococcus aureus
Bacillus subtilis
Escherichia coli

Turbidimetric method [11]

Sodium lignosulfonate;
magnesium lignosulfonate;
alkali kraft lignin;
LBKL

Streptococcus uberis
Staphylococcus hyicus
E. coli
Klebsiella pneumoniae
Pseudomonas aeruginosa

MIC and MBC 3 [33]

Lignosulfonate HIV 4

Virus antigen expression;
cytopathic effect evaluation;
cell-to-cell infection;
reverse transcriptase assay

[34]

Lignosulfonic acid HIV
HSV 5

Virus replication assay;
virus time-of-drug-addition assay;
virus inactivation assay;
in vivo antiviral activity in mice

[8]

Kraft lignins;
soda lignins

E. coli
Bacillus mycoides
B. subtillis
A. niger

Disk diffusion assay [35]

Kraft black liquor Coniophora puteana
Poria placenta

Wood protection from
fungal degradation [36]

Alkali kraft lignin
Candida lipolytica
S. aureus
Listeria monocytogenes

MIC [6]

Kraft spruce lignins;
Kraft eucalyptus lignins

A. niger
B. thuringiensis
E. coli
Enterobacter aerogenes
Proteus microbilis
P. vulgaris
S. aureus

Fungal growth inhibition test;
disk diffusion assay [37]

Bamboo kraft lignin (BKL);
BKL 95% ethanol soluble fraction;
BKL 95% ethanol insoluble fraction

S. aureus
B. subtilis
E. coli
Salmonella enterica

MIC;
agar diffusion assay [38]
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Table 1. Cont.

Technical Lignin Pathogens Tested Antimicrobial Test Method Reference

BKL;
BKL acetone fraction;
BKL hexane fraction;
BKL non-evaporated fraction

E. coli
S. aureus
Streptococcus pyogenes
S. enterica

Agar diffusion assay;
microdilution assay;
extracellular protein assay;
in vivo antimicrobial activity with mice

[29]

Kraft lignin fractions
S. aureus
L. monocytogenes
E. coli

Disk diffusion assay [39]

Carvacrol B. cereus Antimicrobial activity in rice [40]

Carvacrol;
cinnamaldehyde Spoilage microbial flora Antimicrobial activity in melon

and kiwifruit [41]

Isoeugenol;
ferulic acid

S. cerevisiae
C. albicans
A. niger

MIC [42]

Vanillin;
eugenol;
cinnamaldehyde

Fusarium spp. Antifungal activity [43]

Ferulic acid S. cerevisiae Antimicrobial activity [44]

Ferulic acid S. cerevisiae Antimicrobial activity [45]

Hydroxycinnamaldehydes;
hydroxycinnamic acids;
hydroxycinnamyl alcohols

S. cerevisiae
Schizosaccharomyces pombe
Sporobolomyces roseus
B. subtilis
E. coli
Pseudomonas syringae

MIC [46]

Soda lignin Staphylococcus epidermidis MIC and MBC [47]

Alcell lignin Gut microflora Antimicrobial activity in vitro;
Antimicrobial activity in mice [48]

Alcell lignin
E. coli
Lactobacilli
Bifidobacteria

Antimicrobial activities in broilers [49]

n-hexane-soluble fraction of organosolv
lignin

Trametes versicolor (white rot
fungi) Disk diffusion assay [50]

Lignin–carbohydrate complexes E. coli Antimicrobial activity in mice [51]

Lignin–carbohydrate complexes

S. aureus
E. coli
P. aeruginosa
K. pneumoniae
C. albicans
S. enteriditis

Antimicrobial activity in mice [52]

Lignin–carbohydrate complexes HIV Antiviral assay in cell lines [53]

Lignin–carbohydrate complexes HIV Antiviral assay in cell lines [54]

Lignin-based hydrogels S. aureus
Proteus mirabilis Bacterial adherence resistance [10]

Kraft lignin nanocomposite fibers S. aureus
E. coli ASTM E 2149-10 6 [55]

Kraft lignin nanoparticles
Pseudomonas syringae
Xanthomonas axonopodis
Xanthomonas arboricola

Spot diffusion assay;
bacterial growth in broth [28]

Acetylated, epoxy, and
hydroxymethyl lignin

Bacillus aryabhattai
Klebsiella spp. Disk diffusion assay; MIC [56]
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Table 1. Cont.

