
R E V I E W

Lignin: Drug/Gene Delivery and Tissue Engineering 
Applications

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Raj Kumar,1 Arun Butreddy,2 

Nagavendra Kommineni, 3 

Pulikanti Guruprasad Reddy,4 

Naveen Bunekar,5 

Chandrani Sarkar, 6 Sunil Dutt,7 

Vivek K Mishra, 8 

Keshaw Ram Aadil,9 

Yogendra Kumar Mishra, 10 

David Oupicky,1 Ajeet Kaushik 11

1Center for Drug Delivery and Nanomedicine, 
Department of Pharmaceutical Sciences, 
University of Nebraska Medical Center, Omaha, 
NE, 68198, USA; 2Formulation R&D, Biological 
E. Limited, IKP Knowledge Park, Hyderabad, 
Telangana State, 500078, India; 3College of 
Pharmacy and Pharmaceutical Sciences, Florida 
Agricultural and Mechanical University, 
Tallahassee, FL, 32307, USA; 4Department of 
Chemistry, Indian Institute of Science Education 
and Research (IISER)-Tirupati, Tirupati, 517507, 
Andhra Pradesh, India; 5Department of 
Chemistry, Chung Yuan Christian University, 
Chung Li, 32023, Taiwan; 6Department of 
Chemistry, Mahila College, Kolhan University, 
Chaibasa, Jharkhand, 833202, India; 
7Department of Chemistry, Govt. Post Graduate 
College, Una, Himachal Pradesh, India; 
8Independent Researcher, Groningen, The 
Netherlands; 9Center for Basic Sciences, Pt. 
Ravishankar Shukla University, Raipur, 492010, 
Chhattishgarh, India; 10Mads Clausen Institute, 
NanoSYD, University of Southern Denmark, 
Sønderborg, 6400, Denmark; 11NanoBioTech 
Laboratory, Health Systems Engineering, 
Department of Natural Sciences, Division of 
Sciences, Art, & Mathematics, Florida 
Polytechnic University, Lakeland, FL, 33805, USA 

Abstract: Lignin is an abundant renewable natural biopolymer. Moreover, a significant develop-
ment in lignin pretreatment and processing technologies has opened a new window to explore lignin 
and lignin-based bionanomaterials. In the last decade, lignin has been widely explored in different 
applications such as drug and gene delivery, tissue engineering, food science, water purification, 
biofuels, environmental, pharmaceuticals, nutraceutical, catalysis, and other interesting low-value- 
added energy applications. The complex nature and antioxidant, antimicrobial, and biocompatibility 
of lignin attracted its use in various biomedical applications because of ease of functionalization, 
availability of diverse functional sites, tunable physicochemical and mechanical properties. In 
addition to it, its diverse properties such as reactivity towards oxygen radical, metal chelation, 
renewable nature, biodegradability, favorable interaction with cells, nature to mimic the extracel-
lular environment, and ease of nanoparticles preparation make it a very interesting material for 
biomedical use. Tremendous progress has been made in drug delivery and tissue engineering in 
recent years. However, still, it remains challenging to identify an ideal and compatible nanomaterial 
for biomedical applications. In this review, recent progress of lignin towards biomedical applica-
tions especially in drug delivery and in tissue engineering along with challenges, future possibilities 
have been comprehensively reviewed. 
Keywords: lignin, biopolymer, drug delivery, biomedical engineering, nano-biosystem, 
nanomedicine, tissue engineering

Introduction
Lignin means lignum which is a Latin word, and it is an important constituent of the 
natural lignocellulosic polymers consist of coniferyl alcohol, p-coumaryl alcohol, and 
sinapyl alcohol as the three basic structural units.1 Lignin is a linear polyphenolic, 
amorphous, and most abundant biopolymer after cellulose which is being potentially 
utilized in drug delivery. It has various advantages such as biodegradability, antimicro-
bial property, ease of availability among other polymers. Lignin is the second most 
highly branched renewable biomacromolecule (molar mass typically in the range of 
1000–2000 g mol−1) after cellulose, which has been found mostly in vascular cellular 
plants including herbs and grasses.2–7 Not surprisingly, compared to other biomass 
components obtained from plants including carbohydrates, proteins, fats, vitamins, 
flavors, dyes, etc., the lignin has a complicated structure with an amorphous character, 
that has built with the repeating cross-linked phenylpropanoid units of three basic 
monomer units namely cumaryl, coniferyl, and sinapyl alcohol.3,8 Lignin was extracted 
from various sources of biomass (wood biomass, trees, wheat straw, prairie cordgrass, 
switchgrass, and corn stover) following kraft, sulfite, soda, and organosolv processing 
methods.3,4
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The global production of lignin-based materials as bypro-
ducts from wood hydrolysis and pulp industries exceeds 
50 million tons per annum.9 Out of it, the majority of lignin 
was used as bio-fuel for low-value-added energy applications 
related to heat and electricity production or simply discarded 
as waste.9 Other promising commercial applications of lignin 
include is binders, fillers, additives, dispersants, adsorbents, 
and surfactants.10,11 However, in the current trends, the utility 
of lignin-based nanomaterials have been extended into anti- 
oxidants, anti-microbial agents, drug and gene carriers, 
wound healing materials, adhesives, UV protecting agents, 
etc., predominantly because of their promising properties 
including biodegradability, reactivity, biocompatibility, and 
other physicochemical properties.12,13 Recently, the use of 
lignin in the biomedical application such as drug delivery and 
tissue engineering are gaining significant interest (Figure 1A 
and B).14 Figure 1A presents the progress in research articles 
number about lignin and Figure 1B presents the increase of 
lignin use in diverse fields.14

In recent years, lignin has gained considerable attention 
from researchers. They are understanding the existing proper-
ties and exploring the new physicochemical behavior of lignin 
and applying it in diverse applications ranging from materials 
science, drug delivery, tissue engineering, food science, biofuel, 
skin products, catalysis, and energy. Henceforth, the quantity of 
research particularly in the biomedical use of lignin expanding 
quickly (Figure 1A and B).14 Despite this fact, there are several 
reports have been published on lignin in drug delivery, anti-
microbial agents, and tissue engineering applications.15–17 

However, a very limited number of review articles describing 
the use of lignin in biomedical applications have barely been 
discussed. In addition to it, In our recent report, we have 

discussed chemical composition, physical-chemical properties, 
and extraction methods of lignin. We comprehensively 
described the advantages and limitations of chemical modifica-
tion of lignin with inorganic nanocomposites/nanomaterials.18 

Furthermore, we found that there is a high demand to summar-
ize the biomedical applications of lignin and challenges in 
future perspectives. This will assist the worldwide scientific 
community to explore it further. Subsequently in this survey, 
we have reviewed the applications of lignin in drug delivery 
and tissue engineering comprehensively.

