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Abstract 

Lignocellulosic biomass is an abundant renewable resource considered a suitable 

carbon raw material for the synthesis of chemicals1 and as an alternative to fossil 

fuels energy supply source.2 Cellulose, hemicellulose, and lignin are the primary 

components of lignocellulosic biomass, among which lignin, the most abundant 

aromatic molecule on earth, represents from 15 to 30 % of its dry mass in woody 

plants.3,4 Lignin has been traditionally considered a low value by-product from paper 

manufacturing. Around 70 million tons of lignin are generated annually from the 

pulp and paper industry,5 whereof only 2–5 % is reused in its macromolecular form.6 

Its underutilization is mainly caused by its heterogeneous molecular structure, 

which highly depends on the extraction and purification methods, and its low 

compatibility with polymeric matrices in composite production. In recent years, the 

potential of lignin for the synthesis of value-added materials has been considered in 

various fields. Lignin features multiple functionalities, including aromatic and 

aliphatic hydroxyl groups, providing antibacterial, antioxidant, and ultraviolet (UV)-

blocking capacities, in addition to carboxylic, carbonyl, and methoxyl groups.6,7 

Nanotransformation of lignin yields nano-entities with higher reactivity compared 

to their bulk counterparts, which inclusion in composites endows them with 

enhanced mechanical properties and bioactivities.8 Nano-formulation of lignin is an 

emerging valorization approach, yielding lignin nanoparticles (LigNPs) that have 

been used as mechanical reinforcement in polymeric matrices,9 as UV absorbents,10 

as antibacterial and antioxidant agents in food packaging,11 and as carriers for drug 

delivery.12 The increasing interest in LigNPs is reflected in the numerous recent 

reviews addressing the bioactivities of macromolecular lignin13,14 in biomedical 

applications,15 the methods for the synthesis of LigNPs16–21 and their different 

applications,22–26 and the combination of lignin with other materials or actives to 

obtain hybrid nanocomposites.27  

In light of the rapid surge of antimicrobial resistance (AMR), driven by the misuse 

and overuse of antibiotics, research has been focused on developing novel 

antimicrobials for substituting conventional antibiotics. The use of LigNPs as 

antibacterial agents is a suitable alternative to traditional antibiotics owing to their 
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antibacterial properties and their biocompatibility, coupled to additional 

bioactivities such as antioxidant and UV-blocking.  

The present thesis aims to develop novel antibiotic-free, lignin-based NPs 

with antibacterial properties for biomedical applications. To achieve this, 

different hybrid LigNPs have been designed by combining the biopolymer with 

metals, metalloids, and natural phenolic compounds. Such particles were used as 

active and structural elements in materials for biomedical uses, especially for chronic 

wound treatment.    

The first chapter of the thesis describes the preparation of silver/phenolated 

lignin NPs (AgPheLigNPs), tellurium lignin NPs (TeLigNPs), and phenolated lignin 

NPs (PheLigNPs) that have been synthesized using high-intensity ultrasound and/or 

enzymatic functionalization. The antibacterial properties against medically-relevant 

Gram-positive and Gram-negative strains, the biocompatibility toward human cells, 

and the mechanism of action of the NPs were studied.  

In the second chapter of the thesis, the preparation of active materials for wound 

healing with incorporated lignin-based NPs is described. In particular, AgPheLigNPs 

were used as active fillers in soft polyurethane foams, while PheLigNPs were used as 

both active and structural agents for preparing hydrogels based on silk fibroin and 

thiolated hyaluronic acid. The AgPheLigNPs incorporated in the foams are expected 

to be a part of the material’s structure through covalent immobilization, whereas in 

the second case they are driving elements for self-assembling via non-covalent 

interactions. The potential of these materials as wound dressings was assessed by 

measuring their antibacterial and antioxidant capacity, ability to inhibit deleterious 

wound enzymes, and capacity to absorb exudates.  
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Resum 

La biomassa lignocel·lulòsica és un recurs renovable abundant considerat com 

una font de carboni adequada per a la síntesis productes químics1 i com a alternativa 

als combustibles fòssils per proveir energia.2 La cel·lulosa, l’hemicel·lulosa i la lignina 

són els components primaris de la biomassa lignocel·lulòsica. La lignina és la 

molècula aromàtica més abundant al planeta i representa un 15–30 % del pes sec en 

les plantes llenyoses.3,4 Tradicionalment, la lignina s’ha considerat un subproducte 

de baix valor resultant de la indústria de la pasta i del paper.5 Cada any es generen al 

voltant de 70 milions de tones de lignina com a conseqüència de l’activitat de la 

indústria paperera, i només un 2–5 % es reutilitza en la seva forma macromolecular.6 

La seva infrautilització és causada principalment per l’heterogeneïtat de la seva 

estructura molecular, la qual varia en funció dels mètodes d’extracció i de purificació, 

i per la seva baixa compatibilitat amb matrius polimèriques en la producció de 

compòsits.  En els últims anys, el potencial de la lignina per sintetitzar materials de 

valor afegit s’ha considerat en diferents camps d’aplicació. La lignina té diversos 

grups funcionals, d’entre els quals destaquen els grups hidroxils aromàtics i alifàtics, 

responsables d’aportar propietats antibacterianes, antioxidants i capacitat de 

bloquejar la penetració dels rajos UV, juntament amb els grups carboxil, carbonil i 

metoxil.6,7 La nanotransformació de la lignina resulta en nanopartícules (NPs) amb 

una reactivitat més elevada que el seu homòleg macroscòpic, i la seva incorporació 

en compòsits suposa una millora de les propietats mecàniques i de les bioactivitats.8 

La nanoformulació és una via emergent per valoritzar la lignina en la qual les 

nanopartícules de lignina (LigNPs) resultants ja s’han utilitzat com a reforç mecànic 

en matrius polimèriques,9 com a absorbents de la radiació UV,10 com a agents 

antioxidants i antibacterians en envasos d’ús alimentari11 i com a portadors per al 

lliurament de fàrmacs.12 El creixent interès en les LigNPs es reflecteix en els 

nombrosos articles de revisió sobre les bioactivitats de lignina macromolecular en 

aplicacions biomèdiques,13–15 els mètodes per a la síntesi de LigNPs16–21 i les seves 

diferents aplicacions,22–26 i la combinació de lignina amb altres materials o agents 

actius per obtenir nanocompòsis híbrids.27 
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Considerant el ràpid augment de la resistència antimicrobiana (AMR), impulsat 

per l’excessiu i incorrecte ús d'antibiòtics, el focus de la recerca s'ha centrat en el 

desenvolupament de nous agents antimicrobians per substituir els antibiòtics 

convencionals. L'ús de les LigNPs com a agents antibacterians és una alternativa 

adequada als antibiòtics tradicionals gràcies a les seves propietats antibacterianes i 

la seva biocompatibilitat, juntament amb altres bioactivitats com l’antioxidant i la 

capacitat de bloquejar els rajos UV.  

Aquesta tesi pretén desenvolupar noves NPs basades en lignina sense 

antibiòtics i amb propietats antibacterianes per a aplicacions biomèdiques. 

Per aconseguir-ho, diferents LigNPs híbrides han estat dissenyades combinant la 

lignina amb metalls, metal·loides i compostos fenòlics naturals. Aquestes partícules 

s’han utilitzat com a elements actius i estructurals en materials per a usos biomèdics, 

concretament pel tractament de ferides cròniques. 

El primer capítol de la tesi descriu la preparació de NPs de plata i lignina fenolada 

(AgPheLigNPs), de NPs de lignina i tel·luri (TeLigNPs), i de NPs de lignina fenolada 

(PheLigNPs) les quals s'han sintetitzat mitjançant la funcionalització amb ultrasons 

i/o enzimàtica. Es van estudiar les propietats antibacterianes contra soques 

grampositives i gramnegatives rellevants en la medicina, la biocompatibilitat cap a 

les cèl·lules humanes i el mecanisme d'acció de les NPs. 

En el segon capítol de la tesi es descriu la preparació de materials actius per a la 

curació de ferides que incorporen les NPs basades en lignina a la seva formulació. 

Concretament, les AgPheLigNPs s’han utilitzat com a additius funcionals en escumes 

flexibles de poliuretà, mentre que les PheLigNPs s’han utilitzat com a agents actius i 

d’entrecreuament per preparar hidrogels basats en fibroïna de seda i àcid hialurònic 

tiolat. S'espera que les AgPheLigNPs incorporades a les escumes de poliuretà siguin 

una part de l'estructura del material a través de la immobilització covalent, mentre 

que en el segon cas són elements que condueixen a l'autoassemblatge dels polímers 

a través d'interaccions no covalents. El potencial d'aquests materials per al 

tractament de ferides es va avaluar mesurant la seva capacitat antibacteriana i 

antioxidant, l’habilitat d'inhibir certs enzims perjudicials present en les ferides i la 

capacitat d'absorbir exsudats. 
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Abbreviation list 

 3iTT 3-interval thixotropic test  
   
A A. baumannii  Aspergillus baumannii  
 A. fumigatus Aspergillus fumigatus 
 A. niger Aspergillus niger 
 A. penicilloides Aspergillus penicilloides 
 AA acrylic acid  
 ADH adipic acid dihydrazide 
 AcLi acetylated lignin  
 AgCLPs silver colloidal lignin particles 
 AgLigNPs silver lignin nanoparticle 
 AgNO3 silver nitrate 
 AgNPs silver nanoparticles 
 AgPheLigNPs silver phenolated lignin nanoparticles 
 AL alkali-extracted lignin 
 aLNP acetylated LigNPs 
 AML amphoteric lignin 
 AMR antimicrobial resistance 
 ANOVA analysis of variance 
 APS ammonium persulfate  
 ATCC American type culture collection 
 ATP adenosine triphosphate  
 ATR attenuated total reflection  
   
B B. cereus Bacillus cereus 
 B. circulans Bacillus circulans 
 B. megaterium Bacillus megaterium 
 B. subtillis Bacillus subtillis 
   
C C. albicans Candida albicans 
 C. coronatus Conidiobolus coronatus 
 C. diphtheriae Corynebacterium diphtheriae 
 CA cellulose acetate 
 CA citric acid  
 caLNP citric acid-treated LigNPs  
 CEL cellulolytic enzyme lignin 
 CFU colony forming unit 
 CLPs colloidal lignin particles 
 CNC cellulose nanocrystals 
 CNF cellulose nanofibrils  
 CryoSEM cryogenic scanning electron microscopy 
 CS chitosan 
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D DABCO 1,4-diazabicyclo(2.2.2)octane  
 DES deep eutectic solvents  
 DLS dynamic light scattering 
 DMEM Dulbecco's modified Eagle's medium 
 DNA  deoxyribonucleic acid 
 DPPH 2,2-diphenyl-1-picrylhydrazyl 
   
E E. casseliflavus Enterococcus casseliflavus 
 E. coli Escherichia coli 
 E. faecalis Enterococcus faecalis 
 ECM extracellular matrix  
 EDC N-(3-dimethylaminopropyl)-N‘-ethylcarbodiimide 
 EDX energy dispersive X-ray diffraction 
 EE encapsulation efficiency 
 EFSA European Food Safety Authority  
   
F FDA Food and Drug Administration 
 FESEM  field emission scanning electron microscopy 
 FITC fluorescein isothiocyanate 
 FTIR Fourier-transform infrared  
   
G GA gallic acid  
 GAE gallic acid equivalents 
 GS gentamicin sulfate 
 GVL γ-valerolactone  
 GWBS γ-valerolactone/water binary solvent 
   
H HA hyaluronic acid 
 HA-ADH hyaluronic acid modified with adipic acid dihydrazide 
 HAADF high-angle annular dark field 
 HA-SH thiolated hyaluronic acid  
   
K K. pneumoniae Klebsiella pneumoniae 
   
L L. monocytogenes  Listeria monocytogenes  
 LB Luria Bertani 
 LCSN lignin-coated silver nanoparticles 
 LED light emitting diode  
 Lig lignin 
 LigNPs lignin nanoparticles 
 LNP lignin nanoparticle  
 LNSR lignin nanospray 
 LPUF lignin-based polyurethane foam 
 LS lignosulfonate 
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M M. abscessus Mycobacterium abscessus 
 M. cookei Microsporum cookei 
 M. luteus  Micrococcus luteus  
 MDI 4,4′-methylenebis(phenyl isocyanate)  
 MDR multi-drug resistant  
 MHB Mueller Hinton Broth  
 MIC minnimum inhibitory concentration 
 MMPs matrix metalloproteinases 
 MPO myeloperoxidase 
 MRSA methicillin-resistant Staphylococcus aureus 
 MWL milled wood lignin  
   
N NB nutrient broth 
 n-LCSN nanolignin-coated silver nanoparticles 
 NMR nuclear magnetic resonance  
 NPs nanoparticles 
   
O OD optical density 
   
P P. aeruginosa Pseudomonas aeruginosa  
 P. carotovorum  Pectobacterium carotovorum  
 P. italicum Penicillium italicum 
 P. syringae  Pseudomonas syringae 
 P(AAm-co-AA) poly(acrylamide-co-acrylic acid) 
 PAA poly(acrylic acid)  
 PAHC phenylboronic acid-modified hydroxypropyl cellulose 
 PAN polyacrylonitrile 
 PANI-LIG polyaniline grafted lignin 
 PBS phosphate buffered saline 
 PDI polydispersity index 
 PE phosphatidylethanolamine 
 PEG poly(ethylene glycol) 
 PEG-DGE poly(ethylene glycol) diglycidyl ether 
 PG phosphatidylglycerol  
 PheLig phenolated lignin 
 PheLig NPs phenolated lignin nanoparticles 
 PI propidium iodide 
 PLA poly(lactic acid) 
 PNMA poly(N-me-thylaniline) 
 PPy-PDa polypyrrole glutinous nanofibrils crosslinked with 

dopamine 
 PU polyurethane 
 PUF polyurethane foam 
 PVA poly(vinyl alcohol) 
   
Q QAL quaternized alkali lignin  
 QCM-D quartz crystal microbalance with dissipation 
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R R. eutropha Ralstonia eutropha 
 R. ornithinolytica Raoultella ornithinolytica 
 ROS reactive oxygen species 
   
   
S S. aureus Staphylococcus aureus 
 S. enterica  Salmonella enterica 
 S. epidermidis Staphylococcus epidermidis 
 S. equi Streptococcus equi  
 S. haemolyticus Streptococcus haemolyticus 
 S. paratyphi  Salmonella paratyphi  
 S. typhimurium Salmonella typhimurium 
 SD standard deviation 
 SDS sodium dodecyl sulfate 
 SEM scanning electron microscopy 
 SESC simultaneous enzymatic saccharification and 

communition  
 SF silk fibroin 
 STEM scanning transmission electron microscopy 
   
T TA tannic acid 
 TEAC Trolox equivalent antioxidant capacity 
 TeLig NPs tellurium lignin nanoparticles 
 TEM transmission electron microscopy 
 THPP 5,10,15,20-tetrakis (4-hydroxyphenyl)-21H,23H-

porphine 
 TNBSA 2,4,6-trinitrobenzenesulfonic acid 
   
U US ultrasound 
 UV ultraviolet 
   
W WPU waterborne polyurethane 
   
X X. arboricola  Xanthomonas arboricola  
 X. axonopodis  Xanthomonas axonopodis  
   
Z ZnO zinc oxide 
 ZOI zone of inhibition 
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Introduction 

Occurrence, structure, extraction, and bioactivities of lignin 

Lignin in plants 

Lignin is found in the secondary cell wall and in the middle lamella of vascular 

plants.28 Lignin and hemicellulose encase the cellulose fibrils, providing 

mechanical support to the plant and allowing water conduction (Figure 1). 

