


GREEN VALORIZATION OF LIGNIN NANO PARTICLES FOR BIOMEDICALS, BIOSENSING AND SKIN CARE APPLICATIONS: A REVIEW	Comment by Upasana Bhalani: Global: Careful English proofreading is recommended throughout the manuscript to improve grammar, sentence flow, and overall readability.


Abstract	Comment by Upasana Bhalani: The introduction provides good background information; however, the review objective should be stated more clearly at the end of the section.
Lignin, an abundant aromatic biopolymer derived from lignocellulosic biomass, has emerged as a promising sustainable biomaterial for advanced functional applications due to its intrinsic physicochemical and biological properties. In recent years, lignin nanoparticles (LNPs) have gained considerable attention due to their high surface area, tunable surface chemistry, multiple functionality, biocompatibility, antioxidant capacity, and ultraviolet (UV) absorption characteristics. However, conventional approaches for lignin modification often rely on energy-intensive processes and utilization of hazardous chemical reagents, limiting their environmental compatibility and suitability for biomedical applications. Therefore, the development of green and sustainable processes for lignin extraction, nanoparticle synthesis, and surface modification has become increasingly important. This review critically examines Recent developments in environmentally sustainable methods of synthesizing and modifying lignin nanoparticles using green chemistry principles. The applications of green-modified LNPs in biomedical systems, biosensing technologies, and skin care formulations are discussed in detail. In biomedical, LNPs has demonstrated a significant potential as carriers for controlled drug delivery, antimicrobial systems, and tissue engineering, this is due to their low cytotoxicity and controlled release behaviour. In biosensor development, green-modified LNPs contribute to enhanced sensitivity and selectivity by facilitating biomolecule immobilization and improving electron transfer processes. Also, their antioxidant and UV-protective properties make them suitable candidates for incorporation into cosmetic and personal care products. Generally, this review work highlights the role of green synthesis and modification strategies in advancing lignin nanoparticle technology and provides insights into their growing relevance in sustainable biomedical, sensing, and skincare applications.	Comment by Upasana Bhalani: functionalities	Comment by Upasana Bhalani: have
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1.0 Introduction	Comment by Upasana Bhalani: Review methodology not clearly described
In Section 1.0 Introduction and throughout the review, the manuscript summarizes many studies but does not explain how the literature was collected.
Lignin constitutes about 15–35 % of lignocellulosic biomass and it is the most abundant renewable aromatic macromolecule on earth. Lignin structure is enriched with several functional groups including phenolic, hydroxyl, carboxyl, ketone, and methoxy groups [1], which make lignin to exhibit many desirable properties such as antioxidant, antibacterial, anti–UV, and good biocompatibility. Lignin, a cross-linked aromatic hetero-polymer, together with cellulose and hemicellulose, is a component of the plant cell wall; it is responsible for providing mechanical support as well as defence against pathogens [2]. With the estimation of 15–35% of ligno-cellulosic biomass being composed of lignin, approximately 100 million tons of this biopolymer are extracted annually as waste material from the paper and bioethanol industries. Less than 2% of this large quantity is currently being used in the production of low-value goods, such as surfactants and adhesives, while the majority of the remainder is being burned up. Lignin has attracted much attention in recent years due to its unique benefits such as, potentials of developing and utilizing in the outlook of new and sustainable by-products.
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Figure 1: Structure of lignin (A)and lignin monomeric units (B)	Comment by Upasana Bhalani: Figure captions and formatting styles are inconsistent throughout the manuscript. Please standardize formatting and improve figure resolution if possible.
The emergence of lignin nanoparticles opens a new window for the utilization of lignin. The lignin nanoparticles(LNPs) possess higher reactivity, larger surface area, and improved compatibility. These nanoscale characteristics provide a potential strategy to partially compensate for the inherent structural framework of lignin. LNPs and modified lignin nanoparticles have gained attention in various fields, including materials science, pharmaceuticals, cosmeceuticals and environmental applications [3]. 
Numerous researchers have recorded successes in the preparations of LNPs using various strategies [4, 5, 6]. LNPs for biomedical applications usually undergo special kinds of green chemistry modification to fit the precise requirements of safe and biocompatible use in clinical settings. It is very important that this modified NP interacts safely with biological systems while delivering therapeutic benefits [7] Some of the green modifications of LNP for biomedical applications include surface coating NPs with biopolymers such as chitosan and alginate, green fractionation by the attachment of ligand-like folic acid for the binding of specific receptors in cancer cells, which is very useful in targeted therapy [8]. These approaches may also involve tailoring the porosity and layered structure of lignin nanoparticles (LNPs) using biodegradable polymers to regulate drug release behaviour. Additional strategies include the incorporation of antimicrobial agents, as well as the application of hydrothermal and solvent-free synthesis techniques. Lignin nanoparticles have demonstrated significant potential in drug delivery applications because of their ability to encapsulate both hydrophobic and hydrophilic drugs. They can be engineered to target specific tissues or to release therapeutic agents in a controlled manner, thereby enhancing overall treatment efficacy. Owing to their excellent biocompatibility and biodegradability, LNPs have been widely explored in drug delivery, gene therapy, and tissue engineering. Moreover, surface modification of LNPs enables improved drug loading capacity, controlled release profiles, and targeted delivery. For instance, lignin nanoparticles have been successfully investigated as carriers for anticancer drugs such as paclitaxel, exhibiting high encapsulation efficiency and sustained drug release [9]. These tunable surface properties and favourable biological characteristics make LNPs highly attractive candidates for advanced drug delivery systems [10].
Due to their notable antioxidant properties, lignin nanoparticles have attracted considerable attention for wound-healing applications, where they have been shown to facilitate tissue regeneration and mitigate inflammatory responses [11]. Furthermore, the combined antioxidant and antimicrobial properties of lignin nanoparticles make them attractive candidates for incorporation into skincare and cosmetic formulations. Their ability to reduce oxidative stress and enhance skin protection has led to their use in lotions, creams, and sunscreen products, where they provide UV-shielding and anti-aging benefits [12].
