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Antibacterial lignin-based nanoparticles and their
use in composite materials

A. Gala Morena® and Tzanko Tzanov ® *

Lignin, one of the most abundant biopolymers on earth, has been traditionally considered a low-value by-
product of the pulp and paper industries. This renewable raw material, besides being a source of valuable
molecules for the chemical industry, also has antioxidant, UV-absorbing, and antibacterial properties in its
macromolecular form. Moreover, lignin in the form of nanoparticles (LigNPs) presents advantages over bulk
lignin, such as higher reactivity due to its larger surface-to-volume ratio. In view of the rapid surge of
antimicrobial resistance (AMR), caused by the overuse of antibiotics, continuous development of novel
antibacterial agents is needed. The use of LigNPs as antibacterial agents is a suitable alternative to
conventional antibiotics for topical application or chemical disinfectants for surfaces and packaging.
Besides, their multiple and unspecific targets in the bacterial cell may prevent the emergence of AMR.
This review summarizes the latest developments in antibacterial nano-formulated lignin, both in
dispersion and embedded in materials. The following roles of lignin in the formulation of antibacterial
NPs have been analyzed: (i) an antibacterial active in nanoformulations, (ii) a reducing and capping agent
for antimicrobial metals, and (iii) a carrier of other antibacterial agents. Finally, the review covers the
inclusion of LigNPs in films, fibers, hydrogels, and foams, for obtaining antibacterial lignin-based
nanocomposites for a variety of applications, including food packaging, wound healing, and medical
coatings.
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1. Introduction

Lignocellulosic biomass is an abundant renewable resource
considered a suitable carbon raw material for the synthesis of
chemicals' and as an energy supply source alternative to fossil
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fuels.> Cellulose, hemicellulose, and lignin are the primary
components of lignocellulosic biomass, among which lignin
represents from 15 to 30% of its dry mass in woody plants.>*
Lignin, the most abundant aromatic molecule on earth, has
been traditionally considered a low value by-product of paper
manufacturing. Around 70 million tons of lignin are generated
as a by-product by the pulp and paper industry,® whereof only 2—-
5% is used in its macromolecular form.® Its underutilization is
mainly due to the heterogeneous molecular structure of lignin,
which highly depends on the extraction and purification
methods, in addition to its low compatibility with polymeric
matrices in composite production. In recent years, the potential
of lignin for the synthesis of value-added materials has been
considered in various fields. Lignin is rich in a variety of func-
tional groups, including phenolic and aliphatic hydroxyl,
carboxylic, carbonyl, and methoxyl groups, which provide this
biopolymer with antibacterial, antioxidant, and UV-blocking
capacities.®” Nanotransformation of lignin yields nano-entities
with higher reactivity compared to their bulk counterparts,
whose inclusion in composites endows them with enhanced
mechanical properties and bioactivities.* Nano-formulation of
lignin is an emerging valorization approach, yielding lignin
nanoparticles (LigNPs) that have been used as mechanical
reinforcement in polymeric matrices,” as UV absorbents,"
antibacterial and antioxidant agents in food packaging,'* and as
carriers for drug delivery.’> Recent reviews address the bioac-
tivities of macromolecular lignin''* in biomedical applica-
tions,* the methods for the synthesis of LigNPs'*** and their
different applications,**?® and the combination of lignin with
other materials or actives to obtain hybrid nanocomposites.””
In light of the rapid surge of antimicrobial resistance (AMR),
driven by the misuse and overuse of antibiotics, research has
been focused on developing novel antimicrobials for
substituting conventional antibiotics. The use of LigNPs as
antibacterial agents is a suitable alternative to traditional anti-
biotics owing to their antibacterial properties and their
biocompatibility, coupled with additional bioactivities such as
antioxidant and UV-blocking properties. In view of the
increasing interest in LigNPs for advanced antibacterial appli-
cations, in this review we attempt to summarize the latest
developments in nano-formulated lignin with antibacterial
properties. The different roles of lignin in the synthesis of nano-
enabled antibacterial agents could be outlined as: (i) an anti-
bacterial active in nanoformulations, (ii) a reducing and
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capping agent for antimicrobial metals, metalloids, and metal
oxides, and (iii) a carrier of antibacterial agents. The possible
antibacterial mechanisms of action of lignin and LigNPs will
also be discussed. This review covers different antibacterial
lignin-based nanocomposite materials for a variety of applica-
tions, including food packaging, wound healing, and medical
coatings among others. We aim to highlight the advantages of
using a natural-based, renewable, biocompatible, and multi-
functional polymer for the synthesis of nano-enabled antibac-
terial agents with enhanced efficacy.