Besides its structural role, the polyphenolic composition of lignin and its 

hydrophobic nature ensure the resistance of plants to biological and chemical 

degradation,29 and assists in their defense against pathogens.30  

The content of lignin differs between plants and varies depending on the tissue, 

location in the cell, and the environmental conditions. For instance, hardwood 

and softwood plants are lignin-rich, containing 16–24 and 25–31 % of lignin, 

respectively, while herbaceous plants such as hemp and cotton present low 

contents of this polymer (~6 %). The major component of coir fibers in coconut 

husk is lignin (43–49 %), in contrast to lower amounts found in other parts of 

the plant.4 

Lignin structure and biosynthesis 

The chemical structure, molecular weight, functional groups, and properties 

of lignin highly depend on the origin and the extraction method. The complex 

nature and low solubility of native lignin provoke inherent difficulties in its 

Figure 1. Schematic representation of the cellular plant structure, comprising plant 
cell, cell wall, and microfibrils. Adapted from Ref. 22.  
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analysis, which hampers the development of an accurate structural model.31 

Lignins isolated by enzymatic digestion (cellulolytic enzyme lignin, CEL), and by 

ball milling (milled wood lignin, MWL) followed by dioxane extraction are 

considered the most representative of native lignins since these processes 

minimize the structural changes and increase the solubility of the molecule.32  

The structure of lignin has been studied through numerous techniques, 

including nuclear magnetic resonance (NMR) spectroscopy, Fourier-transform 

infrared (FTIR) spectroscopy, Raman spectroscopy, and X-ray photoelectron 

spectroscopy.33,34 It is generally accepted that lignin is a three-dimensional, 

highly branched, amorphous molecule composed of three basic 

phenylpropanoid units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 

(Figure 2). 

Figure 2. Representation of the main monolignols and their units in lignin. 
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The biosynthetic pathway of lignin stems from the radical polymerization of 

three main monolignols, namely p-coumaryl alcohol, conyferyl alcohol, and 

sinapyl alcohol (Figure 2), which are derived from phenylalanine and differ in 

their degree of methoxylation. When monolignols are oxidized by laccase or 

peroxidase, they form radicals which undergo coupling reactions to form 

dilignols through C–C and C–O linkages, such as β-O-4, β-5, and β-β bonds 

(Figure 3).35,36 The biosynthesis of lignin results in heterogeneous interactions 

with S, G, and H units, whose content differs as a function of the plant species. 

For instance, in softwood lignins (from gymnosperms), G units are predominant, 

whereas hardwood lignins (from angyosperms) comprise equal amounts of G 

and S units, and herbaceous lignins are constituted by all three units, being H the 

less abundant.37 The most stable bonds are 5-5 and β-5, which occur mainly 

between G units since S units have more methoxylated groups that block the C-5 

position of the aromatic ring. Therefore, the lignin found in gymnosperms is 

more recalcitrant to chemical and microbial degradation, while angiosperm 

lignin is more likely to be less branched which can improve its processibility.38,39 

Figure 3. Lignin structure. Adapted from Refs. 299 and 37. 
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Technical lignins and extraction methods 

Lignins extracted from biomass feedstock after chemical processing are called 

technical lignins. The main industrial lignin extraction methods, originated from 

pulp and paper processes, are Kraft pulping, soda pulping, and sulfite pulping, 

which yield Kraft, soda, and lignosulfonate (LS) lignin, respectively (Figure 

4).40,41 The Kraft method consists in alkaline hydrolysis with sodium hydroxide 

and sodium sulfide at high temperatures (150–170 °C), which cleaves the bonds 

between lignin and cellulose, and dissolves lignin. The product resulting from 

this process is hydrophobic lignin containing 1–3 % sulfur in the form of aliphatic 

thiol groups, besides other functional groups including methoxy (14 %), aliphatic 

(10 %) and phenolic (2–5 %) hydroxyl, and carboxylic acid (4–7 %).5,42 The 

sulfite process involves reactions between sulfur dioxide and sulfite salts in 

aqueous media at 125–150 °C and acid pH. The lignin produced by this 

procedure is hydrophilic due to its high content in sulfonate groups (up to 13 

%).43 The soda process uses alkaline hydrolysis with sodium hydroxide at high 

temperatures (140–170 °C) in the absence of sulfur-containing molecules, 

yielding hydrophobic lignin. These pulping methods are widely established in 

the industry and produce highly pure lignin at elevated yields. However, due to 

the multiple chemical reactions occurring during these extraction processes, the 

structure of technical lignins differs significantly from that of native lignin. 

Partial biopolymer degradation also occurs during lignin extraction, thus 

decreasing its molecular weight. Moreover, harsh pH and temperature 

conditions are required, and toxic effluents are generated. Organosolv is another 

sulfur-free method that uses organic solvents such as ethanol in combination 

with acids and bases. This method allows the recovery of the organic solvents, 

while highly pure, sulfur-free lignin is obtained. The native lignin structure with 

β-O-4 linkages is partially preserved after the treatment.44  

Other processes that are in ways of being established in the industry are acid 

hydrolysis, steam explosion, enzymatic hydrolysis, and ammonia fiber expansion 
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pretreatments (Figure 4). Recently, emerging processes using deep eutectic 

solvents (DES)45–47 and biomass-derived organic solvents such as γ-

valerolactone48,49 demonstrated potential for lignin isolation. These methods are 

able to preserve the lignin structure (i.e. β–O–4 and β–β linkages), while the 

solvents can be recovered and recycled,50,51 thus moving toward a sustainable 

biorefinery concept by decreasing the amount of toxic solvents and pollutants. 

Selective enzymatic hydrolysis of the biomass carbohydrates is used to purify 

lignin. Through this method, lignin is obtained in a quite high yield and its 

structure is considered to be chemically unaltered.52 The main drawback of this 

method, however, is the presence of carbohydrate and protein impurities. The 

properties of lignin such as molecular weight, functional groups, and solubility 

are important factors to be considered for the selection of a lignin type suitable 

for a desired application. Nevertheless, it is extremely difficult to correlate the 

lignin properties with the performance of the final material.27 

Figure 4. Lignin extraction methods. Adapted from Ref. 44. 
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Bioactivities of lignin 

Besides its structural role, native lignin also prevents the degradation of 

carbohydrates in plants by inhibiting the activity of bacteria and fungi. By 

analyzing plants with silenced gens participating in lignin biosynthesis, it has 

been demonstrated that the absence of lignin reduces the resistance against 

bacterial and fungal pathogens.30 Therefore, lignin is an important plant defense 

against microbial pathogens. The antimicrobial effect of the lignin structure has 

been associated with the presence of phenolic hydroxyl and methoxy groups.53 

When lignin is isolated from the plant, the extraction conditions can influence its 

antimicrobial potential due to the differences in molecular weight, functional 

groups, and solubility. For example, bacterial growth inhibition has been found 

in Kraft lignin, while lignin extracted by simultaneous enzymatic saccharification 

and communition (SESC) has not shown such inhibitory effect.14 Other works 

reported that lignin with isoeugenol structures possesses higher antibacterial 

activity than lignin with phenolic moieties containing oxygen (–OH, –CO, –COOH) 

in the side chain.14  

The mechanism of action of lignin against bacteria has not been completely 

elucidated. Some studies attribute the antibacterial activity of phenolic 

compounds to their ability to inhibit essential enzymes by generating hydrogen 

peroxide and complexing with metal ions,54 in addition to their ability to 

destabilize bacterial membranes.55,56 In the case of macromolecular lignin, it has 

been suggested that the phenolic hydroxyl groups promote a pH decrease 

around the cell, which destabilizes the membrane and eventually leads to the 

rupture of the cell.57 These non-specific modes of action might reduce the 

possibility of resistance development in bacteria, thus contributing to overcome 

the antimicrobial resistance (AMR) both in biomedical and phytosanitary 

applications.  

Besides their antibacterial effect, the phenolic moieties of lignin also confer 

antioxidant and UV-blocking capacities. In an oxidative stress environment, 

phenolic structures can act as proton donors, converting free radicals into non-



Introduction Lignin in antibacterial nanoformulations 17 
 

 
 

radical molecules. As a consequence, phenols convert into phenoxy radicals that 

can react with another free radical to form a quinone.58 For this reason, lignin 

can act as a scavenger preventing the adjacent molecules from oxidation. This 

characteristic of lignin is of special interest in packaging to preserve the food 

properties, in dressing products for wound healing, and in cosmetic formulations 

for anti-aging.59 On the other hand, the aromatic structures and carbonyl groups 

in lignin absorb visible and UV light (250–400 nm), acting as UV-blockers. Taking 

advantage of this property, lignin has been tested as an active ingredient in 

sunscreen formulations.60,61  

Lignin in antibacterial nanoformulations 

The different roles of lignin in the synthesis of nano-enabled antibacterial 

agents could be outlined as: (i) an antibacterial active in the nanoformulation, 

(ii) a reducing and capping agent for antimicrobial metals and metal oxides, and 

(ii) a carrier of antibacterial agents.  

Lignin as an antibacterial agent in nanoformulations 

In view of the potential of lignin as an antibacterial agent, several works 

reported the development of LigNPs dispersions capable of inhibiting bacteria 

(Table 1). There are different methods to synthesize these particles, among 

which solvent displacement, acid treatment, sonochemistry, and their 

combinations are the most common (Figure 5). Solvent displacement consists in 

mixing an organic solvent containing solubilized lignin with an excess of water, 

resulting in a gradual decrease of lignin solubility which rearranges into NPs.20 

Solvent displacement is a versatile technique that allows accurate control of the 

setting conditions, hence obtaining NPs with the desired characteristics. 

However, the low yield of NPs (~1 wt %) limits its application, especially at large 

scale.19 The acid precipitation method, developed by Frangville et al., consisted 

in adding hydrochloric acid into a solution of lignin dissolved in ethylene glycol.62 

The method is based on initial lignin nucleation followed by particle growth from 
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its molecular solution, which is promoted by the gradual addition of an aqueous 

solution of acid. 

 In ultrasonication, LigNPs are formed by fractioning the large lignin 

macromolecule due to the cavitation phenomena.63 This process, however, 

induces the formation of radical oxygen species that can result in lignin 

oxidation. The morphology and size of LigNPs vary in function of the synthetic 

method and the experimental settings (Figure 5, Table 1). Spherical particles 

are commonly obtained from solvent displacement methods,64–66 while acid 

treatment and ultrasonication yield irregular-shaped particles.63,67,68 

Figure 5. Schematic representation of the most common methods employed to 
synthesize antibacterial lignin-based nanoparticles.  
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Table 1 LigNPs in suspension used as antibacterial agents  

Type of lignin 
Preparation 

method 

Particle 

shape  

Particle 

size 

Antibacterial 

activity 
Ref. 

Alkali  

 

Acidolysis 

combined with 

sonochemistry 

Irregular 
33–120 

nma,c 

P. syringae pv 

tomato,  

X. axonopodis pv 

vesicatoria,  

X. arboricola pv 

pruni) 

68 

Organosolv  
Solvent 

displacement 
Spherical 

149–324 

nmb,c 

E. coli O157:H7, 

S. enterica 

Typhimurium 

64 

Kraft  

Solvent 

displacement 

combined with 

sonochemistry 

Spherical 122.5 nma 
E. coli,  

B. megaterium 
65 

Alkali, 

aminated 

Acidolysis 

combined with 

sonochemistry 

Irregular 580 nma S. aureus 69 

LS 
Ultrasonication 

in oil/water 
N.D. 

221–234 

nma,c 

E. coli, S. aureus, 

B. subtilis 
70 

aObtained by dynamic light scattering  
bObtained by measuring transmission electron microscopy (TEM) images  
cDepending on experimental conditions 

 

Alkali lignin dissolved in ethylene glycol was subjected to different acidic 

conditions to prepare LigNPs (Figure 6a i).68 The particles presented different 

sizes ranging from 33 to 120 nm depending on the acid treatment with HCl, 

H2SO4, or H3PO4. The antibacterial activity of the particles was assessed using 

three methodologies, namely spot diffusion assay, incorporation of lignin 

nanoparticles assay, and growth in broth assay. The results showed the capacity 

of the LigNPs to inhibit the growth and reduce the amount of viable plant 

pathogen Gram-negative bacteria (Pseudomonas syringae pv tomato, 

Xanthomonas axonopodis pv vesicatoria, and X. arboricola pv pruni). Therefore, 

the particles can be considered antibacterial agents for plant pathogens control. 

The authors proposed two mechanisms to explain the antibacterial behavior of 

the LigNPs: (i) damage of the bacterial cell wall by the lignin polyphenols, causing 
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lysis, leaking of the cytoplasmic content and induction of reactive oxygen species 

(ROS), and (ii) penetration of the LigNPs inside the cell followed by depletion of 

adenosine triphosphate (ATP) by monophenolic compounds originated from 

lignin (Figure 6c).  

Figure 6. (a) (i) FESEM image of clustered structured lignin nanoparticles after 
acidolysis (reproduced from Ref. 68. Copyright (2018) American Chemical Society), 
(ii) HRTEM image of the lignin nanospray (LNSR) (reproduced from Ref. 65 with 
permission from the Royal Society of Chemistry). (b) Fluorescence microscopy 
images of E. coli treated with the LNSR and untreated (control) in the light, stained 
with FITC and PI (at scale 20 μm) (reproduced from Ref. 65 with permission from the 
Royal Society of Chemistry). (c) Mechanisms for antibacterial behavior of extracted 
LNP. Adapted from Ref. 68. 
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Spherical LigNPs with different sizes were obtained by solvent displacement 

approach, dropping ethanol-solubilized organosolv lignin into water.64 The NPs 

displayed radical scavenging capacity and bacteriostatic effect at 1 mg·mL-1 

against Escherichia coli O157:H7 and Salmonella enterica Typhimurium. 

Contrary to what was expected, the larger particles (324 nm) presented a higher 

inhibitory effect than the smaller ones (149 nm). Other physiochemical 

properties of the particles, such as roughness, ζ-potential, and reactivity should 

be studied to explain the different antibacterial properties of these particles. The 

particles did not show cytotoxic effects on epithelial Caco-2 cells, and also 

showed an antioxidant cellular effect by reducing the natural ROS level of the 

cells.  Paul et al. combined the solvent displacement method with sonochemistry 

to develop stable photodynamic lignin nanospheres in an aqueous medium to be 

used as lignin nanospray (LNSR) for microbial disinfection (Figure 6a ii).65 

Under blue light emitting diode (LED) irradiation, the LNSR presented enhanced 

inhibition capacity toward the Gram-negative E. coli and the Gram-positive 

Bacillus megaterium compared to LNSR in dark conditions (Figure 6b). Studies 

on singlet oxygen generation revealed that the particles induced the formation 

of ROS under blue LED irradiation, which might explain the antibacterial activity 

of LNSR under this condition. The LNSR coated onto a glass slide prevented the 

growth of bacteria after blue LED exposure, which evidenced their suitability as 

a photodynamic coating material. 

Lignin can be chemically modified in order to achieve superior antibacterial 

and antioxidant effects. Aminated LigNPs (a-LigNPs), prepared by acid 

precipitation followed by Mannich reaction surface modification, showed 

enhanced antioxidant activity in comparison with unmodified LigNPs.69 

However, the inhibition capacity toward Staphylococcus aureus was higher for 

LigNPs in comparison with a-LigNPs, which could be explained by the 

morphology of the particles: while LigNPs were quasi-spherical, a-LigNPs 

seemed glued by a substance, and this might impede their penetration inside the 
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cells. Given their improved UV-blocking capacity, a-LigNPs could find their 

application in sunscreen lotions.  

Lignin has also been combined with polymers or inorganic materials to 

enhance the antibacterial activity of nanoformulations. For instance, hybrid 

chitosan/lignosulfonate (CS–LS) NPs were prepared by sonochemistry taking 

advantage of the electrostatic interaction between the polymers.70 The NPs 

inhibited the growth of Gram-negative E. coli and Gram-positive S. aureus and 

Bacillus subtilis in a higher rate than CS or LS alone.  

Several works studied the effect of small phenolic compounds on 

bacteria,56,71,72 however, very few studies analyzed the mechanism of action of 

macromolecular lignin or LigNPs. Despite being commonly accepted as 

antioxidants, phenolic compounds can exhibit pro-oxidant activity depending on 

their concentration and environmental factors.73  In fact, polyphenols induce the 

generation of hydrogen peroxide, causing oxidative stress in bacterial cells.54 

Their antibacterial activity has been also related to their capacity to suppress the 

activity of essential enzymes.74,75 Other studies have reported their capacity to 

weaken the bacterial membrane, increasing the permeability of the cell.55,56  

Lignin as a reducing and capping agent of metal and metal oxide NPs 

The combination of lignin with metal NPs has been extensively explored in the 

biomedical field, especially using lignin as a reducing agent (Figure 7a, Table 2). 