1.2 Green Methods of Extracting Lignin from Woody Materials	Comment by Upasana Bhalani: Section numbering is inconsistent. Section 1.1 is missing between “1.0 Introduction” and “1.2 Green Methods of Extracting Lignin from Woody Materials.”

The extraction of lignin is a key step in the valorization of biomass for the development of renewable chemicals, fuels, and advanced materials. However, many conventional extraction techniques depend on aggressive chemical treatments that pose environmental and sustainability challenges. To address these issues, green extraction techniques have been introduced, these methods focusing on environmentally benign processes that reduce hazardous reagents, limit the release of secondary pollutant, and decrease energy demand. The eco-friendly lignin extraction techniques are outlined as follows:

i) Organosolv Process
In the organosolv pulping process, lignocellulosic biomass is pulped with aqueous mixtures of organic solvents, such as ethanol, acetone, or methanol, under relatively mild processing conditions [13]. This method promotes the selective separation of lignin with high structural purity while enabling efficient solvent recovery and reuse, thereby lowering waste generation and reducing the environmental impact associated with the pulping effluent [14].
ii) Ionic Liquid (IL) Extraction
Ionic liquids, which are non-volatile and thermally stable, have the ability to selectively dissolve lignocellulosic biomass [15]. By disrupting the ether hydrogen-bond network between lignin-cellulose, these solvents facilitate its effective separation of lignin from cellulose and hemicellulose. Additionally, the recyclability nature of ionic liquids enhances the sustainability and economic feasibility of this extraction process.
iii) Deep Eutectic Solvent (DES) Extraction.
Deep eutectic solvents (DES), prepared by combining natural compounds such as choline chloride with hydrogen bond donors like lactic acid or urea. Thisprovides a biodegradable and environmentally benign option for lignin extraction [16]. These solvents exhibit lower toxicity compared with conventional chemical reagents and are capable of efficiently isolating lignin from biomass while maintaining the structural integrity of cellulose.	Comment by Upasana Bhalani: This provides
iv) Supercritical Fluid Extraction (SCFE)
Supercritical fluid (SCF) pulping method employs fluids such as carbon dioxide at conditions above its critical temperature and pressure to efficiently remove lignin from other wood components. This technique provides a more environmentally friendly and faster alternative to conventional pulping methods by utilizing the unique properties of SCFs, combining gas-like diffusivity with liquid-like solvency to extract lignin. As a result, cleaner pulp can be obtained along with the potential recovery of valuable by products.
v) Enzymatic Delignification
Enzymes such as laccases and peroxidases can selectively remove lignin, using molecular oxygen as the oxidizing agent rather than toxic chemical reagents [17]. Operating under mild conditions, enzymatic delignification generates minimal pollutants, making it a highly eco-friendly method for lignin isolation.
vi) Microwave-Assisted Extraction (MAE)
Microwave irradiation accelerates lignin breakdown by rapidly heating the biomass, reducing extraction time and energy use [18]. This method is often combined with green solvents to enhance lignin yield.
2.0 Green methods of synthesizing lignin nanoparticles	Comment by Upasana Bhalani: The manuscript describes several green synthesis methods well; however, a comparative discussion of advantages, disadvantages, scalability, toxicity, and industrial feasibility is lacking.
The review would benefit from a summary table comparing lignin extraction methods and nanoparticle synthesis techniques, including solvents, particle size ranges, advantages, and applications.
Lignin nanoparticles (LNPs) are attracting significant interest due to their biodegradability, biocompatibility, and functional versatility. Green synthesis methods aim to minimize environmental impact while producing LNPs with controlled size and functional properties. Below are some environmentally friendly approaches of synthesising LNPs:
1. Solvent-Antisolvent Precipitation/ self-assembly
This method involves dissolving lignin in a green solvent, such as ethanol or acetone, followed by the addition of water (antisolvent) to induce nanoparticle formation. The approach is simple, scalable, and avoids harsh chemicals. Particle size can be controlled by adjusting solvent ratios and stirring conditions.
Some naturally derived solvents (e.g., glycerol, sugar-based solvents) allow lignin to self-assemble into nanoparticles without additional energy input. This method relies purely on hydrophobic interactions and π–π stacking in aqueous systems.
Green solvent self-assembly is one of the simplest and most environmentally friendly techniques to prepare lignin nanoparticles [19]. In this process, there is no need for high temperatures, pressures, or mechanical forces such as ultrasonication. The driving forces is hydrophobic interactions, hydrogen bonding, and π–π stacking between aromatic rings of the lignin.  More uniform nanoparticles with high colloidal stability with particle size ranging from 50–200 nm. 	Comment by Upasana Bhalani: are
Zhang et al. [20] reported a green and simple method of producing lignin nano particle using a betaine: lactic acid deep eutectic solvent (DES) through self-assembly process induced by dropping water. The critical water content (41 vol%) at the beginning of self-assembly was determined by dynamic light scattering. The well-defined spherical colloid lignin nano particles with an average size of 57.16 ± 1.43 nm were obtained after adding 80 vol% water. The pictorial diagram is given in Figure 2.
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)[image: ]	Comment by Upasana Bhalani: Figure formatting and caption presentation should be improved for consistency with other figures in the manuscript.

2. Ultrasonication-Assisted Synthesis of LNPs
Ultrasonication-Assisted Synthesis uses high-frequency sound waves (ultrasound) to speed up chemical reactions, improve yields, and create materials like nanoparticles with better uniformity, functioning as a green, energy-efficient method by enhancing mixing and promoting the bubble formation and collapse for intense localized heating/pressure. This technique shortens reaction times, reduces solvent use, and enables synthesis under milder conditions for creating diverse materials, from metal oxides and polymers to complex organic molecules. Ultrasound waves (Figure 3) can break down lignin aggregates, reducing particle size and promoting uniformity. The method is fast, energy-efficient, and often combined with aqueous or green solvent systems. 
[image: ]
Figure 3: Ultrasonication process of producing LNPs	Comment by Upasana Bhalani: Text not bold like other figure titles.

