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Lignin-based micro-/nanomaterials and composites in biomedical
applications
Rui Liu,[a,b] Lin Dai,*[a] Chunlin Xu,*[b] Kai Wang,[c] Chunyang Zheng,[d] and Chuanling Si*[a]
The cover picture shows that lignin can be fabricated into functional materials with various forms, including particles, hydrogels, and
tablets, and used in antioxidant, antimicrobial, fluorescence, and some other biomedical applications.
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"material" in Web of Science® yielded 13,310 publications
available in the last ten years (Figure 1a). A total of 856
publications (search terms "lignin" and "material" and "drug or
medical or bioactivity or biomaterial or biomedical") are related to
biomedical applications (Figure 1b). All the research of ligninbased biomedical materials, especially particle and hydrogel
forms, demonstrate the rapid development.
Although serval good reviews on lignin for drug delivery, tissue
engineering, and antibacterial agents have been published in the
past several years.[1, 5] We convinced that it still needs a
comprehensive review on recent developments of lignin-based
materials with various forms in biomedical applications. This
review is divided into three parts: (i) physicochemical properties
and biological activities of lignin; (ii) drug/gene delivery
applications; (iii) bio-imaging. Finally, we address challenges and
limitations of lignin-based materials encountered during the
development of biomedical applications.

Abstract: Lignin, as the most abundant aromatic renewable
biopolymer in nature, has long been regarded as the waste and simply
discarded from the pulp and paper industry. In recent years, with
many breakthroughs in lignin chemistry, pretreatment, and processing
techniques, a lot of the inherent bioactivities of lignin, including
antioxidant activities, antimicrobial activities, biocompatibilities,
optical properties, and metal ions chelating and redox activities, were
discovered and that open a new field for not only lignin-based
materials but also biomaterials. Herein, we summarize the biological
activities of lignin, drug/gene delivery and bio-imaging applications of
lignin-based materials with various forms. In addition, the challenges
and limitations of lignin-based materials encountered during the
development of biomedical applications are discussed as well.

1. Introduction
Lignin is the most abundant natural polyphenols. At the same time,
as the by-product, lignin has very huge production volume (more
than 50 million tons annually) from wood hydrolysis and pulp
industries. However, these lignin by-products were usually burnt
as low grade burning fuel or even simply discarded as waste. [1]
With the development and progress of society, people pay
increasingly close attention to the environment and sustainable
development. The under-utilized lignin resources spark the
enthusiasm of researchers in different fields, such as energy,
materials, and chemicals.[2] In the biomedical field, it is a common
approach to develop biomedical materials with natural polymers.
Up to now, many natural polymers, such as cellulose, protein,
chitosan, and starch, have been widely used in drug delivery,
tissue engineering, and cell culture applications.[3] However,
different from the above natural polymers, the species and
properties of lignin (molecular weight and structure) are closely
related to the plant sources and isolation methods. The
heterogeneity of lignin greatly hinders the development of lignin
in biomedical applications.
With the rocketing development of lignin chemistry and material
science, more unique and promising properties of lignin, including
antioxidant and antimicrobial activities, anti-ultraviolet and
fluorescence, and biocompatibility, were discovered. [4] And more
and more lignin-based nanomaterials, hydrogels, films, and some
other lignin-based materials are also being rapidly developed for
biomedical applications. Our search of the keyword "lignin" and

Figure 1. Total number of publications (Web of Science®) during the last 10
years. (a) Search terms "lignin" and "material", (b) "lignin" and "material" and
"drug or medical or bioactivity or biomaterial or biomedical (*)".
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2. Biological activities of lignin

determine the antioxidant ability in essence. It is well know that
lignin is composed of phenylpropanoid units, G-, S-, H-structure
(guaiacyl, syringyl, 4-hydroxy phenyl respectively) differing by the
number of methoxyl groups in the phenyl ring. The S-structure has
two methoxyl groups on C3, C5 position, the G-structure has one
on C3 position, and there is no methoxy group in the the Hstructure. The numerous phenolic hydroxyls in lignin pedominate
the free radical scavengring effect by proton couple delectron
transfer mechanism.[14] Besides, ortho-substitution in aromatic
ring and the structure of the side-chain are also significant to the
antioxidant activity. On one hand, the ortho-substituted methoxy
group with electron donating property increases the electron
cloud density of the phenol oxygen atom, which makes the
hydrogen atom detachment easily and subsequently promotes
the breaking of O-H bonds.[15] As a result, lignin with higher
content of S, G phenylpropanoid untis has better scavenging
effects on free radical. [16]
On the other hand, the electronic effect of chemical groups in αposition of the side chains exert crutial influence on the
antioxidant resistance. For instance electron-doanting groups, CH3/-CH2- groups in the α-position of the side chains have
positive effect to the antioxidant activity. [16b] Moreover, when
hydroxyl atoms detached from phenolic hydroxyls, the electron on
phenolic oxygen atom migrates to the para position and reaches
a more stable quinone structure for more free radicals
consumption. Conversely, carbonyl groups have negative impact
on antioxidant resistance because these electron withdrawing
groups increase the bounding force of phenolic oxygen atoms to
hydrogen atoms.[16b, 17] Besides, the polyconjugated π bond
system in lignin has a highly stable paramagnetic center, which
may play a role in the inactivation of free radicals. [16b, 18]
Besides, it is important to point out that molecular weight still is
a controversial factor in antioxidant ability. Although it has been
proved that lower molecular weight is positive to antioxidant ability,
there is also evidence revealing that molecular weight is a
negligible factor.[16b]

Lignin can be isolated from various lignocellulosic sources (wood
species; crop, fiber and seed fibers plants; grasses, agricultural
residues), but it has proven to be challenging as it is naturally
resistant to chemical and enzymatic degradation. The pulp and
paper industries represent the main source of commercial
technical lignins, resulting from processes such as alkaline
pulping, organosolv processes, acidic pulping, and steam
explosion process. Lignin association is a unique property that not
only takes place in a solid matrix but also in aqueous and organic
solutions.[6] Most of the studies of lignin have focused on kraft
lignin and lignosulfonate, which is the greatest amount of
industrial lignin and the most commercialized lignin, respectively.
Under alkaline environment, kraft lignin becomes soluble by
ionization of phenolic groups. Higher concentrations of sodium
chloride in alkaline solutions and higher temperatures lead to the
phase separation between lignin and solvent because of the
decreased degree of ionization.[7] Lignosulfonate is water-soluble
due to the introduction of sulfonate groups into lignin during
chemical pulping processes. Both of kraft lignin and
lignosulfonate have good surface-activities [8] and amphiphilic
properties. [9]
Except for the lignin self-association, lignin can also be easily
modified chemically for the existence of many active groups, such
as aromatic groups, phenolic hydroxyl groups, alcoholic hydroxyl
groups, and carbon-carbon double bonds. After appropriate
chemical modifications, lignin derivatives can be used in many
different areas.[10] The chemical modification of lignin can be
classified into three main categories: (1) fragmentation or
depolymerization to use lignin as a carbon source or to cleave
lignin structure into aromatic macromers; (2) modification by
creating new chemical active sites; (3) chemical modification of
hydroxyl groups. Among them, the most widely investigated
reactions
were
oxidation,
deuteration,
sulfonation,
polycondensation, and graft copolymerization. Some drug
molecules, such as phenols, lignans, and neolignans, can be
synthesized from lignin-derived monomers since these already
contain the required functional groups on the aromatic ring and
side chain.[11] Moreover, lignin also has various bioactivities and
optical properties, including antioxidant activities, antimicrobial
activities, and anti-ultraviolet and fluorescence, which provide a
good foundation for developing the application of lignin in the
biomedical fields.

2.2. Antimicrobial activity
One of the most important properties of lignin that attracts
scholars is its interesting antimicrobial activity, which is promising
to design antimicrobial materials. [19] So far, studies of the
relationship between lignin structure and its inhibition ability to
different microorganisms indicate that the antimicrobial activity is
governed by the phenolic components, as well as by the chemical
groups in the α, β, γ position of the side chain and the orthomethoxy groups of 4-hydroxyl phenyl.[4d] Specifically, the double
bond in the Cα=Cβ position of the side chain and the methyl group
in the γ-position are positive factors to inhibitory effect. [1b] In
contrast, it renders less effective when the side chains are
introduced with functional groups containing oxygen including
hydroxyl groups, carbonyl groups. In addition to lignin chemical
structure, the plants origin, extraction method and post-treatment
should be considered to evaluate the inhibitory ability. [1b] Although
a general acceptance is that the presence of various phenolic
fragments plays the predominant role in such a characteristic, the
inhibition effect to microorganisms from previous findings are
varied depending on the two aspects: lignin types and microbial
species.[4d] For example, Kraft lignin is proved to be effective
against E. carotovora and X. vesicatoria but it showe non-existent
bactericide effects against P. syringe growth. [1b] Alcell lignin

2.1. Antioxidant activity
As natural polyphenolic macromolecule, the abilities of radicalscavenging and chelation endow lignins with excellent
antioxidation. [4e, 12] The antioxidant activity of lignin has been
widely studied based on radical scavenging effect through the
radical scavenging assay of 2,2-Diphenyl-1-picrylhydrazyl
(DPPH•), 2,2-zinobis 3-ethylben zthiazoline-6-sulphonic acid
(ABTS•+), superoxide anion radical ( O2− ), oxygen radical
absorbance capacity(ORAC), oxygen uptake inhibition (OUI),
ferric reducing antioxidant power (FRAP) etc.[4d]
Generally, according to the existing research reports,
antioxidant activity of lignin is closely dependent on the plant
resources, isolation procedures, and post-treatments, which are
the main reason for the heterogentity and diversity of lignin. [13]
However, it is the macromolecular structural propeties of lignin
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showed good inhibition effect on E. scherichia Coli,
Staphylococcus aureus and P. seudomonasin in liquid culture. [20]
There is a relationship between antioxidant and antibacterial
activity to some extent. One study reported that higher ratio of S/H
increase the inhibition to gram-positive bacteria: Staphylococcus
epidermidis and Staphylococcus aureus, and gram-negative
bacteria: Pseudomonas aeruginosa and Escherichia coli.[21]
Besides, antibacterial abilities of lignin are closely related to the
dose and the objects. Baurhoo et al. reviewed that lignin is a
natural antimicrobial agent for non-ruminant animals but less
effective to ruminant animals because lignin may be degraded by
rumen microbes. In addition, high amount of lignin is more
effective for bacterial inhabitation for non-ruminant animals.[22] A
general proposed mechanism is that polyphenolic structures in
lignin destroy cell membranes resulting in effective leakage of the
internal contents. However, the shape is another critical factor in
antibacterial abilities. Recent studies indicate that compared to
lignin macromolecule, lignin nanoparticles presente better
antibacterial performance, which could be attributed to the higher
surface area and more strong adsorption of reactive oxygen
species by polyphenol structure. In addition, benefiting from small
size effects, lignin nanoparticles are able to penetrate into the
bacterial cells and result in monophenolic compounds originated
from lignin. [19f]

processes. Therefore, we are still uncertain about the good
biocompatibility of all lignin components, which can include lignin
fractions with different molecular weights, different contents of
lignin subunits and functional groups.
2.4. Optical properties: absorption and fluorescence
Anti-ultraviolet. Lignin is well known for possessing strong
absorption in the ultraviolet range of spectrum owing to its multiple
aromatic nature. [25] It is also regarded as the richest compound for
ultraviolet blockers in nature. In the earlier stages, various
investigators have put in a lot of energy to study the origin of the
absorption spectrum of lignin. So far, it has been widely accepted
that great amounts of unsaturated double bonds such as carbonyl
and vinyl etc. of lignin could form conjugated system with benzene
rings.[26] Because of the active π-electron in the conjugate
systems and chromophore groups like hydroxyl (-OH), amino (NR), ether bond (-OR), and carboxyl groups (-COOH), lignin has
broadband absorption ranging from the ultraviolet to the visible
region. Although various processing to lignin isolation from
different methods lead to a changeable chemical structure, the
ultraviolet absorptions of lignin are usually similar. For example,
the maximum ultraviolet absorption peaks of milled wood lignin (in
methylcellulose), Brauns lignin (in ethanol), spruce lignin sulfonic
acid (different degrees of sulfonation in water), and sulfonated
synthetic model lignin are blue shift from 205 nm to 260 nm,
usually with pronounced shoulder near to 230.[27]
Fluorescence. The origin of the fluorescent property has
attracted scholars' interests for a long time. Till now, there is no
uniform conclusion on the origin of lignin fluorescence yet. Early
research reported that lignin from spruce could emit fluorescence
at ~360 nm under excitation at the wavelength ranging from 240
to 320 nm.[28] Chemical model compounds are appropriated for
the interpretation of the unique optical features studies of lignin.
Different chemical groups have been identified as components
responsible for fluorescence. Some reports insisted that unique
building blocks in lignin, such as aromatic ring, coniferyl alcohol,
stilbene structures, contributed a lot to the fluorescence of
[2b]
lignin. .[29] Howerver, there is also a different opinion, Albinsson
et al. proposed that lignin fluorescence is emitted from small
amounts of phenyl coumarone structures of lignin which act as
conceivable acceptors for storage of energy that transferred in a
non-radiation way from excited structural. [28] Xue and coworkers
made assumptions that aggregation-induced emission (AIE)
theory is credible to the interpretation of lignin fluorescence
because of the clustering of carbonyl groups and the restriction of
intramolecular rotation. [30]
So far, the photoluminescent behavior of lignin has aroused
great enthusiasm for the utilisaton and the design of lignin-derived
bioimgaing materials. One aspect is that the fluorescence has
been used for the investigation of lignin dispersion in the wood
cell.[31] But more research is still needed to fully understand the
nature of lignin fluorescence.