Lignin Structural Features
The chemical structures of lignin are complex consist of various 
functional groups within the molecules including phenolic, meth-
oxy, and an aliphatic hydroxyl group. Lignin structure is as 
shown below in which there is ether or ester linkages with 
hemicellulose which is also associated with cellulose.19,20 

Figure 2 presents the structure of lignocellulosic biomass with 
major components.19 The pure form of natural lignin is colorless, 
however, its color changes to brown or dark brown after acid or 
alkali treatment. The properties of lignin rely on these functional 
groups and the most abundant hydroxyl group in lignin is the 
aliphatic hydroxyl group. Different sources of lignin can have 
different proportions of hydroxyl groups.21 Lignin can be classi-
fied as native lignin and technical lignin. Original lignin structure 
without any modification is called native lignin whereas lignin 
extracted from industrial by-product is known as technical lignin. 
Technical lignin can be of different types depending upon the 
sources and extraction methods.20 Lignin acts as a binder to 
assemble the plant cell walls by associating with the cellulose 
and hemicellulose in the plant cell.3,19,22–24 Figure 3 presents the 
lignin, cellulose, and hemicellulose units in biomass.20 This 

Figure 1 Progress of research articles about lignin (A) and its application in different fields (B). Reprinted from Sustain Chem Pharm, 18, Domínguez-Robles J, Cárcamo 
Martínez Á, Stewart SA, Donnelly RF, Larrañeta E, Borrega M. Lignin for pharmaceutical and biomedical applications – could this become a reality? 100320, Copyright (2020), 
with permission from Elsevier.14
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Figure 2 Systemic of lignocellulosic biomass structure and major components. Reprinted from Trends Chem. 2(5), Bertella S, Luterbacher JS. Lignin functionalization for the 
production of novel materials, 440–453, Copyright (2020), with permission from Elsevier .19

Figure 3 Lignin, cellulose, and hemicellulose units in biomass. Reprinted from Renew Sustain Energy Rev, 107, Chio C, Sain M, Qin W. Lignin utilization: a review of lignin 
depolymerization from various aspects, 232–249, Copyright (2019), with permission from Elsevier.20
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phenomenon provides mechanical strength to the plant cell wall 
and also regulates the water conduction as well as protecting 
other components from enzymatic degradation.3 Therefore, lig-
nin can be termed as a “building element” in the design of 
biomaterials (eg lignin-based materials, epoxy, or 
polyurethane).25 It has resistant to most of the biological attacks 
in comparison to hemicelluloses/cellulose.1 Moreover, the bio-
medical properties of the lignin-based materials also depend on 
their structure, type of active functional groups, molecular 
weight, type of lignin obtained from the plant sources, isolation 
methods, etc.2

The utility of lignin is suppressed in most of the applications 
due to insolubility in the aqueous media.4,7 One of the ways 
scientists have been explored to address this issue is chemical 
modification.2,3,8 Lignin is associated with the many active 
groups/functional groups such as phenolic/alcoholic hydroxyl 
groups, aromatic units, carbon-carbon double bonds, etc., 
which enable the development of chemically modified 
derivatives.2–8 Based on the literature survey, lignin can be 
converted into different useful materials by various methods: 1) 
depolymerization of lignin into the corresponding aromatic 

macromers for carbon source, 2) chemical modification of 
active functional groups, 3) creating new chemical active sites 
on the lignin, and 4) production of lignin graft copolymers.2,3 

The presence of active functional groups in lignin enables it to 
undergo acetylation, alkylation, and many other chemical reac-
tions including halogenation, reduction, nitration, oxidation, 
sulfonation, hydrogenation, hydrolysis, and fusion with alka-
lis/metals for structural modification (Figure 4).18,25 In this way, 
high-value-added lignin-based bio and nanomaterials can be 
synthesized for a variety of applications in different areas. 
Another possible route explored for the development of high- 
value usage lignin-based materials is hybridization with the 
inorganic components.12,13,26 Lignin can be associated with 
the inorganic nanomaterials that form lignin-based hybrid nano-
composites. Hybridization changes the chemical nature and 
reactivity of lignin. Because of the neutral 3D network, lignin 
can afford the uniform lignin/inorganic nanocomposite system 
when it combines with the inorganic nanoparticles/metals.26 

The resultant lignin-based nanomaterials can be used as high- 
value-added materials for potential applications in various bio-
medical domains, particularly in drug/gene delivery and tissue 

Figure 4 Chemical transformation of lignin to introduce diverse functional group. Reproduced from Ganewatta MS, Lokupitiya HN, Tang C. Lignin biopolymers in the age of 
controlled polymerization. Polymers (Basel). 2019;11(7):1176. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/ 
legalcode.18
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engineering due to synergetic interactions from both organic 
lignin and inorganic nanocomposites.12,13,26 The binding ability 
of lignin with nanomaterials or other multivalent metal ions 
involves active functional groups (phenol, hydroxyl, and car-
boxyl groups), which act as both chelating and reducing agents 
to the metal center.2,3,8 The chelating ability of lignin depends 
on the type of lignin and its chemical structure. Lignin is used as 
wood adhesives to improve the mechanical properties of ther-
moplastic polymer composites.12,17,27,28 For example, the phe-
nol in phenol-formaldehyde resin was replaced with lignin to 
improve its compatibility and mechanical properties.12,17,27,28 

Recently, it has been reported that the lignin nanoparticles that 
dispersible in the water can be used to stabilize Pickering 
emulsions and also used as a silver ions carrier in antimicrobial 
applications.29– 32 They have also been utilized successfully in 
drug delivery and tissue engineering applications.2

Lignin in Drug Delivery
Pharmaceutical formulations are delivered to the desired site in the 
body sometimes using nanoparticle-based carriers to safely 
achieve their desired therapeutic effects.33 Various nanoparticles 
have been extensively explored. Lignin-based composites are in 
the current trend for the purpose discussed in the introduction 

section. Nanoformulation is a significant procedure used to 
develop Lignin nanoparticles for drug delivery systems. The valor-
ization of lignin-based nanoparticles in drug delivery, tissue engi-
neering is being increased because of its excellent physicochemical 
properties including antibacterial, antioxidant, and antiparasite 
properties. Kinetically controlled release of drugs makes them 
a suitable candidate for drug delivery applications. The synthesis 
of lignin nanoparticles has widely been investigated. Kumar et al 
recently documented the wide range of lignin nanoparticle synth-
esis protocols. The most widely used methods are milling, high- 
pressure homogenization, solvent shifting method, pH shifting 
method, template-based synthesis technique, ice-segregation 
induced self-assembly process, aerosol process, electrospinning 
method, supercritical fluid method, solvent antisolvent precipita-
tion, and acoustic cavitation assisted nanoparticles preparation.34

Recently, different forms of lignin nanoparticles are being 
exploited based on various development strategies. Formulating 
nanoparticles also ameliorate the bioavailability, absorption, and 
solubility of various compounds to improve their therapeutic 
efficacy.35–40 Lignin, being the most suitable option owing to 
potential benefits in therapeutic drug delivery has become the 
choice of research in the biological and medical field. Figure 5A– 
C presents the widely used strategies for the formulation of 