Technical Lignin Pathogens Tested Antimicrobial Test Method Reference

Technical lignins obtained by
autohydrolysis, organosolv treatment
with acid, or ethanol, and
soda hydrolysis

A. niger
S. cerevisiae Broth antifungal assay [57]

Phenolic lignin compounds 1044 strains and species of
fungi Growth inhibition assay [58]

Lignin extracted with a sequential
acid–alkaline pretreatment

C. albicans
A. niger
B. subtilis
E. coli
S. aureus

Disk diffusion assay
Broth antimicrobial assay [59]

1 MIC: minimal inhibitory test. 2 MFC: minimal fungicidal concentration. 3 MBC: minimal bactericidal concen-
tration. 4 HIV: human immunodeficiency virus. 5 HSV: herpes simplex virus. 6 ASTM E 2149-10: standard test
method for determining the antimicrobial activity of immobilized antimicrobial agents under dynamic contact
conditions [60].

Lignosulfonates. Lignosulfonates are water-soluble polyelectrolyte polymers that
consist of both a hydrophobic aromatic structure and hydrophilic sulfonated groups [61].
They are produced from the sulfite pulping process using sulfur dioxide and a base [5].
The base used is calcium, ammonium, magnesium, or sodium hydroxide typically, and
its solubility and dissociation properties influence the pH of the process [24]. Lignosul-
fonates can be obtained by diverse methods, including alcoholic fermentation followed
by distillation, ultrafiltration, or precipitation [5]. The production of lignosulfonates has
been reported as 1.8 million tons per year [62], constituting 90% of total commercial lignin.
The variety of existing functional groups (hydroxyl-, carboxylic-, and sulfur-containing
groups) provides lignosulfonates with distinctive colloidal properties, including superior
wettability, dispersive ability, and absorptivity. Consequently, lignosulfonates are commer-
cially used as dispersing agents, binders, adhesives, and stabilizers [62]. Currently they are
predominantly used as concrete dispersing agents as well as binders in animal feed pellets
and agricultural fertilizers [5].

Lignosulfonates have a broad spectrum of antimicrobial activities. It is hypothesized
that the strong surfactant properties of lignosulfonates may explain their antimicrobial
activity [30]. Lignosulfonates are considered anionic surfactants due to the presence of the
sulfonate groups [61]. The shape and distribution of the charged and uncharged groups in
the lignosulfonates’ macromolecular surfaces determines their ability to interact with other
molecules [63]. This feature is critical to the antimicrobial activity of lignosulfonates. They
can interact with different cellular constituents, especially lipids and proteins, potentially
causing adverse effects on the growth and viability of microbial cells by disrupting normal
cellular functions [64,65].