3.Acid Precipitation method
The acid precipitation method for synthesizing lignin nanoparticles involves dissolving lignin in a basic solution and then rapidly dropping the pH by adding green acid solution such as citric acid or vinegar, causing the lignin to become insoluble and self-assemble into nano-sized particles, this green method of synthesizing LNP is controlled by pH, temperature, and concentration to tailor properties like nano particle size and structure for applications like UV protection or drug delivery. Yang et al. [21] reported a simple and rapid approach for the synthesis of size-controlled LNPs using a titrimetric nano precipitation method. The prepared LNPs were formed through a layer-by-layer self-assembly approach from inside to outside driven mainly by π–π interactions. The resulting nanoparticles were spherical in shape, exhibited porous surface structures, and particle sizes ranging from 272.0 to 915.4 nm. The average particle size was influenced by the stirring speed and decreased with increasing volumes of deionized water. This scheme for the preparation of LNPs is simple, inexpensive, and the resultant product possesses the properties of both lignin and nanomaterials. Figueiredo et al. [22] uses different green solvent for the preparation of lignin nano particles via precipitation method (Figure 4).
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)[image: ]	Comment by Upasana Bhalani: The figure contains unnecessary bracket formatting around “Lignin solution.” Please revise the figure presentation for clarity.

4. Supercritical Fluid-Assisted Synthesis
Supercritical fluid-assisted synthesis is an environmentally friendly approach used to synthesize lignin nanoparticles, in this method, carbon dioxide (CO₂) is most commonly used because it is non-toxic, non-flammable, inexpensive, and easily recyclable, making the process highly compatible with green chemistry principles [23]. When CO₂ is brought above its critical temperature and pressure, it behaves neither strictly as a gas nor as a liquid. Instead, it exhibits high diffusivity like a gas and good solvent penetration like a liquid. These properties allow supercritical CO₂ to effectively interact with lignin or lignin-containing solutions, promoting uniform nucleation and controlled particle formation without the need for harmful organic solvents [19]. During the synthesis process, lignin is either dissolved or dispersed in a suitable medium, after which supercritical CO₂ is introduced. The rapid change in pressure and solvation conditions causes lignin molecules to precipitate and assemble into nano particles, Because the process is highly controllable, particle size and morphology can be adjusted by modifying parameters such as pressure, temperature, and CO₂ flow rate. Lu et al. [24] prepare spherical nanoparticles with particle size of 144 nm. Lignin was dissolved in an acetone solution and CO2 was added at reaction temperature of 35 °C and pressure 30 MPa. One of the major advantages of this method is that no toxic solvent residues remain in the final product. Once the pressure is released, CO₂ naturally returns to its gaseous state and separates completely from the lignin, leaving behind clean and pure material. 
5. Ionic Liquid-Assisted Synthesis 
Ionic liquids (ILs), especially those derived from biodegradable cations and anions, can dissolve lignin efficiently. Nanoparticles are formed upon adding water or another antisolvent. The ILs are often recyclable, making the process more sustainable and environmentally friendly.
Ionic liquids are salts that remain liquid at relatively low temperatures, and many of them can be derived from biodegradable and low-toxicity components, making them safer alternatives to conventional organic solvents [25]. They have strong ability to dissolve lignin effectively; this high solvation power allows lignin to be processed under mild conditions without the need for harsh chemicals or extreme temperatures. Once lignin is fully dissolved in the ionic liquid, the formation of lignin nanoparticles is achieved through addition of water. This step triggers the controlled precipitation of lignin, leading to the formation of uniformly sized nanoparticles. After nanoparticle formation, the ionic liquid can be recovered and used again in subsequent synthesis cycles, significantly reducing chemical waste and overall environmental impact [26]. LNPs obtained has applications in environmental remediation, biocomposites, and biomedical systems [27].
6. Deep Eutectic Solvent (DES)-Based Synthesis
Deep eutectic solvents (DESs) are green and environmentally friendly route for synthesizing lignin nanoparticles. DESs are formed by mixing two or more inexpensive liquid components such that the hydrogen bond donor and the hydrogen bond acceptor. The two liquids will interact to produce a liquid with a melting point much lower than that of the individual components [28]. Many DESs are made from natural, biodegradable, and non-toxic materials, including choline chloride, organic acids, sugars, and urea, making them particularly attractive for sustainable lignin processing [29].
In DES-based synthesis, lignin dissolves readily due to strong hydrogen bonding interactions between the solvent components and the functional groups present in lignin. This efficient dissolution occurs under relatively mild conditions, often without the need for high temperatures or harsh chemicals. Once lignin is fully solubilized, the formation of lignin nanoparticles is typically achieved by adding water or another benign antisolvent [30, 20]. This step reduces lignin solubility, causing the molecules to self-assemble and precipitate as fine nanoparticles. 
Deep eutectic solvent (DES) composed of choline chloride and lactic acid (molar ratio 1:10) was applied by Lyu et al. [31] for the synthesis of lignin nano particles. The resultant LNP had smooth surfaces, particle sizes (702–400 nm) and diameters of 200 – 420 nm.
7. Enzymatic-Assisted Synthesis      
Enzymatic-assisted synthesis is another environmentally friendly method of producing lignin nanoparticles. It uses naturally occurring enzymes rather than harsh chemicals. Enzymes such as laccases and peroxidases are often used because they can selectively modify the complex structure of lignin in water-based systems. In this method, lignin is dispersed or dissolved in an aqueous medium, after which the enzyme is introduced under controlled conditions such as moderate temperature and near-neutral pH. The enzymes catalyze oxidation and coupling reactions within the lignin molecules, leading to structural rearrangement and controlled aggregation [32]. As a result, lignin molecules assemble gradually into nano particles. The advantage of enzymatic synthesis is its high selectivity and mild reaction environment [33]. Enzymes act in a more controlled manner, preserving important surface functional groups that are useful for adsorption, antioxidant activity, and biomedical applications [34]. This method offers a clean alternative for transforming lignin into valuable nanomaterials suitable for environmental remediation, material science, and biomedical uses. Thilaividankanet al. [35] have prepared lignin-rich nanoparticles from lignocellulosic fibres of Indian ridge gourd (Luffa cylindrica) by the breakdown of the lignin-cellulose complex by specific enzymes., the results revealed that the particle size of the LNP was around 20–100 nm with a cuboidal shape with reduced crystallinity. colloidal lignin nanoparticles were prepared by Henn and Mattinen [36] using Chemo-enzymatically and applied in several arrears

8. Microwave-Assisted Synthesis of Lignin Nanoparticles
Microwave-assisted synthesis has emerged as an efficient and environmentally friendly approach for producing lignin nanoparticles. Unlike conventional heating methods, which rely on slow heat transfer from the surface of the reaction vessel to the bulk solution, microwave irradiation provides rapid and uniform heating throughout the reaction medium. This unique heating mechanism significantly influences lignin depolymerization and self-assembly processes, leading to faster nanoparticle formation [37].