Figure 5 Widely used strategies for formulation of different drug delivery systems-based lignin. (A) nanoparticles of lignin and drug mixture, (B) drug loaded lignin 
nanoparticles stabilized emulsion, and (C) lignin wraps drug into nanoparticles. Reproduced from Liu R, Dai L, Xu C, Wang K, Zheng C, Si C. Lignin-based micro- and 
nanomaterials and their composites in biomedical applications. ChemSusChem. 2020;13(17):4266–4283. © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.2
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different lignin-based drug delivery systems.2 Gilca et al synthe-
sized lignin nanoparticles from commercially available lignin 
(wheat straw and Sarkanda grass) by simply ultrasonication at 
20 kHz frequency, 600W power. The obtained particles were 
spherical and 0.01–0.05 µm in size. Results showed that phenyl 
coumaran and pinoresinol subunits were completely degraded 
and aryl glycerol aryl ether subunits (b-O-4) were reduced due to 
this acoustic irradiation, and these were the main reasons for the 
size reduction of lignin.41

The major challenge in nanoparticle synthesis is the 
stability of nanoparticles in aqueous solutions which 
greatly affect their use in biomedical applications. 
Therefore, it is more important to understand the stability 
and mechanism of aggregation. Lindstromn et al reported 
a series of experiments on the aggregation behavior of 
kraft lignin in aqueous solutions and discussed the aggre-
gation mechanism. The carboxylic groups were never in 
a position to form dimeric complexes, thus possible asso-
ciation was believed to be between the carboxylic groups 
and various ether oxygens and hydroxylic groups.42 The 
kraft lignin particles were elongated in shape, and the size 
was less than 10 nm [1–3 nm thick 5–9 nm in length]. 
According to this study, aggregation of kraft lignin starts 
with the self-association of macromolecular kraft lignin 
into compact colloidal particles in solutions of simple 
electrolytes. These particles then associated with fractal 
aggregates ranging in size from about 100 nm to 1–2 µm 
sized nanomaterials.43 Further to understand the colloidal 
stability of lignin nanoparticles, Moreva et al dealt with 
the comprehensive studies of the colloidal chemical beha-
vior of kraft lignin in aqueous systems in a wide range of 
pH. In the alkaline pH range, kraft lignin mainly consisted 
of particles of a size smaller than 30 nm. With a decrease 
in pH, the size of kraft lignin particles sharply increased as 
a result of a decrease in the electrostatic constituent of the 
particle interaction energy. At pH 5 and 4, the prevalent 
particle size was 50–100 (57 wt %) and 150–200 nm (74 
wt %), respectively. In the isoelectric point of kraft lignin 
(pH 2), the prevalent particle size reached several micro-
meters: 38 wt % from 1000 to 1500 nm, 15 wt % from 
1500 to 2500 nm, and 27 wt % larger than 3500 nm.44

At the same time, it is more important to understand 
the formation of nanoparticles of lignin. Several research-
ers investigated the mechanism of lignin nanoparticle for-
mation. According to their proposed mechanism, lignin 
self-assembly in an aqueous ethanol solution involves 
a nucleation growth process. Nucleation is initiated by 
the precipitation of large lignin fragments. The growth 

takes place through collision-driven aggregation and fus-
ing of the particles. There are different parameter affect 
the physicochemical properties of lignin nanoparticles 
such as lignin concentration, dilution rate, the nonsolvent 
effect on lignin nanoparticles properties, and molecular 
weight fractionation.45 Rangana and his group demon-
strated the site-specific breakdown of the lignocellulosic 
complex structure of Luffa cylindrica by MultifectCX GC 
Cellulase, Multifect Pectinase FE, Optimase CX 255L 
enzymes to yield uniform cuboidal lignin-rich nanoparti-
cles (size 20–100 nm). Results showed that the cellulosic 
content in nanoparticles was substantially reduced, and the 
degradation mainly occurred at the polymeric linkage sites 
ie, at glycosidic linkage. Moreover, the hydrogen bond and 
inter/intra- molecular interactions were also weakened 
upon enzymatic treatment. The remaining mass after 
enzyme digestion of Luffacylindrica was mainly lignin 
which showed strong absorbance at 278 nm in the UV- 
Vis spectrum of the enzyme-treated sample.46 The mor-
phology of nanoparticles is another major crucial factor, 
plays a role in drug delivery, and it is challenging to 
prepare the morphology-controlled nanoparticles.47 

Yiamsawas et al prepared a morphology-controlled formu-
lation of lignin nanoparticles such as solid nanoparticles, 
core-shell nanoparticles, and porous nanoparticles.48 

Moreover, several methods limit the capability to prepare 
the nanoparticles of lignin below 100 nm. To overcome 
these limitations, Nair et al introduced a new method to 
prepare nano lignin using a shear homogenizer (IKA 
Ultra-Turrax T-50 Homogenizer) operated at 15,000 rpm 
for 4 h. The obtained nanoparticles were less than 100 nm 
in size; although, there were no major changes on the core 
lignin structures (no apparent cleavage of aryl-O-ether 
linkages) after mechanical treatment. These nanoparticles 
were mixed with aqueous PVA solution (10% w/w) by 
simple manual stirring, without using any crosslinker. It 
was reported that the thermal stability of PVA was 
improved with the incorporation of homogenized nano 
lignin.49

The nanoparticulate system such as nanoparticles, 
nanospheres, nanocapsule, nanoemulsion, hydrogel, and 
micelles are widely studied. Lignin nanoparticles are 
a promising tool for biodegradable drug delivery. Lignin 
nanoparticles have acquired focus in the last decade 
because of their potential utility in drug delivery. Lignin- 
based nanocarrier systems (Figure 5A–C) are the most 
promising systems into which drugs can be embedded or 
dispersed as particles. Lignin can generate nanoparticles 
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for the encapsulation of various therapeutics for many 
pharmaceutical applications including anticancer 
treatment.12 Frangville et al explored nontoxic lignin 
nanoparticles for the entrapment of Rhodamine 6G with 
high drug loading capacity.13 Alqahtani et al have prepared 
lignin nanoparticle-based oral formulation for the effective 
delivery of curcumin. The prepared lignin nanoparticle 
exhibited good stability under acidic conditions and 
demonstrated a sustained release in the simulated intestinal 
fluid. Also, their study suggested that nanoparticles could 
enhance the permeability of curcumin and reduced the 
P-glycoprotein (P-gP) mediated efflux. The half-life and 
bioavailability of the lignin-based curcumin nanoparticles 
were found higher than that of suspension upon oral 
administration.50 Lignin is also used as a carrier for gene 
delivery. Liu et al developed a lignin-based graft copoly-
mer as a promising non-viral gene vector. They had chosen 
the atom transfer radical polymerization (ATRP) method 
for the co-polymerization of lignin-based macroinitiators 
(esterified lignin) with 2-(dimethylamino) ethyl methacry-
late. Cationic amphiphilic lignin-based graft copolymers 
were formed which had a hyper-branched structure with 

a hydrophobic backbone of lignin and multiple cationic 
hydrophilic arms of poly (2-dimethylaminoethyl metha-
crylate). Figure 6A presents the synthesis of the lignin- 
PDMAEMA graft copolymer (LnPDMAEMA) via 
ATRP.51 This cationic lignin-based graft copolymer was 
efficiently condensed with negatively charged plasmid 
DNA (pDNA) and formed nanoparticles of size 100 to 
200 nm. These nanoparticles showed good gene transfec-
tion efficiency in cell lines of Cos-7 (Figure 6B), Hela 
(Figure 6C), and MDA-MB-231 (Figure 6D).51