2. Occurrence, structure, extraction,
and bioactivities of lignin

2.1. Lignin in plants

Lignin is found in the secondary cell wall and in the middle
lamella of vascular plants.”® Lignin and hemicellulose encase
the cellulose fibrils, providing mechanical support to the plant
and allowing water conduction (Fig. 1). Besides its structural
role, the polyphenolic composition of lignin and its hydro-
phobic nature ensure the resistance of plants to biological and
chemical degradation,” and assists in their defense against
pathogens.*

The content of lignin differs between plants and varies
depending on the tissue, location in the cell, and the environ-
mental conditions. For instance, hardwood and softwood
plants are lignin-rich, containing 16-24 and 25-31% of lignin,
respectively, while herbaceous plants such as hemp and cotton,
present low contents (~6%) of this polymer. The major
component of coir fibers in coconut husk is lignin (43-49%), in
contrast to lower amounts found in other parts of the plant.*

2.2. Lignin structure and biosynthesis

The chemical structure, molecular weight, functional groups,
and properties of lignin highly depend on the origin and the
extraction method. The complex nature and low solubility of
native lignin provoke inherent difficulties in its analysis, which
hampers the development of an accurate structural model.**
Lignins isolated by enzymatic digestion (cellulolytic enzyme
lignin, CEL) and by ball milling (milled wood lignin, MWL)
followed by dioxane extraction are considered the most repre-
sentative of native lignins since these processes minimize the
structural changes and increase the solubility of the molecule.*

‘ Lignin

Cellulose

Hemicellulose

Microfibril

Plant cell wall

Fig. 1 Schematic representation of the cellular plant structure, comprising plant cells, the cell wall, and microfibrils. Adapted from ref. 22.
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Fig. 2 Representation of (a) the main monolignols, (b) their units in
lignin, and (c) lignin structure. Adapted from ref. 37 and 40.

The structure of lignin has been studied through numerous
techniques, including nuclear magnetic resonance (NMR)
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy.**>*
It is generally accepted that lignin is a three-dimensional, highly
branched, amorphous molecule composed of three basic phe-
nylpropanoid units: p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) (Fig. 2b).

The biosynthetic pathway of lignin stems from the radical
polymerization of three main monolignols, namely p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Fig. 2a), which
are derived from phenylalanine and differ in their degree of
methoxylation. When monolignols are oxidized by laccase or
peroxidase, they form radicals which undergo coupling reac-
tions to form dilignols through C-C and C-O linkages, such as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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B-O-4, B-5, and B-B bonds (Fig. 2¢).**** The biosynthesis of
lignin results in heterogeneous interactions with S, G, and H
units, whose content differs as a function of the plant species.
For instance, in softwood lignins (from gymnosperms), G units
are predominant, whereas hardwood lignins (from angio-
sperms) comprise equal amounts of G and S units, and herba-
ceous lignins are constituted by all three units, with H being
less abundant.?” The most stable bonds are 5-5 and -5, which
occur mainly between G units since S units have more
methoxylated groups that block the C-5 position of the aromatic
ring. Therefore, the lignin found in gymnosperms is more
recalcitrant to chemical and microbial degradation, while
angiosperm lignin is more likely to be less branched which can
improve its processibility.>***