During microwave treatment, lignin molecules absorb microwave energy directly through dipolar polarization and ionic conduction. This causes localized molecular agitation, which promotes the cleavage of ether linkages and weak intermolecular bonds within the lignin macromolecule. As a result, lignin fragments with lower molecular weight and increased mobility are generated. When the reaction conditions favour self-assembly, these fragments reorganize through hydrophobic interactions and π–π stacking, leading to the formation of lignin nanoparticles. In addition to energy efficiency, microwave irradiation offers better control over nanoparticle size and distribution. Uniform heating minimizes temperature gradients, which are often responsible for uneven nucleation and particle growth in conventional methods. Consequently, microwave-assisted synthesis (Figure 5) tends to produce lignin nanoparticles with narrower size distributions and improved reproducibility [37].
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Yan et al. [38] reported an efficient and rapid approach for lignin nanoparticle (LNP) production using a ternary deep eutectic solvent (DES) system composed of choline chloride, oxalic acid, and lactic acid in a molar ratio of 1:0.5:1. In their study, rice straw was effectively fractionated under microwave irradiation at 680 W for only 4 minutes, demonstrating the high efficiency of the DES system. The process yielded approximately 63.4% lignin with a high purity of 86.8%. The resulting lignin nanoparticles exhibited an average particle size ranging from 48 to 95 nm with a narrow size distribution, indicating good control over nanoparticle formation. Similar studies have highlighted the effectiveness of DES systems and microwave-assisted techniques in enhancing lignin extraction and nanoparticle formation due to improved mass transfer and selective solubilization of lignin components [31, 39].
9. Freeze-Drying (Lyophilization) for the Synthesis of Lignin Nanoparticles
Freeze-drying (lyophilization) is widely regarded as a mild and environmentally friendly technique for producing lignin nanoparticles (LNPs). In this approach, lignin is first dissolved or uniformly dispersed in a green solvent system, commonly water or aqueous ethanol. The solution is then rapidly frozen, followed by sublimation of the solvent under reduced pressure, which removes the liquid phase without passing through a high-temperature stage [40]. A key advantage of freeze-drying is its ability to preserve the native chemical structure of lignin and enhance nanoparticle stability [41]. Because the process operates at low temperatures, sensitive functional groups such as phenolic hydroxyl, methoxyl, and carboxyl groups remain largely intact [42]. Previous studies have shown that lyophilization can improve particle dispersibility and maintain nanoscale morphology, making it suitable for biomedical and environmental applications [43, 44]. The particle properties of a freeze-drying synthesized nano particles has been studied and reported by Trenkenschuh and Friess [41].
11. Spray-Drying Synthesis of Lignin Nanoparticles
Spray-drying is a versatile and scalable technique widely used for the production of lignin nanoparticles (LNPs) from solution or dispersion systems. Itis a green and environmentally friendly technique that turns lignin solution into tiny, dry nanoparticles. In this process, lignin is first dissolved or finely dispersed in a suitable solvent, such as water or aqueous ethanol, to ensure environmental compatibility [45]. The resulting solution is then fed into a spray dryer, where it is atomized through a nozzle or rotary atomizer into fine droplets. These droplets are introduced into a hot drying chamber, where rapid solvent evaporation occurs, leading to the formation of solid lignin particles that are subsequently collected using a cyclone separator [46, 47]. The formation of nanoparticles during spray-drying is governed by solvent evaporation kinetics, droplet size, lignin concentration, and drying temperature [48].
One of the major advantages of spray-drying is its industrial scalability and continuous operation, making it highly suitable for large-scale production of lignin-based nanomaterials. When green solvents like water or ethanol are used, the process becomes environmentally friendly and aligns with principles of sustainable chemistry. Additionally, spray-drying is energy-efficient compared to freeze-drying because it operates over shorter time scales and does not require prolonged vacuum conditions [49]. Optimization of drying conditions is crucial to balance particle formation efficiency and preservation of lignin’s chemical integrity [50], (Figure 6).
 (
Figure 
6
: Spray-drying Synthesis of lignin nanoparticles
)[image: ]

3.1 Green Modification of Lignin Nanoparticles for Biomedical Applications
3.1.1 Drug Delivery	Comment by Upasana Bhalani: Some discussions on antioxidant activity and biocompatibility are repetitive and may be condensed to improve readability.
Lignin NPs are considered non-toxic, stable, cheaper and biodegradable, hence making it a good material for effective drug delivery systems [4]. Lignin-derived NPs meant for use in drug delivery are usually modified to ensure biocompatibility.
Figueiredo et al. [51] developed 3 types of lignin NPs for application in drug delivery and cancer therapy. These include pure lignin nanoparticles (pLNPs), iron (III) complexed lignin nanoparticles (Fe-LNPs) and iron oxide infused LNPs (Fe3O4-LNPs). Tests revealed that the nanoparticles were biocompatible, showing low cytotoxicity and haemolysis. The pLNPs had an excellent capacity to load poorly water-soluble drugs: Sorafenil, cancer treatment drugs, and benzazulene, BZL, a cytotoxic agent. The drug-loaded pLNPs exhibited suitability for targeted drug delivery to tumour sites sustainable under both acidic pH 5.5 and neutral pH 7.4. When pLNPs were loaded with benzazulene-based compound (BZL), it enhanced the drug's anti-proliferation effects in various cell types; achieving a maximum inhibitory concentration (IC50) ranging from 0.64 to 12.4 µM in 24 hours. 