Among very few targeted cancer therapies, MEK1/2 
inhibitor GDC-0623 was used in Phase 1 clinical trials on 
patients having advanced solid tumors. However, those clin-
ical trials were failed, because of either poor solubility of 
inhibitor in water or lower blood circulation time, and lack of 
tissue penetrations. Nanotechnology-based approaches have 
a proven record to overcome such limitations through differ-
ent drug delivery systems such as nanoformulation,52 solid 
lipid nanoparticles,53 and polymer-based drug delivery 
approach.54 Among polymer-based drug delivery systems, 
poly(lactic-co-glycolic acid), PLGA based is one of the pro-
mising and FDA-approved delivery vehicles.55 Byrne et al 

Figure 6 (A) lignin based micro initiator and graft copolymer LnPDMAEMA synthesis through ATRP. Graft copolymer transfection efficiency in different cell lines Cos-7 (B), 
MDA-MB-231 (C), and HeLa (D) cells. Reprinted from Colloids Surf B Biointerfaces, 125, Liu X, Yin H, Zhang Z, Diao B, Li J. Functionalization of lignin through ATRP grafting 
of poly(2-dimethylaminoethyl methacrylate) for gene delivery, :230–237, Copyright 2015, with permission from Elsevier.51
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investigated the performance of MEK1/2 inhibitor against 
triple-negative breast cancer cell line through the formulation 
of a combined system, composed of biopolymer lignin and 
PLGA. They concluded that the lignin graft PLGA nanopar-
ticles are superior delivery vehicles to deliver GDC-0623 to 
cancer cells with enhanced efficacy in vitro.56 Another inter-
esting strategy to make lignin nanoparticles as stimuli- 
responsive nanocarriers is the introduction of functional 
groups. Lignin was easily functionalized into carboxy lignin, 
which has opened a demand-based opportunity in drug deliv-
ery. Figueiredo et al developed a pH-responsive drug deliv-
ery system for targeted delivery of anticancer drugs through 
post-functionalization of carboxy lignin with polyethylene 
glycol (PEG), and poly(histidine). The formulated nanocar-
riers showed low cytotoxicity and antiproliferative effect in 
different cancer cell lines w.r.t. normal endothelial cells as 
a control.57

Magnetic nanocarriers are playing an important role in 
drug delivery because of several advantages such as tar-
geted delivery, controlling the site of action, and maintain 
the therapeutic concentration of drugs. In past decades, 
tremendous progress has been made in the development 
of magnetic delivery vehicles. To understand the effect of 
lignin nanoparticles on cancer drug delivery in combina-
tion with metal nanocarriers, Figueiredo et al have formu-
lated three different types of nanoparticles as pure lignin 
nanoparticles, iron (III)-complexed lignin nanoparticles 
(Fe-LNPs), and Fe3O4-infused lignin nanoparticles 
(Fe3O4-LNPs). A poorly water-soluble drug sorafenib 
and benzazulene were loaded to the nanocarriers with 
different concentrations, showed enhanced release profile 
and antiproliferation effect against different cell lines. 
Subsequently, It could be reasoned that the superparamag-
netic behavior of Fe3O4-LNPs is promising in drug deliv-
ery against cancer.12 Recently, Zhou et al have prepared 
hollow lignin nanoparticles and filled the cavity with mag-
netic nanoparticles and folic acid as a targeting ligand 
through layer-by-layer self-assembly process for the deliv-
ery of doxorubicin hydrochloride. Folic acid-metal lignin 
hollow nanoparticles (FA-MLHNPs) showed improved 
cellular uptake of drugs in HeLa cells. Further, studies 
are needed before proceeding for clinical trials.58

Recently, many attempts have been made to develop lig-
nin-based nanospheres and nanocapsules. Lignin nanospheres 
can be fabricated through a self-assembly strategy based on 
the π–π stackings. By escalating initial lignin concentration, 
more lignin molecules can participate in the production of the 
nanospheres, results to increase in the size of the nanosphere. 

Chen et al synthesized lignin functionalized phenolic resin 
nanosphere using hydrothermal curing approach, also 
employed to prepare silver nanoparticles. Their work demon-
strated the multifaceted role of lignin as a surfactant, template, 
and therefore, offers a novel frontier in the progress of lignin- 
based polymeric nanomaterials emphasizing the synergistic 
outcome of lignin.59 Yan et al investigated a simplistic self- 
assembly process to fabricate long-term stable lignin fractio-
nation-based hollow and solid nanosphere. The results have 
revealed that the interaction between hydroxyl phenolic 
groups and the intermolecular π–π plays a determining role 
in nanospheres production. This study provided an extensive 
possibility for the utilization of black liquor.60

Nanocapsule is a vesicular system having a polymeric 
shell, comprising an inner core that contains active ingre-
dients. By tuning the shell material, composition, functio-
nalization of the shell with the ligand, and stimuli, targeted 
drug delivery can be achieved. Compare to simple nano-
particles, core-shell nanoparticles or nanocapsules have an 
interesting application due to the combination of proper-
ties of core and shell materials.61 The combination of 
different properties and multi-functionality allows the 
researcher to achieve site-specific drug delivery and mini-
mize the side effects. Recently, Kumar et al documented 
the various types of core-shell nanoparticle systems and 
their application in the diverse field.62 Lignin microcap-
sules and nanocapsules were also formulated by the var-
ious researcher through the oil in water emulsion, 
ultrasound-assisted cross-linking of lignin in the water/oil 
interface.63 Chen et al described the technique for the 
production of pH-sensitive lignin nanocapsules based on 
interfacial mini emulsion polymerization. Initially, lignin 
was grafted with allyl groups via etherification followed 
by the dispersion into an oil-in-water emulsion using ultra-
sonication leads to the cross-linkage at the interface to 
form nanocapsules. The prepared nanocapsules have 
shown controlled release behavior and excellent drug load-
ing capacity for coumarin-6 and release upon changing the 
pH value of the solution, because of the presence of acid- 
resistant groups in the shell of the capsule.64 Mika 
H. Sipponen and other researchers tried to formulate 
a hybrid nanocapsule from lignin and fatty acid using 
aqueous coprecipitation to explore the applicability of 
phase change material in the wet and dry state.65

The natural amphiphilic behavior of lignin heads is 
promising in formulating emulsion. For this purpose, Wei 
et al illustrated lignin as a colloidal molecule, which could 
stabilize styrene-in-water as a Pickering emulsion. LNPs 
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are formulated by self-association of lignin in acidic con-
ditions with vigorous shaking that adjoins the styrene 
droplets to make a Pickering emulsion.66 Sipponen et al 
described a newer technique for the manufacturing of 
cationic lignin nanoparticles (CLNPs) based on the 
adsorption of cationic lignin at lignin colloids. The parti-
cles demonstrated more stabilizing efficacy for Pickering 
emulsions to lignin colloids at pH values of 2–6 without 
positive charge.67,68 Moreover, this Pickering emulsion 
proffers attractive to use in drug delivery owing to its 
several advantages that may include higher stability and 
entrapment efficiency and holds more resistance for coa-
lescence than traditional emulsion as well as minimized 
side effects. Fewer studies have shown that it can be 
exploited further to deliver and store light-sensitive drugs 
also. Dai et al described thermally stable and UV-blocking 
Pickering emulsion for the stabilization of light-sensitive 
trans-resveratrol69 that keeps palm oil droplets in an aqu-
eous phase by grafted lignin nanoparticles. The prepared 
nanoparticles showed the enhanced stability and controlled 
drug release profile of trans-RSV.69

