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Abstract. In recent years, spherical particles derived from natural bio-based feedstocks have garnered growing interest
owing to their distinctive morphologies, structural versatility, and capacity for facile surface functionalisation. Lignin, the
most abundant aromatic biopolymer in nature, possesses inherent antibacterial and antiviral activity together with excellent
biocompatibility, underscoring its considerable promise for pharmaceutical, cosmetic, and food-sector applications.
Preliminary studies have already demonstrated the successful deployment of spherical lignin particles as drug-delivery
vehicles—for instance, in the encapsulation of therapeutics for oncological treatment, as well as in the controlled release of
insecticides and antimicrobial agents for agrochemical applications. This contribution begins by outlining the fundamental
physicochemical attributes of lignin-based drug-loaded microcapsules and the factors governing active-agent release.
Detailed discussions of fabrication methodologies, attendant characteristics, and comparative advantages are then
presented. Subsequently, recent advances in the utilisation of lignin-based microcapsules within biopharmaceutical and
chemical-pesticide contexts are reviewed, together with the critical challenges that remain to be resolved. Finally,
prospective directions for the future evolution of lignin-based drug-loaded microcapsules are highlighted.
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1 Introduction

Microencapsulation technology is a technique that uses polymer materials to encapsulate active components
such as solids, liquids, or gases into tiny particles through chemical or physical methods, and the resulting tiny
particles are called microcapsules[1-3]. Microcapsules can effectively isolate drugs from the external
environment, achieving targeted delivery, anti-photodegradation, and controlled release of drugs[4-5]. The
active material wrapped in the microcapsule is usually called the core material, and the selected carrier is called
the wall material, whose diameter is usually in the micrometer range[6]. The coating of wall materials can
improve the stability of core materials, prolong the reaction time of core materials, and thus achieve control and
release of core materials[7-8]. Therefore, microencapsulation technology has attracted widespread attention
since its inception.

Microencapsulation offers a versatile platform for altering the physical behaviour of core substances,
safeguarding their stability and functional activity, achieving controlled-release profiles, and sequestering
volatile components to minimise evaporative losses. Therefore, it is widely used in pesticides, biology, cosmetics,
dyes, spices, medicine, coatings, adhesives and other fields[9-11]. The selection of microcapsule wall materials
plays a key role in the preparation process and the performance of the final product. The loading efficiency,
slow-release ability, and stability of microcapsules mainly depend on the wall materials, which is one of the key
issues to be considered in the preparation of microcapsules. At present, the research hotspot on the source of
microcapsule wall materials mainly focuses on non-toxic, biocompatible, widely available renewable natural
polymer materials, such as chitosan[12], cellulose[13], lignin, etc.[14].
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Among them, lignin is one of the three major components of plant skeletons, a biomass resource second only
to cellulose in nature, and an important renewable energy source[15]. There are a large number of antioxidant
polyphenols and aromatic rings in lignin molecules, which have excellent antioxidant effect and affinity for active
drugs. Lignin-based microcapsules made from lignin as a carrier have huge application potential in the fields of
antioxidation and drug slow release[16]. Since most drugs, especially chemical pesticides, are insoluble in water,
a large amount of organic solvents are needed to dissolve the drugs in the traditional microcapsule preparation
process, which has the disadvantages of cumbersome operation steps, high production cost, and long time
consumption[17-18]. Using lignin-based materials as wall materials to prepare drug-loaded microcapsules
through simple methods can not only solve the problems of difficult degradation and high cost of wall materials,
but also reduce pollution to organisms and the natural environment[19-21]. In addition, many studies have
shown that drug-loaded microcapsules prepared from lignin-based materials can not only improve the
controlled release and light stability of drugs to varying degrees, but also enhance the drug effect[22-24].

In summary, the use of lignin as a wall material to prepare drug-loaded microcapsules is still in the preliminary
research stage, but as a new type of drug slow-release carrier, lignin has many advantages over traditional
microcapsule wall materials: (1) Lignin and its derivatives, as by-products of pulping and papermaking, are cheap
and can effectively reduce the cost of microcapsule preparations; (2) The polyphenol structure and
chromophore groups in lignin have the functions of scavenging free radicals and absorbing ultraviolet rays, which
can prepare potential light-stable drug-loaded materials; (3) Lignin is non-toxic, renewable, and biodegradable.
Pesticides loaded on lignin will be completely released with the degradation of lignin, and the degradation
products of lignin can play a role in composting. With the continuous deepening and improvement of research
on lignin functional properties, important research results have been achieved in the use of lignin as a carrier in
biomedical materials, fine chemicals, and other aspects. Against this backdrop, the present review systematically
surveys the key physicochemical attributes, fabrication strategies, and state-of-the-art applications of lignin-
based drug-loaded microcapsules. By offering a comprehensive roadmap for lignin utilisation in sustained-
release drug delivery, this work holds considerable practical significance for broadening the utility of industrial
lignin and enhancing its economic value.