2.3. Technical lignins and extraction methods

Lignins extracted from biomass feedstock after chemical pro-
cessing are called technical lignins. The main industrial lignin
extraction methods, originated from pulp and paper processes,
are kraft pulping, soda pulping, and sulfite pulping, which yield
kraft, soda, and lignosulfonate lignin, respectively.**> The kraft
method consists of alkaline hydrolysis with sodium hydroxide
and sodium sulfide at high temperatures (150-170 °C), which
cleaves the bonds between lignin and cellulose, and dissolves
lignin. The product resulting from this process is hydrophobic
lignin containing 1-3% sulfur in the form of aliphatic thiol
groups, besides other functional groups including methoxy
(14%), aliphatic (10%) and phenolic (2-5%) hydroxyl, and
carboxylic acid (4-7%).>** The sulfite process involves reactions
between sulfur dioxide and sulfite salts in aqueous media at
125-150 °C and acidic pH. The lignin produced by this proce-
dure is hydrophilic due to its high content of sulfonate groups
(up to 13%).* The soda process uses alkaline hydrolysis with
sodium hydroxide at high temperatures (140-170 °C) in the
absence of sulfur-containing molecules, yielding hydrophobic
lignin. These pulping methods are widely established in
industry and produce highly pure lignin at elevated yields.
However, due to the multiple chemical reactions occurring
during these extraction processes, the structure of technical
lignins differs significantly from that of native lignin. Partial
biopolymer degradation also occurs during lignin extraction,
thus decreasing its molecular weight. Moreover, harsh pH and
temperature conditions are required, and toxic effluents are
generated.

Other processes that are on the way of being established in
industry are organosolv, acid hydrolysis, steam explosion,
enzymatic hydrolysis, and ammonia fiber expansion pretreat-
ments. Organosolv is another sulfur-free method that uses
organic solvents such as ethanol in combination with acids and
bases. This method allows the recovery of organic solvents,
while highly pure, sulfur-free lignin is obtained. The native
lignin structure with B-O-4 linkages is partially preserved after
the treatment.*” Recently, emerging processes using deep
eutectic solvent (DES)****® and biomass-derived organic solvents
such as y-valerolactone®*® have demonstrated potential for
lignin isolation. These methods are able to preserve the lignin
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structure (i.e. B-O-4 and B-P linkages), while the solvents can be
recovered and recycled,*>** thus moving toward a sustainable
biorefinery concept by decreasing the amount of toxic solvents
and pollutants. Selective enzymatic hydrolysis of biomass
carbohydrates is used to purify lignin. Through this method,
lignin is obtained in a quite high yield and its structure is
considered to be chemically unaltered.*® The main drawback of
this method, however, is the presence of carbohydrate and
protein impurities.

The properties of lignin such as molecular weight, functional
groups, and solubility are important factors to be considered for
the selection of a lignin type suitable for a desired application.
Nevertheless, it is extremely difficult to correlate the lignin
properties with the performance of the final material.””

2.4. Bioactivities of lignin

Besides its structural role, native lignin also prevents the
degradation of carbohydrates in plants by inhibiting the activity
of bacteria and fungi. By analyzing plants with silenced genes
participating in lignin biosynthesis, it has been demonstrated
that the absence of lignin reduces resistance against bacterial
and fungal pathogens.*® Therefore, lignin is an important plant
defense against microbial pathogens. The antimicrobial effect
of the lignin structure has been associated with the presence of
phenolic hydroxyl and methoxy groups.>® When lignin is iso-
lated from the plant, the extraction conditions can influence its
antimicrobial potential due to the differences in molecular
weight, functional groups, and solubility. For example, bacterial
growth inhibition has been found in kraft lignin, while lignin
extracted by simultaneous enzymatic saccharification and
communication (SESC) has not shown such an inhibitory
effect.” Other studies reported that lignin with isoeugenol
structures possesses higher antibacterial activity than lignin
with phenolic moieties containing oxygen (-OH, -CO, -COOH)
in the side chain.™

The mechanism of action of lignin against bacteria has not
been completely elucidated. Some studies attribute the anti-
bacterial activity of phenolic compounds to their ability to
inhibit essential enzymes by generating hydrogen peroxide and
complexing with metal ions,* in addition to their ability to
destabilize bacterial membranes.”®”” In the case of macromo-
lecular lignin, it has been suggested that the phenolic hydroxyl
groups promote a pH decrease around the cell, which destabi-
lizes the membrane and eventually leads to the rupture of the
cell.’® These non-specific modes of action might reduce the
possibility of resistance development in bacteria, thus contrib-
uting to overcoming antimicrobial resistance both in biomed-
ical and phytosanitary applications.