Jha and Kumar reported MIC (minimum inhibitory concentration) values for sodium
lignosulfonate of 50, 62, 62, 60, and 80 µg/mL for Candida dubliniensis, C. tropicalis,
C. albicans, C. glabrata, and C. parasilopsis, respectively. When these values were evaluated us-
ing the disk diffusion method, it was observed that relative to fluconazole
(a commonly used antimycotic drug for yeast infections), the inhibition of diameter growth
was 6, 10.3, and 23% for C. glabrata, C. tropicalis, and C. albicans, respectively [7]. Similarly,
Núñez-Flores et al. reported that an undisclosed dose of sodium lignosulfonate (NaL; 4%
reducing sugar content; 7085 Da) extracted from eucalyptus wood showed a 9.9% growth
inhibition for D. hansenii using the disk diffusion method. However, no antifungal activity
was observed against Aspergillus niger or Penicillium expansum [30]. In another study con-
ducted by Reyes et al., the antifungal activity of NaL and magnesium lignosulfonate (MgL)
was evaluated in three subsequent experiments against the molds Aspergillus amoenus, Mu-
cor circinelloides, Penicillium solitum, and the yeast Debaromyces hansenii isolated from spoiled
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forage [31]. The screening experiment tested lignins at 40 mg/mL using the poisoned food
technique. At a pH of 4, NaL was the most effective lignin across fungi (100% inhibition),
while for MgL different antifungal activities were observed for D. hansenii, M. circinelloides,
A. amoenus, and P. solitum (100, 72.9, 40.9, and 28.1%, respectively). The results obtained
for NaL by Reyes et al. are comparable to those reported by Jha and Kumar with Candida
spp. and Núñez-Flores et al. with D. hansenii [30,31]. However, Núñez-Flores et al. did not
observe an inhibitory activity for NaL against Penicillium and Aspergillus, while Reyes et al.
observed MIC values against P. solitum and A. amoenus of 33.3 and 20.0 mg/mL, respec-
tively, at pH 4 [30]. This discrepancy may be due to the different Penicillium and Aspergillus
species tested, as well as the NaL sources and doses used across studies. Furthermore, these
studies did not report medium pH values. Reyes et al. observed that medium pH plays a
major role in the extent of the antifungal activity of technical lignins, with a lower pH (4 vs.
6) resulting in greater inhibition [31]. Furthermore, the authors reported the lowest MIC of
NaL across fungi, with values of 20.0, 33.3, 40.0, and 25.0 mg/mL for A. amoenus, P. solitum,
M. circinelloides, and D. hansenii, respectively. In the case of MgL, MIC values of 33.3, 46.7,
36.7, and 26.7 mg/mL for each respective fungus were reported at pH 4. Additionally, the
authors evaluated the antifungal activity of dose-optimized NaL and MgL on a ground
high-moisture alfalfa hay aerobic incubation assay. They found that, at a 3% dose, NaL
had superior activity in reducing total mold counts relative to untreated hay (3.92 vs. 7.76
log CFU/fresh g, respectively) [31]. Similarly, León-Tinoco et al. tested the antifungal
activity of NaL from four different sources against the same fungi used by Reyes et al. They
reported that NaL from Sappi NA (Skowhegan, ME, USA). is the most effective inhibitor
and fungicide (except for M. circinelloides) at pH 4, with MIC values of 16.0, 15.0, 15.0,
and 13.8 mg/mL for A. amoenus, P. solitum, M. circinelloides, and D. hansenii, respectively,
and MFC (minimal fungicidal concentration) values of 29.0, 31.0, and 13.8 mg/mL for A.
amoenus, P. solitum, and D. hansenii, respectively [32].

Regarding antibacterial activity, Kim et al. reported that lignosulfonate nanoparticles
engineered from calcium lignosulfonate had a bacteriostatic effect against several bacteria
species. At a dose of 5 × 1010 particles/mL, the nanoparticles inhibit Staphylococcus aureus,
Bacillus subtilis, and Escherichia coli by 95, 58, and 13%, respectively, using a turbidimetric
method [11]. Likewise, Reyes et al. evaluated the antibacterial activity of NaL and MgL
against strains of Streptococcus uberis, Staphylococcus hyicus, E. coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa isolated from mastitic and metritic cows [33]. The Gram-positive
bacteria (S. hyicus and S. uberis) were more susceptible to the antimicrobial activity of NaL,
with MIC values of 6.25 and 5.8 mg/mL and MBC (minimum bactericidal concentration)
values of 8.75 and 5.8 mg/mL, respectively. In Gram-negative bacteria, E. coli was the most
resistant (MIC and MBC values of 27.5 and 30.0 mg/mL, respectively). Relative to NaL,
MgL showed greater inhibition effect against E. coli (MIC of 20.0 vs. 27.5 mg/mL) and
K. pneumoniae (MBC of 40.0 vs. 10.0 mg/mL), respectively.