Hydrogels are crosslinked polymers and can absorb sub-
stantial amounts of water to mimic the physiological tissues. 
Hydrogel has been used in the diverse application including 
hygiene, agriculture, biomedical materials and other. Due to 
the tunable volume in response to external stimuli, hydrogels 
are interesting candidates for drug delivery applications. 
Biopolymers such as starch, protein, gelatin, hemicellulose, 
lignin, cellulose, and their copolymer along with other syn-
thetic polymers are used in the formulation of the hydrogel. 
Natural polymers are being used for the fabrication of hydro-
gels. Furthermore, renewable lignin is being studied as starting 
material for the preparation of hydrogels owing to its high 
hydrophilicity, thermal stability, and biocompatibility as well. 
Figure 7A–D presents the widely used strategies for the for-
mulation of lignin-based different hydrogels.2 Also, lignin and 
its derivatives having a three-dimensional matrix are potential 
candidates for designing hydrogels. Besides, this biocompati-
ble hydrogel was also investigated for anti-infective activity as 
an ointment by Mahata et al. In their study, they concluded that 
the co-polymerization with triazole moiety ameliorated the 
antibacterial and antibiofilm activity of lignin that causes 
downregulation of interleukins mainly IL-1 in lipopolysac-
charide (LPS) induces macrophage cells and also able to 
reduce inducible nitric oxide synthase (iNOS) levels poten-
tially. The study was further supported by Western blotting and 
NF-KB analysis assay. This novel lignin-based hydrogel has 
demonstrated in vivo, the capacity to prevent burn wound 

infection, aid healing, and also as anti-inflammatory dressing 
material.70 Lignin-based hydrogel has potentially demon-
strated a wide application in drug delivery. Ravishankar et al 
formulated a biocompatible hydrogel using chitosan and alkali 
lignin. The corresponding hydrogel cell viability against 
mesenchymal stem cells and SEM images are presented in 
Figure 8A and B respectively.71 The incorporation of lignin 
could potentially improve the shear strength and viscosity of 
chitosan. The prepared hydrogel in vitro studies was found 
benign to mesenchymal stem cells and nontoxic to zebrafish 
in vivo assay at the concentration of 10 mg/mL. Figure 8C and 
D are presenting the FDA and DAPI stained fluorescence 
images of cell adhesion on hydrogel, respectively.71 Further 
studies have revealed that the prepared hydrogels are 

Figure 7 Widely used strategies to formulate lignin hydrogel. (A) lignin-polymer 
blend hydrogel, (B) lignin-polymer crosslinking hydrogel, (C) nanoparticles of lignin 
and polymer blend hydrogel, and (D) lignin nanoparticles polymer crosslinking 
hydrogel. Reproduced with permission from Liu R, Dai L, Xu C, Wang K, Zheng 
C, Si C. Lignin-based micro- and nanomaterials and their composites in biomedical 
applications. ChemSusChem. 2020;13(17):4266–4283. © 2020 Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim.ref.2
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a potential candidate for wound healing dressing materials.71 

More interesting, different polysaccharides and lignin-based 
hydrogel were also developed for drug delivery application. 
Farhat et al reported the range of hydrogel using biological 
macromolecules starch, hemicellulose, and lignin through 
reactive extrusion process presence of citric acid, and SHP 
catalyst. The physicochemical properties confirmed their 
potential to use as a drug delivery system for pharmaceutical 
drugs.72

Nano micelles are the nano-scaled colloidal amphiphi-
lic monomers developed for systematic drug targeting and 
being employed as therapeutic carriers’ systems.73 Li et al 
employed quaternized (3-chloro-2-hydroxypropyltrimethy-
lammonium chloride, CHMAC) alkali lignin (QAL) to 
formulate pH-responsive lignin micelles loaded with ibu-
profen (IBU) intended for oral delivery.73,74 The obtained 

micelles have demonstrated better stability in GI fluid and 
control over the drug release.73 Cheng et al prepared pH- 
responsive lignin-based nano micelles intended for oral 
delivery. They exemplified in their results that the formu-
lated micelles were pH-sensitive and in-vitro data sug-
gested biocompatible behavior and toxicity against HT-29 
cancer cell lines. Thus, their work suggested a newer 
strategy for the synthesis of lignin-based nano micelles 
as oral delivery carrier systems.74 Lignin has been 
explored for its application in various drug delivery sys-
tems which has been summarized in Table 1.

Lignin in Tissue Engineering
Tissue engineering is an interdisciplinary area that includes the 
design and development of biomaterials, bioactive molecules, 
and cell combinations, and their further in-vitro and in-vivo 

Figure 8 (A) Chitosan, alkali lignin, and formulate hydrogel viability against mesenchymal stem cells; (Data are expressed as means ± SD. ***Indicated the significance 
between two groups, ***P<0.001, n = 3); (B) SEM images (yellow dotted circles showing the cell adhesion on chitosan-alkali lignin hydrogel) and (C) FDA stain and (D) DAPI 
stained fluorescence images of cell adhesion on chitosan-alkali lignin hydrogel (Inset: Fluorescence micrographs showing the cell adhesion on chitosan). Reproduced from 
Mater Sci Eng C, 102, Ravishankar K, Venkatesan M, Desingh RP, et al. Biocompatible hydrogels of chitosan-alkali lignin for potential wound healing applications. Mater Sci Eng 
C, 447–457, Copyright 2019, with permission from Elsevier.71
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studies. Consistent advancement in tissue engineering technol-
ogies has permitted transplantation of entire organ or tissue, 
turned into a potential alternative for restoring damaged tissue 
or parts. To produce regenerative tissue for medical purposes, 
it is necessary to fabricate natural biomaterials.75 Figure 9 
represents, the techniques were used to fabricate the different 
scaffold materials for tissue engineering.76 Biomaterials are 
major components, provide a suitable platform necessary for 
the regeneration and replacement of distorted tissue with 

functional tissue.77 Biomaterial scaffolds in tissue engineering 
application aimed to mimic the extracellular matrix, serve as 
a template to promote the growth and regeneration of 
a particular tissue.74

The use of lignin biopolymer in tissue engineering is 
an exciting research area, intended for regeneration, repla-
cing, and augmenting the function of a particular tissue or 
organ of interest. For tissue engineering application, the 
potential of developing lignin into nanofibers and 

Table 1 Lignin and Its Applications in Various Drug Delivery Systems

S. No. Type of Lignin 
Material

Carrier Form Active Substance Application Ref.