The large amounts of phenolic groups of lignin make possible the reduction of 

metal ions to form NPs. Among the antibacterial metals, silver has received 

special attention due to its ability to eradicate a broad range of microorganisms, 

and its easiness to be reduced to form NPs.   
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In a recent work, alkali lignin served as a reducing and capping agent for the 

formulation of AgLigNPs by simply stirring the precursors for 3 days at 60 °C.76 

The resulting particles of ~20 nm (Figure 7b i) were able to inhibit the growth 

of a broad range of bacterial strains, including multi-drug resistant (MDR) 

clinical isolates (S. aureus, Staphylococcus. epidermidis, Pseudomonas aeruginosa, 

Klebsiella pneumoniae, Acinetobacter baumannii, E. coli), while a 5-fold higher 

amount of commercial AgNPs was needed for a comparable efficacy. The 

increased antibacterial efficacy of the lignin-capped silver NPs was attributed to 

the ability of lignin to interact and disturb bacterial membranes, hence 

facilitating the penetration of Ag+ ions inside the cell. Following the above-

described work, the authors incorporated the AgLigNPs into niosomes to target 

Figure 7. (a) Schematic representation of the synthesis of metal-lignin NPs. (b) TEM 
images of (i) Ag@LigNPs (reproduced from Ref. 76 with permission from the 
American Chemical Society) (ii) Ag@QAL (reproduced from Ref. 85. Copyright 
(2021) Elsevier), and (iii) AuNPs@AL (reproduced from Ref. 87 with permission 
from the Royal Society of Chemistry), (c) Schematic representation of the 
antibacterial modes of action of metal lignin NPs. 
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mycobacteria.77 Niosomes are vesicles fabricated with biomimetic cell 

membrane, which promotes their interaction with eukaryotic cells and the 

delivery of their cargo into the cytoplasm. In vitro assays against Mycobacterium 

abscessus, an intracellular pathogen causing lung infections, showed that it was 

resistant to the treatments with the NP-loaded niosomes, suggesting that the 

nanoniosomes did not merge with the bacterial cell wall. Antimicrobial effect 

was only observed in M. abscessus-infected macrophage, probably due to the 

fusion of the noisome with the eukaryotic cell membrane and the subsequent 

delivery of the bactericide cargo in macrophages.  

Saratale et al. used alkali lignin extracted from wheat straw as a reducing, 

capping, and stabilizing agent for the synthesis of AgNPs by stirring for 60 min 

at 50 °C.78 The lignin capping enhanced the free radical scavenging capacity of 

the AgLigNPs in comparison with the antioxidant capacity of AgNPs alone. The 

minimum inhibitory concentration (MIC) against S. aureus and E. coli was 25 and 

20 μg·mL-1, respectively. The combination of AgLigNPs with commercial 

antibiotics showed a synergistic antibacterial effect, suggesting the potential of 

this combination to combat MDR infections. Later, the authors studied the 

reusability of AgLigNPs in photocatalytic degradation, and also demonstrated 

their growth inhibition capacity against S. aureus and E. coli.79 A different 

methodology for the Kraft lignin-mediated synthesis of AgNPs was reported by 

Pletzer et al., who described a fast microwave-assisted technique yielding lignin-

capped AgNPs of 13 nm in diameter.80 The NPs were tested against MDR clinical 

isolates. The highest antibacterial activity was found against the Gram-negative 

A. baumannii and P. aeruginosa, with a MIC of ≤1.0 µg·mL-1, while MICs of 2.5 and 

5.0 µg·mL-1 were found for the other tested bacteria (S. aureus, S. epidermidis, 

Enterococcus casseliflavus, and K. pneumoniae). In vitro cytotoxicity studies with 

monocytic THP-1 leukemia cells demonstrated a lack of toxicity of these NPs at 

their antibacterial concentrations. In addition, in vivo studies using a skin abscess 

infection model in mice against MDR P. aeruginosa and methicillin-resistant S. 

aureus (MRSA) showed a significant reduction in abscess sizes, while the Gram-
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negative bacteria load was reduced by 5-fold. The antibacterial effect of 

AgLigNPs demonstrated higher efficiency on Gram-negative bacteria than on 

Gram-positive. This tendency, which supports other AgLigNPs studies,76,82 is 

attributed to the thicker peptidoglycan wall in Gram-positive bacteria which 

hinders the penetration of the NPs into the cell. 

Marulasiddeshwara et al. used high molecular weight alkali lignin as a 

reducing and capping agent for AgLigNPs.81 The resulting spherical in shape NPs, 

with an average size of 10–50 nm, were able to inhibit the growth of S. aureus 

and E. coli, and the fungi Aspergillus niger. Following the same procedure, Tran 

et al.82 prepared AgNPs coated with rice-husk-extracted lignin or nano-lignin 

(LCSN and n-LCSP). It was found that lignin and nano-lignin were more 

antibacterial against Gram-positive S. aureus than Gram-negative E. coli, while 

the (nano)-lignin-coated AgNPs presented a higher antibacterial effect against 

the Gram-negative bacterium. The proposed mechanism of action of these 

particles involves: (i) adhesion of AgNPs on the bacterial membrane causing 

structural damage, (ii) interaction with cytoplasmic biomolecules, (iii) 

generation of ROS, increasing the oxidative stress level of the cell, and (iv) 

interference with the signal transduction pathways by forcing the cell to intake 

extracellular signaling molecules when exposed to AgNPs 

Aadil et al. used lignin extracted from Acacia wood dust by organosolv method 

to reduce silver and produce spherical AgNPs sizing 10–50 nm.83 The NPs 

displayed antibacterial properties against Gram-positive and negative strains, 

including the pathogens S. aureus, Bacillus circulans, P. aeruginosa, and E. coli. 

These NPs were also tested as colorimetric sensors for heavy metal ions, and as 

a redox catalyst, being able to reduce the methylene blue dye. Zevallos Torres et 

al. reported the acid-alkaline extraction of lignin from oil palm empty fruit 

bunches, which are by-products of the process to extract edible and industrial 

oils, and its use as a reducing agent of silver ions.84 After putting in contact a 

solution of the extracted lignin with a solution of AgNO3, spherical particles of 

15–25 nm in diameter embedded in lignin were produced. The resulting NPs 
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presented a MIC of 62.5 μg·mL−1 against E. coli, while the MIC of silver in ionic 

form was 31.25 μg·mL−1. This difference was explained by the fact that AgNPs act 

as slow-release devices that prolong the antibacterial effect, while AgNO3 in 

solution is already in form of ions available for bacteria.  

Microwave-assisted reduction of AgNO3 by quaternized alkali lignin was 

reported by Wang et al. 85 The functionalization of lignin with the quaternary 

ammonium reagent (3-chloro-2-hydroxypropyltrimethylammonium chloride, 

CHMAC) provided positive charges that enhance the electrostatic interaction of 

the nanocomposite with negatively-charged bacteria. The composites containing 

AgNPs and quaternized alkali lignin (Ag@QAL) (Figure 6b ii) were able to 

reduce viable E. coli by 3.72 log10 (>99.9 %) and S. aureus by 5.29 log10 (>99.999 

%) CFU·mL-1. The results indicated that quaternary ammonium lignin 

contributed to the antibacterial activity of the composites by enhancing the NP-

bacteria interaction. The proposed antibacterial mechanism of action is based on 

the direct contact of Ag@QAL with the bacteria, induced by the positively 

charged quaternized lignin, followed by the generation of ROS by the nanosilver. 

Similarly, Li et al. prepared amphoteric lignin (AML)/nanosilver (AML@AgNPs) 

using lignin quaternized with CHMAC as a reducing and stabilizing agent.86 

Unmodified lignin presented a slight antibacterial effect against S. aureus, while 

AML showed increased antibacterial properties that were attributed to the 

strong interactions between positively charged AML and negatively charged 

bacteria. The highest antibacterial capacity was observed for AML@AgNPs, 

which were able to completely eradicate S. aureus and E. coli at 60 and 30 ppm 

of Ag, respectively. Additionally, AML@AgNPs provided waterborne 

polyurethane (WPU) films with antibacterial properties. The authors 

demonstrated the adsorption of positively charged AML onto bacteria, which 

could enable the AgNPs to rapidly contact bacterial cells and then exert their 

antibacterial effect. 

Besides silver, lignin has also been used for reducing other metals and metal 

oxides to produce hybrid NPs. Rocca et al. provided a one-pot thermal and 
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photochemical approach for the synthesis of lignin-doped silver and gold 

nanoparticles (Figure 6b iii).87 In general, all the tested lignins, namely low-

sulfonate alkali lignin, ZHL lignin (depolymerized and 27 % sugar content), and 

AL lignin (alkali-extracted, 16 % sugar content), were able to reduce both metals 

and form spherical and monodispersed NPs. However, the antibacterial effect of 

the nanocomposites was clearly influenced by the nature of lignin, and only alkali 

and AL lignin produced antibacterial NPs. The AgNPs produced with alkali and 

AL lignin (AgNP@alkali, AgNPs@AL) exhibited antibacterial properties under 

light and dark conditions, with MIC values of 0.2 µg·mL-1 and 24.2 µg·mL-1, 

respectively. Contrarily, the lignin-coated AuNPs (AuNP@alkali and AuNPs@AL) 

only presented antibacterial activity under light irradiation and the MIC values 

were significantly higher (223–499 µg·mL-1). The AgNP@alkali and AgNPs@AL 

nanocomposites were able to completely eradicate E. coli and S. aureus within 

30–40 min, while a longer time was required for the lignin-coated AuNPs (6 h). 

Results on ROS quantification in bacteria suggested that the mechanism of action 

of the NPs involved a photochemical process since elevated ROS values were 

detected after exposing the bacteria to the NPs under light conditions. Moreover, 

it was hypothesized that the sugars present in AL lignin might adhere to the 

peptidoglycan of the bacterial cell wall. Importantly, the particles were non-

cytotoxic toward human cells at the bactericidal concentrations. Preliminary 

assays show these AgNPs as potential antimicrobial agents towards S. aureus 

biofilm eradication. The lignin-mediated synthesis of crystalline Cu2O NPs sizing 

100–200 nm was reported by Li et al.88 Lignin derived from papermaking waste 

liquid reduced the Cu(II) ions from Cu(OH)2 to Cu (I) oxide NPs, and established 

a uniform coating onto the surface of the particles. The NPs presented high 

antibacterial efficiency, being able to completely eradicate E. coli and S. aureus 

within 30 min.  
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Lignin nanocarriers 

One of the emerging applications of lignin is its use as nanocarriers for 

biologically active substances, including antimicrobial agents, anti-cancer drugs, 

enzymes, and pesticides that should be delivered in a specific location under 

controlled conditions.23 The advantage of using lignin as a nanocarrier is the 

increase in the stability of the loading substance, especially in the case of poorly 

water-soluble molecules. The most common approaches for loading bioactives 

in lignin carriers include entrapment (by infusion, solvent displacement, ion 

exchange, or coating), and adsorption (Figure 8). The loading of the active 

substance can take place during or after the formation of NPs. For instance, in 

the solvent displacement approach, the cargo is entrapped into lignin during the 

NPs formation process. In the adsorption approach, the cargo is adsorbed onto 

previously synthesized LigNPs. The location of the cargo in the LigNP (i.e, inside 

Figure 8. Main strategies for loading actives into lignin nanocarriers. 
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the particle or onto its surface) may affect the functionality of the nanocarrier. 

For instance, encapsulation of the cargo inside the carrier may result in a slow 

release of the active substance and prolong antibacterial effect, while an active 

located on the surface is expected to have a burst release and shorter 

antibacterial effect. However, other factors such as cargo-NP interaction, 

hydrophobicity of the cargo, and covalent crosslinking should be also considered 

for predicting the behavior of the active substance. Table 3 is an overview of 

LigNPs used as carriers of different antibacterial agents.  

Maldonado-Carmona et al. described the encapsulation of a porphyrin 

(5,10,15,20-tetrakis (4-hydroxyphenyl)-21H,23H-porphine, THPP) in acetylated 

lignin (AcLi) NPs by solvent displacement in dialysis membranes, achieving up 

to 87.6 % encapsulation rate.89 Porphyrins are used as photosensitizers in 

antibacterial photodynamic therapy. Upon light irradiation, these molecules 

produce singlet oxygen which causes bacterial cell damage.90 When exposed to 

light, the THPP@AcLi were able to drastically reduce the growth of Gram-

positive bacteria (S. aureus, S. epidermidis, and E. faecalis) at low concentrations 

of porphyrin, while were ineffective against Gram-negative E. coli and P. 

aeruginosa. The researchers found that acetylated lignin NPs possess 

bacteriostatic effect, thus the antibacterial effect was attributed to the presence 

of porphyrin. It was shown that the NPs exerted their antibacterial action on the 

bacterial wall, without penetrating inside the cell. Given their antibacterial 

activity and light responsiveness, the porphyrin-loaded acetylated lignin NPs 

were proposed for photodynamic antimicrobial chemotherapy in wastewater 

purification. Later, in the same group, four different derivatives of THPP with 

different physicochemical characteristics (charge, size, and solubility) were 

encapsulated into AcLi.91 The cationic porphyrins were able to reduce the 

growth of E. coli only in free form, but not after being encapsulated in AcLi NPs. 

Interestingly, for some porphyrins, the antibacterial efficacy against S. aureus 

increased in their encapsulated form in comparison with their free form.  
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Despite the potential of solvent displacement for the synthesis of lignin 

nanocarriers, volatile and flammable solvents such as tetrahydrofuran, acetone, 

and ethanol are typically used to produce these particles. These inherently 

hazardous chemicals might remain in the NPs, limiting their application in the 

biomedical field.99 Alternative biomass-derived solvents are a greener option 

that would avoid safety issues. In this line, Chen et al. synthesized LigNPs using 

a recycled γ-valerolactone (GVL)/water binary solvent (GWBS) system and two 

different nanoprecipitation methods–dropping and dialysis.92 GVL is a non-toxic, 

non-volatile solvent obtained from cellulose feedstock that has been proposed 

as an alternative to toxic solvents in solvent displacement techniques. The 

resulting spherical lignin particles were used to prepare Pickering emulsions of 

essential oils, which are emulsions stabilized by surface active solid particles. 

The encapsulation of essential oils is expected to increase their stability, enhance 

their efficacy against microbes and hamper their volatilization. The antibacterial 

assay consisted in inoculating the fruit pathogen fungus Penicillium italicum in 

wounded oranges treated with essential oils dispersed in solvents or stabilized 

with LigNPs. The results showed that LigNPs promoted the growth inhibition 

activity of the essential oils towards the fungus.  

Lignin has been also used to entrap previously synthesized metal oxide NPs. 

In a recent study, ZnO nanoparticles were entrapped by lignin modified with 2-

[(E)-(2-hydroxy naphthalen-1-yl) diazenyl] benzoic acid, a photoactive azo dye, 

to obtain photoresponsive NPs for antimicrobial photodynamic therapy.93 The 

antimicrobial activity assessed by the agar diffusion method showed that the 

hybrid particles after light irradiation presented high antibacterial activity 

against the Gram-positive Streptococcus haemolyticus, Corynebacterium 

diphtheriae, and Bacillus cereus, presenting a zone of inhibition (ZOI) of 29–34 

mm, and against Gram-negative Raoultella ornithinolytica, Salmonella 

typhimurium, and Salmonella paratyphi (ZOI ~26 mm). In addition, the particles 

were capable of inhibiting the growth of different fungal strains (Aspergillus 

fumigatus, Aspergillus penicilloides, Candida albicans, Conidiobolus coronatus, and 
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Microsporum cookei), achieving ZOI varying from 20 to 43 mm. In both 

antibacterial and antifungal tests, light irradiated particles showed greater 

antimicrobial activity than non-irradiated particles.  