Furthermore, it is noteworthy to mention that antiviral activity has also been reported
for lignosulfonates [34]. Sodium lignosulfonate was highlighted as a potential microbicide
with anti-HSV (herpes simplex virus) and anti-HIV (human immunodeficiency virus)
activity [8].

Kraft lignin. In the Kraft process, an aqueous solution of sodium hydroxide and
sodium sulfide is used to obtain cellulose pulp under a strong alkaline environment in a
large pressure vessel or digester, followed by a final acidification process [66]. This digestion
causes the lignin polymer to fragment due to the extensive cleavage of β-aryl links and,
consequently, the generation of free hydroxyl groups [67]. The Kraft delignification process
occurs in three stages at temperatures of 150 ◦C, between 150 and 170 ◦C, and >170 ◦C,
respectively. Then, lignin is recovered from the black liquor by decreasing the pH to 5
with sulfuric acid [68]. Kraft lignin is hydrophobic. Therefore, it needs to be modified
to improve its solubility [24]. Kraft lignin has a molecular weight ranging from 200 to
200,000 g/mol [34] and an ash content of <3% dry matter [5]. Its production is reported to
comprise 95% (47 million Mg) of all lignin produced worldwide [3]. However, Kraft lignin
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is mostly used in low added-value applications (e.g., power generation) [69], and only
about 100,000 Mg per year are commercially used in other products and applications [70].
These include binders and resins [71], carriers for fertilizers and pesticides [72], and the
production of low molecular weight compounds, such as vanillin, aliphatic acids, and
hydroxylated aromatics [73].

Fewer antimicrobial studies are available for Kraft lignins. Reyes et al. evaluated the
antifungal activity of a set of Kraft lignins, including alkali Kraft lignin (AKL), southern
pine Kraft lignin (LBKL), LBKL acetone-insoluble (AIF), LBKL acetone soluble/hexane
soluble (HEX), and LBKL acetone soluble/hexane insoluble (PI) fractions, at a concentration
of 40 mg/mL and pH 4, against A. amoenus, M. circinelloides, P. solitum, and D. hansenii, using
the poisoned food technique [31]. Across molds, AKL had the highest inhibitory activity
(17.9%), followed by PI (12.1%). However, PI was the only Kraft lignin that inhibited the
growth of M. circinelloides (8.1%). For D. hansenii, PI had the highest antifungal activity
(10.6%), followed by AKL (9.8), LBKL (8.4), HEX (1.4), and AIF (−2.2) [31]. Similarly, the
antimicrobial performance of Kraft lignin extracted from bagasse and cotton stalks against
E. coli, Bacillus mycoides, B. subtillis, and A. niger was evaluated using a disk diffusion
method [35]. While no activity was reported against E. coli and A. niger, the Kraft lignin
showed strong inhibition of the Gram-positive bacteria B. mycoides and B. subtillis. Likewise,
Durmaz et al. evaluated the antifungal activity of Kraft black liquor extracted from Scots
pine and reported that a concentration of 5% liquor protected wood samples from fungal
degradation by two species of brown-rot fungi, namely Coniophora puteana, and Poria
placenta [36].

When the antimicrobial properties of AKL were evaluated, Dong et al. reported MIC
values of 0.01 and 0.0025 µg/mL for Candida lipolytica and S. aureus, respectively. However,
no antibacterial activity was reported against the Gram-positive Listeria monocytogenes [6].
Also, Reyes et al. did not observe an MIC for A. amoenus, M. circinelloides, P. solitum, and the
yeast D. hansenii (>60 mg/mL threshold) [31]. The authors attributed AKL’s lack of activity
against the yeast, in contrast to the findings of Dong et al., to differences in the evaluated
species, considering that the lignin source and the methodologies were comparable.