1 Alkali lignin Nanoparticles Trans-Resveratrol Anticancer [66]

2 Softwood Kraft lignin Nanoparticles Benzazulene/sorafenib Anticancer [12]

3 Alkali lignin Nanoparticles Silver nanoparticles Antibacterial [75]
Antifungal

Antioxidant

4 Kraft lignin Nanoparticles Silver nanoparticles Antioxidant [31]

5 Alkali lignin Nanoparticles 10-hydroxy camptothecin Anticancer [76]

6 Organosolv-type lignin Nanoparticles Curcumin Anticancer [50]

7 Carboxylated lignin Nanoparticles Benzazulene Anticancer [77]

8 Soda lignin Nanoparticles Budesonide Antioxidant [45]

9 Kraft lignin Nanocapsules Coumarin-6 Antioxidant [78]

10 Kraft lignin Nanoparticles Plasmid DNA Gene transfection [51]

11 Alkali lignin Pickering emulsion Trans-Resveratrol Antioxidant [66]

12 Alkali lignin Self-nanoemulsion Trans-Resveratrol Antioxidant [79]

13 Alkali lignin Nano micelles Ibuprofen Anti-inflammatory [73]

14 Commercial lignin Hydrogel Curcumin Anti-inflammatory [80]

15 Lignin model 
compound

Hydrogel Dehydrogenative polymer of coniferyl 
alcohol

Antioxidant [81]

16 Lignin Nanoparticles Rhodamine Encapsulation of hydrophilic 
substance

[13]

17 Lignin Nanoparticles Quercetin Antioxidant [82]

18 Lignin Nanoparticles Doxorubicin Anticancer [58]

19 Alkaline Lignin Polymeric 

Nanoparticles

Folic acid Anticancer [83]

20 Lignin Nanoparticles Resiquimod/vinblastin Anticancer [84]

21 Lignosulfonate lignin Carbon dots Curcumin Cancer Diagnosis [85]

22 Lignin Nanocomposite Paclitaxel Anticancer [86]
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hydrogels (functional biomaterials) has been explored in 
recent years and the area is rapidly growing.17,79 Table 2 
presents the summarized literature reports of lignin-based 
nanocomposites/nanofibers in tissue engineering applica-
tions. Lignin scaffolds compose of nanofibers are exten-
sively used in tissue engineering because they mimic the 
chemical composition and physical structure of the native 
extracellular matrix. Polymeric nanofiber lignin matrix 
mimics the extracellular matrix due to its nanoscale size. 
Thus, It would be a potential candidate for developing 
tissue engineering scaffolds.3,80,81

Electrospun-based nanofibers with the porous and fibrous 
framework are another widely explored system in tissue 
engineering applications.17,82 Saudi et al83 fabricated aligned 
electrospun poly(vinyl alcohol) (Figure 10A and B), poly 
(vinyl alcohol) -poly(glycerol sebacate) (Figure 10C and 
D), and PVA-PGS fibers with different percentages of lignin 

such as 1 (Figure 10E and F), 3 (Figure 10G and H), and 5% 
wt (Figure 10I and J) using electrospinning technique for 
nerve tissue engineering.83 The role of lignin on rat pheo-
chromocytoma cells (PC12) proliferation, adhesion, and dif-
ferentiation were studied. The effect of different amounts of 
lignin on the physicochemical properties of the fabricated 
fibers revealed that fibers were smooth and uniform in dia-
meter. The modulus of elasticity and fiber diameter was 
increased and decreased respectively by increasing and 
decreasing the percentage of lignin. The results of PC12 cell 
culture and immunocytochemistry indicated positive effects 
of lignin on neural cell proliferation and differentiation. 
Synthetic PCL has widely been used in tissue engineering. 
The excellent mechanical properties and slow degradation of 
PCL have made this polymer demanding for nerve applica-
tion, implantation, and regeneration of tissue.84–86 However, 
the less antioxidant activity of PCL nanofibers limits their use 

Figure 9 Strategies used for fabrication of nanoscale scaffolds for tissue engineering. Reproduced from Witzler M, Alzagameem A, Bergs M, et al. Lignin-derived biomaterials 
for drug release and tissue engineering. Molecules. 2018;23(8):1885. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/ 
legalcode.76
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in neural tissue engineering. Several reports have revealed 
that incorporating lignin into PCL provides an effective 
material for nerve applications.87,88 Amin et al89 fabricated 
PCL fibers embedding various percentages of lignin nano-
particles by electrospinning method for peripheral nerve 
regeneration applications. Figure 11A–D showed the nerve 

conduit photographs in various views.89 The outcomes indi-
cated that the length and number of neurites were increased 
by increasing the percentage of lignin ranging from 0 to 15%. 
The PCL fibers made with 15% lignin nanoparticles have 
shown better regeneration among other scaffolds. The cell 
viability, differentiation of PC12 (rat phaeochromocytoma) 

Table 2 Overview of Some Lignin-Based Nanofibers/Nanocomposites in Tissue Engineering Application

Composition Processing Methodology Potential 
Application

Key Findings Ref

Polyacrylamide (PAM)/ 

lignin nanoparticle (LNP) 

nanocomposite 
hydrogel

Ultrasonic treatment for lignin 

nanoparticle dispersion, in-situ free 

radical polymerization for PAM/LNP 
hydrogel.

Broad range of 

application in tissue 

engineering

Excellent mechanical properties and 

non-toxicity.

[109]

Electrospun poly (ε- 
caprolactone) (PCL) and 

PCL-grafted lignin (PCL- 

g-lignin) copolymer 
nanofibers

Ring-opening solvent free 
polymerization.

Osteoarthritis 
therapy

Excellent antioxidant activity, anti- 
inflammatory effects, low cytotoxicity, 

and sustained antioxidant activity.

[110]

Lignin–chitosan–PVA 

hydrogels

Mixing of aqueous-acidic solution of 

chitosan with lignin and PVA aqueous 

solution.

Wound healing The addition of lignin enhanced the 

mechanical strength, protein adsorption 

capacity and cell proliferation properties 
of lignin–chitosan–PVA hydrogels

[111]

Alginate–lignin aerogels Exposure of alginate–lignin- calcium 
carbonate aqueous alkali solution to 

pressurized carbon dioxide for hydrogel 

formation.

Wide range of 
tissue engineering 

and regenerative 

medicine 
application

Good cell adhesion properties without 
compromising the cell viability.

[108]

PLA-lignin- poly (L-lactide) 
composites

Combining PLA-lignin composites with 
poly (L-lactide) for manufacturing of 

nanofibrous composites via 

electrospinning process.

Tissue engineering 
scaffolds for locally 

attenuating cellular 

oxidative stress.

Nanofibrous composites have showed 
good biocompatibility for PC12, human 

dermal fibroblasts, and human 

mesenchymal stem cells with good 
antioxidant activity

[92]

Poly (vinyl alcohol) - poly 
(glycerol sebacate-lignin 

fibers)

Electrospinning process. Nerve tissue 
engineering

The lignin containing nanofibrous 
composites promotes positive effects on 

cell proliferation and neural cell 

differentiation.

[94]

Lignin-poly (methyl 

methacrylate)-poly (ε- 
caprolactone)

Atom transfer radical polymerization for 

grafting of -poly (methyl methacrylate) 
with lignin and electrospinning process 

for blending of this copolymer with poly 

(ε caprolactone)

Tissue engineering. Promote the proliferation and 

interaction of human dermal fibroblasts 
which is promising for tissue 

engineering.