2.3. Biocompatibility
Lignin is believed has promising application potential in multiple
fields involving food, medicine, and cosmetics. Consequently, it is
necessary to understand its potential irritation and toxic reaction.
Biocompatibility is one of the vital evaluation in estimating the
possibility of any materials that applied in the biomedical field
Bioassays of cell cytotoxicity In vitro are the most prevalent in the
toxicity of wide range of substances. In term of lignin
macromolecule, Ugartondo et al. carried out a comparative study
to a skin irritation potential of different lignin, including lignin from
Bagasse, Lignosulfonate, curan 100, and steam explosion lignin,
respectively. The IC50 (concentration of the product that causes
50% inhibition of growth of the cell population) values of the
studied lignin revealed that these lignins had cytotoxic effects on
human keratinocyte HaCaT and murine fibroblast 3T3 cells at
high concentration and extended exposure time. Morevoer, these
lignin presented selective cytotoxicity to various cells because
diveristy of lignin structure and different sensitivity of cell lines. [4e]
In another study, Athinarayanan et al. carried out the study the
cototoxicity of lignin from the same plant source but extracted by
alkali extraction using different concentrations of sodium
hydroxide aqueous solution. They concluded that all extracted
lignin samples presented cytotoxicity in a dosage- and timedependent manner, but all lignin sample were friendly to human
mesenchymal stem cells (hMSCs) at low concentrations (less
than IC50 values 300 ug/mL) in 24 h.[23] In recent years, great
progress in lignin-derived biomaterials, nanomedicine, emulsions,
hydrogels etc. indicate that lignin have no negative impact on cell
activity in a controlled condition.[4f, 4g, 19g, 24] For example, human
A549 cells remained higher valibility on lignin-coated cellulose
film for 72 h.3f PHB/lignin-PHB nanofibers provides suitable
envirovernmetn for NIH-3T3 cells in virto.[3g]
However, due to the heterogeneity of natural lignin, lignin
fractions with different structural composition can be easily
obtained from different extraction approaches or pretreatment

2.5. Metal ions chelating and redox activity
Another attractive property of lignin is its binding ability to
multivalent metal ions such as Fe3+, Zn2+, Cu2+, and Ca2+ etc.[32].
The binding ability of lignin to metal ions mainly benefits from the
phenol groups, hydroxyl group, and carboxyl groups. It is worth
noting that the chelating ability of lignin is also depending on the
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type of lignin. For example, wheat straw by alkaline lignin could
chelate 26 mg g-1 Cu2+ in water,[33] while hydrolysis lignin from
wheat straw displayed weak chelate effect.[34] Apart from
chelation with metal ions, lignin can reduce metal ions to
nanoparticles under a controlled environment. This ability of lignin
is attributed to the phenolic hydroxyls and methoxy groups in
lignin which can be converted to redox-active quinone
/hydroquinone that consequently trigging dynamic redox catechol
chemistry.[35] This propeties make it is possible to design metallignin composite material for special appliaciton.

including precipitation, solvent exchange, dialysis, and ultrasonic
radiation have been reported. Frangville et al. reported the
formation of lignin nanoparticles by precipitation, simply, adding
dilute acid aqueous into lignin ethylene glycol solution with
constantly stirring. The nanoparticles formed by this method
contain densely packed lignin domains resulting in more stable
nanoparticles even at high pH environment. Moreover, the
nanoparticles have highly porous structure and smaller lignin
domains which could achieve higher loading capacity with
hydrophilic actives. The toxicity assay by microalgae indicate no
cytotoxicity to yeast, which suggest lignin nanoparticles could be
an environmentally benign vehicle for drugs, stabilizers of
cosmetic and pharmaceutical formulations. [54]
Qian et al. obtained nano-sized colloidal spheres by gradually
adding non-solvent (water) to acetylated lignin tetrahydrofuran
(THF) solution. The hydrodynamic radius of the final lignin
colloidal particles are controllable in a range of 100-300 nm by
managing the volume percentage of water. [55] Similarly, Li et al.
also reported that, the diameter of lignin nanoparticles could be
easily regulated through self-assembly of Kraft lignin in dioxanewater mixtures by controlling the water dropping speed. [56] Chen
et al. reported that para-toluenesulfonic acid (p-TsOH), a
hydrotropic agent, could facilitate the dissolution of wood lignin
into the water at above minimum hydrotrope concentration. More
interestingly, the dissolved lignin in the acid liquor could be easily
precipitated as lignin nanoparticles by diluting the acid liquor to
below the minimal hydrotrope concentration. [57] Moreover, the
diameter, morphology, and the surface charge of the resultant
nanoparticles are controllable b adjusting technique parameters,
diluting speed, fractionation conditions, pH, and ionic strength.[57-

3. Drug/gene delivery
Drug/gene delivery can affect pharmacokinetics, absorption,
distribution, metabolism, duration of therapeutic effect, excretion,
and toxicity. There is an accompanying need for improved
materials, especially natural and no-toxic materials, to deliver
drug and gene to the target site in vivo.

58]

Increasing studies of the lignin-derived nanomaterial have
confirmed the great application potential of lignin in biomedical
areas, particularly for poor water soluble drug and gene deliveries.
[5a, 5b, 59]
Drug molecules can be incorporated into or on lignin
particles by serval classic methods including entrapment,
encapsulation, physical adsorption on the surface and chemically
linked to the surface of the particles. [5c] As it has been mentioned
above, the unique solubilization of p-TsOH aqueous solution can
increase various lignin, as well as positive to water-insoluble drug
which makes it is possible to encapsulated into in to lignin
nanoparticles. Inspired by this such a property, Chen et al
reported that different kind of lignin and poor water soluble drugs,
doxorubicin, gatifloxaxin are well dissolved in the hydrotropic
system. And drug-loaded lignin nanoparticles with 90%
encapsulation efficiency can be prepared by this approaches,
which is suitable for scale-up and high yield production. [60]
Figueiedo et al. have done great efforts in systematically exploring
a variety of functionalized lignin nanoparticles with respect to their
preparation, cytotoxicity, drug loading capacity, drug release
behavior, interaction with cells in vitro, etc.[26e, 38, 61]. They reported
the preparation of three differently lignin nanoparticles, namely,
pure lignin nanoparticles (pLNPs), iron(III)-complexed lignin
nanoparticles (Fe-LNPs), magnetic Fe3O4 infused lignin
nanoparticles (Fe3 O4-LNPs) and evaluated their application
potential as nano-medicine from multiple perspectives at great
length. TypicallypLNPs were formed by lignin self-assembly into
colloid spheres in tetrahydrofuran (THF) solution during dialysis
against water. Fe-LNPs were prepared through a condensation
reaction of iron (III) isopropoxide [Fe(OiPr) 3], following hydrolysis
reaction in a mixed solution of iron/lignin, and finally, exchange

Figure 2. Common approaches to fabricate drug deliveries from
lignin. LNPs―lignin nanoparticles. (a) Lignin and drug mix into
nanoparticles, (b) LNPs stabilize drug-loaded emulsion, (c) lignin
wrap drug into nanoparticles.
3.1. Micro- and nanomaterials
Micro- and nanomaterials have various forms including spheres,
capsules, and emulsions that are popular patterns to carry active
substance, gene, and metal ions or nanoparticles. Lignin based
micro and nanoparticles are one of the most potential and the
most widely studied forms for the design of biomedicine. We
distinguish "micro- and nanoparticles" in which the materials are
spheroidal shapes with hallow or solid structures, and the active
substances (drug, gene, and metal nanoparticles) can be
entrapped or dispersed throughout the particles. These systems
are dynamic and have size distribution usually ranging from 100
nm to 1000 nm. The common approaches to fabricate drug
deliveries from lignin have been summarized in serval reviews [36]
and here we illustrate again in Figure 2. Depending on the
different formation processes, the lignin-based drug deliveries
display different morphologies, drug loading capacities, and
applications (Table 1).
Nanospheres. In recent years, many researches are paying
attention to the development of lignin nanoparticles and its
application in drug delivery systems. [5a, 5b, 37] Till now, serval
approaches to prepare durgs loaded lignin nanoparticles
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Table 2. Lignin-based micro- and nanomaterials for drug/gene delivery.
Starting material

Approach[a]

Carrier form

Active substance[b]

DLC (wt%)[c]

Size (nm)

Bioctivity

Ref.

Alkaline lignin

a

nanoparticles

trans-RSV

21.7

179.4 nm

anticancer

[37]

Softwood kraft lignin

a

nanoparticles

BZL/SFN

8 ± 1/7 ± 2

~300 nm

anticancer

[26e]

Carboxylated lignin

a

nanoparticles

BZL

9±1

438 ± 56 nm

anticancer

[5d, 38]

Alkaline lignin, folic acid,
NH2-PEG-COOH

a

nanoparticles

HCPT

24.2 ± 3.1

152.6 ± 9.6 nm

anticancer

[39]

Organosolv-type lignin

a

nanoparticles

curcumin

2-4

104 nm

anticancer

[40]

Soda lignin

a

nanoparticles

budesonide

3.5

~200 nm

antioxidant

[41]

Kraft lignin, AgNO3, NaBH4

c

nanoparticles

Ag NPs

n.a.

227 ± 3 nm

Kraft lignin, AgNO3

a

nanoparticles

Ag NPs

n.a.

84 ± 5 nm

antioxidant

[35b]

Alkali lignin, AgNO3

a

nanoparticles

Ag NPs

n.a.

10-15 nm

antibacterial
antifungal
antioxidant
antiplatelet

[43]

c

nanocapsules

coumarin-6

n.a.

50-300 nm

a

nanoparticles

plasmid DNA

> 10 N/P ratios

150-250 nm

gene transfection

[45]

n.a.

nanoparticles

plasmid DNA

> 5 N/P ratios

100-200 nm

gene transfection

[46]

a

micelles

Ibuprofen

46.37 ± 0.08

~155 nm

anti-inflammatory

[47]

c

nanocontainers

SR101

n.a.

~300 nm (water)

Sodium lignosulfonate,
allyl bromide, butyl acetate,
costablizer hexadecane, AIBN,
trimethylolpropane tris
(3-mercaptopropionate)
Kraft lignin,
poly(ethylene glycol)methacrylate (PEGMA),
glycidyl methacrylate (GMA)
Kraft lignin,
2-dimethylaminoethyl
methacrylate (DMAEMA)
Alkali lignin,
3-chloro-2-hydroxypropyltri
methylammonium
chloride (CHMAC),
sodium dodecyl
benzenesulfonate (SDBS)

Sodium lignosulfonate,
2,4-toluene diisocyanate (TDI),
sulforhodamine 101 (SR101),
polyglycerol polyricinoleate
(PGPR)

[42]

[44]

[48]

~200 nm (cyclohexane)

Kraft Lignin,
poly(ethylene glycol)
diglycidyl ether (PEGDEG)

c

microcapsules

coumarin-6

n.a.

300-1000 nm

[49]

Kraft lignin, FeCl3

c

microcapsules

coumarin-6

n.a.

600-4000 nm

[50]

nanotubes

plasmid DNA

n.a.

10-17 μm length

Enzymatic hydrolysis lignin
Klason lignin
Thioglycolic acid lignin
Alkali lignin
Alkaline lignin,
N-Isopropylacrylamide
(NIPAM)
Sodium ligninsulfonate,
olive oil, Tween-80, PEG-400

n.a.

gene transfection

[51]

antioxidant

[52]

172-220 nm diameter
49-75 nm thickness
b

Pickering emulsion

trans-RSV

0.1

204.7 μm

c

self-nanoemulsion

trans-RSV

21.4 ± 0.8

118.61 ± 5.28 nm

[53]