Researchers have used LigNPs as carriers to entrap AgNPs as well. In these 

works, lignin was not a reducing agent, but served as a carrier for AgNPs. For 

instance, Zhong et al. prepared lignin/AgNPs using citric acid or sodium 

borohydride as reducing agents to obtain AgNPs that remained adsorbed onto 

the surface of organosolv lignin.94 The nanocomposites were able to inhibit the 

growth of E. coli after 2 and 4 h of exposure. In another work, self-assembled 

poly(N-me-thylaniline)–lignosulfonate (PNMA–LS) composite microspheres 

with Ag+ adsorbability were prepared.95 After chelating Ag+, the reducing 

capacity of PNMA served to produce NPs of 11.2 nm that remained adsorbed 

onto the spheres. The PNMA–LS–Ag composite exhibited strong bactericidal 

effect, with bactericidal rates of 99.95 and 99.99 % for E. coli and S. aureus cells, 

respectively, which were higher than those obtained with free lignin and AgNPs. 

Another approach was used by Klapiszewski et al.96 who combined Kraft lignin 

with silica NPs as supports for AgNPs. The preparation route to composite NPs 

consisted in chemical reduction of Ag+ by NaBH4 followed by incorporation of 

the resulting AgNPs into previously hybridized and functionalized silica/lignin 

particles. Interestingly, increasing the amount of lignin in the hybrid materials 

resulted in higher adsorption rates of nanosilver onto their surface. The 

silica/lignin/AgNPs were able to inhibit the growth of B. subtilis, S. aureus, P. 

aeruginosa, E. coli, and K. pneumoniae achieving ZOI of up to 12 mm for the 

highest concentration of NPs tested. The highest antibacterial effect was against 

P. aeruginosa, while K. pneumoniae was slightly inhibited by the particles. 

Correlation between Gram-staining and bacterial susceptibility to the 

antibacterial properties of the silica/lignin/AgNPs was not found in this work.  

Despite the widespread use of silver as antimicrobial agent in biomedical 

products, concerns have been raised about their environmental persistence and 

potential effects on human health.100,101 When it comes to Ag-containing NPs, it 
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is thus important to tightly control the amount and the size of the NPs in order 

to avoid the cytotoxic effects of such NPs toward humans and the environment. 

Aiming to avoid the persistence of metal reservoirs after the intended use of such 

NPs, Richter et al. synthesized biodegradable Ag+ infused NPs.97 More 

specifically, nanoprecipitation of Kraft lignin was used to prepare LigNPs which, 

in turn, were used as a core to infuse silver ions. Then, the resulting NPs were 

coated with a cationic electrolyte that increases their adhesion to the bacterial 

surface. In this work, instead of being the reducing agent of silver to produce 

AgNPs as described in the previous section, lignin was used as a nanocarrier of 

Ag+. The NPs, with sizes ranging 40–70 nm, presented high antibacterial activity 

against the Gram-negative E. coli and P. aeruginosa, and the Gram-positive S. 

epidermidis after a short time of exposure (1–30 min). The NPs outperformed the 

AgNPs and Ag+ solutions, even at lower Ag equivalents, suggesting an enhanced 

antibacterial effect due to the combination of Ag+ and LigNPs. The silver-infused 

LigNPs were dialyzed against water to simulate their depletion process, and only 

18 % of the total Ag remained in the particles after 24 h. It should be noted that 

the particles presented less cytotoxic effects than the free silver ions.102 

However, the fast release of Ag+ from the lignin core reduces the shelf-life of 

these particles. Following a similar concept, Lintinen et al.98 produced colloidal 

lignin particles (CLPs) where Ag+ was ionically bounded (AgCLPs). The synthetic 

procedure consisted in the deprotonation of Kraft lignin, which led to sodium 

carboxylate and phenolate groups, followed by the bounding of Ag+ by ion 

exchange. Finally, the mixture of lignin with ionically bounded Ag+ was used to 

form NPs by solvent displacement. In this process, the recovered solvents can be 

reused for further synthesis cycles. Release of Ag+ from the CLPs was not 

observed in water, but only in physiological conditions. The growth of P. 

aeruginosa, E. coli and S. aureus was inhibited by 94–96 % in the presence of the 

AgCLPs. Interestingly, a synergistic effect of CLP and Ag+ was observed for the 

Gram-positive bacteria. 
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Antibacterial composite materials containing lignin NPs 

Due to their higher specific surface area, NPs are known to improve the 

stiffness, strength, toughness, thermal stability, and barrier properties of 

polymeric materials better than traditional fillers, even at low concentrations (1–

5 wt %).103 In recent years, LigNPs have been incorporated in a variety of 

composite materials not only for improving the mechanical properties of the 

material, but also to provide antibacterial, antioxidant, anticorrosion, and UV-

blocking activities, and metal adsorbent capacity (Figure 9).104 

 In this section, the different antibacterial composite materials containing 

LigNPs, alone or in combination with other polymers or metals, will be reviewed. 

Such materials can be prepared by incorporating previously synthesized NPs,105–

107 or using an in situ approach where the NPs synthesis takes place in the 

material.108–111 Some of these materials include films, hydrogels, fibers, and 

foams, which have been validated as food packaging materials, wound dressings, 

medical coatings, or other biomedical applications (Figure 10). Especial 

Figure 9. Schematic representation of the activities of LigNPs and their 
nanocomposite materials. 
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attention is paid to materials designed as dressings for the treatment of chronic 

wounds. 

 

Figure 10. Schematic representation of antibacterial materials containing LigNPs. 
(a) Films (adapted from Ref 107. Copyright (2020) John Wiley & Sons), (b) fibers 
(adapted from Ref. 138. Copyright (2021) Elsevier), (c) hydrogels (adapted from 
Ref 105 with permission from the American Chemical Society) and (d) foams 
(adapted from Ref. 108. Copyright (2022) American Chemical Society). 
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Food packaging 

The growth of microorganisms in food is a serious concern because it causes 

a reduction in the shelf-life of food and increases the risk of acquiring food-borne 

infections causing illness to almost 1 in 10 people in the world.112 Hence, 

preventing the contamination of food to avoid food-borne infections is crucial. 

Ideal advanced materials for food packaging should be antimicrobial and 

antifouling to avoid the proliferation of bacteria and fungi, antioxidant to 

preserve the properties of food, and resistant to humidity. Moreover, biomass 

sources for environmentally-friendly and biodegradable packaging are 

interesting since they can potentially substitute traditional petroleum-based 

plastics. Lignin, as a natural antioxidant and antibacterial polymer, is a suitable 

filler for food packaging materials, especially in form of NP that additionally 

improves the mechanical performance of the material.113 Table 4 gives an 

overview of the film materials in which LigNPs or their derivatives have been 

used as multifunctional fillers. 

An example of these packaging materials is found in the work by Yang et al., 

who incorporated LigNPs obtained by hydrochloric acidolysis into poly(vinyl 

alcohol) (PVA) and PVA/CS films produced by solvent casting.114 The phenolic 

and aliphatic hydroxyl groups of LigNPs interacted with the hydroxyl groups of 

PVA and the amino groups of CS. The DPPH assay revealed that the 

nanocomposites presented a radical scavenging activity of 70.5–91.7 %, with a 

clear dependence on the amount of LigNPs. The growth of plant pathogenic 

Pectobacterium carotovorum and X. arboricola was reduced in the presence of 

PVA/LigNP and PVA/CS/LigNP, while no growth inhibition was observed with 

the PVA and PVA/CS films without NPs. LigNPs not only conferred bioactivities 

to the films but also improved their mechanical performance, showing an 

increase in the tensile strength from 45.8 to 51.5 MPa in PVA/LigNP films. 

Moreover, the thermal analysis showed that the LigNPs enhanced the 

crystallization of the PVA, probably acting as heterogeneous nucleating agents. 
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Table 4 Nanolignin-based film materials for food packaging applications 

Type of lignin Filler 
Polymer 

matrix 

Antimicrobial 

activity 
Ref. 

Extracted by steam 

explosion and 

enzymatic treatment 

LigNPs PVA, CS 
P. carotovorum,  

X. arboricola 
114  

Steam explosion and 

enzymatic treatment 
LigNPs, CNC PLA P. syringae 115 

Alkali 
aLigNPs, 

caLigNPs 
PLA E. coli, M. luteus 11 

Soda LigNPs CNC, CNF S. aureus 106 

N.D. LigNPs CNF S. aureus, E. coli 116 

Alkali 
LigNPs and 

metal oxide NPs 
PLA S. aureus, E. coli 117 

N.D. 
LigNPs and 

ZnO/Ag NPs 
PLA S. aureus, E. coli 118 

Alkali AgLigNPs Cellulose E. coli 119 

Alkali AgLigNPs Agar 
L. monocytogenes,  

E. coli 
120 

Organosolv AgLigNPs PLA 
L. monocytogenes,  

E. coli 
121 

LS 
TA@LS–Ag 

NPs 
PVA S. aureus, E. coli 107 

 

The incorporation of LigNPs and cellulose nanocrystals (CNC) into poly(lactic 

acid) (PLA) films was also explored by Yang and coworkers.115 The combination 

of the two nanofillers in the polymeric film increased its crystallinity and the 

tensile strength, and imparted UV-blocking capability. Only the films containing 

LigNPs were able to reduce the growth of the plant pathogen Pseudomonas 

syringae, indicating the role of LigNPs in the antibacterial activity. However, the 

binary PLA/LigNP film presented higher antibacterial activity than 

PLA/CNC/LigNP. The presence of CNC clearly contributed to the high degree of 

crystallinity of the films, which may decrease the diffusion of LigNPs and their 

antibacterial response. Similarly, with the aim of improving the dispersibility of 

the fillers in PLA/LigNPs formulations, Cavallo et al. used acetylated LigNPs 

(aLNP) and citric acid-treated LigNPs (caLNP) as nanofillers in PLA films.11 The 

incorporation of acetyl in aLNP, and ester and ether in caLNP had a significant 
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effect on their compatibility with the PLA matrix, and the aggregation of the 

modified fillers at 1 wt % in PLA films decreased in comparison with pristine 

LigNPs. However, self-aggregation was observed in increasing concentrations of 

filler regardless of the chemical modification. The growth of E. coli and 

Micrococcus luteus was reduced after incubation with PLA films containing 

LigNPs, aLNP, and caLNP, however, the antibacterial effect was more 

pronounced in the case of the Gram-positive M. luteus. The aLNP significantly 

increased the antibacterial activity of the composites, whereas their antioxidant 

and UV blocking capacities were not improved with the chemical modification of 

lignin. 

In a recent work, the effect of the polymerization degree and the functional 

groups of lignin on the properties of films based on CNC and cellulose nanofibrils 

(CNF) was studied.106 The two forms of lignin, i.e. phenol-enriched oligomer 

fractions and colloidal LigNPs, showed different effects on the antioxidant 

activity of the cellulose films. Lignin oligomers enhanced the radical scavenging 

capacity, while LigNPs reduced it, probably as a consequence of the less 

accessible phenolic groups in the colloidal particles. In contrast, the antibacterial 

properties were not affected by the molecular weight: all the formulations 

reduced the growth of S. aureus by 0.3–0.5 log, however, the growth of E. coli was 

not affected. In view of the properties of cellulose and lignin films, both LigNPs 

and lignin oligomers can be potentially used as active additives in food 

packaging. In another work, LigNPs obtained from corncob lignin via anti-

solvent precipitation method were blended with CNF to prepare biodegradable 

films.116 The presence of LigNPs increased the hydrophobicity of the films and 

provided UV and visible light blocking capacities, which are desirable features of 

food packaging. However, the tensile stress and elongation of CNF-based 

composite films decreased after the addition of LigNPs. The hybrid films reduced 

the growth of S. aureus and E. coli in comparison to the CNF films. 

Lizundia et al. showed the benefits of the incorporation of metallic NPs into 

transparent PLA films to be used in the packaging industry.122 Later, the authors 
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introduced LigNPs and inorganic metal oxide NPs into these films.117 The 

combination of metal oxides and LigNPs provided high UV-protection capacity 

and antioxidant activity, with superior results obtained only with inorganic NPs. 

Another study combining metal/metal oxide NPs (ZnO/Ag) with LigNPs in PLA 

composites was carried out by Deng et al., obtaining nanocomposites with 

multiple functionalities.118 To overcome the common dispersion issues in the 

PLA matrix, polypyrrole glutinous nanofibrils crosslinked with dopamine (PPy-

PDa) were used as particle dispersants. The films containing LigNPs did not 

produce a ZOI in agar plates where E. coli and S. aureus were grown. However, 

after adding the hybridized PyDa-ZnO/Ag, a ZOI of both bacteria was observed. 

Therefore, ZnO/Ag were responsible for the antibacterial properties of the films, 

while LigNPs increased the thermal stability and improved the mechanical 

properties of the composites. 

As mentioned in the previous sections, one of the most efficient methods for 

controlling the growth of microorganisms is the use of AgNPs. However, 

concerns about the safety for human health and the environment appear related 

to the diffusion of such NPs to food, thus, the release of AgNPs from food 

packaging materials should be rigorously controlled. According to the European 

Food Safety Authority (EFSA), using AgNPs additives at low concentrations (up 

to 0.025 % w/w) in polymers that do not swell should not raise safety concerns 

for the consumer, since under these conditions the release of silver is below the 

acceptable daily intake.123  

Lignin-capped AgNPs were used as active fillers in cellulose fibrous 

membranes,119 agar films,120 and PLA films,121 achieving antibacterial properties 

against food-borne pathogens such as E. coli and Listeria monocytogenes. Zhang 

et al. prepared TA@LS–Ag NPs using tannic acid (TA) as a reducing agent and LS 

as a carrier and dispersing agent (Figure 10a).107 By comparing the different 

hybrid NPs (TA–Ag, LS–Ag, TA@LS, and TA@LS–Ag), the authors demonstrated 

the important role of lignin in the antibacterial activity of the particles, since it 

significantly reduced the minimum inhibitory and bactericidal concentrations of 
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TA@LS–Ag in comparison with TA–Ag. The ternary particles provided PVA films 

with antibacterial activity, being able to inhibit the growth of S. aureus and E. coli. 

The TA@LS–Ag also improved the mechanical performance of the films, showing 

very high toughness and tensile strength values, which were attributed to the 

dense hydrogen bonding interactions between the particles and the PVA matrix. 

Biomedical applications 

The interest in utilizing lignin as a functional additive for biomedical 

applications has increased over the past years, demonstrating the suitability of 

lignin for the development of advanced and sustainable biomaterials. LigNPs 

have been studied as vehicles for drug and gene delivery, as biosensors, for tissue 

engineering, etc.124,125 This section focuses on antibacterial biomedical materials 

containing LigNPs, comprising hydrogels, films, nanofibers, and foams (Table 5). 

Long-lasting antibacterial properties of these materials are required, which are 

usually achieved by a sustained release of the active NPs over time. However, 

such release of NPs together with the degradation products of the polymeric 

matrix may cause cell inflammation.126 Thus, an in-depth investigation of the 

cytotoxicity and biocompatibility of these materials should be conducted before 

their application for human health.  

A facile approach for the development of antibacterial nanolignin-based 

materials is to use LigNPs as fillers in a polymeric matrix. For instance, hydrogels 

of PVA and CS embedding LigNPs as antibacterial fillers were prepared by Puglia 

et al.127 The resulting PVA/Ch/LigNPs gels were able to reduce the number of 

viable E. coli and S. aureus by 2 log. Bacterial reduction was also observed in the 

PVA/Ch gels prepared without NPs, especially against E. coli, probably due to the 

presence of antibacterial CS. On the other hand, the growth of planktonic S. 

epidermidis was only reduced by the hydrogels containing LigNPs, even though 

the reduction was modest (~0.3 log). However, the gels were not efficient against 

S. epidermidis biofilms, which reflects the much higher resistance of biofilms-

forming bacteria to antibacterial agents. 
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For some biomedical applications, such as implantable medical devices and 

their packaging, an environment completely free from bacteria is required. To 

this end, the medical devices should possess a strong antibacterial effect that 

prevents the colonization of bacteria and biofilm formation. The combination of 

biocompatible LigNPs with strong antibacterial metals is a common approach for 

achieving such performance.  