Besides their antibacterial effect, the phenolic moieties of
lignin also confer antioxidant and UV-blocking capacities. In an
oxidative stress environment, phenolic structures can act as
proton donors, converting free radicals into non-radical mole-
cules. As a consequence, phenols are converted into phenoxy
radicals that can react with another free radical to form
a quinone.* For this reason, lignin can act as a scavenger pre-
venting the adjacent molecules from oxidation. This
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characteristic of lignin is of special interest in packaging to
preserve the food properties, in dressing products for wound
healing, and in cosmetic formulations for anti-aging.®® On the
other hand, the aromatic structures and carbonyl groups in
lignin absorb visible and UV light (250-400 nm), acting as UV-
blockers. Taking advantage of these properties, lignin has
been tested as an active ingredient in sunscreen

formulations.®*¢>

3. Lignin in antibacterial
nanoformulations

Lignin has adopted different roles in the formulation of anti-
bacterial NPs, including that of a main antibacterial agent, but
also as a reducing agent, and as a carrier of other antibacterial
agents.

3.1. Lignin as an antibacterial agent in nanoformulations

In view of the potential of lignin as an antibacterial agent,
several studies have reported LigNP dispersions capable of
inhibiting bacteria (Table 1). There are different methods to
synthesize these particles, among which solvent displacement,
acid treatment, sonochemistry, and their combinations are the
most common. Solvent displacement consists of mixing an
organic solvent containing solubilized lignin with an excess of
water, resulting in a gradual decrease of lignin solubility which
rearranges into NPs.”® Solvent displacement is a versatile tech-
nique that allows accurate control of the setting conditions,
hence obtaining NPs with the desired characteristics. However,
the low yield of NPs (~1 wt%) limits its application, especially
on a large scale.” The acid precipitation method, developed by
Frangville et al., consisted of adding hydrochloric acid to
a solution of lignin dissolved in ethylene glycol.®® The method is
based on initial lignin nucleation followed by particle growth
from its molecular solution, which is promoted by the gradual
addition of an aqueous solution of acid. In ultrasonication,
LigNPs are formed by fractioning the large lignin macromole-
cule due to the cavitation phenomenon.*® This process,
however, induces the formation of radical oxygen species that
can result in lignin oxidation. The morphology and size of
LigNPs vary in function of the synthetic method and the
experimental settings (Fig. 3a and Table 1). Spherical particles
are commonly obtained from solvent displacement
methods,**” while acid treatment and ultrasonication yield
irregular-shaped particles.®**7°

Alkali lignin dissolved in ethylene glycol was subjected to
different acidic conditions to prepare LigNPs (Fig. 3a(i)).” The
particles presented different sizes ranging from 33 to 120 nm
depending on the acid treatment with HCI, H,SO,, or H;PO,.
The antibacterial activity of the particles was assessed using
three methodologies, namely spot diffusion assay, incorpora-
tion of lignin nanoparticles assay, and growth in broth assay.
The results showed the capacity of the LigNPs to inhibit the
growth and reduce the amount of viable plant pathogen Gram-
negative bacteria (Pseudomonas syringae pv tomato, Xanthomo-
nas axonopodis pv vesicatoria, and X. arboricola pv pruni).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 LigNPs in suspension used as antibacterial agents
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Type of lignin Particle preparation method Particle shape Particle size Antibacterial activity Ref.
Alkali Acidolysis combined with Irregular 33-120““nm  P. syringae pv tomato, X. axonopodis pv 70
sonochemistry vesicatoria, and X. arboricola pv pruni
Organosolv Solvent displacement Spherical 149-324%° nm  E. coli 0157:H7 and S. enterica 65
Typhimurium
Kraft Solvent displacement Spherical 122.5 nm E. coli and B. megaterium 66
combined with sonochemistry
Alkali, aminated with Acidolysis combined with Irregular 580“ nm S. aureus 71
ethylenediamine sonochemistry
Soda Sonochemistry Irregular 217 nm E. coli, S. aureus, P. aeruginosa and B. 69
cereus
Lignosulfonate Ultrasonication in oil/water N.D. 221-234““nm  E. coli, S. aureus and B. subtilis 72
(combined with chitosan)
Allyl-modified guaiacyl Modification of MSNPs Spherical 979 nm N.D. 67

B-O-4 eugenol (lignin dimer) with a lignin dimer

“ Obtained by dynamic light scattering. > Obtained by analyzing TEM images. ¢

Therefore, the particles can be considered antibacterial agents
for plant pathogen control.