Gordobil et al. evaluated the antimicrobial properties of Kraft spruce and Kraft eu-
calyptus lignins against A. niger and 9 pathogenic bacterial strains using a fungal growth
inhibition test and a disk diffusion method, respectively [37]. Both lignins showed sig-
nificant antifungal activity at 1 mg/mL (the lowest concentration tested) with inhibition
values of 85 and 76%, respectively. For bacteria, the Kraft spruce lignin had greater antimi-
crobial activity against Bacillus thuringiensis, E. coli, Enterobacter aerogenes, Proteus microbilis,
Proteus vulgaris, and S. aureus, with inhibition zone diameters of 18.4, 17.7, 16.5, 19.1, 24.7,
and 19.2 mm, respectively. The Kraft eucalyptus lignin showed higher inhibition against
Streptococcus mutans and Salmonella typhimurium, with inhibition zone diameters of 33.4 and
17.0 mm, respectively [37]. Similarly, Wang et al. evaluated the antibacterial activity of
bamboo Kraft lignin (BKL) and BKL 95% ethanol soluble (Fs) and insoluble (Fi) fractions
against S. aureus, B. subtilis, E. coli, and Salmonella enterica using the agar diffusion and MIC
assays [38]. At the concentration tested (20 mg/mL), no obvious difference was observed
in the agar diffusion assay between Gram-positive and Gram-negative bacteria. The most
effective fraction was Fs, with MIC values of 3, 3, 2, and 2 mg/mL for E. coli, S. enterica,
B. subtilis, and S. aureus, respectively. This was explained due to a higher phenolic -OH
content and water solubility for Fs [38]. Likewise, Yun et al. investigated the antibacterial
activity of bamboo Kraft lignin and its acetone, hexane, and non-evaporated fractions
against various bacterial strains (E. coli, S. aureus, and Streptococcus and Salmonella) using
microdilution, agar diffusion, and extracellular protein assays [29]. They observed signifi-
cant inhibitory effects of all fractions and Kraft lignin on bacterial growth. However, the
non-evaporated fraction showed the highest activity, inhibiting growth at a concentration
of 0.4 mg/mL. Furthermore, treated bacterial cultures exhibited increased protein content
compared to the control, suggesting damage to the bacterial cytoderm. Scanning electron
microscope also revealed morphological changes in the bacterial membrane structure upon
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treatment with the non-evaporated fraction. Similarly, Alzagameem et al. tested the an-
tibacterial activity of four Kraft lignins fractions, extracted subsequently from stirring at
pH 2 for 90–180 min, soaking in diethyl ether, acetone, and ethanol. The bacteria tested
included S. aureus, L. monocytogenes, and E. coli and the disk diffusion method (inoculum
size 107 CFU/mL) was used [39]. The most effective fraction against both L. monocytogenes
and S. aureus was the first fraction (5 and 2 mm, respectively), whereas the diethyl ether
and acetone fractions showed inhibitory activity only against L. monocytogenes (1 mm). In
another study, Reyes et al. evaluated the antibacterial activity of LBKL and AKL against
S. uberis, S. hyicus, E.coli, K. pneumoniae, and P. aeruginosa [33]. They observed MIC values
of 16, 10, and 2.5 mg/mL for S. hyicus, S. uberis, and K. pneumoniae for AKL, respectively,
while no inhibitory effect was observed against E. coli and P. aeruginosa. LBKL showed no
antimicrobial activity against any bacterium.

The mode of action of Kraft lignins is not clear, and the mechanism against fungi is
unknown. For bacteria, Dizhbite et al. suggested that Kraft lignins are associated with
the inhibition of radical processes of bacterial cells. Hence, a correlation between radical
scavenging (antioxidant) and antimicrobial activities was hypothesized [74]. Similarly,
Dong et al. reported a positive association between the antimicrobial and antioxidant
activities of lignins [6]. Conversely, other studies did not find such a relationship, as the
technical lignins with higher radical scavenging activity were less antifungal [30,31].