[a] Approaches in Figure 2. [b] trans-RSV―trans-resveratrol; BZL―benzazulene; SFN―sorafenib; HCPT―10-hydroxy camptothecin; Ag NPs―silver nanoparticles;
SR101―sulforhodamine 101. [c] DLC (wt%)―Drug loading capacity (wt%) = (weight of loaded drug/weight of nanoparticles) × 100%; N/P
ratios―nitrogen/phosphate ratios.
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endocytosis.[3e] Due to the folate receptor (FR) is overexpressed
in the majority of human cancer cells, FA has been considered as
a targeting moiety for the development of targeting drugs.
Assisted by PEG chains and targeting FA, the cellular uptake for
HCPT loaded FA-PEG-AL nanoparticles was enhanced and the
targeting nanoparticles could be enriched in tumor site that
resulting in remarkable inhabitation to the tumor.
Given that the significance of improving interaction between cells
and lignin nanoparticles, Figueiedo and her colleagues prepared
polypetide conjugated lignin nanoparticles using Asp-Ser-Ser
(DSS) polypeptide derived from dentin phosphophoryn (DPP),
which has the ability to function as a cell-penetrating peptide.
Generally, amino groups of DSS were chemically conjugated with
carboxyl groups of LNPs by EDC/NHS coupling chemistry in mild
buffer environment which has no negative effect on loading
efficiency. Due to the effect on enhanced cellular internalization,
the resultant BZL@ LNPs-DSS nano-system not only increase
the dissolution rate and stability of BZL at a mimic tumor
microenvironment, but also presented very positive effect on
enhancing
cellular
internalization,
enhancing
cellular
internalization and antiproliferative effect in 2D or 3D tumor
mode. [38]
Nanoparticles formulation can also improve bioavailability and
achieve rapid absorption of drugs with low permeability and
solubility for oral administration. Due to an insoluble property in
acid solution but soluble under alkaline environment, lignin has a
potential ability for carrying specific drugs that can be absorbed in
the intestinal environment. Alqahtani et al. successfully obtained
such lignin nanoparticle-based oral formulation for curcumin
delivery.[40] Briefly, mixed solution of organosolv lignin and
curcumin dissolved in 70% ethanol was added into citrate buffer
containing sodium citrate as stabilizer and cross-linker. After
ethanol was evaporated completely, cross-linked lignin
nanoparticles entrapping curcumin were produced. Such lignin
nanoparticle formulation presented excellent stability under the
gastric conditions and a sustainable release profile in simulated
intestinal fluid. Moreover, permeation assays showed that
nanoparticles could increase curcumin permeability and avoid the
impact of P-glycoprotein mediated efflux. The bioavailability and
half-life of lignin-based nano-formulation was superior to
curcumin suspension after oral administration. [40] Li et al. utilized
quatermized
(3-chloro-2-hydroxypropyltri
methylammonium
chloride, CHMAC) alkali lignin (QAL) to prepare pH-responsive
lignin micelles for oral drug delivery of ibuprofen (IBU). Thanks to
the quaternary ammonium groups in lignin structure, IBU loaded
QAL could form stable spherical micelles under the cooperation
of the anionic surfactant. The micelles were so stable in a
simulated gastric fluid that only small amount of IBU was released
within 24 h, while 90% of the IBU was released after 8 h and
96.12% after 24 h in the simulated intestinal fluid. The view of the
authors is that the selective release behavior in the simulated
intestinal fluid is conferred by ionization of carboxyl groups in
lignin which causes electrostatic repulsion between the negatively
charged carboxyl groups of IBU and lignin that increases the
dissociation of micelle structure.[47]
Micro- and nanocapsules. Frequently, micro- and
nanocapsules are referred to micro- and nanoscale vesicles with
a core filled oily core phase and a shell consisting of polymer
layers. However, the particles is referred to polymersome when
the core is filled with aqueous phase.[63] Polymersome is a class
of artificial vesicles, tiny hollow spheres that enclose a solution.

solvent in a dialysis tube. The Fe3 O4-LNPs were produced via a
mixed system of lignin and oleic acid-coated nanoparticles in THF
exchanged with water. The resultant lignin nanoparticles, Fe3 O4LNPs, showed better potential for cancer therapy and
diagnosis.[26e] In general, the resultant lignin nanoparticles would
produce cytotoxicity, hemolysis at high concentration in vitro
evaluation, and induced reactive oxygen radical in a timedependent manner and a concentration dependency. Moreover,
no significant cytotoxicity at concentrations up to at least 100
mg/mL was confirmed, which indicate the lignin nanoparticles are
capable of using in nano-medicine because of the feature of
concentration dependency and time dependency could be
intervened manually. The assay of drug loading capacity, drug
release behavior and antiproliferative effect of the model drug in
pLNPs suggested that pLNPs were not only able to load poorly
soluble drug sorafenib (SFN) and benzazulene (BZL) efficiently,
also significantly improved the drug release behavior and
antiproliferative effect on MDA-MB-231, MCF-7, PC3-MM2,
Caco-2, and A549 cells.[26e]
Dai et al. prepared insoluble anticancer drug trans-resveratrol
(trans-RSV) and Fe3O4 nanoparticles embedded lignin
nanoparticles (AL/RSV/Fe3 O4 NPs) to realize passive targeting,
magnetic-controlled targeting of trans-RSV, and enhanced biodispersion and therapeutic effect. Under an applied magnetic field,
mice model treated with AL/RSV/Fe3O4 NPs maintained higher
content of trans-RSV in tumor tissue than that treated only with
free trans-RSV. Moreover, the administration of the AL/RSV NPs
and AL/RSV/Fe3O4 NPs significantly inhibited tumor growth and
improved survival rates during the experimental period. The
favorable curative effect of the AL/RSV/Fe3O4 NPs may benefit
from a good sustained release of trans-RSV, the appropriate
particle size, good magnetic properties, and excellent
biocompatibility, dispersibility, and anti-ultraviolet capability.[37]
In order to enhance the accumulation and therapeutic effects,
nanoparticles can be modified with some functional molecules to
achieve stimuli-responsiveness, such as pH, temperature,
magnetic response, and active-target.[62] Therefore, it is
necessary to optimize the properties of lignin nanoparticles so that
they can exert the best effect on the drug delivery. For instance,
Figueiedo et al. prepared pH-responsive nanoparticles by
conjugating block copolymer PEG-block-poly(L-histidine) (NH2PEG-PHIS) onto the surface of carboxylated lignin nanoparticles
(CLNPs), following coating with cell-penetrating peptides. The
water insoluble drug benzazulene (BZL) was encapsulated into
CLNPs to form BZL@CLNPs during the dialysis process, but the
drug content only decreased slightly in the subsequent
modification processes. Moreover, the conjugated block
copolymer greatly endowed these nanoparticles (BZL@CLNPsPEG-PHIS-CPP) with pH-responsiveness as well as its
antiproliferative effect in the different cancer models due to higher
drug encapsulation efficiency.[61]
It is well known that many drugs for cancer treatment are
restricted in clinical application for their poor water-solubility and
undesirable side-effects to normal tissue. To improve targeting
therapy, facilitating medicine penetration into special tissue is an
attractive solution for that issue. Liu et al. synthesized folic acidpolyethylene glycol alkaline lignin conjugates (FA-PEG-AL) to
create targeting nanoparticle vehicles for delivery of hydroxyl
camptothecin (HCPT).[39] Folic acid (FA) has high-affinity to a
membrane-anchored protein, folate receptor, though which FA
can be transported and conjugated into cell interior by
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These systems have been employed for a long time for the
delivery of hydrophobic /hydrophobic substances, food
enhancement, nutraceuticals, enzyme immobilization, also
cosmetic topical products containing. [63-64]
Lignin has been proposed as promising macromolecule to
develop shell-core micro- nanocapsules for the delivery of drugs,
because of the hydrophobic backbone of aromatic structure and
the amphiphilic component of hydroxyl groups in lignin. The core
structure would allow high payloads of drug molecules through
intrinsic π-π stacking, hydrogen bonding, and various
hydrophobic interactions. So far, many studies on lignin-based
micro- and nanocapsules have been reported. Yiamsawas et al.
fabricated lignin nano-polymersome by using lignosulfonic acid
sodium salt to form droplets in the water/cyclohexane system
firstly. Then the droplets were cross-linked by the polyaddition
reaction of 2,4-toluene diisocyanate at the interfaces of the miniemulsion droplets. The transmission electron microscope (TEM)
images results showed that the lignin based polymersomes have
diameters in the range of 150-200 nm and shell thickness of 1020 nm. Moreover, after being predisposed in water for serval
weeks, the lignin polymersomes remained aqueous inner core
and excellent stability. The authors believed that these lignin
polymersomes are able to encapsulate hydrophilic drugs,
fertilizers, and pesticides.[48]
Li et al. fabricated nanocapsules by kraft lignin via selfassembly in water/ethanol solution system. The hollow core was
conferred by the high percentage ethanol reservation in the
interior of the nanocapsules. Because only ethanol and water are
required in their protocol, the lignin nanocapsules from the green
method is expected useful in wide fields. [65]. Tortora and coworkers used high-intensity ultrasound technology to successfully
prepare oil-filled kraft lignin microcapsules which are futher locked
by covalent cross-linking by complex hydroxyls and phenoxy
radicals trigger chemical reaction in the mild alkaline environment,
In the presence of air. They also found that PEG-lignin
significantly improved the cross-linking during ultrasonic
treatment and increased the stability of the resultant
microcapsules which are unaffected by phase separation and
Ostwald ripening. Moreover, the PEG-lignin microcapsules
presented higher encapsulation efficiency to coumarin-6 and
extended-release behavior. In virto study showed that Both PEGlignin and lignin microcapsules are friendly to Chinese hamster
ovary (CHO) cells providing reliable evidence for their potential as
a reservoir for skin defender ingredients for carrying hydrophobic
molecules. [49]
Stimuli-responsive nano- or microencapsulation can also be
developed by metal-organic capsules. Bartzoka et al. set up a
one-step method to obtain Fe (III) chelated Kraft lignin
nanocapsules (Fe-LNCs) using chelation chemistry. Interestingly,
the addition of Fe (III) has no influence on the average size of the
capsule but led to decrease in the shell dimension. As a result,
the nanocapsules yield is slightly increased since less lignin is
required for producing the same number of capsules. The
entrapment efficiency of Fe-LNCs for coumarin-6 is up to 90% that
is much higher than LNCs only 70%. Drug release studies indicate
that the thinner shell structure of Fe-LNCs slow down the release
of coumarin-6 in SDS, which revealing that Fe-LNCs have denser
network shells for the extended release behavior.[50]
Taking advantage of the active groups on lignin, a selectively
responsive and drug-loaded lignin nanocapsules can be expected.
Chen and co-workers reported pH-responsive lignin

nanocapsules prepared via an interfacial mini-emulsion
polymerization. In their work, lignin was first grafted with allyl
groups through etherification and further dispersed in an oil-inwater (O/W) mini-emulsion system via ultrasonication. Then allylfunctionalized lignin could reacte with a thiol-based cross-linking
agent in the interfaces of mini-emulsion droplets to form
nanocapsules via a thiolene radical reaction. The resulting LNCs
exhibited controllable loading capacity and release behavior to
coumarin-6 by varying the pH value of the solution for the
existence of acid-labile β-thiopropionate cross-linkages in the
capsule shell.[44]
In addition to biocompatibility and biodegradability of lignin
capsules, the stability and release profile of lignin capsules are
also getting attention in the application of pharmaceutics and
biomedicine. Zongo et al. investigated the stability of softwood
lignosulfonate microcapsules (SLS-MCs) in different storage
conditions. They found that SLS-MCs present perfect stability
over time in a neutral pH and salt-free aqueous environment, and
also excellent stability in the bovine serum albumin solution.
Besides, at standard sterilization test condition (121 °C and 2026
mbar for 30 min), the SLS-MCs maintain complete appearance.
However，the shape of SLS-MCs changes remarkably at -20 °C
and atmospheric pressure condition for the negative effect from
ice crystals formation and internal microscopic crystals of the oily
phase. [66]
Gene delivery aims at transfecting integrated or non-integrated
exogenous DNA or RNA to treat or prevent diseases through
influencing gene expression in living organisms. [67] Lignin-based
nanoparticles are being investigated for gene delivery. Liu et al.
synthesized cationic amphiphilic lignin-based grafting copolymer
of lignin-poly-(2-dimethylaminoethyl methacrylate) (ligninPDMAEMA). The pDNA could be embedded into the copolymer
nanoparticles by the cationic PDMAEMA side chains that able to
condense with DNA via electrostatic interactions. The cytotoxicity
and transfection efficiency of the proposed nanoparticles were
rather relative to the chain length of the PDMAEMA. [46] Similarly,
Jiang et al. synthesized another multi-arm copolymer of
poly(glycidyl methacrylate)-co-poly(ethylene glycol)methacrylate
(PGEA-PEGMA)-lignin copolymer (lignin-PGEA-PEGMA) for
gene transfection. The lignin-PGEA-PEGMA with 46.9% of PGEA
units showed the best gene transfection efficiency than that with
a lower amount of PGEA units, and even better than commercial
agents of polyethyleneimine (PEI). [68]
It is well known that lignin is a complex radical-mediated
coupling product via hydroxycinnamoyl alcohols and related
monomers
involving
hydroxycinamaldehyde
and
hydroxycinnamic acid. In the light of combinatorial chemistry of
lignin, Caicedo and co-workers proposed a tailored templatemediated approach to synthesize flexible lignin nanotubes (LNTs)
to deliver bioactive compounds. [69]. Based on this proposed
method, the same research group evaluated the influence of the
plant sources and extraction procedures of lignin on the
application of lignin-based nanotubes (LNTs) as gene delivery
vehicles in detail. They found that LNTs synthesis method
proposed by Caicedo et al. was feasible to other types of lignin.
Moreover, compared to plant sources, lignin extraction procedure
had much greater impact on the morphology of LNTs. Besides,
they demonstrated that transfection efficiency could be regulated
by the source of lignin and its extraction procedure for the
changeable physical association between LNTs and DNA. The
detailed research report reveals a primary understanding of the
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relationship between lignin source and its extraction procedure,
LNTs nanostructure, cytotoxicity, and DNA transfection
efficiency.[51]
Emulsions. Traditional emulsions are dispersions made up of
two or more immiscible liquid phases which are mixed using
mechanical shear and surfactant. Emulsions have the following
classes oil-in-water (o/w), water-in-oil (w/o), or even double and
multiple forms. Differently, Pickering emulsions are stabilized by
nanoparticles instead of by traditional surfactants. This novel
emulsions not only maintain the common properties of traditional
emulsion but also hold high resistance to coalescence and that
makes it a possible replacement for traditional emulsion applied
in cosmetic and pharmaceutical applications where surfactants
often show adverse effects like irritancy, and hemolytic
behavior.[70]
The natural amphiphilicity of lignin is an attractive property for
particular emulsifier preparation. Wei et al. firstly demonstrated
that the colloid particles of alkaline lignin could be able to stabilize
styrene-in-water in the form of Pickering emulsions. The lignin
nanoparticles are made by lignin self-assembly in an acidic
condition, which voluntarily surround styrene droplets to form
Pickering emulsion by strong shaking. The first successful
attempt put forward an innovative application of lignin-based
Pickering emulsion. [71] Since then, the enthusiasm for developing
lignin-based pickling emulsion is arouse quickly. Qian et al.
synthesized a copolymer of 2-(diethylamino)ethyl methacrylate
grafted lignin (lignin-g-DEAMEA), from which a Pickering
emulsion with a switch ability of CO2/N2 was obtained.[72] Gupta et
al. presented a Pickering emulsion made of kraft lignin grafted
with polyacrylamide (PAm) and poly(acrylic acid) (PAA). They
proposed that polymer-grafted lignin surfactants could be
considered as random patchy nanoparticles mixed with
hydrophilic and hydrophobic domains that result in unexpected
interfacial behaviors.[73]
Nypelö et al. presented a method to transform aqueous
colloidal dispersions of lignin into particles or supracolloidal
structures via condensation. Moreover, silver nanoparticles can
be loaded onto lignin emulsions by in situ reductions of silver
ions.[42] Recently, Sipponen et al. reported a novel fabricated
method of cationic lignin nanoparticle (cCLP)by the adsorption of
cationic lignin onto lignin colloids. These cCLPs were confirmed
superior in stabilizing Pickering emulsions than lignin colloids
without positive charge at pH ranging from 2-6. [74]
Many advantages make Pickering emulsions more attractive in
the application of biomedicine. However, there is a few studies on
functional Pickering emulsion for delivery and storage of lightunstable drugs. Dai et al. designed a thermo-responsive and UV
blocking Pickering emulsion system for stabilizing a
photosensitive drug trans-resveratrol (trans-RSV) that remained
in palm oil droplets in water by the poly(N-isopropylacrylamide)
(PNIPAM) grafted lignin nanoparticles (AL-g-PNIPAM NPs). The
dual-functional features are based on the grafting chains of
PNIPAM and the UV blocking ability of UV chromophoric groups
in lignin. The AL-g-PNIPAM NPs significantly improve the stability
of trans-RSV, as well as control drug release behavior by
changing temperature,. [52]