Some other researchers explored the green synthesis of LNPs using innovative methods of anti-solvent precipitation and ultra-sonication resulting in smooth polyhedral particles of 110 -130 nm [52]. The nanoparticles were loaded with methotrexate, a chemotherapy drug, having the loading efficiency of 66.06% and an encapsulation efficiency of 64.88%. The modified LNP controlled the release within the first 24 h and then further release was gradual and sustainably. These particles were biocompatible, non-haemolytic, and possessed antioxidant properties due to the presence of lignin components. The delivery of methotrexate through these nanoparticles had higher cytotoxicity against breast cancer and macrophage cell compared to pure drugs. This improved therapeutic effect can be attributed to the synergistic function of the components of Iron oxide, lignin and methotrexate. The mechanism of action is that the drugs, activates caspase 3-known for cell apoptosis, reduces cancer cells defence by lowering gluathione level, and improve the uptake through receptor-mediated endocytosis. 
Pourmoazzen et al. [53] reported the green modification Kraft Lignin using cholesteryl chloroformate to make it more hydrophobic for drug delivery applications. The modification resulted in the synthesis of lignin with distinctive melting points. When modified LNPs were suspended in water, they formed a stable NP of about 200 – 500 nm. These particles could load and release folic acid efficiently, demonstrating their potential as a carrier for a controlled drug delivery system. The method highlighted the versatility of modified lignin for biomedical application. 
Dai et al. [54] synthesized a novel green nanoparticle from alkali lignin (AL) without chemical modifications. They used a simple self-assembly approach in which AL nanoparticles of spherical shape and excellent dispersibility were obtained by adding water to a methanol solution of AL. These nanoparticles were further engineered into a stable drug delivery system by combining AL with the bioactive compound resveratrol (RSV) and Fe₃O₄ magnetic nanoparticles. The magnetic RSV-loaded lignin nanoparticles (AL/RSV/Fe₃O₄ NPs) showed prominent anticancer efficacy in both cell-based and animal studies. Their simplicity in preparation and scalability renders them particularly suitable for delivering poorly soluble drugs in a sustainable and practical manner for advanced therapeutic applications. 
3.1.2Antioxidant and antimicrobial applications 	Comment by Upasana Bhalani: This section is comprehensive; however, it is overly descriptive in some parts. More critical discussion and comparison between studies are recommended.
Please clarify the mechanism linking antioxidant activity and antimicrobial performance of lignin nanoparticles with stronger scientific explanation.
The potentials properties of lignin nano particles such as nontoxicity, high specific surface area, excellent thermal stability, low polydispersity, unique aromatic backbone, polyphenol structure and high degradability, have made LNPs attractive as antioxidant and antimicrobial agents [22, 55, 56, 57]. Functional groups, such as methoxy and phenolic hydroxyl groups in lignin can stop oxidative propagation processes through hydrogen donation and single electron transfer reactions. The phenolic groups in lignin are responsible for its free radical scavenging ability with excellent antioxidant property in addition to their UV absorption properties, and can increase thermal and oxidation stability of LNPs [58]. Green modified LNPs have been developed to amplify lignin's biological properties in order to promote its effective utilization. In a study, Perveen et al. [59] modified LNPs with photo-active curcumin (Cur), zinc oxide (ZnO), and a combination of both. The modification of LNPs with Cur and ZnO had much higher antibacterial activity than unmodified LNPs. Additionally, photo illumination resulted in even higher antibacterial activity, which was evidenced in bacterial cells lysis and membrane damage by the ZnO/Cur modified LNPs. This can be used as therapeutic agents. Eco‑friendly lignin nanoparticles, acting as antioxidant and antimicrobial material, have been used in the making of medical textiles such as medical gauze fabric [60, 57], which can be used for patients with conditions such as diabetes, high blood pressure, and kidney failure who are intolerant to antibiotics. Abdelmula et al. [61] attributed the antimicrobial effectiveness of natural polyphenol-grafted lignin nanoparticles on acne-causing bacteria such as, Propioni bacterium acne, Staphylococcus aureus (S. aureus) and Staphylococcus epidemidis (S. epidemidis) to their high phenolic content and nano size. Lignin nanoparticles, being small sized, may penetrate inside the bacterial cell evading the cell membrane [62]. The relationship between antibacterial activity and antioxidant property of lignin is due to their chemical structure composition. The electron donating methoxy groups with ortho substitutions together with high specific surface area and low spherical lignin nanoparticle size contribute to higher antioxidative performance of LNPs [62]. The polyphenols in the lignin could cause damage to the cell wall by lysis, thereby leaking the internal fluid. Sholahuddin et al. [63] suggested the suitability of lignin derived products from agricultural biomass waste via steam explosion pre-treatment, for application as antimicrobial and antioxidant agents for packaging and other applications that require temperature stability. The antimicrobial activity, antioxidant activity, molecular size, and biocide were linked to the presence of methoxy groups and hydroxyl phenolic groups. The antibacterial activity together with low cytotoxicity make lignin nanoparticles suitable for food packaging and biomedical applications [11]. Alzagameem et al. [58] evaluated the antiradical and antimicrobial activity of lignin and lignin-based films for applications as food packaging additives. Both the scavenging activity and the antimicrobial activity were biomass source dependent and showed high antimicrobial activities against Gram-positive and Gram-negative bacteria at 35oC and at low temperatures (0-7oC). Also, blended Poly (lactic acid) (PLA) with PLA-grafted lignin nanoparticles greatly augmented the antioxidant properties of PLA-based films for food packaging applications [64]. 