2 Lignin-based drug-loaded microcapsules

2.1 Structure, properties and categories of lignin

In its broadest definition, lignin constitutes an amorphous, three-dimensional biopolymeric network assembled
via dehydrogenative polymerisation of three distinct phenylpropanoid precursors. These phenylpropane
building blocks are cross-linked through ether (—O-) and carbon—carbon (C—C) bonds within the macromolecular
architecture. The constituent monolignols are universally recognised as p-coumaryl, sinapyl, and coniferyl
alcohols, which respectively give rise to the p-hydroxyphenyl (H), syringyl (S), and guaiacyl (G) units that define
lignin's primary structural motifs (Fig. 1). During lignification, these three basic monomer structures are
combined at different positions through C—C or —O- bonds, resulting in different types of connecting bonds in
the lignin macromolecular structure.
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Figure 1 Lignin's basic monomers: p-Coumaryl alcohol (A), sinapyl alcohol (B) and coniferyl alcohol
(€)[28]
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According to statistics, globally, the amount of lignin synthesized by plant growth each year is as high as 1.5x10"
t[29-30]. Lignin entering the environment mainly comes from by-products produced by the pulping and
papermaking industry and the bio-ethanol refining industry[31]. However, the current utilization rate of lignin is
still very low. Except for being directly incinerated as fuel to provide heat energy, the practical application of
lignin in industrial fields, such as surfactants, polymer additives, dye colorants, UV stabilizers, chemical fertilizers,
adhesives, etc., is very limited[32-34]. The reason why the application of lignin is limited is essentially due to the
complexity and uncertainty of its molecular structure and low molecular accessibility. For lignin from different
sources, modification to broaden its application fields has become one of the most popular strategies to improve
lignin utilization[35].

The lignin macromolecule is rich in functional moieties—including methoxy, hydroxyl and phenyl substituents
[36]. Both the identity and spatial distribution of these groups depend strongly on the botanical origin of the
lignin and the specific isolation protocol employed. According to different plant sources, lignin can be divided
into gramineous lignin, hardwood lignin, and softwood lignin[37]. According to different production needs and
processes, lignin sources are generally divided into two categories (as shown in Fig. 2): Lignin feedstocks broadly
fall into two classes. The first encompasses small-batch, laboratory-refined preparations—exemplified by
cellulolytic enzyme lignin (CEL), milled wood lignin (MWL), and enzyme-mild acidolysis lignin (EMAL) [38]. The
second comprises industrial lignins, which are typically generated as by-products of pulping and papermaking
operations [39]. Depending on the specific pulping technology employed, industrial lignin is commonly sorted
into four categories: lignosulfonates, kraft lignin, soda lignin, and organosolv lignin [40]. Because botanical origin
and isolation protocol differ, the structural architectures, physicochemical behaviours, and functional-group
fingerprints of these lignins vary markedly. The rich endowment of reactive handles—methoxy, hydroxyl, and
phenyl substituents among others—endows lignin with substantial chemical versatility, enabling
transformations such as oxidation, reduction, sulfonation, polycondensation, and graft copolymerisation that
prove advantageous during microcapsule fabrication [41]. In addition, lignin also has good biocompatibility and
is easily degraded by various biological enzymes, giving it unique advantages as a drug carrier or microcapsule
wall material in the field of drug slow release[42].
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Figure 2 Schematic diagram of lignocellulose preparation by different scale methods

2.2 Characteristics and release influencing factors of lignin-based drug-loaded microcapsules

Lignin is a natural polymer with a three-dimensional network structure and contains various functional groups.
It can cross-link with the core material (drug), showing great application potential in drug controlled release[43].
Using lignin and its derivatives as microcapsule wall materials can effectively solve the problems of drug release
stability and difficult degradation of microcapsule wall materials[44-45]. At the same time, the light stability
mechanism of lignin is similar to that of hindered phenols, mainly because a large number of phenolic hydroxyl
groups in the molecular structure can effectively scavenge active free radicals generated in photo-oxidative
decomposition[46-47]. Therefore, compared with microcapsules made of traditional carrier materials (such as
synthetic and semi-synthetic polymer materials), the addition of lignin makes the microcapsule material have
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excellent anti-UV degradation ability, which can effectively protect drugs from degradation in some
photosensitive medicines and biological insecticides[48-49]. In addition, lignosulfonate has good compatibility
with drugs, wide applicability, and abundant sources. As an anionic surfactant, it can coat the surface of chemical
pesticide particles, and use electrostatic interaction and steric hindrance to avoid sedimentation and flocculation
of chemical pesticide particles caused by intermolecular forces such as van der Waals force[50-51].