Lignins and their derivatives. Lignin is a natural source of phenolic compounds [75].
Phenolic monomers, such as carvacrol and cinnamaldehyde, have shown antimicrobial
effects when tested in fresh fruits and vegetables and meat [40,41]. Early studies have
reported that lignin constituents (i.e., phenolic monomeric fragments), such as isoeugenol
and ferulic acid, can inhibit the growth of S. cerevisiae, C. albicans, and A. niger at doses
of 100 and 187, 100 and 375, and 250 and 700 µg/mL, respectively [42]. Similarly, when
vanillin, eugenol, and cinnamaldehyde were extracted from lignin by alkaline oxidation
with benzene, they were fungicidal at the doses of 0.01% against Fusarium spp. [43]. De
Greef and van Sumere found that ferulic acid at 2.5 mM had antifungal activity against
S. cerevisiae [44]. Likewise, Baranowski et al. reported that ferulic acid harbors antimicrobial
activity against the same organism at a dose of 0.23 mM [45]. The difference between these
two studies was attributed to the lower pH of the medium in the second study (6.0 vs.
3.5, respectively), given that at a lower pH, the efficacy of ferulic acid is boosted due to
enhanced membrane permeability in the undissociated state [45].

The antimicrobial activity of the three main classes of intermediates of the lignin-
specific pathway (hydroxycinnamaldehydes, hydroxycinnamic acids, and hydroxycin-
namyl alcohols) was reported for S. cerevisiae, Schizosaccharomyces pombe, Sporobolomyces
roseus, B. subtilis, E. coli, and Pseudomonas syringae [46]. Hydroxycinnamaldehydes were
the strongest antimicrobial compounds, with coniferaldehyde being the most antifungal
(MIC 1.2 mM) and p-coumaraldehyde being the most antibacterial (MIC 2.0 mM). In the
case of the hydroxycinnamic acids (p-coumaric, cafeic, ferulic, and sinapic acid), a higher
inhibitory effect against bacteria relative to fungi was observed (MIC 3.0 vs. >8 mM), except
for ferulic acid, which inhibits S. cerevisiae at a concentration of 4.0 mM. The hydroxycin-
namyl alcohols (p-coumaryl, coniferyl, and sinapyl alcohol) had the lowest antimicrobial
properties (MIC ≥ 8.0 mM) [46].

Lignin–carbohydrate complexes (LCCs) are hybrid structures composed of covalently
linked lignin and carbohydrate moieties, chemically bound in native biomass, that play
a crucial role in wood structure [76]. LCCs have been reported to have antimicrobial,
antiparasitic, antitumor, and antiviral properties [54,77–79]. An LCC extracted from pine
trees had an inhibitory effect against S. aureus, E. coli, Pseudomonas aeruginosa, Klebsiella
pneumoniae, and C. albicans, but no antibacterial activity was reported against Salmonella
enteriditis in mice at an undisclosed dose [51,52]. It was suggested that the sugar moiety of
LCC had a significant influence on the induction of antimicrobial activity because when
the sugar fraction was removed with sulfuric acid, the antimicrobial activity decreased
significantly [77]. Moreover, LCC extracted from a pine species (Pinus parviflora) with an
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alkaline solution, evaluated at an undisclosed dose, showed a high anti-tumor activity in
mice, which was increased when LCC was acidified [77]. In addition, the same LCC extract
applied subcutaneously at a dose of 10 mg/kg live weight protected mice from infection
caused by the cestode Hymenolepis nana. Moreover, LCCs extracted from pinecone [53],
Theobroma cacao [54], and mulberry juice [80] showed unique antiviral activity in cell lines
against HIV, HSV, and influenza viruses.

Soda lignin. This type of lignin is produced by treating non-wood fibers, such as
bagasse, flax, straws, or sugarcane, with highly alkaline solutions of sodium hydroxide,
and unlike Kraft lignin, the cooking process is performed in a sulfur-free medium [81].
The chemical properties of the soda lignin are considerably different from lignosulfonates,
as these are hydrophobic lignins with lower molecular weights (ranging from 1000 to
3000 g/mol) [5]. Due to the absence of sulfur, it is suggested that the composition of soda
lignin is closer to native lignin relative to other technical lignins [82]. Potential applications
in certain areas, such as animal feed and nutrition, have been reported, particularly for the
treatment of enteric disturbances in ruminants [83], and as alternatives for antibiotics [5].