Coatings  

Bacterial adhesion on biomedical devices and subsequent biofilm formation is 

a major concern from health and economic perspectives. An approach to prevent 

bacterial contamination and proliferation is the surface coating with 

antibacterial NPs. An example of antibacterial coating for implantable titanium 

devices is found in the work of Visan et al., who developed nanostructured 

coatings based on polyaniline grafted lignin (PANI-LIG) embedded with 

magnetite nanoparticles loaded with aminoglycoside gentamicin sulfate (GS) 

(Fe3O4@GS).128 The coatings were anticorrosive, antioxidant, and more  

hydrophilic than the bare titanium surface. The formation of E. coli and S. aureus, 

and C. albicans biofilms on the coatings were inhibited by ~3, ~1.5, and ~1.5 log, 

respectively, in 24 h. On the other hand, human osteoblast-like cells did not lose 

viability when were grown onto the surface of the PANI-LIG:Fe3O4@GS coatings, 

which makes feasible the application of these materials as medical implants. In 

another work, highly-stretchable hydrogel fibers based on AgLigNPs, citric acid 

(CA), acrylic acid (AA), and poly(acrylamide-co-acrylic acid) (P(AAm-co-AA)) 

were prepared by He et al.129 The AgLigNPs, obtained by lignin-mediated 

reduction, participated in the gelation process by initializing the radical 

polymerization of monomers and, owing to the quinone-catechol reversible 

reactions, provided the hydrogel with adhesion properties. CA was added to the 

formulation to create reversible bonds that improve the deformability and 

stretchability of the gel, enabling its manufacturing in form of fibers with a 

diameter of 50 µm. The hydrogels demonstrated antibacterial activity against E. 

coli, achieving 1.8 log reduction after 24 h. When the hydrogel fibers were coated 
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onto a mask (i.e. personal protective equipment) by electrospinning, a 100 % 

eradication of E. coli was achieved.   

Wound healing 

Chronic wounds are injuries that fail to progress through the normal stages of 

healing139 and generally result from diabetes ulcer, leg ulcer and burns, but 

conditions such as vascular diseases and cancer also contribute to wound 

chronicity.140 Actually, complications related to diabetic ulcers affect 1.51 per 

1000 population141 and precede the majority of nontraumatic amputations.142 

The dynamic process of wound healing takes place in three overlapping phases, 

i.e. hemostasis (blood clotting), inflammation (immune cells recruitment), 

proliferation (fibroblast growth and extracellular matrix (ECM) regeneration), 

and tissue remodeling (degradation of excess of collagen and maturation) 

(Figure 11).143 The healing process is regulated by many factors including 

immune cells, growth factors, cytokines, and enzymes. The defective regulation 

of these complex events delays healing and results in the development of wound 

chronicity, with the healing process stalled in the inflammatory phase.144 Chronic 

wounds are susceptible to infection by resident opportunistic bacteria normally 

Figure 11. Schematic representation of the main phases of wound healing (adapted 
from Ref. 300 with permission from the American Chemical Society). 
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found in the skin, but also by exogenous pathogenic bacteria. All chronic wounds 

are heavily contaminated with microorganisms, among which S. aureus, P. 

aeruginosa, E. faecalis, S. epidermidis, and anaerobic bacteria are the most 

common.145,146 In addition, non-healing wounds are also characterized for 

having elevated levels of ROS, which promotes biofilm formation147 and 

deregulates the enzymes responsible for tissue remodeling, i.e. matrix 

metalloproteinases (MMPs). The elevated inflammation in chronic wounds over 

activates myeloperoxidase (MPO) which produces elevated levels of 

hypochlorous acid. As a result, the tissue inhibitors of MMPs (TIMMPs) are 

degraded, and in turn, the latent form of MMPs is activated.148 The ECM is 

excessively degraded when the MMPs/TIMMPs ratio is shifted towards 

overexpression of MMPs, which hinders the wound healing process.149  

Considering the pathophysiology of chronic wounds, an efficient wound 

dressing material should simultaneously inhibit the growth of pathogenic 

bacteria, reduce oxidative stress and promote wound healing by reducing the 

activity of deleterious enzymes. In the design of materials for wound treatment, 

lignin is frequently found in combination with metals to enhance the 

antibacterial activity of the dressing to achieve efficient pathogen elimination 

(Table 5). Different nanolignin-based materials for wound healing have been 

developed, mainly hydrogels, nanofibers, and polyurethane foams.  

Hydrogels 

Polymer hydrogels are three-dimensional (3D), porous, hydrophilic networks 

capable of retaining large amounts of water. Hydrogels can be synthesized by 

covalent crosslinking induced by radical polymerization, redox reactions, and 

enzymatic catalysis, among others,150,151 which yield non-reversible covalent 

bonds between the polymer chains. In physically crosslinked hydrogels, the 

polymeric matrix is formed by non-covalent interactions such as hydrogen 

bonds, ionic interactions, crystallization, metal coordination, and hydrophobic-

hydrophilic interactions that usually occur at mild reaction conditions.152 These 
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dynamic and reversible interactions allow the hydrogels to adapt to complicated 

geometries of the site for their application and to self-heal after a stress causing 

network rupture. 

Advanced hydrogel dressings should incorporate multifunctional agents to 

ensure antibacterial and antioxidant capacities.153 In the case of hybrid 

silver/lignin NPs as actives in hydrogels for wound treatment, examples of use 

can be found in Gan et al. where novel pectin and poly(acrylic acid) (PAA) 

hydrogel was built using AgLigNPs as antibacterial and crosslinking agents.130 

Ammonium persulfate (APS) produced free radicals in lignin, which initiated the 

polymerization of the hydrogel. The hydrogels presented bactericidal properties 

in vitro, being able to reduce cultures of S. aureus and E. coli by 98 and 97 %, 

respectively, and in vivo in a rabbit model. The catechol-based chemistry was the 

main responsible for the durable adhesiveness of the gels. The in vitro studies 

showed the capacity of the gels to promote cell adhesion and proliferation, while 

the in vivo tests with rats validated the wound healing and skin tissue 

regeneration capacities of the hydrogel.  

Our group developed a self-assembling injectable hydrogel based on modified 

thiolated hyaluronic acid (HA-SH) and Ag@LigNPs (Figure 10b).105 The lignin-

capped NPs were responsible for the gelation through multiple polymer-NP 

interactions, comprising hydrogen bonding, thiol-π, and cation-π. These dynamic 

non-covalent interactions imparted self-healing and injectability to these 

materials. The hydrogels displayed a strong bactericidal activity, achieving 7 and 

4.5 log reduction of P. aeruginosa and S. aureus, respectively, while cytotoxicity 

toward human keratinocytes was not observed. Interestingly, the release of 

silver was sustained over time (following zero-order kinetics), which is expected 

to prolong the antibacterial activity and reduce possible side effects. In vivo 

studies in mice showed a rapid closure of the wound after the treatment with the 

gel, complete regeneration of the skin and lack of signs of inflammation or 

bacterial infection. Similarly, using an in situ synthetic approach, AgNPs obtained 

by lignin-mediated reduction were used as crosslinking agents to construct 
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hydrogels based on phenylboronic acid-modified hydroxypropyl cellulose 

(PAHC).131 The dynamic borate ester bonds of catechol groups of lignin with the 

phenylboronic acid groups in PAHC provided self-healing and shape adaptive 

properties. Moreover, the hydrogels were capable of adhering to different tissues 

and inorganic materials through hydrogen bonding, electrostatic, and ion 

coordination interactions. The gels presented radical scavenging ability and 

completely eradicated E. coli, S. aureus, the yeast C. albicans, and MRSA. In vivo 

studies with a MRSA-infected wound model showed that the hydrogels 

accelerated the epithelial tissue regeneration, reduced the inflammatory cell 

infiltration, and significantly promoted the wound healing. The in situ reduction 

of silver into hydrogels was also achieved using the lignin from lignocellulosic 

biomass as a reducing and capping agent.111 By adjusting the content of lignin in 

the hydrogel, AgLigNPs of different size were obtained (10–40 nm). The 

hydrogels inhibited the growth of E. coli, obtaining larger ZOI with the increase 

of lignin content in the material. 

The one-pot synthesis of carrageenan-based AgLigNPs-enabled hydrogels was 

performed by Jaiswal et al. using lignin as a reducing and capping agent, and 

divalent cations (CaCl2, CuCl2, MgCl2) as crosslinking agents.132 The presence of 

AgLigNPs increased the tensile strength and elongation of the hydrogel while 

completely eradicating E. coli and S. aureus within 3–6 h. The hydrogels showed 

good biocompatibility with dermal fibroblasts in vitro and were capable of 

improving the healing of wounds in rats. Yang et al. studied the effect of 

silver/lignin NPs and CNC in PVA hydrogels.133 The hydrogels were prepared by 

firstly embedding AgNPs onto the surface of LigNPs by a direct reduction of silver 

nitrate, then PVA was crosslinked by glutaraldehyde in presence of CNC and Ag 

loaded LigNPs (LNP-Ag). The addition of the nanofillers allowed to tune the pore 

structure and mechanical properties of the material. The hydrogels containing 

LigNPs presented a slight antibacterial effect against S. aureus and E. coli, tested 

by the agar diffusion method, that was significantly improved when LNP-Ag were 

added. The gels containing LigNPs and LNP-Ag exhibited radical scavenging 
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activity unlike the PVA and PVA/CNC hydrogels alone. The wound healing and 

skin regeneration tested in vivo in mice was accelerated by the Ag-containing 

hydrogel, which was attributed to the gradual release of LNP-Ag from these 

hydrogels.  

An in situ approach for the synthesis of AgNPs into a lignin-based hydrogel 

was chosen by Li et al.135 First, LS was aminated through Mannich reaction and 

was then crosslinked with PVA to form the hydrogel. Afterwards, silver nitrate 

was added and AgNPs were formed by reduction within the hydrogel. The 

hydrogel completely eradicated E. coli and S. aureus within 6 and 9 h, 

respectively, and reduced the cell viability of mouse fibroblast cells (L929 cell 

line) by 25 %.  

The use of hybrid lignin-bimetallic NPs in hydrogels for wound healing has 

been explored by Chandna et al.134 using Kraft lignin as a reducing and stabilizing 

agent for the synthesis of Ag/Au NPs conjugated with the photosensitizer Rose 

Bengal and doped into a PAA hydrogel. A rapid release of the nanoactives 

occurred at acid pH due to degradation of the hydrogel under this condition. 

After excitation with a green laser, the number of viable yeast (C. albicans) 

decreased. These results demonstrated the applicability of the hydrogels in 

antimicrobial photodynamic therapies for infected acute wounds, where the 

environment is mostly acidic.  

Nanofibers 

AgNPs were synthesized in situ onto the surface of polyacrylonitrile (PAN) 

nanofibers using lignin as a reducing agent.137 The presence of lignin did not only 

provide antioxidant capacities but also significantly promoted the NPs’ 

anchoring onto the nanofibers. The antibacterial activity of the PAN/AgNPs 

composites tested by the agar diffusion method showed ZOI of ~13–21 mm 

against S. aureus and E. coli, achieving higher values increasing the concentration 

of the silver precursor. On the contrary, PAN nanofibers without NPs did not 

inhibit the growth of bacteria. The antibacterial activity of the nanocomposites 
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was attributed to the burst release of silver within the first 2 h, followed by a 

sustained release over several days. These nanofibrous materials were 

considered suitable for the treatment of acute wounds.  

The in situ lignin-mediated synthesis of CuO nanoparticles on the surface of 

electrospun CNF as potential wound dressings was also explored by Haider et al 

(Figure 10c).138 The CuO/CNF released 80 % of the copper ions within the first 

24 h, reaching a plateau in the release during the next 5 days. The growth of S. 

aureus and E. coli was inhibited by the CuO/CNF (ZOI 1.9–2.8), while the viability 

of a NIH3T3 fibroblast cell line was over 80 % after 7 days of incubation in the 

presence of the nanofibers. Moreover, the presence of lignin conferred 

antioxidant properties to the nanofibers. The incorporation of AgNPs into 

lignin/PVA nanofibrils was carried out by Aadil et al.136 In this work, lignin was 

not in form of NPs but as a polymer matrix together with PVA in the electrospun 

nanofibers. The material was capable of inhibiting the growth of E. coli and B. 

circulans in the agar diffusion test, showing larger ZOI than antibiotic discs.   

Polyurethane foams 

Polyurethane is a synthetic material made of polyols and isocyanate bonded 

by urethane linkages through polyaddition polymerization. Flexible 

polyurethane foams (PUFs) are of particular interest for wound management 

due to their high capacity to absorb fluids, mechanical stability, softness, 

flexibility, and low cytotoxicity.142,154 Due to these properties, PUF dressings 

have the capacity to absorb large amounts of wound exudates and can be easily 

adapted to different wound shapes. Despite PUFs act as a physical barrier 

between the wound and the environment, the incorporation of antimicrobial NPs 

within this material would provide functionalities, yielding high-performance 

antibacterial wound dressings. 

An in situ approach for the synthesis of lignin-based PUFs (LPUFs) was 

adopted by Li et al.,108 where AgNPs were formed reduced by lignin during 

polyurethane polymerization (Figure 10d). The synthetic procedure of these 
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composite foams comprised liquefaction of lignin with poly(ethylene glycol) and 

glycerol, following simultaneous foaming and AgNPs formation. The swelling 

behavior of the resulting AgNP-LPUFs was influenced by the presence of 

hydrophobic lignin and AgNPs by decreasing the water uptake ability of the 

foams. The AgNP-LPUFs gradually reduced the number of viable S. aureus and E. 

coli over time, achieving above 99 % reduction after 8 h. However, the 

antibacterial activity of the foams against S. aureus was significantly lower than 

against E. coli. The LPUF without AgNPs did also present some antibacterial 

activity against E. coli, which was attributed to the intrinsic antibacterial activity 

of lignin. In vivo studies in mice wound model showed that the group treated with 

AgNP-PUF exhibited better wound area closure than those treated with PUF, 

LPUF, and a commercial dressing without antibacterial agents. 
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The main objective of this thesis is to engineer antibacterial lignin-based 

nanoparticles and multifunctional nano-composite materials for 

biomedical applications. Different strategies, such as enzymatic 

functionalization and ultrasonication, or a combination thereof, will be applied 

in the context of green chemistry by using lignin as a key functional and 

structural element for building the novel nanomaterials. Given the antimicrobial 

and antioxidant capacities of lignin, the developed NPs are expected to improve 

the treatment of chronic wounds. For this purpose, the NPs need to be embedded 

or crosslinked in a scaffold material that would serve as a wound dressing.  

The specific objectives towards the design of lignin-based nano-enabled 

materials for medical applications are the following: 

 To develop efficient antibacterial NPs combining lignin with natural 

phenolic compounds, metals, and metalloids using enzymatic or 

sonochemical technologies. Despite lignin being considered an 

antibacterial biomolecule, the enhancement of its antibacterial properties 

by means of nanotransformation, functionalization, and combination with 

other antibacterial agents would lead to nanoentities with high potential 

in the biomedical field.    

 To expand the knowledge on the antibacterial mode of action of 

lignin-based nanomaterials. Regardless of the broad information 

available about the mechanism of action of metal NPs, very few have been 

explored in biopolymer-based NPs. Understanding how such NPs interact 

with bacteria would ease the engineering of efficient antibacterial NPs.  

 To incorporate lignin-based NPs into synthetic polyurethane foams 

as materials for wound healing. Wound dressings are usually inert 

materials that serve as absorbents of wound exudate and as a physical 

barrier to avoid infection, but do not promote wound healing. The 

development of active dressing materials is crucial for accelerating the 

healing of wounds. The addition of lignin-based NPs into foams 

formulations is expected not only to provide bioactivities, but also to 
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improve their mechanical properties due to covalent crosslinking with the 

polyols.  

 To use lignin-based NPs as active and crosslinking agents for the 

synthesis of biopolymer hydrogels for wound healing. Taking 

advantage of the functional groups of lignin, the developed lignin 

nanoparticles could be used not only as active agents, but also as driving 

elements for self-assembling in the formation of novel hydrogel materials 

through non covalent interactions. The combination of the NPs with 

specific biopolymers would result in efficient hydrogel materials for 

wound healing. 
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Chapter 1. Antibacterial lignin–based NPs 

Introduction 

In recent years, lignin has drawn increasing attention for different 

applications due to its intrinsic antibacterial and antioxidant properties, coupled 

with biodegradability and biocompatibility.59 Despite those different green 

methods to produce LigNPs, including solvent exchange,62 water-in-oil 

microemulsions,155 and ultrasonication,63,67 are used for biomedical and food 

applications where biocompatibility and biodegradability are crucial features, 

chemical modification of lignin and its combination with metals is usually a 

requirement to potentiate the functionalities of the NPs and extend their 

application range.76 

Several techniques have been used to enhance the antibacterial and 

antioxidant properties of lignin and LigNPs, including chemical 

phenolation156,157 and amination69. Traditional functionalization strategies often 

involve toxic reagents or metal catalysts and require harsh conditions. An eco-

friendly alternative to enhance the antibacterial activity of lignin is the use of 

enzymatic catalysis for grafting functional molecules. This biotechnological 

approach provides clear environmental advantages over chemical modification, 

allowing it to work at mild conditions and avoiding the use of hazardous 

chemicals, ultimately reducing the amount of toxic residues.158 Laccases are 

oxidoreductases found in plants, fungi, and bacteria that catalyze the oxidation 

of a wide range of substrates, including phenolic lignin-related compounds. Once 

oxidized, the phenolic group yields radicals that rapidly form reactive phenoxy 

radicals, which are able to form covalent bonds with other molecules. 