Lignin-based drug-loaded microcapsules are a capsule-like preparation formed by using microencapsulation
technology to embed liquid or solid drugs in a lignin-based wall material by embedding method[52]. Since the
active ingredient of the drug is wrapped in a lignin-based airtight or semi-airtight wall material as the core
material, compared with the original pesticide and traditional microcapsules, the release influencing factors of
lignin-based microcapsule preparations are also different. The main influencing factors are as follows: (1)
Stability of microcapsule wall material itself. The antioxidant, anti-UV, and light stability of microcapsule wall
materials will affect the stability of the material itself, thus affecting the release characteristics of drug-loaded
microcapsules. For example: although protein and pectin materials have certain antioxidant properties, they are
prone to agglomeration during microcapsule preparation and have certain allergenicity, which often leads to
premature release of core drugs at undesired locations or times[53]. Due to its high carbon content, good
oxidation resistance, anti-UV, and light stability, lignin can be used as a wall material for drug-loaded
microcapsules to improve the dispersion stability and release cycle of drugs that are easily decomposed, oxidized,
and have poor light stability[54]; (2) Intrinsic lignin properties. The molecular weight, together with the identity
and abundance of functional groups, governs drug release from lignin-based microcapsules. For instance,
FERRAZ et al. [55] encapsulated herbicides within six distinct lignin coatings and demonstrated that the diffusion-
controlled release profile correlated with both the lignin molecular weight and its hydroxyl/aliphatic hydroxyl
content, allowing release kinetics to be tuned by adjusting functional-group density. (3) Microcapsule release
environment. Relative to conventional carriers, lignin-derived materials offer the distinct merits of being non-
toxic, environmentally benign, highly biocompatible, and inherently biodegradable. Therefore, lignin-based
materials as wall materials have a wider range of applications. Studies have shown that microcapsules prepared
with lignin as wall material have the effect of prolonging the drug efficacy cycle in both simulated human body
environment and harsh tropical natural environment[21,56]. In addition, ZHOU Bin et al.[57] found that the
environmental system pH and salt concentration will affect the release rate of chitosan/sodium lignosulfonate
microcapsules. The pH and salt concentration of the external environment will affect the charge density on the
molecular chain, thereby affecting the thickness of the microcapsule wall material, and then affecting the release
rate of the core drug; (4) Preparation conditions of microcapsules. According to the preparation principle of
drug-loaded microcapsules and the different chemical properties of lignin, the core-shell structure, size, and
shape of microcapsules/particles can be finely adjusted to control the drug loading, encapsulation rate, and
release rate to meet different applicable conditions[58-59].

3 Preparation methods of lignin-based drug-loaded microcapsules

At present, the methods for preparing drug-loaded microcapsules using lignin can be roughly divided into
Pickering emulsification, physical ultrasonic method, electrostatic self-assembly, and interfacial polymerization.
Lignin-based drug-loaded microcapsules prepared from different sources and methods have different
characteristics.

3.1 Preparation of lignin-based drug-loaded microcapsules by Pickering emulsification

The preparation of lignin microcapsules by Pickering emulsification refers to dissolving the core active substance
in the dispersed phase, using lignin as the main wall material to prepare nano-colloidal particle emulsion. The
colloidal particles adsorb around the emulsion droplets and are cross-linked by a certain method (such as
physical gel method, electrostatic deposition method, chemical cross-linking method, etc.) to form a continuous
and stable shell[60]. Lignin is a natural macromolecule with amphiphilicity. Its own Ce-Cs hydrophobic skeleton
shows unique hydrophobicity, while weakly ionized groups such as phenolic hydroxyl show certain
hydrophilicity[61]. WU Wenjuan et al.[62] showed that amine-modified lignin has excellent application potential
in emulsified asphalt materials. The mechanism is to graft amine compounds onto lignin to form a lignin cationic
emulsifier. In this context, the preparation of microcapsules by lignin Pickering emulsification method has the
characteristics of high flexibility, non-toxicity, low cost, and renewability. Therefore, the use of Pickering
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emulsification to prepare microcapsules is a very effective method for using natural renewable polymer
materials as wall materials for drug-loaded microcapsules.

Wang et al. [63] fabricated thermally stable, irregular flake-shaped lignin nanoparticles (LSNP) by complexing
lignin with sodium dodecyl sulfate (SDS). These particles exhibited remarkable amphiphilicity, stabilising both
highly polar and moderately polar oil phases within Pickering emulsions. Leveraging this emulsion template,
avermectin was entrapped inside lighin microcapsules (LMC) through a tandem ionic-crosslinking and interfacial-
polymerisation strategy, ultimately yielding lignin/polyurea composite microcapsules (LPMC) at the oil-water
boundary (Fig. 3a; EH denotes the ethylenediamine cross-linker). The resulting LPMC achieved an encapsulation
efficiency of 85.4 % and a drug loading of 4.7 %, alongside sustained-release behaviour and marked resistance
to photodegradation. This approach offers a streamlined, eco-friendly route to water-dispersible, lignin-based
microcapsules for controlled-release applications.