Figure 3. Common approaches to fabricate lignin hydrogel. (a)
lignin-polymer blend hydrogel, (b) lignin-polymer cross-linking
hydrogel, (c) LNPs-polymer blend hydrogel, (d) LNPs-polymer
cross-linking hydrogel.
engineering sciences towards growth, development, and
regeneration of damaged tissues or organs. [3c] In the past
decades, an increasing number of natural polymers derived
biomaterials involving hydrogels, nanofibers, and 3D printed
scaffolds have been investigated for their chemical versatilities
and pleasing biological performance.[3c]
Hydrogels are physically or chemically cross-linked polymers
that are capable of absorbing large amounts of water to resemble
living tissues. Natural polymers like collagen, gelatin, chitosan,
cellulose, and cellulosic derivatives contribute great efforts on
developing hydrogel material for tissue engineering. [75] With the
mentioned properties, renewable lignin as feedback in hydrogel
system is being studied for its potential impact on thermal stability,
hydrophilicity,
biocompatibility,
and
biodegradability
of
hydrogels.[76] Generally, lignin and its derivatives with threedimensional network structures can be used as promising crosslinking agents and functional composite for hydrogel design
(Figure 3).
Lignin macromolecule can be directly used as feedback in
hydrogel systems, but it is limited for the undesirable solubility
except for sulfonated lignin. Kalinoski et al designed the physically
cross-linked hydrogel created by the mixtures of cellulose, xylan
and Kraft lignin with the aid of ionic liquids. The addition of lignin
has negative effect on the elastic strength, but the retained
antimicrobial property, favorable water retention ability of the
biodegradable hydrogels provides potential application in
biomedicine.[77] Shen et al found that Kraft lignin and epoxideterminated polyethylene glycol could form excellent hydrogel than
that directly cross-linked by epichlorophydrin in alkaline solution.
Moreover, the hydrogel films suggest potential application in drug
delivery, wood dressing for its water absorbency, antioxidant
capacity, antimicrobial activity.[78] Ravishankar et al. prepared
biocompatible and ionotropic cross-linking hydrogel by chitosan
and alkali lignin. The addition of lignin significantly could increase
the shear strength and viscosity of chitosan by the electrostatic
interaction between the phenolic groups of lignin and ammonium

3.2. Hydrogels
Tissue engineering is one of the most attractive multidisciplinary
researches that employs principles of chemistry, biology, and
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Table 2. Lignin-based hydrogels for biomedical applications.
Lignin material[a]

Polymeric matrix[b]

Kraft lignin

Microcrystalline
cellulose,

Kraft Lignin

Crosslinking agent[c]

Properties

Ref.

a

none

Mechanical improved hydrogel with antimicrobial properties

[77]

epoxide-terminated
PEG

b

Terminal group of
epoxides

Antimicrobial and antioxidant ability

[78]

Alkaline lignin

Chitosan

a

None

Biocompatible hydrogel with wound healing ability

[79]

Sulfonated lignin

PAA

a

Fe3+

stretchable, conductive, adhesive, and UV-blocking
properties hydrogel with excellent self-healing properties

[89]

Alkaline lignin

HPU

a

None

biocompatible adhesive hydrogel with increased tough

[90]

Sulfonated lignin

PVA, chitosan

a

None

excellent biocompatibility and antibacterial ability, its poor
mechanical strength limits its application for wound dressings

[91]

Sulfonated Lignin

Polyacrylamide

b

tannic acid

Multifunctional hydrogel with excellent conductivity, adhesion,
ultraviolet resistance, and improved antioxidant and
antibacterial properties.

[92]

Commercial lignin

PEGMA-grated
lignin

b

In situ
copolymerization

Hydrogel for drug delivery for curcumin

[93]

Alkali lignin

Hydroxyethyl
cellulose, PVA,

b

borax

Viscoelasticity and stretchable hydrogel with thermosensitivity and electrical conductivity

[94]

b

EDC

Biocompatible Hydrogel with increased stability, swelling
capacity

[81]

a

none

Antibacterial activity

[80]

Glycinated kraft lignin

Ammoniated sodium
lignosulfonate

Hyaluronan,

PVA

Approach

Dehydrogenative
polymer
of coniferyl alcohol
(Lignin model
compound)

Bacterial cellulose

b

DHP

Antioxidant hydrogel, release the oligomer of coniferyl alcohol

[58]

PEGMA-grafted
kraft lignin

PEGMA

a

α-CD

Bio-compatible hydrogel

[83]

POZ-grafted
sulfonated lignin

POZ

a

none

anti-infective ointment to control persistent inflammation and
wound healing in vivo

[84]

Lignin-carbohydrate
complex

none

b

PEGDA

Porous biological carrier for liver cells proliferation

[95]

Ag NPs loaded LNPs
(Alkali lignin)

Pectin, PAA,
PEGDA

c

none

Adhesiveness, toughness, and cell affinity. hydrogel with
good antibacterial and wound healing

[35a]

LNPs (bio-residue
lignin)

PVA, chitosan

c

none

antimicrobial

[96]

Lignin model
compound

Sodium alginate

a

none

Biocompatible hydrogel with antibacterial activity

[97]

Alkali lignin
nanoparticles

Acrylamide

d

In situ
polymerization

Biocompatible PAM/LNP hydrogel with high compressive,
tensile strength, and high recoverability

[98]

[a] LNPs―lignin nanoparticles; coniferyl alcohol―lignin model compound; [b] PEGMA―poly(ethylene glycol) methyl ether methacrylate; PAA―polyacrylic acid;
HPU―hydrophilic polyether-based polyurethane; PEGDA―poly (ethylene glycol) dimethacrylate; POZ―polyoxazoline; PVA―polyvinyl alcohol; PLA―poly (lactic
acid); [c] DHP―dehydrogenative polymer of coniferyl alcohol; EDC―N-(3-dimethylaminopropyl-N-ethylcarbodiimide hydrochloride; α-CD―α-cyclodextrin.

groups of chitosan. The ionotropic cross-linking hydrogel was
friendly to Mesenchymal stem cells in vitro assays, as well as nontoxic to zebrafish in vivo with a critical concentration of 10 μg mL1
. Besides, the positive result of accelerating NIH 3T3 mouse
fibroblast cell growth indicated the lignin-based hydrogel was a
candidate for wound dressing development. [79]
In order to strengthen crosslinking action between lignin
macromolecule and PVA, Li et al. synthesized amino groups
grafted sodium lignin sulfonate through Mannich reaction to
obtained lignin amine/PVA hydrogel system. The hydrogel system
incubated with silver nitrate solution presents improved strength
and elasticity and good antibacterial properties in virtro assay
towards both S. aureus and E. coli, while exhibits biocompatibility
to L929 cell. [80] Musilová et al. reported the effect of glycinate kraft
lignin on the mechanical and biocompatibility properties of

hyaluronan hydrogels. The incorporation of lignin would decrease
water uptake capacity equilibrium, but it could be offset by
changing the temperature to 37 °C. Besides, this water-soluble
lignin could compel the chain rearrangement and reassociation of
the cross-linked hyaluronan hydrogels. Therefore, viscoelastic
behavior could be tailored by adjusting lignin concentration or the
molecular weight of the hyaluronan. With non-negative influence
on the cell, the hyaluronan with water-soluble lignin was valuable
in tissue engineering and other biomedical application. [81]
Since the selective dissolution and the poor compatibility with
polymer matrices, it is good strategy to introduce lignin grafting
copolymer rather than unmodified lignin in hydrogel systems. [82]
Kai et al. synthesized lignin grafting poly(ethylene glycol) methyl
ether methacrylate (PEGMA) with molecular weights ranging from
38.7 to 65.0 kDa by adjusting the PEGMA-to-lignin weight ratio.
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They found that even at low concentration of lignin-PEGMA
(1wt%) supramolecular hydrogels could be formed in the
presence of α-cyclodextrin. The rheological properties of the
obtained hydrogel showed ideal mechanically responsive and
excellent self-healing capabilities. More importantly, there was no
cytotoxicity to fibroblasts at moderate concentration, which
suggest promising application potential in smart biomaterial for
biomedical areas.[83] Mahata et al. designed physically crosslinked biocompatible hydrogel by polyoxazoline chains modified
lignin that conjugated with 3-amino-1H-1,2,4-triazole. The in vitro
assay revealed that the hydrogel has the ability to reduce the
inflammation by downregulating the gene expression level of
iNOS and IL-1β of induced inflammatory mouse macrophage cells.
Moreover, the hydrogel showed free radical scavenging activity
which afforded benefits to infected tissue in the healing process
because reactive oxygen species are also a block in recovery.
Therefore, the multifunctional benefits of this lignin-based
hydrogel may be used in future generation ointment formulation
in successful and efficient wound therapy. [84] Lu et al. reported a
thermo- and pH-responsive composite hydrogel of cellulose
nanofibrils-poly(N,N-isopropylacrylamide/alkaline lignin-polyethylene glycol nanoparticles (CNFs-PNIPAM/AL-PEG NPs). In
combination with thermo- and multi-pH-responsiveness, CNFs
reinforced hydrogels can be synthesized via the facile approach
self-assembly process.[85]
Incorporating nanoparticles within the hydrogel network is an
effective approach to reinforce the polymeric hydrogels and to
increase multiple functionalities. [86] The positive effect of lignin
nanoparticles in polymeric hydrogel have been proved. Yang et al
reported that in the presence of lignin nanoparticles,
PVA/chitosan hydrogel would form more uniform and higher
porous structure. Moreover, the promoting crosslinking effects
between PVA/chitosan and lignin nanoparticles could prevent the
PVA molecules from moving and dissolving into the water. [87]
Chen et al. synthesized polyacrylamide/lignin (PAM/LNP)
hydrogel formed by in-situ free radical polymerization and crosslinking of monomer acrylamide in lignin nano-dispersion. Lignin
nanoparticles in this hydrogel systems are important cocrosslinker that result in unique network structure with PAM
chains. And the nanocomposite hydrogel with excellent
mechanical properties and high recoverability is realized due to
the synergic effect of nanocomposite network structure and the
strong hydrogen bonding. [88] Gan et al. designed an adhesive and
tough hydrogel, Ag-Lignin nanoparticles-pectin-polyacrylic acid
(NPs-P-PAA), which showed an antiseptic performance and
fantastic curative effect on wound healing. They found that AgLignin nanoparticles considerably contribute to the outstanding
mechanical and adhesive properties. On one hand, the NPs-PPAA exhibited superior performance of tensile strain which is 3fold than P-PPA hydrogels and 7-fold than PPA hydrogel. On
another hand, the hydrogel showed impressive durable and
repeatable adhesiveness to various material surfaces and tissues.
They declared that the strong noncovalent interactions among
different components could strengthen mechanical properties by
dissipated energy during the process of deformation. Moreover,
the Ag-Lignin nanoparticles devoted themselves to mechanical
strengthening by nano-reinforcement effects. The strong
adhesiveness is assigned to the synergistic effect of carboxyl
groups of PAA and adhesive catechol groups of lignin that
constantly generated by the redox reaction triggered by Ag
nanoparticles. In vivo and vitro evaluation, the hydrogel showed
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favorable cell affinity and accelerated cell proliferation, adding
sufficient evidence to repair wound healing and skin tissue
regeneration.[35a]
The bacterial infection is also one of the most serious diseases
threatening human health.[99] It has been reported that nosocomial
infections are considered to be a major cause of mortality, and
approximately 1.7 million hospitalized patients, an estimated
number, were tortured by nosocomial
infections. [99a]
Consequently, to develop effective and inexpensive antibacterial
material is an urgent demand in medical treatment. In response,
numerous researches about lignin as antibacterial additive have
been reported in the past years. [24a, 58, 100]
As stated previously, lignin itself presents antibacterial ability.
High value application of lignin in antibacterial area require
suitable forms and more effective antibacterial ability. Gabov et al.
extracted lignin from birch wood chips using 36% sodium xylene
sulfonate aqueous solution. Then lignin was incorporated lignin
into porous cellulosic beads. The lignin-containing cellulose
beads showed selectively inhibited effect on Staphylococcus
aureus ATCC 25923 (Gram-positive) and more efficient inhibition
with an expanded amount of lignin. [100a] Gregorova et al. showed
that the antibacterial ability of Bjorkman lignin to Escherichia coli
3954 (Gram-negative) and Staphylococcus aureus 3953 (Grampositive) was equivalent to bronopol and chlorhexidine. And the
Bjorkman lignin still preserved satisfied antibacterial ability when
it was introduced into polyethylene film. [100b] Moreover, Yang et al.
proved that lignin nanoparticles incorporated into PLA film could
exert a bacteriostatic effect on Xanthomonas axonopodis pv.
vesicatoria and Xanthomonas arboricola pv. pruni along the
time.[101] Besides, they also revealed 95% E. coli and 85% S.
aureus could be reduced by lignin nanoparticles composited
Polyvinyl alcohol/chitosan (PVA/Ch)-based hydrogel.[96]
Antibacterial activities of lignin change greatly with different
isolation procedures, various plant sources, intrinsically, different
chemical structures. Incorporation of metallic nanoparticles or
semiconducting materials into lignin nanoparticles could improve
the antibacterial performance obviously.[102] Li et al. synthesized
Cu2 O nanoparticle wrapped with lignin which exhibited 100%
inhabitation against E. coli and S. aureus at a concentration of 4.0
g L-1.[102] Marulasiddeshwara and co-workers synthesized lignin
supporting Ag nanoparticles with alkali lignin by oxidationreduction in a hot water system. The lignin with the amount of
phenol and hydroxyl group not only has a strong ability to reduce
Ag+ into Ag nanoparticles in high temperature environment but
also adhere to the surface of Ag nanoparticles and avoid their
aggregation. The Ag-NPs dispersed on lignin with an average
particle size of ~10-15 nm. These lignin-containing Ag-NPs
inhibited bacterial of human pathogens S. aureus and E. coli, also
fungal of A. Niger.[43]
Aerogel is an open-porous ultralight material derived from a
hydrogel or other gels, in which water or some other solvents
phase is replaced with gas. Desirable merits of flexibility, high
porosity, large surface area, high mechanical strength, etc. make
aerogel showing strong momentum in conducting research about
aerogel-based tissue engineering scaffolds. Quraishi et al.
studied a scaffold for tissue engineering on the basis of alginatelignin hybrid aerogels that achieved by employing pressurized
carbon dioxide to promote Ca2+ liberation for the crosslinking
process. The resultant aerogel induced by carbon dioxide
presented better shape and more enhanced mechanical
properties compared with its equivalent group at ambient
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conditions. In the light of pleasant biocompatibility, high surface
area, and high equilibrium water uptake, the alginate-lignin
aerogel with splendid cell adhesion behavior leads it to fascinating
structures in tissue engineering and regenerative medicine. [19d]
Berglund et al prepared highly porous aerogel based on lignincontaining arabinoxylan and cellulose nanofibers that crosslinked by citric acid. The percentage of citric acid is a key
parameter to control the swelling ration, compressive strength
and modulus. At lower citric acid, higher swelling ratio (68 g of
water per g) was realized. The hydrogel made of natural polymer
would be promising in the field of soft tissue engineering. [92]