On the other hand, the chemical reduction of metal ions to produce NPs is 

frequently achieved by toxic reducing agents, such as borohydride, and requires 

stabilizers such as PEG to prevent particle aggregation.159 Alternatively, lignin 
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can be used both as a reducing and capping agent of metals due to its large 

content of phenolic and aliphatic hydroxyl groups.34,76 

In this chapter, the synthesis and characterization of different formulations of 

antibacterial lignin-based NPs are described. Concretely, lignin ‒pristine or 

enzymatically modified with phenolic groups‒ was used as a reducing agent of 

metals and metalloids, or as an antibacterial agent itself, for the synthesis of 

hybrid NPs (Figure 12). The three formulations of lignin-based particles are 

described below: 

 Tellurium lignin NPs (TeLigNPs). Pristine lignin was used to reduce 

sodium tellurite to elemental tellurium (Te0) under US, which yielded 

TeLigNPs.   

 Phenolated lignin NPs (PheLigNPs). Lignin-based particles were 

produced by a sonoenzymatic approach that allowed to simultaneously 

functionalize and nano-transform lignin, resulting in PheLigNPs. 

 Silver phenolated lignin NPs (AgPheLigNPs). Lignin enriched with 

phenolic compounds via laccase oxidation was used to reduce silver 

nitrate to elemental silver (Ag0) under US and produce AgPheLigNPs.   

Figure 12. Schematic representation of the synthesis of lignin-based NPs via 
ultrasound.  
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The antibacterial activity of these NPs against Gram-positive and Gram-

negative bacteria, as well as their mode of action, were studied. Their 

biocompatibility with human cell lines, which is a prerequisite for their 

application in the medical field, was also assessed.  

Materials and methods 

Reagents, cells, and enzymes 

Protobind 6000 sulfur-free soda lignin powder was purchased from Green Value 

(Switzerland). Tannic acid (TA), gallic acid (GA), and 3′,5′-dimethoxy-4′-

hydroxyacetophenone (acetosyringone) were obtained from ACROS Organics 

(Belgium). Silver nitrate, sodium tellurite, hydrogen peroxide, chloroform, 2,2′-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 

phosphate buffered saline (PBS), Folin-Ciocalteu’s phenol reagent, resazurin 

sodium salt, and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased 

from Sigma-Aldrich (Spain). Nutrient broth (NB) was provided by Sharlab 

(Spain). Luria‒Bertani (LB) with agar, Coliform ChromoSelect agar, Cetrimide 

agar, and Baird Parker agar were obtained from Sigma-Aldrich (Spain). 

Ciprofloxacin and ampicillin were purchased from Fluka and Duchefa, 

respectively.  AlamarBlue cell viability reagent and molecular probe H2DCFDA, 

and Live/Dead BacLight kit (Molecular probes L7012) were purchased from 

Invitrogen, Life Technologies Corporation (Spain). Avanti Polar Lipids provided 

phosphatidylethanolamine (PE, ♯840027) and phosphatidylglycerol (PG, 

♯841188) extracted from E. coli.  

Bacterial strains S. aureus (ATCC 25923), B. cereus (14579), E. coli (ATCC 

25922) and P. aeruginosa (ATCC 10145), human fibroblast cells (ATCC-CRL-

4001, BJ-5ta), and human keratinocyte cells (HaCaT cell line) were obtained from 

the American Type Culture Collection (ATCC LGC Standards, Spain). 

Novozym 51003 laccase from Miceliophtora termophila was provided by 

Novozymes (Denmark). The enzymatic activity of laccase was 529 U·mL-1 defined 
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as the amount of enzyme converting 1 μmol ABTS to its cation radical (ε436=29 

300 M-1·cm-1) in sodium acetate buffer (0.05 M, pH 5) at 25 °C.  

The water used in all experiments was purified by MilliQplus system 

(Millipore) with 18.2 MΩ·cm resistivity prior to its use.  

Characterization of laccase 

Laccase activity was determined by monitoring the oxidation of ABTS by 

changes in absorbance. Briefly, 10 μL of diluted laccase was mixed with 215 μL 

of sodium acetate buffer (0.05 M, pH 5.0) and 25 μL of 10 mM ABTS. The increase 

in the absorbance was measured at 436 nm and 25 °C. For the blank, laccase was 

substituted by buffer. The activity of laccase was defined as the amount of 

enzyme converting 1 μmol of ABTS to its cation radical (ε436 = 29 300 M−1·cm−1) 

in sodium acetate buffer (0.05 M, pH 5.0) at 25 °C and was calculated as follows: 

Activity (U·mL-1) = 
(∆A𝑡𝑒𝑠𝑡−∆A𝑏𝑙𝑎𝑛𝑘) ×final volume (mL)×dilution factor of enzyme

time (min)×ε (mM−1cm−1)×pathlength (cm)×volume of enzyme
     (Eq. 1) 

The optimum pH and temperature of the enzyme was studied using ABTS as a 

substrate. First, 10 μL of diluted laccase was mixed with 215 μL of 0.05 M Britton-

Robinson buffer (pH 3.0–10.0) and 25 μL of 10 mM ABTS. The increase in the 

absorbance was measured at 436 nm and 25 °C. The highest increase in 

absorbance of laccase was taken as the 100 % relative activity.  

Once the optimum pH was established, the optimum temperature was 

determined by mixing 10 μL of diluted laccase, 215 μL of sodium acetate buffer 

(0.05 M, pH 5.0), and with and 25 μL of 10 mM ABTS. The mixture was subjected 

to a range of temperatures (25–75 °C) and the increase in absorbance at 436 nm 

was measured. The highest increase in absorbance of laccase was taken as the 

100 % relative activity. 

The stability of laccase at 50 °C under stirring or US was also studied. Laccase 

diluted in sodium acetate buffer (0.05 M, pH 5.0) was subjected to stirring at 200 

rpm, or high-intensity US (20 kHz, 50 % amplitude, Ti-horn, VCX 750 ultrasonic 
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processor, Sonics, USA) for 1 h at 50 °C. Aliquots of 100 μL were withdrawn to 

measure the laccase activity as previously described. The activity of laccase in 

the initial point was considered 100 % relative activity.  

Synthesis of AgPheLigNPs 

Previous to the NPs’ synthesis, lignin was enzymatically grafted with phenolic 

compounds to increase its reactivity. Protobind 6000 lignin (10 mg·mL-1) was 

soaked in sodium acetate buffer (0.05 M, pH 5), where the mediator 

acetosyringone (1.5 mg·mL-1) was previously dissolved. Laccase at a final 

concentration of 5.29 U·mL-1 was added and the mixture was stirred for 1 h at 50 

°C to pre-activate lignin. Then, GA (10 mg·mL-1) and TA (10 mg·mL-1) were added 

to the mixture and stirred at 50 °C for 2 h. The enzymatic reaction was stopped 

by increasing the temperature to 95 °C for 15 min. The phenolated lignin was 

separated from the non-reacted phenolic compounds by centrifugation for 20 

min at 4000g, and freeze-dried. 

Phenolated lignin was dissolved in water (10 mg·mL-1) and the pH was 

adjusted to 8. The solution was mixed with 4 mg·mL-1 AgNO3 (3:2 lignin : silver 

ratio) and subjected to high-intensity US (20 kHz, 50 % amplitude, Ti-horn) for 

2 h at 60 °C (VCX 750 ultrasonic processor, Sonics, USA). The NPs were purified 

by centrifugation of the reaction mixture at 18000g for 40 min. The obtained 

pellet was resuspended in miliQ water and centrifuged at 500g for 10 min to 

remove the non-reacted lignin molecules. The suspension was further subjected 

to low-intensity US to disaggregate the nanoparticles. 

Synthesis of TeLigNPs 

First, lignin was dispersed in water (10 mg·mL-1) and the pH was raised to 9 

by addition of 1 M NaOH. Thereafter, sodium tellurite powder was diluted in the 

prepared lignin solution at 100 mM final concentration. The resulting solution 

was subjected to high-intensity US (20 kHz, 50 % amplitude, Ti-horn) for 30 min 

at 60 °C (VCX 750 ultrasonic processor, Sonics, USA). The generated NPs were 

purified by centrifugation at 25000g for 30 min. The pellet was washed for 
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complete removal of tellurite ions by resuspension in Milli-Q water and further 

centrifugation at 25000g for 30 min. Afterwards, the washed pellet was 

resuspended again in Milli-Q water and low-intensity US was used to completely 

disaggregate the NPs in the suspension. Finally, centrifugation at 500g for 5 min 

removed larger particles and remaining insoluble lignin.  

Synthesis of PheLigNPs and LigNPs 

Lignin (10 mg·mL-1) was soaked in sodium acetate buffer (0.05 M, pH 5) where 

acetosyringone was previously dissolved (1.5 mg·mL-1). Laccase at a final 

concentration of 5.29 U·mL-1 was added and the mixture was stirred for 1 h at 50 

°C to pre-activate lignin. Then, TA was added to a final concentration of 10 

mg·mL-1, and the solution was subjected to high-intensity US (20 kHz, 50 % 

amplitude, Ti-horn) for 1 h at 50 °C to produce the PheLigNPs (VCX 750 

ultrasonic processor, Sonics, USA). The mixture was centrifuged at 18000g for 

20 min to remove unreacted TA molecules present in the supernatant. The pellet 

was resuspended in water and concentrated 10-times, then, disaggregation of 

the particles was achieved by applying low-intensity US. Lastly, the NPs were 

centrifuged at 500g for 10 min to remove larger aggregates. The PheLigNPs were 

stored at 4 °C.  

The LigNPs were synthesized by sonicating a solution of lignin in water (10 

mg mL-1) at 50 % amplitude and 50 °C for 2 h, following an adapted protocol 

previously reported.63   

Characterization of the lignin-based NPs 

Phenolic content  

The phenolic content of the lignin samples was determined 

spectrophotometrically, measuring the absorbance at 765 nm of a water solution 

containing 20 µL of lignin dispersion (1 mg·mL-1), 100 µL of 20 %w/v Na2CO3 

and 80 µL of 0.2 N Folin-Ciocalteu phenol reagent, after 10 min incubation in 

dark. GA was used to build the calibration curve. All samples were measured in 
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triplicated, and results are expressed in in GA equivalents (GAE) per gram of 

sample.  

Hydrodynamic size, polydispersity index and ζ-potential 

The hydrodynamic size, polydispersity index (PDI), and ζ-potential of the NPs 

were measured using a Zetasizer Nano Z (Malvern Instruments Inc., U.K.). 

Transmission electron microscopy (TEM) was used to study the morphology and 

distribution of the NPs by placing 10 µL of diluted sample onto holey carbon films 

on copper grids (for AgPheLigNPs and PheLigNPs) or carbon-coated silicon 

dioxide grids (for TeLigNPs). The samples were observed in a JEOL JEM-2100 

LaB6 microscope operating at an accelerating voltage of 200 kV.  Energy 

dispersive X-ray diffraction (EDX) was used for the elemental analysis, and 

chemical maps were acquired using the high-angle annular dark-field (HAADF) 

scanning TEM (STEM). Nanoparticle size was measured using the ImageJ 

software (version 1.52a).  

FTIR spectra 

FTIR spectra of lignin samples over the 600−4000 cm−1 range were collected 

by a PerkinElmer Spectrum 100 FTIR spectrometer (PerkinElmer, MA, USA) with 

an attenuated total reflection (ATR) accessory of germanium crystal with a high-

resolution index (4.0), performing 64 scans for each spectrum at 4 cm−1 

resolution. The peak at 2920 cm-1, corresponding to the C-H stretching in 

aromatic methoxyl groups, was used for normalization.160 For the semi-

quantitative analysis of PheLigNPs, the relative intensities of the respective 

bands were calculated taking the band at 2920 cm-1 as the reference. The ratio of 

Ax/A2920 was taken as the quotient between specific intensity and the reference 

band. 

UV-vis absorbance scan 

UV-vis absorbance scan of the AgPheLigNPs was performed using a microplate 

reader Infinite M200 (Tecan, Austria) to study the presence of silver in its 

elemental form (Ag0). The content of tellurium in the TeLigNPs and silver in the 
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AgPheLigNPs was quantified by inductively coupled plasma mass spectrometry 

(ICP-MS 7800, Agilent Technologies, USA) calibrated by an internal standard 

with 45Rh and a standard curve of 125Te or 107Ag. Prior to the analysis, the 

samples were digested with 20 % (v/v) HNO3 at 100 °C for 1 h, diluted until a 

final concentration of 2 % HNO3 and filtered through a 0.2 µm pore size filter. 

Growth inhibition of bacteria by the lignin-based NPs 

The antibacterial activity of the lignin-based NPs was assessed toward Gram-

positive S. aureus and B. cereus, and Gram-negative E. coli and P. aeruginosa 

following the serial dilution method. Overnight bacterial cultures were diluted in 

NB to an OD600=0.01 (∼105−106 CFU·mL−1). Then, 50 μL of the NPs at different 

concentrations were mixed with 50 μL of bacterial suspension in 96-well 

polystyrene plates. The samples were incubated for 24 h at 37 °C with 230 rpm 

shaking. Bacterial growth in the presence of NPs was assessed measuring the 

OD600 in a microplate reader (Infinite M200, Tecan, Austria). Bacterial inoculum 

without NPs was used as a growth control (no inhibition). The OD600 of the 

samples at time 0 h was used as a blank. The growth inhibition was calculated 

following Eq. 2: 

Bacterial growth inhibition (%) =  100 − (
ODsample−ODblank

ODgrowth control−ODblank
× 100)    (Eq. 2) 

The MIC was taken as the lowest concentration of NPs that inhibited the 

growth of the bacteria after 24 h of incubation at 37 °C. The minimum 

bactericidal concentration (MBC) was determined by plating 10 μL of the 

suspensions onto specific agar and further incubation for 24 h at 37 °C. The MBC 

was considered the lowest concentration of particles at which growth was not 

observed. In addition, the number of survived bacteria during NPs treatment was 

determined after plating 10 μL of the diluted suspensions onto specific agar and 

further incubation for 24 h at 37 °C. After counting the colonies, the log reduction 

and the percentage of reduction were calculated (Eq. 3 and 4).  
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For the kinetic growth curves, bacteria grown overnight in NB were diluted in 

NB medium to an OD600=0.01 (∼105−106 CFU·mL−1). Then, 250 μL of bacterial 

suspension were incubated with 250 μL of the lignin samples in 2 mL tubes at 37 

°C with 230 rpm shaking. Growth controls were bacteria cultured in NB without 

lignin samples. After different incubation times, samples were taken and the 

number of survived bacteria (CFU·mL-1) was obtained using the drop plate 

method. Briefly, serial dilutions of the samples were performed in PBS, and 10 

µL drops were plated in Baird-Parker, LB, Cetrimide, and Coliform ChromoSelect 

agar plates for S. aureus, B. cereus, P. aeruginosa and E. coli, respectively. After 24 

h incubation of the agar plates at 37 °C, the grown colonies were counted. The 

log reduction and bacterial viability reduction (%) was calculated as follows: 

log reduction =  log10(𝐴/𝐵)               (Eq. 3) 

bacterial viability  reduction (%) = [(A − B)/A] × 100       (Eq. 4) 

where A and B are the average number of bacterial colonies before (0 h) and after 

(24 h) the treatment, respectively. 