YIAMSAWAS et al.[64] used lignin or sodium lignosulfonate (SL) and NaCl dissolved in water to form a dispersed
phase, and then mixed with cyclohexane containing polyglycerol polyricinoleate (PGPR) as an emulsifier.
Pre-emulsification was first performed at room temperature, followed by ultrasonic treatment to obtain a stable
microemulsion. Cross-linking agent toluene diisocyanate was added to the microemulsion to cross-link lignin or
SL at the oil/water interface, and finally lignin-based nanocapsules with a diameter of 150-200 nm were formed.
This nanocapsule can be applied to the encapsulation of hydrophilic drug materials, as shown in Fig. 3b. In
addition, researchers used laccase as a model enzyme and mixed enzymes extracted from natural fungi to
enzymatically degrade lignin nanocapsules. The microcapsules could perform long-term release, but the specific
loading drugs and slow-release effects need further investigation.
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Figure 3 Schematic diagram of LPMC preparation by LSNP[63] (a); Schematic diagram of the
preparation of lignin microcapsules[64] (b); Schematic diagram of the preparation of spherical lignin
particles[65] (c)

AGO et al.[65] first used an aerosol flow reactor to synthesize spherical lignin particles with a given inherent
hydrophilicity, with a particle size of 30-2000 nm. After shear redispersion in water or mineral oil, the spherical
lignin particles still showed good mechanical integrity. Spherical lignin effectively stabilized oil-in-water (O/W)
Pickering emulsions. The size of emulsion droplets depended on the size of lignin particles used for emulsification.
Its properties were related to the type and concentration of lignin, and it could be used to stabilize emulsifiers
and load chemical pesticides, as shown in Fig. 3c. The team provided a new, scalable manufacturing method to
produce spherical lignin particles with controllable size and high yield, providing the possibility for the
application of spherical lignin particles in the field of biomedicine and chemical pesticide microcapsules.

3.2 Preparation of lignin-based drug-loaded microcapsules by ultrasonic-assisted method

Lignin molecules contain a large number of phenolic hydroxyl groups, which can generate phenolic free radicals
under ultrasonic radiation, promoting intermolecular cross-linking polymerization of lignin[66]. Ultrasonic
radiation energy can be used to improve the efficiency and purity of lignin extraction, and also to separate lignin
samples and large relative molecular weight lignin. Compared with traditional preparation methods,
drug-loaded microcapsules prepared by physical ultrasonic technology have the advantages of long-term
stability, dilution stability, high loading efficiency, low toxicity of surfactants, flexible controlled drug release,
and convenient preparation. In terms of production cost, processing, and maintenance, physical ultrasonic
technology is more advantageous than other technologies. CHEN et al.[67] used ultrasonic-assisted interfacial
microemulsion polymerization technology to successfully prepare pH-responsive lignin nanocapsules, as shown
in Fig. 4a. The particle size of lignin nanocapsules was between 50-300 nm. This new type of nanocapsule could
easily load hydrophobic coumarin-6, with an encapsulation rate of 0.713 mmol/g. At pH = 7.4, the drug release
curve of lignin nanocapsules was close to linear, while at pH = 4, the drug release conformed to the
Korsmeyer-Peppas curve. Ultrasonic-assisted synthesis of lignin-based nanocapsules offers a facile and
sustainable pathway for lignin valorisation, while demonstrating considerable potential for the controlled
delivery of hydrophobic cargoes such as pharmaceuticals, essential oils, and antioxidants.

TORTORA and co-workers [68] employed ultrasound irradiation to fabricate lignin microcapsules (LMC) loaded
with coumarin (Fig. 4b). The resulting particles displayed a uniform spherical morphology, exhibiting mean
diameters ranging from 0.3 to 1.1 um. In vitro release assessments revealed that these microcapsules remained
structurally intact and showed negligible drug leakage during prolonged immersion in pure water. Conversely,
complete payload discharge was achieved within 60 min upon exposure to SDS-containing aqueous media. This
accelerated release was attributed to the surfactant-mediated diminishment of LMC hydrophobicity, which
facilitated rapid coumarin liberation. Comparative analysis indicated that the release profile was predominantly
governed by the external medium rather than by intrinsic structural attributes of the microcapsules. Although
cytocompatibility investigations furnished substantial theoretical backing for prospective biomedical
deployment of LMC, optimisation of release conditions warrants additional scrutiny.

TAN Shanyuan[69] used ultrasonic cavitation method to prepare two lignin microcapsules: prochloraz-lignin
(AL-PCZ) and prochloraz-imazalil (AL-PCZ-IMZ), as shown in Fig. 4c. The results showed that the ultrasonic
treatment time of AL-PCZ was 3 min, the ultrasonic power was 720 W, and the encapsulation rate of
microcapsules was 89.1%, with a drug loading of 90.5%; the ultrasonic treatment time of AL-PCZ-IMZ was 1 min,
the ultrasonic power was 480 W, its encapsulation rate was 60.5%, and the drug loading was 69.3%. Both AL-PCZ
and AL-PCZ-IMZ were uniform spherical, with particle sizes between 150-500 nm and 200-350 nm, respectively.
They could effectively resist UV irradiation, slow down the release rate, and prolong the drug efficacy period.
Both microcapsules had certain advantages over ordinary commercial microcapsules in terms of dispersion,
storage, broadening of bactericidal spectrum, slow release, prolonging drug efficacy, and reducing drug
resistance. However, due to the thin walls of AL-PCZ and AL-PCZ-IMZ prepared, the release stability and safety
need to be improved.