[104]

Lignin−poly(ε-caprolactone 

-co-lactide)- 
polycaprolactone, PCL and 

poly (L-lactic acid)

Solvent-free ring-opening polymerization 

for lignin-poly (ε-caprolactone-co-lactide 
copolymer polymerization and 

electrospinning for blending this 

copolymer with polycaprolactone, PCL 
and poly (L-lactic acid).

Tissue engineering 

and other health 
care applications.

Nanofibers displayed uniform and 

beadles morphology with good 
antioxidant activity and biocompatibility.

[106]

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
2431

Dovepress                                                                                                                                                           Kumar et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


cells and human adipose-derived stem cells were prompted 
by increasing lignin percentage. Further, water uptake, in- 
vitro degradation, and Young’s modulus were increased with 
increasing the lignin content. Figure 11E–H showed nerve 
conduit intraoperative, implantation of P10L and P15L at 
10 mm sciatic nerve gap, and 90 days of post-surgery, 
respectively.89 Further investigations demonstrated that the 
PCL fibers embedded lignin nanoparticles are favorable for 
peripheral nerve regeneration, reconstruction and could be 
considered as a material to facilitate neurite outgrowth.89 In 
another study, the findings of Salami et al indicated that 
incorporation of lignin enhanced the porosity and hydrophilic 
properties of the electrospun PCL/lignin nanocomposites. 
Moreover, lignin-based PCL nanocomposites have shown 
desired characteristics to mimic extracellular matrix, which 

can be used as a template in the design of soft tissue engineer-
ing scaffolds.90 Wang et al91 reported a function of lignin 
mediating the formation of human bone-like hydroxyapatite. 
The authors have developed a lignin-polycaprolactone 
fibrous matrix by employing an electrospinning process, 
that further induced the formation of hydroxyapatite in 
a simulated body fluid. The phenolic and aliphatic hydroxyl 
moieties present in the lignin structure are capable to provide 
adequate reactive sites to facilitate chelation with metal ions 
and subsequent nucleation and growth of hydroxyapatite via 
coprecipitation of calcium and phosphate ions, which is simi-
lar to the natural process of bone formation. Figure 12 pre-
sents the illustration of biomineralization of bone Hap 
induced by lignin.91 Furthermore, this hybrid platform of 
lignin biominerals provides a new prospect for lignin-based 

Figure 10 SEM images of crosslinked nanofibers of PVA (A and B), PVA-PGS (C and D), PVA-PGS/lignin (1%wt) (E and F), PVA-PGS/lignin (3%wt) (G and H), and PVA-PGS 
/lignin (5%wt) (I and J) fibers. Reprinted from Mater Sci Eng C, 104, Saudi A, Amini S, Amirpour N, et al. Promoting neural cell proliferation and differentiation by 
incorporating lignin into electrospun poly(vinyl alcohol) and poly(glycerol sebacate) fibers, 110005, Copyright 2019, with permission from Elsevier.83
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biomaterials in bone-related therapies and hard tissue engi-
neering. The electrospun nanofibers made with polycaprolac-
tone-lignin- poly (methyl methacrylate) (PCL-L-PMMA) 
were reported as biocompatible with reinforced mechanical 
properties, as the in vitro study revealed that biocompatible 
electrospun nanofibers were found to attach and interact well 
with the human dermal fibroblasts. However, the mechanism 
by which lignin copolymers support cell growth was not 
explored.92

Lignin has been blended with other polymer matrices for 
various tissue engineering applications. Due to strong intra-
molecular and intermolecular hydrogen bond networks, lig-
nin can manifest thermoplastic behavior in lignin-based 
polymeric blends and also acts as a thermoset material due 
to the occurrence of cross-linkages.93 Kai et al94 synthesized 
lignin-based copolymers lignin-poly (ε-caprolactone-co- 
lactide), (PCLLA) by ring-opening polymerization. The 
obtained lignin PCLLA copolymers were blended with poly-
caprolactone and poly (L-lactic acid) to design ultrafine uni-
form nanofibers via electrospinning process with the ratio of 
lignin to PCL and PCLLA 90:10. The addition of lignin has 
greatly improved the mechanical properties of the nanofibers. 
This study concluded that good antioxidant activity, biocom-
patibility, and in-vitro cytocompatibility of lignin-based 
nanofibers, suggesting the potential for tissue engineering 

or biomedical application. The blending of lignin with 
other materials such as hydroxyapatite, calcium phosphate 
crystal, and polycaprolactone has been widely used for med-
ical purposes. In situ biomineralization of hydroxyapatite on 
the nanofibrous surface of lignin acts as a substrate for cell 
proliferation and osteogenic conduction. The composite of 
lignin with polycaprolactone and hydroxyapatite was 
reported to have a good osteoconductivity for potential 
bone therapies.95,96

Implantation of artificial nerve grafts creates oxidative 
stresses, under these circumstances nerve cells would gen-
erate reactive oxygen species, which would prompt necrosis 
and DNA damage.87,97 The antioxidant properties of the 
lignin could be attractive for nerve tissue regeneration and 
repair. The hydroxyl and phenoxy functional groups present 
in the lignin biopolymer can donate hydrogens to terminate 
the radical propagation reaction. Owing to oxygen-free 
radical scavenging properties, lignin could be potentially 
used for stabilizing the oxygen-free radical-mediated reac-
tions. It has been reported in the literature that a positive 
correlation was observed between antioxidant activity and 
the number of phenolic groups contained in the lignin 
structure.87,98,99 Wang et al100 synthesized lignin- 
polycaprolactone (PCL) and, incorporated it with PCL, 
and then engineered it into nanofibrous scaffolds to promote 

Figure 11 Electrospun polycaprolactone nanofibers embedding lignin nanoparticles as nerve conduit. (A–D) different views of nerve conduit, (E) intraoperative view in the left 
sciatic nerve, and (F) P10L, (G) P15L Implantation and (H) 90 days of post-surgery at a 10 mm nerve gap. Reprinted from Int J Biol Macromol, 159, Amini S, Saudi A, Amirpour N, 
et al. Application of electrospun polycaprolactone fibers embedding lignin nanoparticle for peripheral nerve regeneration: in vitro and in vivo study. 154–173, Copyright 2020, with 
permission from Elsevier.89 

Abbreviation: P10L, PCL nanofibers with 10%wt of kraft lignin.
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neuron and Schwann cell growth. Figure 13A and B showed 
antioxidant activity of lignin-PCL copolymer and PCL/lig-
nin-PCL nanofibers.100 The results demonstrated that PCL/ 
lignin-PCL nanofibers have the potential to preserve cells 
from oxidative stress effects and showed strong free radical 
scavenging properties.100 Moreover, myelin protein expres-
sions of Schwann cells and stimulation of DRG neuron 
growth were observed with the PCL/lignin-PCL nanofibers. 
Figure 13C and D showed BMSCs and Schwann cell pro-
liferation on nanofibers after hydrogen peroxide 
treatment.100 The findings of their studies concluded the 
abilities of lignin biopolymer applications for nerve and 

other possible tissue generation where cellular oxidative 
stress is a major challenge.