Spherical LigNPs with different sizes were obtained by the
solvent displacement approach, by dropping ethanol-
solubilized organosolv lignin into water.® The NPs displayed

i) | LNSR iii) | PheLigNPs

10 nm 200 nm L"

ﬂ antibacterial activity

Control + dark

Fig. 3

Depending on experimental conditions.

radical scavenging capacity and bacteriostatic effect at 1 mg
mL ™" against Escherichia coli 0157:H7 and Salmonella enterica
Typhimurium. Contrary to what was expected, the larger parti-
cles (324 nm) presented a higher inhibitory effect than the
smaller ones (149 nm). Other physiochemical properties of the
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(a) (i) FESEM image of clustered structured lignin nanoparticles after acidolysis (reproduced from ref. 70 with permission from American

Chemical Society, copyright 2018), (i) HRTEM image of the lignin nanospray (LNSR) (reproduced from ref. 66 with permission from the Royal
Society of Chemistry), and (iii) HRTEM image of phenolated lignin nanoparticles (PheLigNPs) (reproduced from ref. 69 with permission from the
American Society of Chemistry). (b) Fluorescence microscopy images of E. coli treated with the LNSR and untreated E. coli (control) in the light,
stained with FITC and PI (at scale 20 um) (reproduced from ref. 66 with permission from the Royal Society of Chemistry). (c) SEM images of S.
aureus and P. aeruginosa treated with subinhibitory concentrations of PheLigNPs (reproduced from ref. 69 with permission from the American
Society of Chemistry). (d) Mechanisms for antibacterial behavior of extracted LNPs. Adapted from ref. 70.
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particles, such as roughness, zeta-potential, and reactivity
should be studied to explain the different antibacterial prop-
erties of these particles. The particles did not show cytotoxic
effects on epithelial Caco-2 cells and also showed an antioxidant
cellular effect by reducing the natural ROS level of the epithelial
cells.

Paul et al. combined the solvent displacement method with
sonochemistry to develop stable photodynamic lignin nano-
spheres in an aqueous medium to be used as lignin nanospray
(LNSR) for microbial disinfection (Fig. 3a(ii)).** Under blue LED
irradiation, the LNSR presented enhanced inhibition capacity
toward Gram-negative E. coli and Gram-positive Bacillus mega-
terium compared to the LNSR under dark conditions (Fig. 3b).
Studies on singlet oxygen generation revealed that the particles
induced the formation of ROS under blue LED irradiation,
which might explain the antibacterial activity of LNSR under
this condition. The LNSR coated onto a glass slide prevented the
growth of bacteria after blue LED exposure, which evidenced its
suitability as a photodynamic coating material.

Lignin can be chemically modified in order to achieve
superior antibacterial and antioxidant effects. Aminated LigNPs
(a-LigNPs), prepared by acid precipitation followed by Mannich
reaction surface modification, showed enhanced antioxidant
activity in comparison with unmodified LigNPs.”* However, the
inhibition capacity toward Staphylococcus aureus was higher for
LigNPs in comparison with a-LigNPs, which could be explained
by the morphology of the particles: while LigNPs were quasi-
spherical, a-LigNPs seemed glued together by a substance,
and this might impede their penetration inside the cells. Given
their improved UV-blocking capacity, a-LigNPs could find
application in sunscreen lotions. In another study, lignin was
enzymatically modified with tannic acid, a natural phenolic
compound, to form NPs upon sonication (Fig. 3a(iii)).** The
inhibitory capacity of phenolated lignin particles (PheLigNPs)
against Gram-positive and Gram-negative bacteria was higher
in comparison with that of bulk lignin, phenolated bulk lignin,
and non-phenolated LigNPs. This demonstrated the contribu-
tion of both the nanosize and the phenolic content in the
antibacterial activity of lignin. These results are in agreement
with those of other studies reporting the inverse correlation
between antibacterial activity and particle size.”*””> PheLigNPs
were able to adhere to the bacterial surface (Fig. 3c) and cause
membrane disturbance, in addition to increasing the levels of
ROS and reducing the metabolic activity of bacteria.

Lignin has also been combined with polymers or inorganic
materials to enhance the antibacterial activity of nano-
formulations. For instance, hybrid chitosan/lignosulfonate (CS-
LS) NPs were prepared by sonochemistry taking advantage of
the electrostatic interaction between the polymers.”” The NPs
inhibited the growth of Gram-negative E. coli and Gram-positive
S. aureus and Bacillus subtilis at a higher rate than CS or LS
alone. Moradipour et al. combined allyl-modified guaiacyl B-O-4
eugenol (G-eug), a lignin-derived dimer, with mesoporous silica
NPs (MSNPs).*” The particles were capable of interacting and
disrupting synthetic lipid bilayers (representing bacterial model
membranes), indicating their potential as antibacterial agents
and drug carriers.