PIOMBINO et al.[70] used lignosulfonate as the capsule wall material, and thymol and its derivatives with
antibacterial, antioxidant, antifungal, and antiparasitic effects as the capsule core material, and prepared
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lignosulfonate microcapsules (SLS-MCs) containing thymol and its derivatives by continuous ultrasonic method,
as shown in Fig. 4d. The results showed that several types of lignin microcapsules were spherical structures with
a particle size between 3.2-3.4 um. GC-MS measured that the encapsulation rate of microcapsules was above
40%, among which the encapsulation rate of thymol derivative (T) was as high as 76%. The release study was
carried out in acetate buffer at pH = 5.4, and the microcapsules had excellent slow-release effect. The
preparation of SLS-MCs used an oligomeric shell system that could act as an antioxidant itself to protect thymol
and its derivatives as low relative molecular weight mobile antioxidants and antimicrobial agents, and this new
system provided a certain theoretical support for the application of lignin in the biomedical field, but the specific
slow-release amount and drug encapsulation rate need further in-depth study.
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Figure 4 Scheme of preparing pH-responsive lignin based microcapsules[67] (a); Schematic diagram
of preparation of lignin microcapsules encapsulated with coumarin by ultrasonic method[68] (b);
Schematic diagram of preparation process of AL-PCZ and AL-PCZ-IMZ[69] (c); Schematic diagram of
SLS-MCs preparation[70] (d)

3.3 Preparation of lignin-based drug-loaded microcapsules by electrostatic self-assembly

Self-assembly describes the spontaneous reorganisation of molecules from disordered states into ordered
supramolecular architectures, orchestrated by weak, non-covalent interactions such as hydrogen bonding, van
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der Waals forces, electrostatic attraction, hydrophobic association, m—m stacking, and cation adsorption. Not all
compounds are intrinsically capable of this transition; successful self-assembly requires two essential elements:
a sufficient thermodynamic driving force and an appropriate structural directing template [71]. Because lignin is
an amphiphilic macromolecule, it can participate in such self-organisation processes [72], and the resulting
modified lignin materials hold considerable promise for fabricating drug-loaded microcapsules. In this vein, Li et
al. [73] exploited electrostatic self-assembly between sodium lignosulfonate (SL) and cetyltrimethylammonium
bromide (CTAB) to prepare uniform colloidal spheres (AVM@SL—CTAB) loaded with avermectin (AVM), as
illustrated in Fig. 5a. The encapsulation efficiency attained 62.58 % + 0.06 %, with sustained release continuing
beyond 70 h and a cumulative release fraction of 49.96 % * 1.13 %. Adjusting the mass ratio of wall material to
core material allowed the release profile to be tuned, while the photolytic half-life (DTso) was prolonged by a
factor of 7.35, providing effective photoprotection for the active ingredient. This lignin-based encapsulation
approach is cost-effective and procedurally simple; it not only promotes the high-value utilisation of biomass-
derived lignin but also offers a sustainable shielding strategy for photolabile agrochemicals, achieving controlled-
release functionality. In the nomenclature used herein, C-AVM refers to commercial avermectin microcapsules;
O-AVM to the neat technical active ingredient; AVM + SL-CTAB to a physical mixture of avermectin with the SL—
CTAB complex; AVM@SL—CTAB to the self-assembled drug-loaded microcapsules; and Two—Films to a bilayer
specimen prepared by coating a pre-formed film of 0—AVM, AVM + SL—CTAB, or C—-AVM with an additional SL—
CTAB layer.
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Figure 5 Schematic diagram of AVM@SL-CTAB preparation and different mass ratios of wall to core
slow release[73] (a); Schematic diagram of preparation of PLR/(CS/SL) with different assembled layers
for slow release and photolysis[59] (b); Schematic diagram of aggregation model of CA-SLS with
different ratios of CTAB/SL-PEG in solution[74] (c); Schematic diagram of preparation of drug-carrying
microcapsules and in vitro release profiles of drug-carrying microcapsules under different pH
conditions[75] (d)

WANG Xiaojing[59] used natural polymer chitosan (CS) and SL as microcapsule wall materials, and used
layer-by-layer self-assembly method to successfully prepare PLR/(CS/SL) drug-loaded microcapsules with the
herbicide drug picloram (PLR) with poor light stability as the core material, as shown in Fig. 5b. When 12 layers
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were assembled, the drug loading and encapsulation rate of PLR/(CS/SL) were 97.4% and 86.2%, respectively.
PLR/(CS/SL) prepared by layer-by-layer self-assembly (LbL) can not only effectively reduce the release rate of
herbicide PLR, prolong the drug efficacy cycle, and reduce agricultural pollution, but also provide theoretical
support for the research and application of lignin self-assembly technology in the field of biological pesticides
and chemical fertilizer microencapsulation.

In a study by ZHOU et al. [74], SL was covalently tethered to lengthy polyethylene glycol chains to generate lignin
polyoxyethylene ether (SL—-PEG). The as-synthesised SL-PEG was then formulated with CTAB at differing mass
proportions, producing an array of lignin-based cationic/anionic surfactant systems (CA-SLs). The resulting
aggregation behaviours of these CA-SLs in solution, observed across various CTAB/SL—PEG ratios, are illustrated
in Fig. 5¢. This method can be used to wrap pesticide preparations, and the prepared drug-loaded microcapsules
have excellent surface activity and interfacial adsorption performance.