Different post-treatment methods can enhance the antioxidant properties of LNPs. Compared to unpretreated, acid-pretreated and kraft LNPs, hydrothermal LNPs exhibited the highest antioxidant activity with an outstanding efficacy of 91.6% [65]. Polyvinyl alcohol/chitosan (PVA/Ch) hydrogels containing 1 and 3 wt% of LNPs showed an improved antioxidant and antimicrobial activities. The antioxidative response was attributed to the synergy effect of chitosan and LNPs. Incorporation of LNPs to produce PVA/Ch hydrogels could possibly be used in drug delivery, food packaging and wound dressing [66]. Surface amination of LNPs (a-LNPs) through Mannich reaction proved that the antioxidation activity of a-LNPs was more apparent than that of both LNPs and butylated hydroxytoluene (BHT), a commercial antioxidant [67]. The radical scavenging activity of the aminated LNPs was linked to the bond dissociation enthalpy of Ar–O···H, determined by the electron-donating effect of the substituted groups in the ortho-position [68]. 
Modifying LNPs is necessary to enhance their antioxidation and antimicrobial properties due to limited radical scavenging activity that restricts broader applications. A strategy for the improvement of LNP properties by a simple acid treatment followed by chemical modification using the Mannich reaction produced aminated LNPs (a-LNPs) with significantly improved antioxidation performance. Tests showed that a-LNPs exhibited better radical scavenging activity than unmodified LNPs and the commercial antioxidant, butylated hydroxytoluene. The enhanced performance was linked to reduced bond dissociation enthalpy (BDE) in specific chemical bonds, enabling better electron donation. Additionally, a-LNPs showed superior UV resistance and retained antibacterial properties compared to unmodified LNPs [67]. The a-LNPs are considered as cost-effective, bio-based antioxidants for applications in skincare, food preservation, and biomedicine, offering a sustainable alternative to synthetic compounds. 
Ali et al. [60] synthesized lignin nano particles from Egyptian cotton by-product (cultivar Giza 86 and 90) using the alkaline solvent technique, for application in the production of bioactive medical textiles. The resultant LNP exhibited strong antioxidant activity and were very effective in antimicrobial properties against various bacteria and fungi compared to regular lignin. Applied in textile, these materials exhibited both antimicrobial and antioxidant benefits, making them suitable for single-use medical application, particularly for patients who are intolerant to antibiotics, thereby offering a sustainable alternative to conventional treatment. 
LNP was incorporated in polyactic Acid (PLA) film to enhance their potential for use as food packaging material. PLA films were blended with 1% and 3% lignin nanoparticles in 3 forms, i.e., pristine LNP, citric acid modification of lignin NP and acetylated LNP [69]. The structural, UV-protection, antioxidant, antibacterial and biodegradable properties were analyzed for the obtained film. The modified LNP improved UV-blocking, antioxidant and antibacterial properties of the PLA films. Migration test confirmed that the PLA lignin films did not release harmful substances into the food while composting test showed that the films retained PLA's biodegradability. 
3.1.3 Tissue engineering and wound healing applications 	Comment by Upasana Bhalani: The section discusses applications well, but more information on current clinical limitations and translational challenges should be added.
Tissue engineering is about the repair or regeneration of damaged tissues or organs using a combination of biomaterials, cells, and bioactive molecules. It involves the development of extracellular matrix scaffolds (ECM) that can serve as a supportive environment for cell attachment, growth, and differentiation [70]. Lignin-based nanoparticles, nanofibers and hydrogels have porous and fibrous structures, closely resembling the ECM's composition thus offering an ideal template for tissue regeneration [70]. More so, the antioxidant properties of lignin make it particularly suitable for tissue engineering and wound healing applications because this functional property helps neutralize reactive oxygen species, thereby reducing oxidative stress, which is one of the common challenges in tissue repair. The excellent biocompatibility of lignin enables their favourable interaction with tissues and cells without causing toxicity while their inherent mechanical strength also enhances the durability and structural integrity of scaffolds [71]. Lignin’s can be combined with other polymers, such as polycaprolactone (PCL), alginate, and hydroxyapatite, to create tailored scaffolds for specific tissue engineering applications [72]. The mechanical properties of Lignin and antioxidant activity of PCL-based scaffolds are highly useful in nerve regeneration. This combination has not only promoted nerve cell proliferation and differentiation but also supports effective nerve repair [73]. Lignin-based hydrogels and aerogels are used in soft tissue engineering for repairs of skin and cartilage because of their flexibility and biocompatibility. In wound healing, surface-modified lignin nanofibers enhance critical processes such as wound closure, collagen deposition, and angiogenesis. In addition, its antimicrobial and antioxidant nature are useful in preventing bacterial contamination, hence making it very efficient for the treatment of acute and chronic wounds [74]. 
Similarly, in bone tissue engineering, the role of lignin is very important as it supports the formation of hydroxyapatite, one of the major minerals in the bone. Composite scaffolds containing lignin and hydroxyapatite exhibit excellent osteo-conductivity, closely mimicking natural bone regeneration processes [75].
Despite all these prospects, there remain challenges to the use of lignin and its modified forms for application in tissue engineering and wound healing, the properties of lignin vary greatly because of its source, the extraction methods, and their modification, which can complicate their application [72, 1]. 
3.1.4 Bio-imaging and Diagnostics Application	Comment by Upasana Bhalani: The sentence ending with “advanced technological and biomedical” appears incomplete and should be revised.
Lignin has been transformed into fluorescent materials and nanoparticles with advanced properties through the use of grafting, amine functionalization, and azo functionalization [76, 77]. This process involves the modification of lignin for specific uses, such as bio-imaging and optoelectronics. Besides, the lignin-derived nanoparticles, such as fluorescent lignin graphene quantum dots (LGQDs) and lignin carbon quantum dots (LCQDs), showed unique fluorescence arising due to the quantum confinement effect [78]. It is a nanoscale phenomenon that enhances their optical properties for applications in sensing, optoelectronics, and bio-imaging with a very high degree of appropriateness. By leveraging lignin’s renewable nature, these materials offer a sustainable and innovative solution for advanced technological and biomedical 
Zhang et al. [20] review methods for synthesizing lignin-based CDs with emphasis on how to overcome these structural complexities. They explored the mechanisms of CD formation, examined their physical and chemical properties, and put forward strategies to enhance their fluorescence and stability. Lignin-derived CDs have been used in bio-imaging for medical use because of their nanoscale size, which is stable and highly soluble in water. Their distinctive optical properties promote the application of lignin-based CDs within the field of bio-imaging. 