4452 | Nanoscale Adv, 2022, 4, 4447-4469
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Several studies studied the effect of small phenolic
compounds on bacteria.*””®”” However, very few studies
analyzed the mechanism of action of macromolecular lignin or
LigNPs. Despite being commonly accepted as antioxidants,
phenolic compounds can exhibit pro-oxidant activity depending
on their concentration and environmental factors.”® In fact, it
has been observed that polyphenols induce the generation of
hydrogen peroxide, causing oxidative stress in bacterial cells.>®
Their antibacterial activity has also been related to their
capacity to suppress the activity of essential enzymes.”®*® Other
studies have reported their capacity to weaken the bacterial
membrane, increasing the permeability of the cell.***”

In the case of LigNPs, it has been suggested that, due to their
nanosize, LigNPs can penetrate the cell”” where small phenolic
compounds derived from lignin, such as cinnamaldehyde,
would decrease the intracellular pH and cause ATP depletion.®
This is in agreement with other studies reporting a decrease in
metabolic activity of bacteria in the presence of subinhibitory
concentrations of LigNPs.*® Moreover, it has been demonstrated
that LigNPs, due to their hydrophobic nature, can intercalate
with the lipids of the bacterial envelope, causing a membrane
disturbing effect.®® The antibacterial mode of action of LigNPs
also increases oxidative stress by inducing ROS generation.*>*
Based on the reports summarized above, the mode of action of
LigNPs would combine (1) penetration inside the cell resulting
in increased levels of oxidative stress and decreased metabolic
activity, and (2) adherence to bacterial cells and intercalation
into the membrane, which eventually causes cell lysis (Fig. 3d).

3.2. Lignin as a reducing and capping agent of metal, metal
oxide and metalloid nanoparticles

The combination of lignin with metal NPs has been extensively
explored in the biomedical field, especially using lignin as
a reducing agent (Fig. 4a and Table 2). Among antibacterial
metals, silver has received special attention due to its ability to
eradicate a broad range of microorganisms, and its ease of
being reduced to form NPs. AgNPs exert their action against
bacteria via different mechanisms, including (i) their attach-
ment to the bacterial cell, increasing the permeability,* and (ii)
the release of silver ions that penetrate into bacteria and
produce free radicals.***> The simultaneous action of AgNPs
and their ions released leads to high levels of ROS, DNA
damage, and cell death. Lignin-mediated synthesis of AgNPs is
possible due to the phenolic hydroxyl groups of lignin, which
are believed to interact with Ag" via cation-hydroxyl and cation-
7 bonding and reduce them into metallic AgNPs.***” In general,
Ag" are more effective as antibacterial agents in comparison to
AgNPs. However, once functionalized, AgNPs have shown
superior antibacterial properties.*® AgNPs can act as reservoirs
of Ag" that are released in a sustained fashion, which is
advantageous over free Ag" in terms of prolonged antibacterial
action. This is especially beneficial in materials for biomedical
applications requiring long-term antibacterial effects (e.g.,
implants and wound dressings). The presence of lignin as
a capping agent of AgNPs confers several benefits on these
antibacterial agents, including increased colloidal stability,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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i) P. aeruginosa + Ag@LigNPs
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500 nm

ii) E. coli + TeLigNPs

(@) Schematic representation of the synthesis of metal-lignin NPs. (b) TEM images of (i) Ag@LigNPs (reproduced from ref. 89 with

permission from the American Chemical Society) (i) A@QAL (reproduced from ref. 98 with permission from Elsevier, copyright 2021), (iii)
AuNPs@AL (reproduced from ref. 100 with permission from the Royal Society of Chemistry), and (iv) TeLigNPs (reproduced form ref. 101 with
permission from the American Chemical Society). (c) Schematic representation of the antibacterial modes of action of metal lignin NPs. (d) TEM
images of (i) P. aeruginosa treated with AgLigNPs and (ii) E. coli treated with TeLigNPs (reproduced from ref. 89 and 101 with permission from the
American Chemical Society).