solution in chloroform/DMF (2:1, v:v), from which uniform
mineralized by hydroxyapatite fibrous platform could be obtained
through electrospinning and further coprecipitation process.
Because numerous phenolic and aliphatic hydroxyl moieties of
lignin donate reactive sites for chelating Ca2+， which is important
to hydeoxyapatite molecular production through coprecipitaion of
Ca2+ and PO34 . This mineralized lignin/PCL fibrous platform
efficiently facilitates adhesion and proliferation of osteoblast by
directing filopodial extension. as well as a good candidate for
bone regeneration materials.[77]
Reesi et al. prepared a novel lignin-based nanofibrous dressing
containing arginine for wound-healing applications. This novel
nanofiber dressing showed hydrophilic surface, high adsorption
capacity, and similar structure to the extracellular matrix, which
could facilitate cell proliferation and accelerate wound closure in
vivo wood-healing assays.[109]. In general, the synergistic effect of
antibacterial and antioxidant activity of lignin increases nitric oxide
(NO) level at the wound site with controlled release of arginine,
and also improve collagen deposition to facilitate wound closure.

3.3. Electrospun fibers
Electrospun fibers with high surface area volume ratios are
expected to be applied in tissue engineering scaffolds for various
cell cultivation.[103] Lignin has been considered as polymeric
additives to make composite nanofibers by electrospinning.
However, it is chanllenge to fabricate homogeneous and elastic
lignin-based composite electrospun nanofibers, because of the
incompatibility of lignin with nonpolar polymer matrixes, such as
polylactide (PLA), poly(3-hydroxybutyrate) (PHB), and poly(εcaprolactone) (PCL).[104] In order to overcome this problem, Kai et
al. design elaborate strategy to chemically graft polymer chains
onto lignin to improve the compatibility between lignin and the
polymer matrix.[4g, 45, 105] One of their reports showed that ligningraft-PLA copolymer can be well dispersed into poly( L-lactide)
(PLLA) to form homogeneous nanofibrous structure with a
diameter of 350-500 nm. The obtained lignin-containing
nanofibers not only showed the improved compatibility with PLLA
but also presented good antioxidant activity and biocompatibility
with the cultivation of human dermal fibroblasts, PC12, and
human mesenchymal stem cells.[106] Apart from the PLLA/ligninPLA copolymer system showed applicability in scaffolds for tissue
engineering, they demonstrated a series of lignin-containing
polymer
nanofibers,
such
as
poly(3-hydroxybutyrate)
(PHB)/lignin-PHB,[4g] PHB/lignin-poly(ε-caprolactone) (PCL)PHB,[105a]
PCL/lignin-PCL,[105b]
PCL/lignin-polymethyl
methacrylate (PMMA), PCL/lignin-poly(ε-caprolactone-co-lactide)
(PCLLA), and PLLA/lignin−PCLLA. [105c] Currently, Liang et al.
reported an implantable nanofiber membrane of PCL-glignin/PCL that offers intrinsic antioxidant activity and excellent
mechanical properties. The antioxidant nanofiber membranes
present lower cytotoxicity and excellent anti-inflammatory effects
to H2O2 stimulated human chondrocytes and osteoarthritis rabbit
model. Moreover, the PCL-lignin nanofibers with biocompatible
and biodegradable can effectively inhibit reactive oxygen species
generation and activate antioxidant enzymes, which show
promising potential to replace conventional injection or oral intake
of antioxidants in osteoarthritis treatment. [107]
The bone regeneration scaffold is one of the main applications
of tissue engineering. The mechanical stability is an important
parameter. Inspired from the similarity of the porous structure of
wood and bone, Rekola et al. designed an artificial and metal-free
fiber-reinforced composited bone material via the heat treatment
of wood. The historical and histometric analytical results from
rabbit models suggested that the high-temperature treatment has
positive effects on the osteoconductivity of these artificial wood
implants, which also illustrates the good biocompatibility of
lignin.[108] Recently, another research group confirmed that PCL
and lignin without any modification could form a homogeneous

3.4. Three dimensional (3D) products
3D printing known as additive manufacturing technology, is an
advanced method to organ model preparation, and personalized
scaffolds manufacturing. Recently, due to the demands of
sustainable development, natural polymers form wood and their
functionalized derivatives have been extensively exploited in 3D
products.[110] As mentioned before, lignin with aromatic structure
and hydroxyl groups is an excellent biopolymer candidate for
developing biodegradable nanoparticles benefiting to biomedical
and tissue engineering. Several researchers reported that lignin
would bring positive effects to the printing processing and the
mechanic parameters of the polymeric matrix, [90, 111] which
convincingly suggested lignin are printable feedstock for 3D
printing technology.[88, 112] For instance, part surface quality and
reduced shrinkage was improved during the printing of the
polyhydroxybutyrate (PHB) composite filament containing 20%
lignin (w/w) than prue PHB. [111a] Moreover, the 3D products of
ABS-acrylonitrile butadiene rubber-lignin composites presented
increased tensile strength due to the formation of crosslinks and
multiple hydrogen bonding structures within the composites. [111b]
Polylatic acid (PLA) is widely used in 3D printing application
because of it excellent biocompatibity and biodegradablility, as
well as low melting point for fused filament fabrication 3D printing
process. However, the high degradation rate during processing
and brittle behavior of PLA are disturing. Gkartzou et al.
suggested that the presence of lignin increases the thermal
stability and flammability of PLA under oxidative and nonoxidative
conditions, due to the formation of char, which acts as a protective
layer preventing oxygen diffusion. [113] Domínguez-Robles et al.
pointed out that 3D meshes made of hybrids of lignin and PLA
enable to carry antioxidant compounds. The 3D meshes are
expected to be used for wound healing for its good radical
scavenging activity and antimicrobial properties. [114] Grigsby et al.
found that the copolymer of keratin protein and lignin synthesized
by bioconjugation is a candidate for 3D and 4D printing. [115] In very
recent, Zhang et al firstly reported using colloidal lignin particles
(CLPs) to tune the rheological properties of cellulose nanofibril
(CNF)/alginate hydrogels for 3D printed cell culture model. The
CLPs could provide additional crosslinking sites for Ca2+ to
improve the shape fidelity of the resultant scaffolds, as well as
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restrain scaffold swelling ability in water due to CLPs take priority
in the formation of hydrogen bonds with CNF. Moreover, the
scaffold with appropriate antioxidant activity has positive effect on
HePG2 attachment and proliferation, which suggest great
potential application in soft tissue engineering and regenerative
medicine.

chemical stability, environmental friendliness, biocompatibility,
low
toxicity,
excellent
photostability,
non-blinking
photoluminescence, tunable photoluminescence, favorable
surface functionality, and easy accessibility. [117]

3.5. Tablets

Although researches in quantum (carbon) dots have been
developed more than a decade and satisfied synthesis routes
have been established, there remain challenges to producing
quantum (carbon) dots with renewable resources as starting
materials for the environmental and economic sustainability. Due
to higher carbon content and rich aromatic structures, lignin is an
ideal renewable candidate for preparing bulk aromatic chemicals
and value-added carbon materials.
Chen et al. fabricated lignin-based carbon dots by hydrothermal
treatment of lignin with the assistance of H2O2-Fe2+/Fe3+ system
and used in bioimaging application. In this work, the optimum
carbon dots showed bright blue photoluminescence at 430 nm
under an excitation wavelength of 320 nm. And fluorescence
intensity of the samples hardly decreased within 100 min, which
suggested better stability than CdTe quantum dots (fluorescence
intensity dropped to 25% after 20 min excitation). [118]
Niu et al. developed a simple and green approach to prepare
lignin carbon dot with a quantum yield of 1.68% in water and
2.47% in the solid-state from cellulolytic enzyme lignin as
fluorescent agent for cellular imaging. These lignin-based carbon
dots (L-CD) with an average diameter of approximately 2.4 nm
were formed by molecular aggregation effect in the dialysis
process. Excluding the possible cytotoxicity of the L-CD, they
evaluated the cellular imaging ability by incubating L-CD with
HeLa cells for different lengths of time. The results showed that it
would take one hour for HeLa cells to uptake L-CD, and after three
hours later, the L-CD could be observed in cell nuclei that were
detected by the fluorescence signal.[119] In another paper, a twostep method was developed by Rai et al to synthesis reduced
carbon dots with high quantum yields up to 47.3% by using
lignosulfonate lignin. In their protocol, the microwave irradiation
technique was used, and then NaBH4 solution was used to reduce
the prepared carbon dots. Note that, sulfur element in
lignosulfonate is heteroatoms so that the florescence stability and
quantum yields were significantly improved. The obtained carbon
dots are suitable for drug delivery and cellular imaging. [120] Myint
et al. combined compressed liquid CO2 antisolvent method and
following carbonization and oxidation of H2SO4/HNO3 mixture to
produce Kraft lignin derived-carbon dot with bright yellow
fluorescence emission under excitation at 458 nm. This kind of
carbon dots has no side effect to HeLa cells at 500 μg mL−1 after
incubated for 48 h and remained higher florescence signal. [121]
It is believed that the fluorescence of carbon dots is essentially
originated from the quantum confinement of conjugated πelectrons in sp2 carbon networks, and the fluorescence intensity
can be improved by doping foreign atoms.[122] And the view
reasonably explicates the much higher quantum yields of carbon
dots from lignosulfonate lignin than alkine lignin. Up to now, serval
studies have been reported about doping heteroatoms to increase
fluorescence intensity and stability of lignin-derived carbon dots.
Si et al. demonstrated that carbon dots could be synthesized from
rice straw by microwave-assisted one-pot strategy in an acid
catalytic ethanol-water co-solvent system. And N-doped carbon
dots with 46% quantum yields and strong purple fluorescence

4.1. Quantum (carbon) dots

Tablets are one of the most commonly used solid dosage forms
and are extensively accepted by patients. Excipients is significant
in the final products of tablets in the pharmaceutical industry.
Biological macromolecules such as cellulose, microcrystalline
cellulose, starches, xylitol, etc. are popular excipients in tablet
production to enhance tablets disintegration and drug
bioavailability etc.. Recently, lignin has been being widely studied
as raw material for drug delivery in nano- and micro- scale, but
only a few studies have concentrated on its potential value as
excipients in solid dosage forms.[116]
Domínguez-Robles et al. used lignin as an excipient for direct
compression in the preparation of drug-containing tablets. The
results showed that the addition of a small amount of lignin as one
of the excipients could alternatively modify the drug release profile
potentially. Moreover, lignin has antioxidant activity that could
strongly prevent the active ingredients in the formulation from
oxidation.[116a]
Pishnamazi et al. reported that Alcell lignin could improve the
compressibility of microcrystalline cellulose/lactose monohydrate
composites and reduce the operational limits during roll
compaction because of the improved flowability. The report also
showed that lignin excipient could reduce disintegration time and
accelerate the drug release rate of aspirin in tablets. therefore, a
higher release rate of tablets with lignin formulation could be
realized for the amorphous structure of lignin and the unique
interaction with aspirin, as a result, superior bioavailability.[116b]
Interestingly, carboxylated lignin could result in lower hardness,
much faster disintegration time, and consequently higher release
rate of paracetamol from solid tablets, which resulted from the
deprotonation of –COOH groups decreases the interaction
between lignin and paracetamol. [116c] Moreover, the lignincontaining tablets showed a controlled release behavior at the
mimic intestine environment. These mentioned investigations
present successful application of lignin as an excipient in oral
dosage forms for the pharmaceutical industry. However, the study
of lignin biological properties remains insufficiency in tablets
application.