Very few studies have investigated the antimicrobial properties of soda lignin. One
study reported that soda lignin extracted from sugarcane bagasse had MIC and MBC values
against Staphylococcus epidermidis at 4096 and 8192 µg/mL, respectively [47]. When this
soda lignin was used to coat fabric at the MBC concentration, further bacterial growth
was inhibited [47]. In another study, technical lignin from Bagasse obtained by soda
treatment cooking at 130 ◦C had significant antimicrobial activity against Bacillus spp., but
not E. coli or A. niger. In addition, when the cooking temperature was raised to 160 ◦C, no
antimicrobial activity was observed, indicating that even under the same type of treatment,
the temperature difference can cause antimicrobial property variation in end products [35].

Organosolv lignin. The organosolv process includes the solubilization of wood using
a mixture of organic solvents, predominantly formic or acetic acid, and ethanol, followed
by filtration and drying [84]. Organosolv lignin has a high lignin purity due to its minimal
carbohydrate and ash content [24]. It is hydrophobic and has a low molecular weight
(500 to 5000 mol/g) [23]. Several organosolv pulping processes are commercially registered,
among which organosolv lignin from the Alcell (extracted with ethanol) process has been
the most studied to date [4]. Alcell lignin has been reported to have in vitro [48,85] and
in vivo antibacterial activity [49], as well as prebiotic effects, including improving intesti-
nal morphology and supporting the growth of beneficial bacteria in broiler chickens [86].
Furthermore, Wang et al. reported linear reductions in methane emissions and ammonia-N
accumulation in 24 h when Alcell lignin was added to feedlot lamb diets and fermented
in vitro [87], indicating enhanced energy utilization efficiency [88] and reduced environ-
mental pollution [89]. In addition, one study showed that the n-hexane soluble fraction of
organosolv lignin can inhibit the growth of Trametes versicolor (white rot fungi), and with
chemical modification analysis, it was confirmed that the phenolic hydroxyl group was
responsible for the antifungal activity [50].

Lignin-based biopolymers. The risk of bacterial colonization and fungal contami-
nation is a frequent complication associated with the use of biomedical devices. The
exploration of lignin’s antibacterial and antifungal properties led to the demand for novel
lignin-based biopolymers (films, fibers, and hydrogels) and lignin nanoparticles (LNP).
Larrañeta et al. investigated the potential of lignin-based hydrogels for biomedical appli-
cations as coating materials. Substantial superior resistance to bacterial adherence from
hydrogels containing 38% (w/w) dealkaline lignin relative to a commonly employed medi-
cal material was observed against S. aureus and Proteus mirabilis [10]. In the same study,
lignin-based hydrogels were evaluated as hydrophobic drug delivery systems, and it con-
cluded that those same hydrogels were able to sustain the release of curcumin for up to
4 d [10]. Moreover, nanocomposite fibers made from alkali Kraft lignin with low sulfonate
content were tested against S. aureus and E. coli. Fibers with 29% (w/w) lignin showed a
99.9% reduction rate in S. aureus populations. However, no inhibition was observed for
E. coli [55]. Regarding nanotechnology development, LNPs synthesized by dissolving alkali
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Kraft lignin into ethylene glycol followed by acidolysis were tested against plant pathogens
including Pseudomonas syringae, Xanthomonas axonopodis, and Xanthomonas arboricola [28].
The LNP showed effective antimicrobial activity against all these pathogens. Especially at
a dose of 4%, LNP had the highest antibacterial activity against X. arboricola with a 3-log
reduction (1 × 108 to 5 × 104 CFU/mL) after 24 h of incubation using a broth susceptibility
assay. These results indicate that the LNPs tested have great potential to protect plants
from these pathogens and reduce the heavy economic losses on plum, peach, apricot, and
cherry trees. The authors suggested that there are two possible antimicrobial mechanisms
of LNPs [28]. First, lignin polyphenols cause cell wall damage and bacterial cell internal
fluid leakage by inducing oxidative stress. This theory assumes that the accumulation
of reactive oxygen species (ROS) absorbed by the polyphenol compounds occurs on the
surface of LNP. Another theory is that, because of their small size, LNPs can penetrate the
bacterial cell, evading the cell membrane, decrease the intracellular pH and, consequently,
ATP levels, and then lead to the cell’s death.