Cytotoxicity assay 

Cytotoxicity of the lignin-based NPs was tested toward human fibroblasts (cell 

line BJ5ta) and human keratinocytes (cell line HaCaT). The cells were grown in 

100 µL of DMEM in a 96-well plate (60000 cells per well) at 37 °C in a humidified 

atmosphere with 5 % CO2. After 24 h of cell growth, NPs at different 

concentrations were incubated in contact with the cells for 24 h. Afterwards, the 

NPs were removed from the wells, and washed three times with PBS. The cell 

viability assessment was performed using the AlamarBlue reagent, which is a 

redox indicator dye used for evaluation of the metabolic activity of cells. After 

removing the culture medium, 100 µL of AlamarBlue reagent diluted in culture 

medium (10 % v/v) was added to each well. After 3 h incubation at 37 °C, the 

fluorescence was measured (λex/em=550/590 nm). The percentage of cell 

viability was calculated using the fluorescence values of the wells containing only 

cells and AlamarBlue reagent as reference (growth control). Wells containing 
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only AlamarBlue reagent were used as the blank group. The percentage of cell 

viability was calculated following Eq. 5: 

cell viability (%) =
(F sample − F blank)

(Fgrowth control − F blank)
× 100            (Eq. 5) 

Cell viability was further assessed with fluorescence microscopy using the 

Live/Dead Viability/Cytotoxicity kit that stains the live cells in green and the 

dead ones in red. After 24 h incubation of the cells with the NPs, the culture 

medium was removed and 20 µL of staining solution (0.1 % calcein AM and 0.1 

% ethidium homodimer-1 in PBS) were added. After 20 min incubation in the 

dark, the samples were visualized under fluorescence microscopy using a 100x 

objective lens.  

Generation of ROS by bacteria and human cells treated with lignin NPs 

ROS generated by bacterial cultures exposed to the lignin-based NPs were 

evaluated using the oxidation-sensitive probe H2DCFDA, which is activated by 

intracellular oxidants such as hydrogen peroxide and the hydroxyl radical.161,162 

In the assay, carried out in triplicate, bacteria were grown in NB to an OD600 of 

~0.8 and were exposed to TeLigNPs (2.39 ppm of Te) or PheLigNPs (2.5 mg·mL-

1) for 30 min at 37 °C. The samples were centrifuged at 4000g and washed twice 

with PBS. The bacteria in the pellet were incubated with a solution of 20 µM 

H2DCFDA in PBS for 30 min in the dark. Thereafter, fluorescence measurements 

(λex/em=490/520 nm) were performed and normalized to OD600. Bacteria 

incubated without NPs were used as controls.  

ROS generated in human keratinocytes and fibroblasts were assessed after 

growing the cells in 100 µL of DMEM in a 96-well plate (60000 cells per well) at 

37 °C in a humidified atmosphere with 5 % CO2. After 24 h, the cells were washed 

with PBS and were exposed to TeLigNPs (2.39 ppm of Te) for 30 min at 37 °C. 

After removing the particles, 100 µL of 2 mM H2DCFDA was added. After 30 min 

incubation in the dark, the fluorescence measurements (λex/em=490/520 nm) 

were performed. Cells incubated without TeLigNPs were used as controls. 
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TEM of bacterial samples incubated with lignin-based NPs 

TeLigNPs were incubated under shaking with E. coli and S. aureus 

(OD600=0.01) for 2 h at 37 °C. The samples were centrifuged at 2000g for 5 min 

at 4 °C and resuspended in a fresh fixative solution containing 2.5 % (v/v) 

glutaraldehyde and 2 % (v/v) paraformaldehyde in 0.1 M phosphate buffer, pH 

7.4. The samples were incubated with the fixative solution for 1 h at 4 °C, washed 

three times with 0.1 M phosphate buffer, pH 7.4 and fixed in 1 % (w/v) osmium 

tetraoxide. Afterwards, the samples were stained with 2 % (w/v) uranyl acetate, 

dehydrated in ethanol, and embedded in Spurr resin. Ultrathin sections were 

obtained with an Ultracut E (Reichert-Jung) ultramicrotome and counterstained 

with lead citrate. Then, the slices were deposited on bare mesh copper grids and 

the sections were observed using JEOL 1100 transmission electron microscope 

at 80 kV.  

Interaction of lignin-based NPs with bacteria assessed by SEM 

In order to study the interaction of PheLigNPs with bacteria and their effect 

on cell structure, overnight bacterial cell cultures in NB grown at 37 °C were 

diluted to an OD600=0.01 (∼105−106 CFU·mL−1) and mixed with PheLigNPs (final 

concentration 1.25 mg·mL−1). After 4 h incubation at 37 °C and 230 rpm, the 

volume was transferred to a 48-well plate containing silicon wafers. The samples 

were further incubated overnight at room temperature. Then, the liquid was 

carefully removed and the bacteria remaining in the grid were fixed overnight in 

a 2 % paraformaldehyde and 2.5 % glutaraldehyde buffered solution. The 

samples were dehydrated incubating the wafers with ascending concentrations 

of ethanol for 1 h each (25, 50, 75, and 100 %). The samples were observed using 

a field emission scanning electron microscope (FESEM) at 1kV (Merlin Zeiss). 

Interaction of lignin-based NPs with bacteria assessed by QCM  

The interaction of PheLigNPs with bacteria was assessed using a quartz crystal 

microbalance with dissipation monitoring (QCM-D, E4 system, Q-Sense, 

Sweden), following a previously reported procedure with some modifications.163 
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The experiments were performed on gold sensors (QSX 301, QSense, Sweden) at 

37 °C. A peristaltic pump was used to flow the liquids at a constant rate of 20 μL 

min-1. At first, sterile PBS (100 mM, pH 7.4), was used for 30 min to establish a 

stable baseline. The deposition of bacteria on the sensor was achieved by 

circulating the S. aureus inoculum (OD600=0.2) in NB for 3 h. In order to remove 

the non-deposited bacteria, PBS was flowed through the system for 1 h and a 

second baseline was established. Thereafter, PheLigNPs (2.5 mg·mL−1 in PBS) 

were circulated for 45 min. Finally, the third baseline was established by further 

flowing PBS.  

Interaction of NPs with model membranes assessed by Langmuir 

isotherms 

For studying the interaction of TeLigNPs with bacterial model membranes, an 

insertion of the NPs into a previously established lipid monolayer was 

performed.  First, a mixture of PE and PG was prepared at 8:2 (v:v) ratio in CHCl3 

(0.5 mg·mL-1) to mimic a Gram-negative bacterial membrane.164 The Langmuir 

films were formed in a Langmuir trough equipped with two mobile barriers (KSV 

NIMA Langmuir–Blodgett Deposition Troughs, model KN2002, Finland) 

mounted on an anti-vibration table housed in an insulation box at 23 ± 1 °C. Prior 

to subphase addition (MilliQ water), Langmuir trough was cleaned with CHCl3 

and water, and the surface was further cleaned by suction. Afterwards, 40 µL of 

the lipid mixture solution were added dropwise into the trough filled with the 

subphase, and after 10 min evaporation of CHCl3, the barriers were compressed 

at 15 cm2·min-1 until reaching 33 mN·m-1, the equivalent of the natural 

membranes lateral surface pressure.165 After the stabilization of the membrane 

for at least 30 min, 500 µL of TeLigNPs in MilliQ water were inserted beneath the 

Langmuir film and the changes of the surface pressure (π) derived from their 

interactions with the already formed bacterial model membrane were recorded. 

Blank experiments were carried out using the same procedure, but inserting 500 

µL of MilliQ water instead. 
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The interaction of the PheLigNPs with bacterial model membranes was 

studied using Langmuir isotherms. A mixture of PE and PG in an 8:2 ratio (v:v) 

at 0.5 mg·mL−1 in chloroform was used to simulate the E. coli bacterial 

membrane. Monolayers were formed in the Langmuir trough at a constant 

temperature of 23 ± 1°C. The surface pressure was measured using a Wilhelmy 

plate connected to the trough. After cleaning the system with chloroform and 

water, the subphase (PBS or PBS with PheLigNPs) was added and 30 µL of lipids 

was gently added. After the chloroform from the lipid mixture was evaporated, 

the surface pressure-area per molecule (π-A) isotherm was recorded under a 

barrier closure rate of 15 cm2·min-1. The experiments were carried out three 

times, and one representative measure is reported.  

Determination of membrane integrity by fluorescence imaging 

Membrane integrity of bacteria incubated with PheLigNPs was assessed using 

the Live/Dead BacLight bacterial viability kit according to the manufacturer’s 

instructions. Overnight bacterial cell cultures in NB grown at 37 °C were diluted 

to an OD600=0.01 and mixed with PheLigNPs (final concentration 0.6 mg·mL−1). 

After 24 h incubation at 37 °C and 230 rpm, the cells were washed by 

centrifugation at 10000g for 2 min and the pellet was resuspended in NaCl 0.9 

%. The bacterial suspension was stained with an equal mixture of SYTO 9 and 

propidium iodide, and observed using a fluorescence microscope (Nikon/Eclipse 

Ti-S, the Netherlands) after 15 min incubation in the dark. Bacteria grown in the 

absence of PheLigNPs were used as controls. Damage to the bacterial membrane 

was also assessed by measuring the fluorescence of the suspensions using a 

microplate reader (Infinite M200, Tecan, Austria). The excitation wavelength 

was 485 nm for both dyes, and the fluorescence was read at 530 nm for SYTO 9 

and at 645 nm for propidium iodide. Fluorescence values of untreated and 

treated bacteria without the dyes were used as blanks. The ratio of SYTO-9 to 

propidium iodide (R=Emission SYTO 9/Emission propidium iodide) was 

calculated.  
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Resistance development assay 

The ability of the PheLigNPs to cause resistance development among 

pathogenic bacteria was evaluated by determining first the MIC value using S. 

aureus ATCC 29213 and E. coli 25922. The stock solution of the NPs was diluted 

in two-fold serial dilutions in LB medium in a 96-well plate (Greiner Bio-one), 

and bacteria were added to a final concentration of bacteria of 105 CFU·mL-1. The 

control was bacteria treated with water. The bacterial growth was monitored by 

measuring the absorbance at OD595 using a microplate reader (Synergy 2, BioTek 

instruments). On the following day, each bacterium was serially passaged in two-

fold antibiotic or NPs gradients in a 96-well plate, performing a MIC assay as 

described above except that the bacteria concentration was set on 105 CFU·mL-1 

from the second growth cycle. At the end of each growth cycle (20–24 h) 

following the determination of the MIC, the culture in the highest drug 

concentration having turbidity, suggestive of bacterial growth, was taken and 

diluted at 1:50. The newly diluted bacterial suspension was grown overnight in 

a new 96-well plate, conducting a new MIC assay, following which the 

absorbance was monitored. This assay was conducted daily for a period of 30 

days to determine a change in the MIC value of the antibiotic or the NPs.  

Data analysis 

Three replicate samples were used in each measurement. Results are 

presented as mean values with standard deviation (SD) error bars. Data were 

analyzed using Graph Pad Prism version 8.0.1 (Graph Pad Software, CA, USA). 

Statistical significances were determined using the unpaired two-tailed 

Student’s t-test or one-way ANOVA. p values <0.05 were considered statistically 

significant. 
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Results and discussion 

Silver phenolated lignin nanoparticles 

AgPheLigNPs synthesis and characterization 

Lignin has attracted considerable attention as a renewable resource to 

produce chemicals or value-added materials. However, the low reactivity of 

lignin usually hinders its processability. Soda lignin (with intrinsic phenolic 

content of 206.9 ± 29 mg GAE per g lignin) was enzymatically modified with 

laccase to increase its reactivity by introducing phenolic groups from two natural 

phenolic compounds, GA and TA. The conditions of the enzymatic modification 

of lignin (reaction time, pH, and temperature) were set according to the 

characterization results of laccase (Annex – Figure S1).  

Due to the enzymatic functionalization, the phenolic content of lignin 

increased 2-fold (397.2 ± 64 mg GAE·g-1 lignin). The enzyme laccase oxidized the 

phenolic and non-phenolic lignin structures via the mediator 

acetosyringone.166,167 Upon the addition of GA and TA, these were also oxidized 

by laccase generating phenoxy radicals that converted to quinones and grafted 

on lignin168,169 increasing its phenolic content (Figure 13).  

Figure 13. Proposed crosslinking reaction of lignin and TA or GA during the laccase-
assisted phenolation. 
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The phenolated lignin was used as both reducing and capping agent to 

synthesize AgPheLigNPs in an US-assisted effective process. After supplying US 

energy to the solution of phenolated lignin and AgNO3, its color changed from 

brown to dark yellow. The appearance of an absorbance peak at 428 nm 

confirmed the presence of Ag in metallic form (Figure 14). Contrarily, such 

absorbance peak was not observed in phenolated lignin without Ag+ or in Ag+ 

treated with non-modified lignin. The results indicated that higher phenolic 

content, and thus reactivity of lignin, was needed to reduce the silver ions.  

Due to silver reduction and formation of AgPheLigNPs the phenolic content of 

lignin decreased from 397.2 ± 64 to 138.8 ± 80 mg GAE per g of lignin. After 

purification, the synthesized AgPheLigNPs were characterized by TEM in terms 

of size and morphology. The TEM images showed an organic matrix where 

metallic nanostructures of 13.29 ± 3.53 nm were embedded and evenly 

dispersed (Figure 15a‒c). The composition of the Ag cores was confirmed by 

EDX analysis (Figure 15d) and the content of Ag in 1 mL of AgPheLigNPs, 

quantified by ICP, was 380 ppb. The NPs presented a ζ-potential of –34.7 mV, 

indicating their colloidal stability.170 These results confirmed the roles of lignin 

as reducing and capping agent in the synthesis of the hybrid NPs. 

Figure 14. UV-vis scan of AgPheLigNPs, phenolated lignin, and a mixture of lignin 
and silver nitrate after ultrasound treatment. 
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Antibacterial properties of AgPheLigNPs  

The antibacterial activity of the AgPheLigNPs was evaluated against S. aureus 

and P. aeruginosa by measuring the OD600 before and after 24 h treatment with 

different concentrations of AgPheLigNPs. The MIC for S. aureus and P. aeruginosa 

was 34 and 17.03 µg NPs·mL-1, respectively, revealing high antibacterial efficacy 

of the novel AgPheLigNPs even at low concentration (Figure 16a). Experimental 

studies suggest that concentrations of 50–200 ppb Ag+ and 4000–8000 ppb 

AgNPs are needed to inhibit the growth of bacterial pathogens.171 The Ag content 

of AgPheLigNPs at MIC was 5.4 ppb, which is significantly lower than the 

antibacterial concentration of Ag+ and AgNPs.  

Figure 15. TEM images (a, b), EDX spectrum (c) and size distribution (d) of 
AgPheLigNPs. Nanoparticles size and distribution were derived from imaging 200 
particles using software ImageJ.  



Chapter 1. Antibacterial lignin–based NPs Results and discussion 73 

 

 
 

The bactericidal activity of PheLigNPs was confirmed by plating the bacterial 

suspensions incubated with AgPheLigNPs in agar plates (Figure 16b). In the 

case of S. aureus, colonies were not observed after 24 h exposure to AgPheLigNPs 

at 34.06 – 272.50 µg·mL-1, indicating that these concentrations of particles are 

capable of completely eradicate the bacteria. Higher bactericidal effect was 

found against P. aeruginosa, since bacterial colonies were not grown in the 

presence of AgPheLigNPs at a concentration of 17.03 µg·mL-1 or higher. The MBC 

of the particles against S. aureus and P. aeruginosa was 34.06 and 17.03 µg·mL-1, 

respectively, which coincided with their MIC.  

In vitro cytotoxicity assessment of AgPheLigNPs  

Despite the wide use of AgNPs as antibacterial agents in biomedical 

products,172 their persistence in the environment coupled to their potential 

human health implications have raised some concerns.100,101 Silver ions released 

from NPs were considered as the main contributors to the cytotoxicity of AgNPs. 