4. Bio-imaging
Biological imaging through fluorescent agents is an important
method to understanding the tissue structure and physiological
functions of organisms. In the last decades, there have been
reported various fluorescent agents based on various forms,
quantum (carbon) dots, single-molecule imaging, gold
nanoclusters, and aggregation-induced emission (AIE) derived
fluorescent nanoparticles in scientific fields. Since the first report
in 2006, quantum (carbon) dots have been arousing huge interest
in its wide application in biomedicine and biological areas
involving bio-imaging, drug delivery, sensing, electronic devices,
etc. for the versatile advantages, including water solubility,
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could be obtained because nitrogen from protein might be doped
onto the carbon dot during the microwave irradiation process. [123]
Differently, Shi et al. integrated N-doped carbon dots with
aminated alkali lignin which was pre-synthesized via Mannich
reaction of lignin and ethylene diamine with formaldehyde. And
the carbon dots were successfully applied to cell imaging and
intracellular irons detection due to the selectively quench feature
by Fe3+ ranging from 100 nM to 1 mM.[124] Moreover, Zhang et al.
revealed that the quantum yield of lignin carbon dots could be
increased to 82.4% under the optimum reaction time and the dose
of ethylene diamine.[125]
Apart from the carbon dots, Pillai et al. reported the first attempt
to used lignin capped copper nanocolorants for cell imaging.[126]
Copper nanoparticles are well known to their fluorescence feature
to a certain degree, but the lower fluorescence intensity and awful
dispersibility obstacle their application in bioimaging.[127] The
lignin capped copper nanoparticles were capable of supporting
cell division without any physical damage to A549 cells, and
improved stability of fluorescence intensity in cell imaging. [126] The
accurate formation mechanism about lignin derived fluorescence
quantum dots is indefinable yet, but quantum (carbon) dots with
good photoluminescence and acceptable biocompatibility can be
empolyed as fluorescence nanomaterials for living cell imaging
and other application.

lignin-based AIE materials are good indicators of formaldehyde
and functional additives for preparing composite materials.

5. Status and outlook
It is well known that many natural resources are applicated to
biomedical fields, such as cellulose, chitin, protein, and starch.
Generally speaking, some of these materials are completely nontoxic, while others have been qualified to be non-toxic via
tremendous biological researches. Although we see a rocket
growth of the publications in regard to the application of lignin into
biomedical field, it is far not enough to convince us to put more
lignin-based materials into clinical study. The reason is that we
lack not only the systematic toxicological studies but also the
understanding of the structure and chemistry of lignin.
First, for the toxicological studies of lignin, most current studies
only carried out preliminary evaluation through the simple
cytotoxicity test, which can not accurately simulate the human
body environment. More issues of human body environment
should be considered, such as the accumulation, biodegradation,
and elimination of lignin from the body, the biological effects of
lignin with different structures on living cells, hormones, proteins,
and immune systems, the long-term stability and potential
negative effects of lignin during the retention of lignin molecules.
In addition to toxicological studies, another difficulty and key
point for the development of lignin-based biomaterials is the
heterogeneity of lignin. In recent years, with so many
breakthroughs in lignin chemistry, pretreatment, and processing
techniques, a lot of discoveries of the inherent properties of lignin,
such as antioxidant activities, antimicrobial activities, and some
optical properties, open a new field for not only lignin-based
materials but also biomaterials. Although lignin displays good
potential for biomedical applications, its broad molecular weight
distributions and extremely complex structures make big hurdles
for the deep studies, standardized and scale-up utilization. We
maintained that this limitation might be effectively improved by the
fabrication of lignin-based materials from narrow lignin fractions
or even homogeneous lignin molecules. Thus, the chemical and
processing techniques for lignin still need to be continuously
developed. More importantly, all the researchers engaged in
lignin should recognize that the successful development of such
new kind of green biomaterials requires a co-operative effort by
interdisciplinary researchers from the scientific, medical, public
health, and health policy communities. Only then can we capture
and/or disentangle the complexity of the subjects and make the
lignin-based biomaterials towards a bright future.

4.2. Aggregation-induced emission
Aggregation-induced emission (AIE) is an abnormal phenomenon
that was firstly proposed in 2001. Owing to favorable properties,
AIE nanoparticles have been developed for optoelectronic
materials, chemical sensors, biomedicine, sensors, bioimaging,
phototherapy, and organic light-emitting diodes. AIE is believed
as one of the origins of lignin auto-fluorescence. The fluorescence
features have been employed to investigate industrial processes,
such as the photodegradation of wood and lignin distribution in
various wood types. However, the real origin of lignin
fluorescence is still ambiguous. Inspired by the wood cell wall
fluorescence, Xue et al. proposed that the fluorescence of lignin
might come from its aggregation. They discovered that lignin was
an AIE active biomaterial mainly based on the clustering of
carbonyl groups (C=O) and the RIR mechanism (stilbene (Ar–
Cα=Cβ) and α-carbonyl (Ar–Cα=O)). They further confirmed the
AIE behavior of LS by testing the effect of CATB on the
fluorescence of LS and proposed that the AIE might be the origin
of the lignin fluorescence.[30] This discovery provided a
perspective to develop novel lignin-based AIE active materials.
Xu et al. synthesized a novel ratiometric fluorescent pHsensitive probe by grafting spirolactam Rhodamine B (SRhB) to
lignosulfonate (LS) and gave positive results when testing the
spectrum response both in aqueous solution and in cell imaging.
The probe proposed here demonstrated that a novel strategy was
presented to achieve the high-value utilization of lignin and might
be a promising ratiometric fluorescent pH sensor and bioimaging
dye for cancer cells.[128] Ma and colleagues reported that AIE
nanomaterials can be prepared using a one-step self-assembly
method by using cellulolytic enzyme lignin (CEL). The obtained
materials presented intense blue fluorescence with maximum
emission at 420 nm was demonstrated from the J-aggregationtriggered fluorescence emission. A comparative study showed
that lignin-based AIE material was more stable than 4 ′ ,6diamidino-2-phenylindole in a prolong UV-radiation.[129] The

Acknowledgements
L. D. and C. S acknowledge the National Key Research and
Development Program of China (2017YFB0307903) and Key
Technology Research and Development Program of Tianjin
(19YFZCSN00950) from Tianjin Municipal Science and
Technology Bureau. L. D. also acknowledges National Natural
Science Foundation of China (21706193), and Young Elite
Scientists Sponsorship Program by Tianjin (TJSQNTJ-2017-19).
R. Liu would like to acknowledge the financial support by China
Scholar Council and Doctoral Network of Åbo Akademi University,

14

REVIEW
Finland. This work is also part of activities within Johan Gadolin
Process Chemistry Centre of Åbo Akademi University.
[5]
Rui Liu obtained her MSc in Chemical
Engineering (Forestry Products) at Tianjin
University of Science and Technology in
2019. She did her master’s thesis at Tianjin
Key Laboratory of Pulp and Paper under the
guidance of Prof. Lin Dai and Prof.

[6]

Chuanling Si, where she investigated the
fabrication of lignin-based nanoparticles and
composites. She is doing her PhD in the
group of Prof. Chunlin Xu at Johan Gadolin
Process Chemistry Centre, Åbo Akademi

[7]

University, Finland. Her research focuses on lignin valorisation towards
biomedical materials.

Lin Dai is Associate Professor at Tianjin Key

[8]

Laboratory of Pulp and Paper, Tianjin
University of Science and Technology. He

[9]

obtained his PhD in Chemical Engineering
(Forestry Products) in 2016 from Beijing
Forestry University, Beijing, China. In the

[10]

same year, he joined the faculty of Tianjin

[11]
[12]
[13]
[14]

University of Science and Technology. His
research interests are focused on the
development of lignin with particular
functions and various forms, including

[15]

nanoparticles, hydrogels, emulsions, and polymer composites. Currently,
he is the author and co-author of 63 journal papers, 2 patents, 2 books,
publishing mainly in the area of biomass materials.

Keywords: lignin • nanomaterials • hydrogels • excipients •
biomedical applications

[16]

[1]

[17]

[2]

[3]

[4]

aV. K. Thakur, M. K. Thakur, P. Raghavan, M. R. Kessler,
Acs Sustain Chem Eng 2014, 2, 1072-1092; bD. Kai, M. J.
Tan, P. L. Chee, Y. K. Chua, Y. L. Yap, X. J. Loh, Green
Chem 2016, 18, 1175-1200.
aB. M. Upton, A. M. Kasko, Chem Rev 2016, 116, 22752306; bJ. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius, B.
M. Weckhuysen, Chemical Reviews 2010, 110, 3552-3599;
cW. Schutyser, T. Renders, S. Van den Bosch, S. F.
Koelewijn, G. T. Beckham, B. F. Sels, Chem Soc Rev 2018,
47, 852-908.
aM. O. E. A. P. Anwunobi, Journal of Nanomedicine &
Nanotechnology 2011, s4; bH. Du, W. Liu, M. Zhang, C. Si,
X. Zhang, B. Li, Carbohydrate Polymers 2019, 209, 130144; cS. Pina, J. M. Oliveira, R. L. Reis, Advanced Materials
2015, 27, 1143-1169; dL. Dai, K. Liu, C. Si, L. Wang, J. Liu,
J. He, J. Lei, Journal of Materials Chemistry B 2016, 4, 529538; eL. Dai, K.-F. Liu, C.-L. Si, J. He, J.-D. Lei, L.-Q. Guo,
Journal of Materials Chemistry B 2015, 3, 6605-6617.
aR. El Hage, N. Brosse, L. Chrusciel, C. Sanchez, P.
Sannigrahi, A. Ragauskas, Polym Degrad Stabil 2009, 94,
1632-1638; bX. J. Pan, J. F. Kadla, K. Ehara, N. Gilkes, J.
N. Saddler, J Agr Food Chem 2006, 54, 5806-5813; cV.
Ugartondo, M. Mitjans, M. P. Vinardell, Ind Crop Prod 2009,
30, 184-187; dJ. L. Espinoza-Acosta, P. I. Torres-Chavez,
B. Ramirez-Wong, C. M. Lopez-Saiz, B. Montano-Leyva,
Bioresources 2016, 11, 5452-5481; eV. Ugartondo, M.
Mitjans, M. P. Vinardell, Bioresource Technology 2008, 99,
6683-6687; fN. Yanamala, E. R. Kisin, A. L. Menas, M. T.
Farcas, T. O. Khaliullin, U. B. Vogel, G. V. Shurin, D.