DENG Yonghong et al.[75] successfully prepared lignin-based azo polymer (AL-azo-COOEt) using alkali lignin (AL)
from pulping and papermaking industry by-products, and on this basis, successfully prepared regular
drug-loaded microspheres with hydrophobic inside and hydrophilic outside using self-assembly colloidal
technology. Avermectin was wrapped in the drug-loaded microspheres to obtain microcapsules, as shown in Fig.
5d, with an encapsulation rate as high as 61.49%. Furthermore, the microcapsules displayed markedly superior
photostability relative to both the neat active ingredient and commercially available avermectin formulations.
Their subdued release kinetics also proved advantageous for therapeutic performance. Concurrently, lignin-
derived azo polymers emerge as promising coating candidates for hydrophobic pharmaceuticals.

In summary, lignin-based drug-loaded microcapsules prepared by Pickering emulsification can ensure that the
suspended emulsion system formed by drug preparations remains uniform and stable during long-term storage
and use, which can not only effectively emulsify fat-soluble drugs, but also give drugs anti-photolysis and thermal
stability, while providing a slow-release effect[76]. However, the preparation process usually requires the
addition of other auxiliaries, the production cost is high, and the yield needs to be further improved. Lignin-based
drug-loaded microcapsules prepared by ultrasonic-assisted method have the advantages of relatively uniform
size distribution, small particle size, and high encapsulation rate; some lignins are endowed with new chemical
properties after ultrasonic treatment. At the same time, when ultrasonic energy passes through liquid, cavitation
will occur in the liquid, which is conducive to drug encapsulation. The preparation is simple and green, and
suitable for loading most drugs[77]. This method can not only effectively solve the problems of large amounts
of organic solvents used in drug preparation production, low drug loading and encapsulation rate of
microcapsules, but also effectively alleviate pesticide photodegradation and short drug efficacy time. However,
ultrasonic energy easily causes the sample temperature to rise. In industrial production, heat dissipation and
sound energy transmission are difficult, and its application in large-scale industrial production needs further
solution. Lignin-based drug-loaded microcapsules prepared by electrostatic self-assembly have the
characteristics of uniform size, thermodynamic stability, and controllable release. In addition, the drug-loaded
microspheres prepared by this method have higher release stability and controllable release cycle than those
prepared by other methods[78]. Although both electrostatic self-assembly and other methods can prepare
drug-loaded microcapsules with uniform particle size, compared with other preparation processes, it is
necessary to modify the sample and use surfactants, and the technical operation is relatively high, which can
easily become an unfavorable factor affecting its application.

4 Application categories of lignin-based drug-loaded microcapsules

The development of drug-loaded microcapsules using lignin as raw material can not only solve the special
application functions of easily decomposed drugs, but also carry out directional loading and release of biological
drugs. According to the functional characteristics of lignin-based drug-loaded microcapsules, they can be divided
into biomedical lignin microcapsules and chemical pesticide lignin microcapsules.

4.1 Biomedical lignin microcapsules

The introduction of lignin not only improves the slow-release performance of drugs, but also enriches the special
functions of biological drugs. Lignin has good biocompatibility, biodegradability, and renewability, and
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lignin-based nanocarriers have been successfully used in drug delivery systems and widely used in cosmetics and
biomedical research[79]. At the same time, its high antioxidant and antibacterial activities also expand the
potential applications of lignin[80].

Kim et al. [81] fabricated nanospheres from sodium lignosulfonate (SL) and chitosan (CS), as illustrated in Fig. 6a.
The resulting microspheres exhibited a mean diameter of approximately 230 nm. Incorporating lignosulfonate
into the chitosan nanoparticle matrix conferred enhanced resistance to lysozyme-mediated breakdown,
alongside favourable cytocompatibility and antimicrobial efficacy toward human cells. The nanospheres could
encapsulate hydrophilic protein-ribonuclease A for drug delivery systems in cosmetics and biomedicine. In vitro
release studies on drug-loaded nanospheres showed that at low ribonuclease A concentration during
preparation, it would be completely released in a short time, while at high ribonuclease A concentration, it could
be slowly released.
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Figure 6 Schematic diagram of preparation of sodium lignosulfonate and chitosan drug-loaded
microcapsules[81] (a); Schematic diagram of preparation of lignin-based colloidal microspheres drug
microcapsules and digital photos of lignin-based composite micelles[82] (b)

LI et al.[82] used AL and sodium dodecylbenzenesulfonate (SDBS) to self-assemble into lignin composite micelles
in ethanol/water mixed solvent, as shown in Fig. 6b. Using ibuprofen (IBU) as a drug model, the encapsulation
rate was 74.44%. In simulated gastric fluid (SGF, pH 1.2), over 75 % of the ibuprofen payload remained intact,
whereas in simulated intestinal fluid (SIF, pH 7.4) more than 90 % was smoothly released. These findings furnish
a novel rationale for engineering oral drug-delivery vehicles and underpin their prospective biomedical utility.
In related work, Raschip et al. [83] encapsulated vanillin within gel capsules composed of lignin and xanthan
gum. The results showed that increasing the amount of xanthan gum was negatively correlated with the release
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rate of gel capsules. When the mass ratio of xanthan gum to lignin was 7:3, the release of vanillin within 100 min
was 15%. This was because with the increase of xanthan gum, the intermolecular force of the gel also increased,
and lignin played an antioxidant role. The preparation of lignin gel capsules has great application potential in
drug controlled release, especially in the treatment of gastritis drugs.