Lignin in combination with other biopolymers such as 
alginate has been used to provide a suitable environment for 
cell adhesion, growth, and differentiation. The alginate-lignin 
system may overcome the limitation of alginate including 
decreased protein adsorption and cell adhesion due to its 
hydrophilic characteristic. The presence of lignin in the algi-
nate-lignin system lessens the hydrophilicity of alginate and 
presents a suitable environment required for cell attachment, 
growth, and differentiation. Moreover, the ultimate stability of 
lignin may decrease the scaffold degradation rate and helps to 

Figure 12 Systemic presentation of biomineralization of bone Hap induced by lignin. Reprinted with permission from Wang D, Jang J, Kim K, Kim J, Park CB. “Tree to bone”: 
lignin/polycaprolactone nanofibers for hydroxyapatite biomineralization. Biomacromolecules. 2019;20(7):2684–2693. Copyright (2019) American Chemical Society.91
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match the rate of degradation with the rate of regeneration of 
new bone tissue.101,102 Modifying the surface of lignin nano-
fibers with arginine molecules led to promote re- 
epithelialization, collagen deposition, angiogenesis, and 
wound closure. Figure 14 presents the microscopic images of 
a wound treated under different conditions at different time 
points.103 These effects can be explained by the arginine- 
mediated wound healing as well as the structural resemblance 
of lignin nanofibers to that of natural extracellular matrix 
proteins. Based on these properties, the arginine surface- 
modified lignin nanofiber gel can be considered an effective 
option for the treatment of acute and chronic wounds. 
Moreover, the antimicrobial and antioxidant properties of lig-
nin can potentially decrease bacterial contamination in 
wounds.103 Quraishi et al104 developed hybrid alginate–lignin 
aerogels employing pressurized carbon dioxide as an acidifier 
to release calcium ions for crosslinking mixture of alginate- 

lignin and support the gelation. The developed aerogels pro-
vide suitable textural and morphological properties with low 
stiffness. The cytotoxicity screening studies showed that the 
presence of lignin in alginate–lignin aerogels provide good cell 
adhesion properties without the compromise of cell viability 
that fulfills the requisites for regenerative medicine and tissue 
engineering applications.104

Owing to intrinsic structural similarity to that of the 
native extracellular matrix, the hydrogel platform is consid-
ered an exciting biomaterial for tissue engineering. Different 
types of lignin such as annual fiber crops lignin and aspen 
wood lignin have been incorporated with biocompatible 
xanthan gum-based semi-interpenetrating hydrogels. The 
presence of lignin in the hydrogel system could potentially 
enhance the swelling and thermos-oxidative stability 
properties.105 Chen et al106 fabricated nanocomposite hydro-
gels by employing lignin nanoparticles (cross-linking 

Figure 13 (A) lignin-PCL copolymer and (B) PCL/lignin-PCL nanofibers inhibition efficiency towards free radicals and proliferation of (C) BMSCs and (D) Schwann cells against 
nanofibers after H2O2 treatment. (Data are expressed as means ± SD. *Indicated the significance between two groups, *p < 0.05, n = 3). Reprinted from Colloids Surf B Biointerfaces, 169, 
Wang J, Tian L, Luo B, et al. Engineering PCL/lignin nanofibers as an antioxidant scaffold for the growth of neuron and schwann cell. Colloids Surf B Biointerfaces, 356–365, Copyright 2018, 
with permission from Elsevier.100 

Abbreviation: TCP, tissue culture plate.
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junctions) and polyacrylamide. Figure 15A and B presents 
the formulation of hydrogel and reaction of formation of 
a hydrogel, respectively.106 The presence of lignin 

nanoparticles in the nanocomposite hydrogels enhances the 
mechanical properties of hydrogels as shown by high com-
pressive, tensile strengths, and excellent recoverability. 

Figure 14 Macroscopic images display wounds treated with different formulation on different time points. Reprinted by permission from Springer Nature, Drug Deliv Transl 
Res, Reesi F, Minaiyan M, Taheri A. A novel lignin-based nanofibrous dressing containing arginine for wound-healing applications, 8(1):111–122, Copyright (2018).103

Figure 15 (A) PAM/LNP hydrogel fabrication procedure, (B) reaction of hydrogel formation; (C) hydrogel, (D) compressing, (E) bending, and (F) knotting images of 
hydrogels. Reprinted fromInt J Biol Macromol, 128, Chen Y, Zheng K, Niu L, et al. Highly mechanical properties nanocomposite hydrogels with biorenewable lignin nano-
particles, 414–420, Copyright (2019), with permission from Elsevier.106
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Figure 15C–F showed PAM/LNP hydrogel and its compres-
sing, bending, and knotting photographs, respectively.106 

A unique network structure and a strong hydrogen bonding 
between polyacrylamide chains and lignin nanoparticles pro-
vide an excellent mechanical property to nanocomposite 
hydrogels. In consideration of simple synthesis of polyacry-
lamide/lignin nanoparticle nanocomposite hydrogel methods 
and non-toxic along with good mechanical properties have 
made it the best candidate for tissue engineering, regenera-
tion, and artificial muscles preparation applications. 
Berglund et al107 prepared aerogels based on lignin- 
containing arabinoxylan and cross-linked using citric acid 
and then reinforced with cellulose nanofibers. The samples 
were further lyophilized (−20°C, 24 h) and heated (120°C, 3 
h) to promote cross-linking. The study results showed that 
the produced aerogels promote cell growth and new tissue 
formation owing to the highly porous, lightweight, and favor-
able network structure properties of aerogels. Moreover, the 
lignin-containing hemicellulose hydrogel platform could 
potentially be used for soft tissue engineering applications.

Conclusion
We have comprehensively reviewed the drug delivery and 
tissue engineering applications of lignin. The literature 
review suggested that lignin has an excellent physicochem-
ical property, along with other important properties such as 
biocompatibility, biodegradability, renewable nature, feasi-
bility to form nanoparticles, and encapsulation of drugs, 
which makes it a promising candidate in drug delivery and 
tissue engineering applications. Various protocols have been 
developed for nanoparticle formulations and used in the 
fabrication of drug delivery vehicles. More importantly, the 
antioxidant and antibacterial properties of lignin make it 
a valuable material in medicine. The scavenging nature of 
lignin towards oxygen radicals is an added advantage in 
drug-delivery to treat diseases that generate ROS.

Consequently, lignin can be utilized in ROS responsive 
carriers to deliver drugs against inflammatory bowel dis-
eases. The ease in tunability of mechanical properties, 
feasibility to form nanocomposites with other polymers 
such as PCL, PLA, and its degradation. In addition to it, 
biocompatibility with a large range of cells accelerated its 
use in tissue engineering. Literature reports confirmed that 
lignin is a promising material in the formulation of bone 
scaffold and neural tissue engineering. However, further 
understanding of the mechanism of action needs to be 
investigated. We believe that there is a great scope for 

researchers to explore lignin use in other control and 
targeted drug delivery, tissue engineering, and other bio-
medical application.
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