[18]
[19]

[20]
[21]
[22]
[23]

15

Schwegler-Berry, P. M. Fournier, A. Star, A. A. Shvedova,
Biomacromolecules 2016, 17, 3464-3473; gD. Kai, K.
Zhang, S. S. Liow, X. J. Loh, ACS Applied Bio Materials
2018, 2, 127-134.
aM. Witzler, A. Alzagameem, M. Bergs, B. E. KhaldiHansen, S. E. Klein, D. Hielscher, B. Kamm, J.
Kreyenschmidt, E. Tobiasch, M. Schulze, Molecules 2018,
23; bM. P. Vinardell, M. Mitjans, Int J Mol Sci 2017, 18; cM.
H. Sipponen, H. Lange, C. Crestini, A. Henn, M. Osterberg,
ChemSusChem 2019, 12, 2039-2054; dP. Figueiredo, K.
Lintinen, J. T. Hirvonen, M. A. Kostiainen, H. A. Santos,
Prog Mater Sci 2018, 93, 233-269.
aA. V. Gidh, S. R. Decker, C. H. See, M. E. Himmel, C. W.
Williford, Analytica Chimica Acta 2006, 555, 250-258; bA.
Guerra, A. R. Gaspar, S. Contreras, L. A. Lucia, C. Crestini,
D. S. Argyropoulos, Phytochemistry 2007, 68, 2570-2583;
cB. Cathala, B. Saake, O. Faix, B. Monties, Journal of
Chromatography A 2003, 1020, 229-239.
aM. Norgren, H. Edlund, L. Wågberg, Langmuir 2002, 18,
2859-2865; bM. Norgren, H. Edlund, L. Wågberg, B.
Lindström, G. Annergren, Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2001, 194, 8596.
S. A. Gundersen, M.-H. Ese, J. Sjöblom, Colloids and
Surfaces A: Physicochemical and Engineering Aspects
2001, 182, 199-218.
aM. Norgren, H. Edlund, Current Opinion in Colloid &
Interface Science 2014, 19, 409-416; bL. Gan, M. Zhou, X.
Qiu, in Holzforschung, Vol. 69, 2015, p. 25.
H. L. Liu, H. Y. Chung, J Polym Sci Pol Chem 2017, 55,
3515-3528.
T. Vogt, Molecular Plant 2010, 3, 2-20.
E. Adler, Wood Science and Technology 1977, 11, 169-218.
S. Chatterjee, T. Saito, ChemSusChem 2015, 8, 3941-3958.
L. L. An, G. H. Wang, H. Y. Jia, C. Y. Liu, W. J. Sui, C. L.
Si, Int J Biol Macromol 2017, 99, 674-681.
aM. Leopoldini, T. Marino, N. Russo, M. Toscano, The
Journal of Physical Chemistry A 2004, 108, 4916-4922; bC.
Marteau, R. Guitard, C. Penverne, D. Favier, V. NardelloRataj, J.-M. Aubry, Food Chemistry 2016, 196, 418-427; cS.
V. Patil, D. S. Argyropoulos, ChemSusChem 2017, 10,
3284-3303.
aR. Y. Nsimba, N. West, A. A. Boateng, J Agric Food Chem
2012, 60, 12525-12530; bJ. Ponomarenko, T. Dizhbite, M.
Lauberts, A. Volperts, G. Dobele, G. Telysheva, Journal of
Analytical and Applied Pyrolysis 2015, 113, 360-369.
B. Jiang, Y. Zhang, H. Zhao, T. Guo, W. Wu, Y. Jin, Int J
Biol Macromol 2019, 139, 21-29.
C. Bährle, T. U. Nick, M. Bennati, G. Jeschke, F. Vogel, The
Journal of Physical Chemistry A 2015, 119, 6475-6482.
aM. Ayyachamy, F. E. Cliffe, J. M. Coyne, J. Collier, M. G.
Tuohy, Biomass Conversion and Biorefinery 2013, 3, 255269; bD. D. Li, R. M. Han, R. Liang, C. H. Chen, W. Lai, J.
P. Zhang, L. H. Skibsted, The journal of physical chemistry.
B 2012, 116, 7154-7161; c; dS. Quraishi, M. Martins, A. A.
Barros, P. Gurikov, S. P. Raman, I. Smirnova, A. R. C.
Duarte, R. L. Reis, The Journal of Supercritical Fluids 2015,
105, 1-8; eW. Yang, J. S. Owczarek, E. Fortunati, M.
Kozanecki, A. Mazzaglia, G. M. Balestra, J. M. Kenny, L.
Torre, D. Puglia, Ind Crop Prod 2016, 94, 800-811; fW. J.
Yang, E. Fortunati, D. Q. Gao, G. M. Balestra, G. Giovanale,
X. Y. He, L. Torre, J. M. Kenny, D. Puglia, Acs Sustain
Chem Eng 2018, 6, 3502-3514; gQ. H. Wang, X. F. Pan, C.
M. Lin, D. Z. Lin, Y. H. Ni, L. H. Chen, L. L. Huang, S. L.
Cao, X. J. Ma, Chem Eng J 2019, 370, 1039-1047.
J. L. Nelson, J. W. Alexander, L. Gianotti, C. L. Chalk, T.
Pyles, Nutrition 1994, 10, 32-36.
J. Sunthornvarabhas, P. Rungthaworn, U. Sukatta, N.
Juntratip, K. Sriroth, Sugar Tech 2020.
B. Baurhoo, C. A. Ruiz-Feria, X. Zhao, Animal Feed
Science and Technology 2008, 144, 175-184.
J. Athinarayanan, V. S. Periasamy, A. A. Qasem, A. A.
Alshatwi, Sustain Chem Pharm 2018, 10, 89-96.

REVIEW
[24]
[25]

[26]

[27]

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

[37]
[38]

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

aK. R. Aadil, A. Barapatre, H. Jha, Bioresources and
Bioprocessing 2016, 3; bK. Nakasone, T. Kobayashi, Mater
Sci Eng C Mater Biol Appl 2016, 64, 269-277.
aJ. C. Dean, P. Navotnaya, A. P. Parobek, R. M. Clayton,
T. S. Zwier, J Chem Phys 2013, 139, 144313; bK.
Chaochanchaikul, K. Jayaraman, V. Rosarpitak, N.
Sombatsompop, Bioresources 2012, 7, 38-55.
aY. Qian, X. Q. Qiu, S. P. Zhu, Green Chem 2015, 17, 320324; bX. Zhang, W. F. Liu, D. J. Yang, X. Q. Qiu, Adv Funct
Mater 2019, 29, 1806912; cD. Kai, Y. K. Chua, L. Jiang, C.
Owh, S. Y. Chan, X. J. Loh, Rsc Adv 2016, 6, 86420-86427;
dR. Liu, L. Dai, Z. Zou, C. Si, Int J Biol Macromol 2018, 119,
1129-1136; eP. Figueiredo, K. Lintinen, A. Kiriazis, V.
Hynninen, Z. Liu, T. Bauleth-Ramos, A. Rahikkala, A.
Correia, T. Kohout, B. Sarmento, J. Yli-Kauhaluoma, J.
Hirvonen, O. Ikkala, M. A. Kostiainen, H. A. Santos,
Biomaterials 2017, 121, 97-108.
C. H. L. Y K.V. Sarkanen, Llignins, occurrence, formation
structure and reactions, Y K.V. Sarkanen, C.H.Ludwig,
Wiley-interscience page 241-263 ed., Wiley-Interscience,
United States of American, 1971.
B. Albinsson, S. M. Li, K. Lundquist, R. Stomberg, J Mol
Struct 1999, 508, 19-27.
L. A. Donaldson, K. Radotic, J Microsc 2013, 251, 178-187.
Y. Y. Xue, X. Q. Qiu, Y. Wu, Y. Qian, M. S. Zhou, Y. H.
Deng, Y. Li, Polym Chem-Uk 2016, 7, 3502-3508.
Z. Ji, J. F. Ma, Z. H. Zhang, F. Xu, R. C. Sun, Ind Crop Prod
2013, 47, 212-217.
Y. Y. Ge, Z. L. Li, Acs Sustain Chem Eng 2018, 6, 71817192.
T. Todorciuc, L. Bulgariu, V. I. Popa, Cell Chem Technol
2015, 49, 439-447.
P. Merdy, E. Guillon, M. Aplincourt, J. Dumonceau, H.
Vezin, J Colloid Interface Sci 2002, 245, 24-31.
aD. Gan, W. Xing, L. Jiang, J. Fang, C. Zhao, F. Ren, L.
Fang, K. Wang, X. Lu, Nat Commun 2019, 10, 1487; bA. P.
Richter, J. S. Brown, B. Bharti, A. Wang, S. Gangwal, K.
Houck, E. A. Cohen Hubal, V. N. Paunov, S. D. Stoyanov,
O. D. Velev, Nat Nanotechnol 2015, 10, 817-823.
aS. Beisl, A. Miltner, A. Friedl, International Journal of
Molecular Sciences 2017, 18; bS. Iravani, in Nanoparticles
and their Biomedical Applications (Ed.: A. K. Shukla),
Springer Singapore, Singapore, 2020, pp. 217-224.
L. Dai, R. Liu, L. Q. Hu, Z. F. Zou, C. L. Si, Acs Sustain
Chem Eng 2017, 5, 8241-8249.
P. Figueiredo, M. H. Sipponen, K. Lintinen, A. Correia, A.
Kiriazis, J. Yli-Kauhaluoma, M. Osterberg, A. George, J.
Hirvonen, M. A. Kostiainen, H. A. Santos, Small 2019, 15,
e1901427.
K. F. Liu, D. Zheng, H. T. Lei, J. Liu, J. D. Lei, L. Y. Wang,
X. Y. Ma, Acs Biomater Sci Eng 2018, 4, 1730-1737.
M. S. Alqahtani, A. Alqahtani, A. Al-Thabit, M. Roni, R. Syed,
Journal of Materials Chemistry B 2019, 7, 4461-4473.
M. H. Sipponen, H. Lange, M. Ago, C. Crestini, Acs Sustain
Chem Eng 2018, 6, 9342-9351.
T. E. Nypelo, C. A. Carrillo, O. J. Rojas, Soft matter 2015,
11, 2046-2054.
M. B. Marulasiddeshwara, S. S. Dakshayani, M. N. Sharath
Kumar, R. Chethana, P. Raghavendra Kumar, S. Devaraja,
Mater Sci Eng C Mater Biol Appl 2017, 81, 182-190.
N. S. Chen, L. A. Dempere, Z. H. Tong, Acs Sustain Chem
Eng 2016, 4, 5204-5211.
S. Jiang, D. Kai, Q. Q. Dou, X. J. Loh, J Mater Chem B 2015,
3, 6897-6904.
X. Liu, H. Yin, Z. Zhang, B. Diao, J. Li, Colloids and surfaces.
B, Biointerfaces 2015, 125, 230-237.
Y. Y. Li, X. Q. Qiu, Y. Qian, W. L. Xiong, D. J. Yang, Chem
Eng J 2017, 327, 1176-1183.
D. Yiamsawas, G. Baier, E. Thines, K. Landfester, F. R.
Wurm, Rsc Adv 2014, 4, 11661-11663.
M. Tortora, F. Cavalieri, P. Mosesso, F. Ciaffardini, F.
Melone, C. Crestini, Biomacromolecules 2014, 15, 16341643.
E. D. Bartzoka, H. Lange, K. Thiel, C. Crestini, Acs Sustain
Chem Eng 2016, 4, 5194-5203.

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]
[60]
[61]

[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

[75]
[76]

[77]
[78]
[79]

[80]
[81]
[82]

16

E. Ten, C. Ling, Y. Wang, A. Srivastava, L. A. Dempere, W.
Vermerris, Biomacromolecules 2014, 15, 327-338.
L. Dai, Y. T. Li, F. G. Kong, K. F. Liu, C. L. Si, Y. H. Ni, Acs
Sustain Chem Eng 2019, 7, 13497-13504.
L. Dai, W. Y. Zhu, R. Liu, C. L. Si, Part Part Syst Char 2018,
35, 1700447.
C. Frangville, M. Rutkevicius, A. P. Richter, O. D. Velev, S.
D. Stoyanov, V. N. Paunov, Chemphyschem 2012, 13,
4235-4243.
Y. Qian, Y. H. Deng, X. Q. Qiu, H. Li, D. J. Yang, Green
Chem 2014, 16, 2156-2163.
H. Li, Y. H. Deng, H. S. Wu, Y. Ren, X. Q. Qiu, D. F. Zheng,
C. L. Li, Holzforschung 2016, 70, 725-731.
L. Chen, J. Dou, Q. Ma, N. Li, R. Wu, H. Bian, D. J. Yelle,
T. Vuorinen, S. Fu, X. Pan, J. J. Y. Zhu, Sci Adv 2017, 3,
e1701735.
D. Zmejkoski, D. Spasojevic, I. Orlovska, N. Kozyrovska, M.
Sokovic, J. Glamoclija, S. Dmitrovic, B. Matovic, N. Tasic,
V. Maksimovic, M. Sosnin, K. Radotic, Int J Biol Macromol
2018, 118, 494-503.
S. Gillet, M. Aguedo, L. Petitjean, A. R. C. Morais, A. M. D.
Lopes, R. M. Lukasik, P. T. Anastas, Green Chem 2017, 19,
4200-4233.
L. H. Chen, X. Y. Zhou, Y. F. Shi, B. Gao, J. P. Wu, T. B.
Kirk, J. K. Xu, W. Xue, Chem Eng J 2018, 346, 217-225.
P. Figueiredo, C. Ferro, M. Kemell, Z. Liu, A. Kiriazis, K.
Lintinen, H. F. Florindo, J. Yli-Kauhaluoma, J. Hirvonen, M.
A. Kostiainen, H. A. Santos, Nanomedicine (Lond) 2017, 12,
2581-2596.
S. A. Kulkarni, S. S. Feng, Pharm Res 2013, 30, 2512-2522.
K. Letchford, H. Burt, Eur J Pharm Biopharm 2007, 65, 259269.
S. S. Guterres, M. P. Alves, A. R. Pohlmann, Drug Target
Insights 2007, 2, 147-157.
H. Li, Y. H. Deng, B. Liu, Y. Ren, J. Q. Liang, Y. Qian, X. Q.
Qiu, C. L. Li, D. F. Zheng, Acs Sustain Chem Eng 2016, 4,
1946-1953.
L. Zongo, H. Lange, C. Crestini, ACS Omega 2019, 4,
6979-6993.
M. K. Riley, W. Vermerris, Nanomaterials (Basel) 2017, 7.
S. Jiang, D. Kai, Q. Q. Dou, X. J. Loh, Journal of Materials
Chemistry B 2015, 3, 6897-6904.
H. M. Caicedo, L. A. Dempere, W. Vermerris,
Nanotechnology 2012, 23, 105605.
Y. Chevalier, M. A. Bolzinger, Colloid Surface A 2013, 439,
23-34.
Z. J. Wei, Y. Yang, R. Yang, C. Y. Wang, Green Chem 2012,
14, 3230-3236.
Y. Qian, Q. Zhang, X. Qiu, S. Zhu, Green Chem. 2014, 16,
4963-4968.
C. Gupta, N. R. Washburn, Langmuir 2014, 30, 9303-9312.
aM. H. Sipponen, M. Smyth, T. Leskinen, L. S. Johansson,
M. Osterberg, Green Chem 2017, 19, 5831-5840; bM. H.
Sipponen, M. Farooq, J. Koivisto, A. Pellis, J. Seitsonen, M.
Osterberg, Nat Commun 2018, 9, 2300.
S. Van Vlierberghe, P. Dubruel, E. Schacht,
Biomacromolecules 2011, 12, 1387-1408.
aY. Meng, J. Lu, Y. Cheng, Q. Li, H. Wang, Int J Biol
Macromol 2019, 135, 1006-1019; bE. M. Fernandes, R. A.
Pires, J. F. Mano, R. L. Reis, Prog Polym Sci 2013, 38,
1415-1441.
R. M. Kalinoski, J. Shi, Ind. Crops Prod. 2019, 128, 323330.
X. Shen, P. Berton, J. L. Shamshina, R. D. Rogers, Green
Chem 2016, 18, 5607-5620.
K. Ravishankar, M. Venkatesan, R. P. Desingh, A.
Mahalingam, B. Sadhasivam, R. Subramaniyam, R.
Dhamodharan, Mater Sci Eng C Mater Biol Appl 2019, 102,
447-457.
M. Li, X. Jiang, D. Wang, Z. Xu, M. Yang, Colloids Surf., B
2019, 177, 370-376.
L. Musilova, A. Mracek, A. Kovalcik, P. Smolka, A. Minarik,
P. Humpolicek, R. Vicha, P. Ponizil, Carbohydr. Polym.
2018, 181, 394-403.
A. Duval, M. Lawoko, React Funct Polym 2014, 85, 78-96.