In a related study, Wang et al. [27] synthesized Graphene Quantum Dots (GQDs) from lignin via a non-oxidative process. The non-oxidative synthesis of GQDs from lignin suggests a process that avoids harsh oxidative conditions, potentially preserving more of the lignin’s structure while converting it into nanoscale graphene-like quantum dots. GQDs have applications in bioimaging, sensors, catalysis, and optoelectronic devices due to their excellent fluorescence, biocompatibility, and conductivity. Here, lignin was depolymerized with o-aminobenzenesulfonic acid as an acidic hydrotrope, followed by hydrothermal treatment to produce GQDs. This eco-friendly approach leverages not only lignin as a renewable resource but also explores the potential of lignin-derived GQDs to go forward in technologies like biomedical imaging and secure labelling, among others. 
3.1.5 Application of lignin nanoparticles in drugs delivery 	Comment by Upasana Bhalani: This section overlaps with Section 3.1.1 Drug Delivery. Consider merging both sections to avoid repetition.
Preparation of pH-sensitive lignin nanoparticles and its application in hydrophobic drug delivery was reported by Lu et al. [79]. The Lignin nanoparticles (LNPs) show great potential as a novel oral drug delivery system, increasing the bioavailability of Ibuprofen and showing non-cytotoxic properties against normal cells.
Alqahtani   et al. [80] reported the application of lignin nanoparticles in drugs delivery. The Lignin nanoparticles were developed as oral drug carriers for curcumin, achieving 104 nm size and 92% encapsulation efficiency. They improved stability, protected curcumin in gastric conditions, and enabled controlled intestinal release. Enhanced cellular uptake, five-fold permeability increase, and ten-fold higher bioavailability demonstrated their effectiveness without inducing toxicity.
Lignin, a biocompatible, biodegradable biopolymer with antioxidant and antibacterial properties, shows promises in drug delivery, tissue engineering, and biosensors (Mohammad et al. [81]. Lignin nanoparticle can also be applied as a bio-carrier for targeted delivery in cancer therapy [52, 82, 51, 9]



3.2 Green Modification of Lignin Nanoparticles for Biosensor Application	Comment by Upasana Bhalani: The biosensor applications are interesting and relevant; however, more discussion on real-world clinical applicability and limitations would strengthen the section.
During the last few years, remarkable advancements have been made in the design and development of biosensors that are focused on obtaining high sensitivity, selectivity, simplicity, and speed of response. Among the central tasks in this area is to develop biosensors that will combine all these characteristics yet remain easy to use. The key to this is the design of an efficient biosensing interface that offers a way of immobilization of biological molecules without affecting their activity. Nanomaterials have become an indispensable part of biosensor design because of their multifunctional properties. These are serving not only as a platform for immobilizing biological molecules but also as sites for the recognition of analytes, and tools for signal transduction and amplification [83]. Various nanostructured materials, such as carbon nanotubes, graphene, metal nanoparticles, quantum dots, and magnetic nanoparticles, have been utilized for biosensor development. Despite their advanced properties and potential for miniaturization, these materials face challenges, particularly in clinical applications. Issues like complex sample preparation and the need for high technical expertise often limit real-time analysis [84] 
Amidst this landscape, lignin nanoparticles (LNPs) have gained prominence as innovative materials for biosensor applications. The unique properties of LNPs such as increased surface area, enhanced UV absorption, and strong radical scavenging activity make them valuable for use in biosensors development [85]. 
Tortolini et al. [86] proposed the use of organosolv lignin nanoparticles (OLNPs) and kraft lignin nanoparticles (KLNPs) as nanoplatforms for electrode modification in biosensors production. The aromatic structure of lignin helps in the transfer of electrons, thus improving the electrochemical responsiveness of the biosensor.
3.2.1. Glucose Biosensor 
Tortolini et al. [86] developed glucose biosensor using OLNPs and KLNPs to modify bare gold electrode. This was achieved through a layer-by-layer (LbL) assembly process in which layers of lignin nanoparticles, concanavalin (Con A), and glucose oxidase (GOx) were deposited in an alternate fashion. Con A is a lectin, which had a crucial role in the oriented immobilization of GOx and, therefore, in the preservation of its biological activity, improving the biosensor performance. In the study of the electrochemical and biocatalytic performance of the biosensor, it was observed that functionality of this biosensor was highly influenced by the number of layers deposited. This work represents the first use of LNP-based multilayer films, specifically LNPs/ConA/GOx, for glucose detection. The results demonstrated the potential of nanoparticles derived from lignin to be renewable, low-cost, and efficient materials in the development of new biosensors.
A cost-effective approach for the fabrication of glucose biosensors using a silica-lignin (SiO₂/Lignin) hybrid material was reported by Jedrzak et al. [87]. The biohybrid acted as an active platform for immobilizing glucose oxidase, GOx, an enzyme that plays a vital role in glucose detection. The SiO₂/Lignin material showed excellent enzyme immobilization, with a capacity of 25.28 mg/g, which was twice as high as that of non-functionalized silica. This efficiency made it an excellent electrode material for biosensor development. Further modification of the GOx-SiO₂/Lig composite with single-walled carbon nanotubes and platinum nanoparticles resulted in a robust framework for advanced glucose biosensors. 
3.2.2Colorimetric Detection of Hydrogen Peroxide 	Comment by Upasana Bhalani: Inconsistencies in heading title spaces.