Figueiredo and colleagues [84] engineered a triad of lignin nanoparticle (LNP) formulations: pristine lignin
nanoparticles (pLNPs), iron(ll)-chelated lignin nanoparticles (Fe-LNPs), and magnetite-embedded lignin
nanoparticles (FesO4-LNPs). These constructs displayed a spherical morphology, accompanied by a tight size
distribution and minimal polydispersity, while retaining structural integrity under mildly acidic to neutral
conditions (pH < 7.4). Regarding payload accommodation, pLNPs demonstrated exceptional encapsulation
efficiency for hydrophobic and cytotoxic therapeutic agents, exemplified by the antineoplastic model
compounds sorafenib and benzazulene (BZL). Furthermore, the superparamagnetic characteristics inherent to
Fes04-LNPs unveiled considerable promise for oncological interventions and diagnostic imaging, encompassing
magnetically guided drug delivery and magnetic resonance imaging modalities—thereby underscoring the
substantial biomedical versatility of lignin-derived nanocarriers.

4.2 Chemical pesticide lignin microcapsules

In recent years, the application potential of lignin has been continuously explored, and the application
technology in the agricultural field has been continuously expanded[85]. Since the 20th century, lignin has been
used in slow-release nitrogen fertilizer research at home and abroad[86], and on this basis, the research field
has been further broadened. Among them, the application of lignin in the field of drug-loaded microspheres is
also a very important application direction in the agricultural field[87].
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Figure 7 Schematic diagram of AVM@ALS preparation and slow release curve[20] (a); Digital photos of
rape seedlings treated by ODNF and other means[88] (b); Preparation flow chart of drug-carrying
microcapsules and schematic diagram of effect of sustained release performance[89] (c)

Liu et al. [20] reported a rapid, economical route to fabricate avermectin-loaded microcapsules (AVM@ALS) by
self-assembling alkyl-chain-functionalised lignosulfonate polymers around the active ingredient (Fig. 7a). In their
nomenclature, AVM-EC denotes the emulsifiable concentrate, whereas AVM-Tech refers to the commercial
capsule formulation. The resulting AVM@ALS particles exhibited a substantial payload capacity of 57.01 %,
sustained-release behaviour, and resistance to UV-induced degradation. The protocol is straightforward,
inexpensive, and relies on renewable raw materials, offering a coating-based strategy that advances the
sustainable use of agrochemicals. Nevertheless, only 27.6 % of the entrapped avermectin was released over 241
h; the time to reach release equilibrium and the final equilibrium fraction therefore require further elucidation.
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YEARLA et al.[88] used nanoprecipitation method to load dichlorvos drug on Thiobacillus lignin as a matrix and
optimized it to prepare a stable herbicide "diuron nano formulation" (ODNF). The bio-efficacy of ODNF release
was tested with rapeseed. Compared with rapeseed seedlings grown in soil without ODNF, rapeseed seedlings
grown in soil with ODNF showed signs of leaf chlorosis and death, as shown in Fig. 7b, showing the great potential
of lignin as a pesticide controlled-release nano formulation in reducing the harmful effects of herbicides. Among
them, BD is herbicide; CDF is a commercial insecticide.

WANG Suya[89] used alkali lignin (AL) as raw material, and obtained sulfonated alkali lignin (SAL) with different
sulfonic acid group contents by sulfomethylation method, and grafted polyoxyethylene (PEG) chain on the
hydroxyl group of SAL to prepare SAL-PEG with good water solubility, different degrees of cross-linking, and
different relative molecular weights. At the same time, SAL-PEG and polyethyleneimine (PEI) were used as wall
materials to wrap AVM to successfully prepare drug-loaded microcapsules (SAL-PEG/PEI AVM-CS), as shown in
Fig. 7c. After testing, the microcapsules have reached the level of commercial AVM capsules, and at the same
time provided a certain theoretical basis for the commercial high-value utilization of lignin.

Table 1 Lignin-based materials used for the entrapment of active substances

E lati
Material Active substance ncapsulation Type Reference
rate/%

Wh Ikali
Iign?nat straw alkall Budesonide 35 Respiratory system drug [92]
Kraft lignin Sorafenib and 68 and 77 Antitumor, cancer drug [84]

benzazulene

Gatifloxacin and
Alkali lignin doxorubicin 37 and 90 Anticancer, antibacterial drug | [93]

hydrochloride

Anti-inflammatory, anticancer
Alkali lignin Resveratrol <95 and cardiovascular protective | [94]
drug
e Analgesic and
Alkali | | f 74 2
alt fignin buprofen anti-inflammatory drug [82]