REVIEW
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]

[98]
[99]

[100]
[101]
[102]
[103]
[104]
[105]

[106]
[107]
[108]
[109]

[110]

D. Kai, Z. W. Low, S. S. Liow, A. A. Karim, H. Y. Ye, G. R.
Jin, K. Li, X. J. Loh, Acs Sustain Chem Eng 2015, 3, 21602169.
D. Mahata, G. B. Nando, S. M. Mandal, M. Jana, A. Jana,
A. Mukherjee, C. K. Mukhopadhyay, N. Mondal, T. Saha, S.
Sen, R. Chakraborty, Sci Rep 2017, 7, 46412.
J. S. Lu, W. Y. Zhu, L. Dai, C. L. Si, Y. H. Ni, Carbohydrate
Polymers 2019, 215, 289-295.
A. K. Gaharwar, N. A. Peppas, A. Khademhosseini,
Biotechnol Bioeng 2014, 111, 441-453.
W. Yang, E. Fortunati, F. Bertoglio, J. S. Owczarek, G.
Bruni, M. Kozanecki, J. M. Kenny, L. Torre, L. Visai, D.
Puglia, Carbohydr. Polym. 2018, 181, 275-284.
Y. Chen, K. Zheng, L. Niu, Y. Zhang, Y. Liu, C. Wang, F.
Chu, Int. J. Biol. Macromol. 2019, 128, 414-420.
Q. Wang, X. Pan, C. Lin, X. Ma, S. Cao, Y. Ni, Chem Eng J
2020, 396, 125341.
F. Oveissi, S. Naficy, T. Y. L. Le, D. F. Fletcher, F. Dehghani,
ACS Applied Bio Materials 2018, 1, 2073-2081.
Y. Zhang, M. Jiang, Y. Zhang, Q. Cao, X. Wang, Y. Han, G.
Sun, Y. Li, J. Zhou, Mater Sci Eng C Mater Biol Appl 2019,
104, 110002.
Q. Wang, H. Zhang, X. Pan, X. Ma, S. Cao, Y. Ni, Materials
(Basel) 2019, 12.
E. Larraneta, M. Imizcoz, J. X. Toh, N. J. Irwin, A. Ripolin,
A. Perminova, J. Dominguez-Robles, A. Rodriguez, R. F.
Donnelly, Acs Sustain Chem Eng 2018, 6, 9037-9046.
S. Huang, S. Shuyi, H. Gan, W. Linjun, C. Lin, X. Danyuan,
H. Zhou, X. Lin, Y. Qin, Carbohydr Polym 2019, 223,
115080.
H. Zhao, Q. Feng, Y. Xie, J. Li, X. Chen, Bioresources 2017,
12, 8490-8504.
W. Yang, E. Fortunati, F. Bertoglio, J. S. Owczarek, G.
Bruni, M. Kozanecki, J. M. Kenny, L. Torre, L. Visai, D.
Puglia, Carbohydr Polym 2018, 181, 275-284.
D. Spasojevic, D. Zmejkoski, J. Glamoclija, M. Nikolic, M.
Sokovic, V. Milosevic, I. Jaric, M. Stojanovic, E. Marinkovic,
T. Barisani-Asenbauer, R. Prodanovic, M. Jovanovic, K.
Radotic, Int J Antimicrob Agents 2016, 48, 732-735.
Y. Chen, K. Zheng, L. Niu, Y. Zhang, Y. Liu, C. Wang, F.
Chu, Int J Biol Macromol 2019, 128, 414-420.
aR. M. Klevens, J. R. Edwards, C. L. Richards, Jr., T. C.
Horan, R. P. Gaynes, D. A. Pollock, D. M. Cardo, Public
Health Rep 2007, 122, 160-166; bC. M. A. P. Franz, H. M.
W. den Besten, C. Böhnlein, M. Gareis, M. H. Zwietering,
V. Fusco, Trends in Food Science & Technology 2019, 84,
34-37.
aK. Gabov, T. Oja, T. Deguchi, A. Fallarero, P. Fardim,
Cellulose 2016, 24, 641-658; bA. Gregorova, S. Redik, V.
Sedlarik, F. Stelzer, Nanocon 2011 2011, 184-189.
W. Yang, E. Fortunati, F. Dominici, G. Giovanale, A.
Mazzaglia, G. M. Balestra, J. M. Kenny, D. Puglia, Int J Biol
Macromol 2016, 89, 360-368.
P. Li, W. Lv, S. Ai, Journal of Experimental Nanoscience
2015, 11, 18-27.
H. S. Yoo, T. G. Kim, T. G. Park, Adv Drug Deliv Rev 2009,
61, 1033-1042.
S. Sen, S. Patil, D. S. Argyropoulos, Green Chem 2015, 17,
4862-4887.
aD. Kai, H. M. Chong, L. P. Chow, L. Jiang, Q. Y. Lin, K. Y.
Zhang, H. J. Zhang, Z. Zhang, X. J. Loh, Compos Sci
Technol 2018, 158, 26-33; bJ. Wang, L. Tian, B. Luo, S.
Ramakrishna, D. Kai, X. J. Loh, I. H. Yang, G. R. Deen, X.
Mo, Colloids and surfaces. B, Biointerfaces 2018, 169, 356365; cD. Kai, S. Jiang, Z. W. Low, X. J. Loh, J Mater Chem
B 2015, 3, 6194-6204.
D. Kai, W. Ren, L. Tian, P. L. Chee, Y. Liu, S. Ramakrishna,
X. J. Loh, Acs Sustain Chem Eng 2016, 4, 5268-5276.
R. Liang, J. Zhao, B. Li, P. Cai, X. J. Loh, C. Xu, P. Chen,
D. Kai, L. Zheng, Biomaterials 2020, 230, 119601.
J. Rekola, A. J. Aho, J. Gunn, J. Matinlinna, J. Hirvonen, P.
Viitaniemi, P. K. Vallittu, Acta Biomater 2009, 5, 1596-1604.
F. Reesi, M. Minaiyan, A. Taheri, Drug Deliv Transl Res
2018, 8, 111-122.

[111]

[112]

[113]

[114]
[115]
[116]

[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

17

aJ. Liu, L. Sun, W. Xu, Q. Wang, S. Yu, J. Sun, Carbohydr
Polym 2019, 207, 297-316; bW. Xu, X. Wang, N. Sandler,
S. Willfor, C. Xu, Acs Sustain Chem Eng 2018, 6, 56635680.
aA. A. Vaidya, C. Collet, M. Gaugler, G. Lloyd-Jones,
Materials Today Communications 2019, 19, 286-296; bN.
A. Nguyen, C. C. Bowland, A. K. Naskar, Applied Materials
Today 2018, 12, 138-152; cN. A. Nguyen, C. C. Bowland,
A. K. Naskar, Data in Brief 2018, 19, 936-950; dJ. T. Sutton,
K. Rajan, D. P. Harper, S. C. Chmely, ACS Applied
Materials & Interfaces 2018, 10, 36456-36463.
aN. A. Nguyen, S. H. Barnes, C. C. Bowland, K. M. Meek,
K. C. Littrell, J. K. Keum, A. K. Naskar, Sci Adv 2018, 4,
eaat4967; bX. Feng, Z. Yang, S. Chmely, Q. Wang, S.
Wang, Y. Xie, Carbohydrate Polymers 2017, 169, 272-281.
V. Mimini, E. Sykacek, S. N. A. Syed Hashim, J. Holzweber,
H. Hettegger, K. Fackler, A. Potthast, N. Mundigler, T.
Rosenau, Journal of Wood Chemistry and Technology
2019, 39, 14-30.
J. Dominguez-Robles, N. K. Martin, M. L. Fong, S. A.
Stewart, N. J. Irwin, M. I. Rial-Hermida, R. F. Donnelly, E.
Larraneta, Pharmaceutics 2019, 11.
W. J. Grigsby, S. M. Scott, M. I. Plowman-Holmes, P. G.
Middlewood, K. Recabar, Acta Biomaterialia 2020, 104, 95103.
aJ. Dominguez-Robles, S. A. Stewart, A. Rendl, Z.
Gonzalez, R. F. Donnelly, E. Larraneta, Biomolecules 2019,
9, 423; bM. Pishnamazi, J. Iqbal, S. Shirazian, G. M. Walker,
M. N. Collins, Int J Biol Macromol 2019, 124, 354-359; cM.
Pishnamazi, H. Hafizi, S. Shirazian, M. Culebras, G. M.
Walker, M. N. Collins, Polymers (Basel) 2019, 11; dM.
Pishnamazi, S. Casilagan, C. Clancy, S. Shirazian, J. Iqbal,
D. Egan, C. Edlin, D. M. Croker, G. M. Walker, M. N. Collins,
Powder Technol 2019, 341, 38-50.
P. Namdari, B. Negahdari, A. Eatemadi, Biomed
Pharmacother 2017, 87, 209-222.
W. Chen, C. Hu, Y. Yang, J. Cui, Y. Liu, Materials (Basel)
2016, 9.
N. Niu, Z. Ma, F. He, S. Li, J. Li, S. Liu, P. Yang, Langmuir
2017, 33, 5786-5795.
S. Rai, B. K. Singh, P. Bhartiya, A. Singh, H. Kumar, P. K.
Dutta, G. K. Mehrotra, Journal of Luminescence 2017, 190,
492-503.
A. A. Myint, W.-K. Rhim, J.-M. Nam, J. Kim, Y.-W. Lee,
Journal of Industrial and Engineering Chemistry 2018, 66,
387-395.
J. Zhou, H. Zhou, J. Tang, S. Deng, F. Yan, W. Li, M. Qu,
Microchimica Acta 2016, 184, 343-368.
M. Si, J. Zhang, Y. He, Z. Yang, X. Yan, M. Liu, S. Zhuo, S.
Wang, X. Min, C. Gao, L. Chai, Y. Shi, Green Chem 2018,
20, 3414-3419.
Y. Shi, X. Liu, M. Wang, J. Huang, X. Jiang, J. Pang, F. Xu,
X. Zhang, Int J Biol Macromol 2019, 128, 537-545.
B. Zhang, Y. Liu, M. Ren, W. Li, X. Zhang, R. Vajtai, P. M.
Ajayan, J. M. Tour, L. Wang, ChemSusChem 2019, 12,
4202-4210.
M. M. Pillai, K. R. Karpagam, R. Begam, R. Selvakumar, A.
Bhattacharyya, Materials Letters 2018, 212, 78-81.
R. Sankar, P. K. S. M. Rahman, K. Varunkumar, C. Anusha,
A. Kalaiarasi, K. S. Shivashangari, V. Ravikumar, J Mol
Struct 2017, 1129, 8-16.
Y. D. Hao Li, Jiaqi Liang, Yi Dai, Bo Liu, Yuan Ren,, X. Q.
a. C. Li, 2016.
Z. M. Ma, C. Liu, N. Niu, Z. J. Chen, S. J. Li, S. X. Liu, J. Li,
Acs Sustain Chem Eng 2018, 6, 3169-3175.

REVIEW
Entry for the Table of Contents

Lignin-based materials with good bioactivities initiate a new design for not only biomedical materials from natural resources but also
high-value utilization of lignin. Liu and Dai et al. review the status, limitations, and challenges of lignin-based materials in biomedical
applications.

18