Nishan et al. [88] investigated the use of lignin-stabilized silver nanoparticles in the biosensing of hydrogen peroxide. Lignin was used both as a stabilizer and a reductive agent during the synthesis of nanoparticles, with an ionic liquid coating (1-H-3-methylimidazolium acetate) applied to improve the catalytic activity, conductivity, and diffusion properties of the nanoparticles. This new approach yielded ionic liquid-coated lignin-stabilized silver nanoparticles that were used as peroxidase mimics in a colorimetric sensor. The sensor, which was formed by the combination of LAgNPs with a tetramethylbenzidine solution, showed very good sensitivity and specificity. It exhibited a wide detection range of 1×10−9 – 3.6×10−7 M with a detection limit as low as 1.37×10−8 M. The sensor's performance remained strong even in the presence of interfering substances, thus suitable for real-world applications.

3.2.3 Biomarker Detection of Tuberculosis 
Tai et al. [89] took lignin-based biosensors one step further by addressing the urgent need for accurate tuberculosis diagnostics. They developed a green graphene nanofiber laser biosensor (LSG-NF) decorated with silver nanoparticles (AgNPs) synthesized from lignin. These nanoparticles allowed for the immobilization of DNA sequences specific to Mycobacterium tuberculosis on the biosensor platform. Advanced techniques such as X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) were used to confirm the hybridization and selective bonding of DNA with tuberculosis target biomarkers. The biosensor showed high specificity, reproducibility, and stability and offered a cost-effective alternative means for diagnosing this highly contagious disease. This innovation underpins the potential of lignin-derived materials in advancing medical diagnostics.
3.3 GreenModifications of Lignin Nanoparticles for Skin Care Applications	Comment by Upasana Bhalani: The discussion on sunscreen applications is informative, but additional comments on safety assessment and regulatory approval requirements would improve the review.	Comment by Upasana Bhalani: Green Modifications
Lignin, being seen as non-toxic, inexpensive and potentially biodegradable by-product from the pulp and paper industry, has been discovered as a green way to use high-value renewable resources for skin care applications [90]. There are potentials in the use of lignin for the production of green nanomaterials, which display improved or different properties equivalent to their parent polymers [91].  Lignin serves as a promising Ultraviolet (UV) absorber within the skin care industry [92, 93, 94]. Nevertheless, the commercial development of lignin-containing sunscreens faces challenges due to their low sun protection factor (SPF) and suitability for dark-tinted SPF cosmetics only [95]. Many researchers have modified lignin with green materials for cosmetic applications.
 Wen et al. [96] successfully modified alkaline lignin by atom transfer radical polymerization to prepare a blended lignin-based sunscreen, which showed exceptional effect against UV light. Photoaging is attributed to long term effects of repeated exposure of skin to UV radiation. Cosmetic ingredient rich in antioxidant can counteract the effect of the UV light on the skin [97]. Sun protection performances of a dual modification of the chemical and physical structure of lignin clearly exceeded that of unmodified lignin [65]. In another study, green solvents, dimethylisosorbide and isopropylidene glycerol were used in the preparation of colloidal suspension of lignin nanoparticles (cLNPs). These cLNPs successfully used in eco-friendly sunscreen formulations [98] showed high UV-shielding activity and radical scavenging activity even in the absence of synthetic boosters (microplastics) and physical filters (TiO2 and ZnO). Lignin-based polyphenols can also be synthesized through organocatalysis as an active sunscreen ingredient [99]. Antioxidants and polyphenols can scavenge free radicals on the skin and eliminate by-products of metabolism.  Also, moisturizing cream blended with spherical nanoparticles of light-colored lignin under mild conditions exhibited sun protection factor (SPF) and UVA PF values about twice as high as those of a cream blended with light-coloured lignin only [100]. All skin types require a moisturizer, at least twice a day to recover skin hydration, to preserve the normal texture of skin and to avoid dryness [101]. Lignin nano particles in a skin care formulation, behaved as a UV radiation filter booster and also acted as an emulsifier when combined with natural oils rich in aromatic compounds [102, 103].
Apart from acting as UV absorber, green modified lignin nanoparticles (LNPs) incorporated into skin care products also exhibit strong antimicrobial, antioxidant, anti-inflammatory and anti-acne activities; inhibiting micro-organisms and eliminating free radicals on the skin [104, 105]. Green approach is used to incorporated LNPs as co-stabilizers of nanocellulose-based pickering cosmetic emulsions to decreases the oil droplet size and slows creaming [106]. Fractionation and biocatalytic modification of lignins permit increasing stabilization of the oil-in-water (o/w) interface by limiting coalescence in cosmetic products [107]. Lignin nano particles function effectively in cosmetic formulations due to its solubility in organic solvents brought about by multiple hydroxyl group, carboxylic acid functional group in their structure, genetic origin and method of isolation [12, 108]. Though lignin and its nano particles /composite have many applications, the residue (pulp) obtained after pulping is used in the production of paper, cellulose derivatives and bioplastics [109]
4.0 Conclusion 	Comment by Upasana Bhalani: The conclusion summarizes the review effectively; however, it would benefit from a clearer discussion of future research directions and commercialization challenges.
Green valorization of lignin nanoparticles for biomedical, biosensing, and skincare applications presents a sustainable pathway for converting lignin-rich biomass and industrial lignin waste into high-value functional materials. This review shows that environmentally friendly extraction, synthesis, and modification methods such as organosolv processing, ionic liquids, deep eutectic solvents, enzymatic treatment, microwave-assisted synthesis, solvent–antisolvent precipitation, freeze-drying, and spray-drying can improve the performance and applicability of lignin nanoparticles. Due to their biodegradability, biocompatibility, antioxidant activity, antimicrobial properties, UV-absorbing ability, and tunable surface chemistry, lignin nanoparticles are suitable for drug delivery; wound healing, tissue engineering, bioimaging, biosensor development, and sustainable skincare formulations. In biosensors, they enhance biomolecule immobilization and electrochemical response, while in skincare; they function as natural UV Protestants, antioxidants, emulsifiers, and active cosmetic ingredients. Green synthesis of lignin nanoparticles offers an eco-friendly strategy for advancing renewable nanomaterials in health, diagnostic, and personal care products. Further research should focus on toxicity assessment, formulation stability, scalability, standardization, and clinical or commercial validation.
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