Table 2 Lignin as a reducing and capping agent for the synthesis of hybrid antibacterial NPs

Metal, metalloid

Type of lignin or metal oxide Particle shape® Particle size®” Antibacterial activity Ref.
Alkali Ag Spherical ~20 nm S. aureus, S. epidermidis, P. aeruginosa, K. 89
pneumoniae, A. baumannii, (MDR isolates
and commercial strains), and E. coli
Alkali Ag Spherical ~20 nm Mycobacterium abscessus in infected 90
macrophages
Alkali Ag Spherical ~20 nm S. aureus and E. coli 91 and 92
Kraft Ag Spherical 13 nm A. baumannii, P. aeruginosa, S. aureus, S. 93
epidermidis, E. casseliflavus, K.
pneumoniae, and A. baumannii (MDR
isolates)
Alkali Ag Spherical 10-50 nm S. aureus, E. coli, and A. niger 94
N.D. Ag Quasi-spherical 50-80° nm S. aureus and E. coli 95
Organosolv Ag Spherical 10-50 nm S. aureus, B. circulans, P. aeruginosa, E. 96
coli, B. subtilis, and R. eutropha
Acid-alkaline Ag Spherical 15-25 nm E. coli 97
Alkali, quaternized Ag Spherical 10-20 nm S. aureus and E. coli 98
Alkali, quaternized Ag Spherical 25 nm S. aureus and E. coli 99
Alkali, ZHL and Ag, Au Spherical 8-25° nm S. aureus and E. coli 100
alkali-extracted
Soda Te Quasi-spherical 18 nm P. aeruginosa and E. coli 101
Waste from the Cu,O Quasi-spherical 100-200 nm S. aureus and E. coli 102

paper industry

“ Refers to the metallic core. ?

© 2022 The Author(s). Published by the Royal Society of Chemistry

Obtained by analyzing TEM images. ¢

Depending on experimental conditions.
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enhanced antibacterial activity, and reduced toxicity toward
human cells.

In a recent study, alkali lignin served as a reducing and
capping agent for the formulation of AgLigNPs by simply stir-
ring the precursors for 3 days at 60 °C.* The resulting particles
of ~20 nm (Fig. 4b(i)) were able to inhibit the growth of a broad
range of bacterial strains, including multi-drug resistant (MDR)
clinical isolates (S. aureus, S. epidermidis, Pseudomonas aerugi-
nosa, Klebsiella pneumoniae, Acinetobacter baumannii, and E.
coli), while a 5-fold higher amount of commercial AgNPs was
needed for comparable efficacy. The increased antibacterial
efficacy of the lignin-capped silver NPs was attributed to the
ability of lignin to interact and disturb bacterial membranes,
hence facilitating the penetration of Ag" ions inside the cell.
Interestingly, such an interaction was only found with bacterial
model membranes, while no effect was observed in mammalian
model membranes.'* This proves the contribution of lignin to
the reduction of silver toxicity, as described in previous
studies.'**'* Following the above-described work, the authors
incorporated the AgLigNPs into niosomes to target mycobac-
teria.’® Niosomes are vesicles fabricated with a biomimetic cell
membrane, which promotes their interaction with eukaryotic
cells and the delivery of their cargo into the cytoplasm. In vitro
assays against Mycobacterium abscessus, an intracellular path-
ogen causing lung infections, showed that it was resistant to the
treatments with the NP-loaded niosomes, suggesting that the
nanoniosomes did not merge with the bacterial cell wall. The
antimicrobial effect was only observed in M. abscessus-infected
macrophages, probably due to the fusion of the noisome with
the eukaryotic cell membrane and the subsequent delivery of
the bactericide cargo into macrophages.