Non-conventional lignins. Lignocellulosic materials, such as crop residues, are abun-
dant, readily available, and low-cost [24]. The antibacterial properties of lignins extracted
from sugarcane bagasse with alkaline solutions and different modified lignins i.e., acety-
lated, epoxy, and hydroxymethyl lignin, were evaluated against Bacillus aryabhattai and
Klebsiella spp. using the disk diffusion method [56]. Epoxy lignin (lignin extracted using a
chlorinated cyclic ether) was the most effective among unmodified and modified lignins,
with MIC values of 90 and 200 µg/disk for each bacterium, respectively. The presence
of methoxyl and epoxy groups in lignin was responsible for the enhanced antibacterial
activity of the lignin modified by epoxidation [56]. Similarly, the antifungal properties
of different lignin fractions from apple tree pruning waste obtained by autohydrolysis,
organosolv treatment with acid or ethanol and soda hydrolysis were investigated against A.
niger, and S. cerevisiae [57]. None of the lignins tested exhibited antifungal activity against
A. niger for any lignin at doses of 500 and 5000 ppm, and in fact, the lower dose enhanced
mold growth, which was explained by the presence of minerals and hemicelluloses of
the lignin fractions [57]. However, all of the tested lignin fractions decreased the growth
of S. cerevisiae at 5000 and 10,000 ppm, with autohydrolysis lignin at 10,000 ppm being
the most antifungal fraction, as shown by a 78.7% decrease in growth vs. control using
a spectrophotometric method. In addition, the pigmentation of A. niger was affected by
lignin fractions at doses of 5000 ppm, with the colonies exhibiting pale blue, green, or
yellow pigmentation, compared to colonies growing on the control plates [57,79]. These
results agree with Rahouti et al., who studied seven phenolic lignin model compounds
against various fungi and observed that guaiacol and syringic acid induce the production
of atypical pigments and viscous compounds [58]. Likewise, Coral Medina et al. evaluated
the antimicrobial activity of one lignin isolated from oil palm empty fruit bunches using a
sequential acid–alkaline pretreatment [59]. The lignin tested was selected for having the
highest total phenolic content (181.21 mg GAE/mg) among six lignin candidates. However,
this lignin did not have an effect against C. albicans or A. niger at 2000 µg/mL using the
disk diffusion method. Conversely, using a broth antimicrobial assay, the lignin exhibited
antibacterial activity, with the greatest inhibition observed at 250 µg/mL for B. subtilis
(39%), 1000 µg/mL for S. enterica (31%), and 2000 µg/mL for E. coli (50%), and S. aureus
(67%) [59].

4. Conclusions

The interest in naturally derived antimicrobial compounds is constantly developing,
with particular attention being directed towards technical lignins, which exhibit promising
antimicrobial properties. These lignins, modified into various forms, have garnered interest
for potential application in fields ranging from agriculture and biomedicine to food science
and pharmacology. However, the diverse nature of technical lignins poses a challenge
in conclusively determining their antimicrobial properties. With many different types
of technical lignin available, each with its own chemical composition and characteristics,
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it becomes difficult to establish consistent findings across studies. Compounding this
challenge is the lack of standardized antimicrobial assays and units used in research,
further complicating the comparison and interpretation of results. Consequently, efforts
to elucidate the antimicrobial characteristics of technical lignins are hindered by these
inconsistencies and gaps in data. Nonetheless, recent studies have contributed to a deeper
understanding of technical lignins’ antimicrobial activity, shedding light on their potential
as valuable resources in combating microbial threats across diverse industries.
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