Spruce . Ilg.nln, Atrazine <78 Agricultural herbicide [95]
organosolv lignin
Phenolated alkali . . -
Iigrfir;o ated  alkal Avermectin >90 Broad-spectrum insecticide [96]
Spdlum Abscisic acid 90 Plant growth hormone [97]
lignosulfonate
Thiobacillus lignin Diuron 74 Agricultural herbicide [88]
Alkyl
chain-coupled Avermectin 50 Broad-spectrum insecticide [20]
lignosulfonate
Organosolv lignin Tyrosinase 69 Oxidase [98]
Kraft lignin Lipase, cutinase 96 Catalytic, hydrolase [99]

In summary, lignin is a commonly used microcapsule material for constructing carrier drugs. Because lignin
particles not only have the general properties of nanoparticles, but also have antibacterial, antioxidant,
biodegradable, and non-cytotoxic characteristics. In addition, the functional groups on lignin molecules make it
possible to functionalize nano-lignin. Therefore, it can be used in different drug-loading fields according to the
properties of lignin itself, as shown in Table 1.

In the field of biomedicine, lignin-based drug-loaded microcapsules have the characteristics of large specific
surface area and easy structure modification, and have good application prospects in drug delivery and tracing,
and also have certain research value in drug catalytic loading[90]. When lignin is used as a pesticide microcapsule
wall material, the three-dimensional network hydrophobic structure has a large specific surface area, which is
easy to attach to the surface of insecticides and auxins, and use the interaction between groups to avoid the
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aggregation and precipitation of pesticide particles. Its absorption of ultraviolet rays can stabilize
oxygen-sensitive or photosensitive drugs[91]. In addition to being used in medicine and pesticides, lignin
microcapsules also have significant application potential in microbiology and industrial applications, such as
sensory/protective environmental materials, enzyme or cell synthesis materials[91].

5 Conclusion and prospect

Strengthening the research on high-value utilization of lignin, innovating the development of lignin-based new
material industry, and reducing the consumption of fossil energy are important means to achieve China's carbon
neutrality goal. As a natural polymer material, lignin has the advantages of green environmental protection,
cheap and easy to obtain, and high biodegradability. At the same time, combined with the source and structural
characteristics of lignin raw materials, it can be applied to the field of nano-drug loading through different
functional designs. The preparation of functional drug-loaded microcapsules using lignin as a carrier has its own
unique advantages, for example: the aromatic ring structure in lignin molecules has potential compatibility with
hydrophobic drugs, which is conducive to loading or coating drugs; the polyphenol structure and chromophore
groups in lignin molecules are conducive to improving the light stability of drug-loaded materials; lignin
molecules can undergo a variety of chemical modifications to improve the adhesion, hydrophobicity, and light
stability of lignin, which can expand its application in functional drug-loaded materials. From the research
progress of lignin-based drug-loaded microcapsules, it can be clearly seen that the richness of functional
lignin-based drug materials, preparation processes, and application fields, the diversity of drug-loaded particle
shape, structure, and size, and the importance of multidisciplinary intersection of chemistry, materials science,
biomedicine, and agronomy.

Although lignin has obvious advantages in drug loading and controlled release, it also faces many challenges at
present. Research on the binding mechanism of lignin materials and core drugs, and the evaluation of
anti-photodegradation and controlled release durability of microcapsules are still in their infancy. Therefore, in
the preparation of drug-loaded microcapsules and drug controlled release applications, there are still some
problems that need to be solved urgently: (1) Although lignin has shown good potential in biomedical and
agronomic applications, its broad relative molecular weight distribution and extremely complex molecular
structure have brought huge obstacles to its in-depth research, standardization, and large-scale production. By
accurate fractionation and detailed structural characterization of lignin, and selecting uniform lignin molecules
to prepare lignin-based functional materials, this obstacle can be effectively solved. Therefore, the chemistry
and processing technology of lignin still need continuous development; (2) At present, the research on
lignin-based drug-loaded microcapsules is mainly in the laboratory stage, and has not been scaled up. At the
same time, there are problems such as complex preparation processes and low microcapsule yield, which are
far from practical application. It is still necessary to explore mature technologies that are easy to prepare, easy
to scale up, and multifunctional, reduce the production cost of microcapsules, and improve the competitiveness
of drug-loaded microcapsules; (3) The encapsulation rate and drug loading rate of lignin-based drug-loaded
microcapsules need to be improved compared with commercial microcapsules. Whether the release conditions
are consistent with actual production applications needs further investigation. It is necessary to further improve
the stability of encapsulation and controlled release of lignin-based drug-loaded microcapsules; (4) The current
deployment of lignin-based drug-loaded microcapsules remains largely confined to agrochemical sectors—
namely insecticides, herbicides and plant-growth regulators—while their utilisation for in vivo pharmaceutical
delivery is still scarce. Future efforts should therefore diversify their scope, for instance by engineering intelligent,
stimuli-responsive lignin vehicles capable of targeted cargo release for precision management of diseases, pest
infestations and cancer therapy. (5) Standardisation frameworks for lignin-based microcapsule research remain
underdeveloped. Harmonised assessment protocols covering architectural features, morphological attributes,
dimensional parameters, functional performance and release longevity must be established to foster the
structured, sustainable maturation of this technology within the bio-based materials sector.
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