Saratale et al. used alkali lignin extracted from wheat straw
as areducing, capping, and stabilizing agent for the synthesis of
AgNPs by stirring for 60 min at 50 °C.** The lignin capping
enhanced the free radical scavenging capacity of the AgLigNPs
in comparison with the antioxidant capacity of AgNPs alone.
The minimum inhibitory concentration (MIC) against S. aureus
and E. coli was 25 and 20 pg mL ™", respectively. The combina-
tion of AgLigNPs with commercial antibiotics showed a syner-
gistic antibacterial effect, suggesting the potential of this
combination to combat MDR infections. Later, the authors
studied the reusability of AgLigNPs in photocatalytic degrada-
tion, and also demonstrated their growth inhibition capacity
against S. aureus and E. coli.*> A different methodology for the
kraft lignin-mediated synthesis of AgNPs was reported by Plet-
zer et al., who described a fast microwave-assisted technique
yielding lignin-capped AgNPs of 13 nm in diameter.®® The NPs
were tested against MDR clinical isolates. The highest anti-
bacterial activity was found against Gram-negative A. baumannii
and P. aeruginosa, with a MIC of =1.0 pg mL™ ", while MICs of
2.5 and 5.0 pg mL ™" were found for the other tested bacteria (8.
aureus, S. epidermidis, Enterococcus casseliflavus, and K. pneu-
moniae). In vitro cytotoxicity studies with monocytic THP-1
leukemia cells demonstrated a lack of toxicity of these NPs at
their antibacterial concentrations. In addition, in vivo studies
using a skin abscess infection model in mice against MDR P.
aeruginosa and methicillin-resistant S. aureus (MRSA) showed
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a significant reduction in abscess sizes, while the Gram-
negative bacteria load was reduced by 5-fold. The antibacterial
effect of AgLigNPs demonstrated higher efficiency on Gram-
negative bacteria than on Gram-positive bacteria. This
tendency, which supports other AgLigNPs studies,** is attrib-
uted to the thicker peptidoglycan wall in Gram-positive bacteria
which hinders the penetration of the NPs into the cell.

Marulasiddeshwara et al. used high molecular weight alkali
lignin as a reducing and capping agent for AgLigNPs.** The
resulting spherical shaped NPs, with an average size of 10-
50 nm, were able to inhibit the growth of S. aureus and E. coli,
and the fungi Aspergillus niger. Following the same procedure,
Tran et al.®® prepared AgNPs coated with rice-husk-extracted
lignin or nano-lignin (LCSN and n-LCSP). It was found that
lignin and nano-lignin were more antibacterial against Gram-
positive S. aureus than against Gram-negative E. coli, while the
(nano)-lignin-coated AgNPs presented a higher antibacterial
effect against the Gram-negative bacterium.

Aadil et al. used lignin extracted from Acacia wood dust by
the organosolv method to reduce silver and produce spherical
AgNPs with a size of 10-50 nm.*® The NPs displayed antibacte-
rial properties against Gram-positive and negative strains,
including the pathogens S. aureus, Bacillus circulans, P. aerugi-
nosa, and E. coli. These NPs were also tested as colorimetric
sensors for heavy metal ions, and as a redox catalyst, being able
to reduce the methylene blue dye. Zevallos Torres et al. reported
the acid-alkaline extraction of lignin from oil palm empty fruit
bunches, which are by-products of the process of extracting
edible and industrial oils, and its use as a reducing agent of
silver ions.”” After placing a solution of the extracted lignin in
contact with a solution of AgNO;, spherical particles of 15—
25 nm in diameter embedded in lignin were produced. The
resulting NPs presented a MIC of 62.5 pg mL ™" against E. coli,
while the MIC of silver in ionic form was 31.25 pug mL~". This
difference was explained by the fact that AgNPs act as slow-
release devices that prolong the antibacterial effect, while
AgNO; in solution is already in the form of ions available to
bacteria.

Microwave-assisted reduction of AgNO; by quaternized alkali
lignin was reported by Wang et al.®® The functionalization of
lignin with the quaternary ammonium reagent (3-chloro-2-
hydroxypropyltrimethylammonium chloride, CHMAC)
provided positive charges that enhance the electrostatic inter-
action of the nanocomposite with negatively charged bacteria.
The composites containing AgNPs and quaternized lignin
(Ag@QAL) (Fig. 4b(ii)) were able to reduce viable E. coli by
3.72 logyo (>99.9%) and S. aureus by 5.29 log;, (>99.999%) CFU
mL . The results indicated that quaternary ammonium lignin
contributed to the antibacterial activity of the composites by
enhancing the NP-bacteria interaction. The proposed antibac-
terial mechanism of action is based on the direct contact of
Ag@QAL with the bacteria, induced by the positively charged
quaternized lignin, followed by the generation of ROS by the
nanosilver. Similarly, Li et al. prepared amphoteric lignin/
nanosilver (AML@AgNPs) using lignin quaternized with
CHMAC as a reducing and stabilizing agent.”* Unmodified
lignin presented a slight antibacterial 