However, studies show that Ag+ released from AgNPs does not explain the 

Figure 16. (a) Growth inhibition effect of AgPheLigNPs against S. aureus and  
P. aeruginosa. Results are reported as mean values ± SD (n=3). (b) Representative 
images after culturing on agar plates i) S. aureus and ii) P. aeruginosa samples after 
incubation with different concentrations of AgPheLigNPs. 
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toxicity effects caused by exposure to AgNO3 at the same concentration.101 

Probably, the nanosize and specific properties of AgNPs also contribute to their 

cytotoxicity. The AgNPs toxicity is both concentration and size-dependent, being 

high concentrations and smaller sizes more toxic.173 Hence, the evaluation of 

AgNPs’ toxicity is crucial for their application in medical products.  

In this work, the potential cytotoxicity of the AgPheLigNPs was assessed in 

vitro against human keratinocytes and fibroblasts (Figure 17a). The viability of 

Figure 17. (a) Cell viability (%) of human keratinocytes and fibroblasts treated with 
different concentrations of AgPheLigNPs for 24 h assessed by the AlamarBlue assay. 
Results are reported as mean values ± SD (n = 3). (b) Live/dead assay of human 
keratinocytes and fibroblasts treated with different concentrations of AgPheLigNPs. 
The assay stains the live cells in green and the dead ones in red. 
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these cell lines was above 80 % for all the tested AgPheLigNPs concentrations 

(272.50 – 34.06 μg·mL-1). Moreover, the morphology of the cells incubated with 

the particles did not differ from the control cells (Figure 17b). The presence of 

a biocompatible polymer surrounding the Ag core may contribute to decrease 

the toxicity of AgNPs and the released Ag+.97  

Tellurium lignin nanoparticles 

TeLigNPs synthesis and characterization 

In the search of antibiotic alternatives against AMR bacteria, antimicrobial 

metal or metalloid NPs, which mode of action circumvents the evolve of 

resistance mechanisms, are of high interest for the development of novel 

antimicrobials. Among them, TeNPs have emerged as promising antimicrobial 

agents. However, these NPs have been mostly obtained by traditional chemical 

synthesis yielding TeNPs with low biocompatibility and an associated 

environmental burden. Previously explored environmentally-friendly synthetic 

approaches mostly rely on extraction and purification of plant-derived reducing 

agents, thus, despite of being green, are competing with food and healthcare 

industries.  

Herein, lignin, which is rarely valorized in its macromolecular form, was 

chosen as a reducing agent for tellurite. This polymer possesses a variety of 

chemical groups, including phenolic and aliphatic hydroxyl groups,34 and it was 

previously used for reducing silver ions into NPs.164 However, initial attempts to 

reduce tellurite by incubation with a lignin solution did not result in NPs 

formation. In order to increase the reduction capacity of lignin and increase the 

NPs synthesis yield, a sonochemically-assisted approach was adopted. In high-

intensity US field, reducing species formed from the sonolysis of organic 

additives and water accelerate the reduction of the metalloid and increasing the 

yield of produced NPs.174–176 Moreover, it has been described that the application 

of US on lignin causes both side chain depolymerization and oxidative 

coupling/polymerization of phenoxy radicals,12,63,155 which in turn may complex 
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with metals.177 The darkening of the lignin-tellurite mixture upon application of 

US suggested the reduction of tellurite (TeO32-) to elemental tellurium (Te0).178  

The synthesized NPs were negatively charged, with a ζ-potential of -32.7 mV 

and an average NP size of 182 ± 85 nm (Figure 18a). The NPs were comprised 

of an amorphous matrix embedding several electrodense spherical clusters 

containing defined crystalline domains (red lines in Figure 18b). The elemental 

map showed that tellurium was mainly located in the electrodense clusters 

(Figure 18c–d), while the high intensity oxygen signal observed in the 

amorphous matrix indicated the presence of lignin containing numerous 

methoxy and hydroxyl groups (Figure 18e). These images evidenced that in the 

sonochemical synthesis of TeLigNPs, lignin not only acted as a reducing agent, 

but also as a NPs matrix embedding Te clusters.  

 

Figure 18. (a) TeLigNPs image at x150000 magnification by TEM, size distribution 
of TeLigNPs (inset), (b) detail image of Te cluster at x500000 magnification by high-
resolution TEM observing the defined crystalline domains (red lines), EDX spectrum 
of the clusters (inset), (c) HAADF-STEM image of TeLigNPs, (d) overlapped HAADF–
STEM image with tellurium mapping (red), and (e) overlapped HAADF–STEM image 
of TeLigNPs with tellurium (red) and oxygen (green) mapping. 
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Antibacterial activity of TeLigNPs 

TeLigNPs at 2.39 ppm of Te were able to completely inhibit the growth of E. 

coli and P. aeruginosa (Figure 19a–b), while only 13 % growth inhibition could 

be achieved against the Gram-positive S. aureus (Figure 19c). These results are 

in agreement with previous studies reporting higher antibacterial activity of 

TeNPs against Gram-negative than Gram-positive bacteria,178–181 a trend also 

observed for AgNPs.182 In particular, S. aureus is able of thriving in the presence 

of high concentrations of tellurite ions due to its capacity to reduce them.179 

The evaluation of the MIC of TeLigNPs took into account the concentration of 

Te, the bactericidal agent in the synthesized hybrid NPs, thus allowing a 

comparison with its bulk counterpart, the tellurite ion (TeO32-). While a MIC 

corresponding to 0.07 and 2.39 ppm of Te was determined for E. coli and P. 

aeruginosa, respectively, the same Te concentrations in form of tellurite did not 

reduce the growth of these Gram-negative bacteria (Figure 20). Indeed, the MIC 

of tellurite for E. coli and P. aeruginosa was 0.31 and 15.60 ppm, respectively 

(Table 6). These results indicated that the nanoformulation of Te into hybrid 

TeLigNPs increased the antimicrobial activity of the metalloid.  

Figure 19. Growth inhibition effect of TeLigNPs against (a) E. coli, (b) P. aeruginosa 
and (c) S. aureus. Results are reported as mean values ± SD (n=3). 
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Table 6 Minimum inhibitory concentration (MIC) values of TeLigNPs and 

tellurite ion (TeO32-) (ppm) assessed toward E. coli, P. aeruginosa and S. aureus. 

   TeLigNPs TeO3
2- 

E. coli    0.07 0.31 

P. aeruginosa    2.39 15.60 

S. aureus > 2.39 250.00 

 

TeLigNPs showed a strong bactericidal effect against E. coli and P. aeruginosa, 

achieving 100 and 99.9995 % reduction, respectively, corresponding to more 

than 5 log reduction (Table 7). To the best of our knowledge, this complete 

bacterial eradication has not been achieved for previously reported TeNPs, 

which, in contrast to TeLigNPs, lack a structural polymeric component.178–180 

Thus, these results suggest that lignin not only acts as a green reducing agent, 

but also as a nanoparticle structural component that synergistically enhances the 

antibacterial activity of the Te clusters.59   

Figure 20. Growth inhibition effect of tellurite (TeO32-) against (a) E. coli, (b) P. 
aeruginosa and (c) S. aureus. Results are reported as mean values ± SD (n=3). 
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Table 7 Log reduction and equivalent bacterial viability reduction (%) of E. coli and 
P. aeruginosa exposed to different concentrations of TeLigNPs for 24 h at 37 °C. 
Results are reported as mean values ± SD (n=3). 

 E. coli P. aeruginosa 

 Log reduction % reduction Log reduction % reduction 

2.39 ppm 6.54 ± 0.00 100.0000 5.42 ± 0.35 99.9995 

1.20 ppm 6.05 ± 0.85 100.0000 0.43 ± 0.53 65.2941 

0.60 ppm 1.96 ± 1.49 81.7810 0 0 

0.30 ppm 2.06 ± 0.14 99.1136 0 0 

0.15 ppm 2.26 ± 1.41 97.2455 0 0 

0.07 ppm 0.77 ± 0.20 81.8182 0 0 

 

The killing kinetics of the TeLigNPs were assessed to study the bactericidal 

effect of the hybrid NPs against Gram-negative bacteria as a function of time. The 

killing curves revealed that TeLigNPs with Te concentrations of 2.39 and 1.2 ppm 

were bactericidal against E. coli within 4 h, and achieved complete eradication 

after 24 h (Figure 21a), in agreement with previous results (Table 7). Regarding 

P. aeruginosa, the bactericidal efficacy of TeLigNPs at a concentration of 2.39 

Figure 21. Kinetic growth curves of TeLigNPs at different concentrations (Te 
content 0.6, 1.2 and 2.39 ppm) against (a) E. coli and (b) P. aeruginosa. Results are 
reported as mean values ± SD (n=3). 
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ppm was achieved after 6 h, corresponding to 5.7 log reduction, and was 

maintained after 24 h (Figure 21b). However, lower concentrations of the NPs 

exerted only bacteriostatic effect. Despite an initial reduction was observed after 

4 h (4 log), P. aeruginosa was able to recover and grew up to the initial CFU 

values. 

Ultrastructural analysis of bacteria was performed to study the morphological 

changes of the cells exposed to TeLigNPs. A clear difference was observed 

between control E. coli cells and those exposed to the hybrid NPs. Untreated E. 

coli presented a smooth surface and an electrodense cytoplasmic content 

(Figure 22a), while E. coli cells treated with TeLigNPs showed different signs of 

cellular damage such as loss of cytoplasmic integrity, disrupted cell envelope, 

and aggregation of intracellular content (arrows in Figure 22b‒c). Contrarily, S. 

aureus exposed to TeLigNPs were undamaged (Figure 22d) and did not present 

morphological differences compared to the control S. aureus cells (Figure 22e‒

f). 

 

Figure 22. TEM images of E. coli (a) before and (b, c) after exposure to TeLigNPs, 
and S. aureus (d) before and (e, f) after exposure to TeLigNPs. 
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In vitro cytotoxicity assessment of TeLigNPs 

The biocompatibility of metal- and metalloid-based antibacterial agents is a 

major issue for biomedical applications in humans. The cytotoxic mechanism of 

NPs toward eukaryotic cells is associated with oxidative stress, damage to cell 

membrane and DNA, and consequently apoptosis.183,184 These cytotoxic effects 

are aggravated when the NPs are chemically synthesized since toxic solvents and 

reducing agents may remain in the NPs.185,186 The TeLigNPs were synthesized 

Figure 23. (a) Cell viability (%) of human keratinocytes and fibroblasts treated 
with different concentrations of TeLigNPs (ppm of Te) for 24 h assessed by the 
AlamarBlue assay. Results are reported as mean values ± SD (n=3). (b) Live/dead 
assay of human keratinocytes and fibroblasts treated with different concentrations 
of TeLigNPs (ppm of Te). The assay stains the live cells in green and the dead ones 
in red. 
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following a safe-by-design approach using lignin as a reducing agent. This 

biopolymer has been innovatively used to reduce silver nitrate for the 

production of silver NPs (AgNPs),187,188 to decrease the cytotoxicity of metallic 

NPs102 and has been formulated in nanocomposites for improving the 

biocompatibility of biomedical devices.189 

The potential toxicity of the novel TeLigNPs was evaluated using human 

keratinocytes and fibroblasts as cell models. The cell viability of these cell lines 

upon incubation with tested antibacterial concentrations of TeLigNPs (Te 

concentrations ranging from 0.07 to 2.39 ppm) did not decrease compared to the 

untreated cells (Figure 23a). Remarkably, the cytotoxic effect was only observed 

when increasing 8-fold the concentration of TeLigNPs (19.12 ppm). Further 

evaluation by fluorescent microscopy of cell viability and morphology of human 

keratinocytes and fibroblasts incubated with TeLigNPs did not reveal cell 

morphology changes (Figure 23b). The biocompatibility of the TeLigNPs is 

associated with the presence of a natural, benign organic matrix that embeds the 

Te clusters.186 

Antibacterial mode of action of TeLigNPs  

The bactericidal mechanism of TeNPs has not been completely elucidated, 

considering the production of ROS as one of the factors involved in their 

antibacterial capacity.180 The toxicity of the tellurium oxyanion in bacteria has 

been related to superoxide-mediated oxidative stress causing cytoplasmic thiol 

oxidation, inactivation of iron-sulfur center-containing enzymes and 

peroxidation of the membrane lipids, which lead to cell death.162,190,191 

Therefore, the generation of ROS induced by the TeLigNPs was evaluated in 

order to understand the antibacterial mechanism of these hybrid NPs (Figure 

24). For both E. coli and P. aeruginosa, the incubation with TeLigNPs resulted in 

increase of the fluorescence emission after the addition of the H2DCFDA probe, 

indicating the presence of ROS induced by the chemical activity of the tellurium 

oxyanion (Figure 24a). A fluorescence increase was not detected after 

incubation of S. aureus with TeLigNPs, indicating the absence of cellular damage, 
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in agreement with the previously obtained antimicrobial results (Figure 19). On 

the other hand, low fluorescence levels detected after incubation of human 

keratinocytes and fibroblasts with TeLigNPs, indicated that these NPs did not 

induce ROS in the studied cell lines (Figure 24b), in line with the 

biocompatibility results.   

 

Besides the production of ROS, the ability of TeLigNPs to disturb bacterial 

membranes was assessed using Langmuir technique. The injection of the 

TeLigNPs beneath the prepared Gram-negative model membrane induced an 

increase of the surface pressure indicating a membrane-disturbing effect due to 

the surface activity of the NPs (Figure 25).192 These results are supported by the 

observed irregularities in the cell envelope of the Gram-negative E. coli treated 

with TeLigNPs (Figure 22b–c). Different types of lignin have shown surface 

activity according to their origin or the processes employed for their 

purification,193 while metallic particles without stabilizer have shown negligible 

surface activity. Thus, the observed surface activity was attributed to the lignin 

component of TeLigNPs, a role also previously described for lignin-capped silver 

NPs.194  

Figure 24. ROS generation assessment using the fluorescent probe H2DCFDA after 
incubation of (a) bacteria (S. aureus, E. coli and P. aeruginosa) and (b) human 
keratinocytes and fibroblasts with TeLigNPs. Results are reported as mean values ± 
SD (n=3). 
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Based on the TeLigNPs mode of action and the observed different 

antimicrobial activities against the tested bacteria, we hypothesize that the 

bactericidal activity against Gram-negative bacteria is due to an insertion of the 

hybrid NPs to the outer membrane of these bacteria coupled to a membrane lipid 

peroxidation. The surface activity of TeLigNPs would allow the binding and 

insertion into the lipid bilayer of the outer membrane. In this sense, it has been 

reported that lignin particles adsorb at hydrophilic/hydrophobic interfaces,195 

and lignin-derived compounds can cross membrane bilayers due to hydroxyl-

lipid interaction.196,197 Once inserted, ROS production by TeLigNPs generates 

lipid peroxides which decompose into highly reactive short-chain aldehydes able 

to diffuse in the cytoplasm and oxidize thiol and amino groups of proteins, thus 

affecting several cellular processes and leading to death.198,199 On the other hand, 

Gram-positive bacteria are characterized by a thick external peptidoglycan cell 

wall surrounding the cytoplasmic membrane which would prevent the access of 

the TeLigNPs to the cell membrane, which coupled to the intrinsic capacity of S. 

aureus to reduce tellurite, results in the observed low antimicrobial activity of 

TeLigNPs against this Gram-positive bacteria. 

  

Figure 25. Kinetic adsorption process after the incorporation of the TeLigNPs into 
the air−water interface of the E. coli membrane lipids monolayer at π=33 mN·m−1. 
The arrow indicates the injection of the TeLigNPs beneath the Langmuir film. 
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Phenolated lignin nanoparticles 

Synthesis and characterization of PheLigNPs 

The aim of this study was to enhance the antibacterial activity of lignin by 

increasing its phenolic content and formulating nanoparticles that could find 

applications as antibacterial agents in food packaging and biomedical fields. The 

rationale of the study is based on the enzymatic pre-activation of lignin using 

acetosyringone as a laccase mediator167 to expand the oxidative action of laccase 

to molecules that are sterically inaccessible to the enzyme.200 Then, the addition 

of the phenolic compound TA in the presence of laccase, and the application of 

US would simultaneously (i) initiate cross-linking reactions between TA and 

lignin, and (ii) form NPs. Non-functionalized LigNPs and phenolated bulk lignin 

(PheLig) were also prepared to evaluate the contribution of the nano-form and 

the phenolic content to the antibacterial activity.  

The combination of laccase/mediator system to graft the natural phenolic 

compound TA onto lignin under an ultrasonic field yielded PheLigNPs. The 

formation of PheLigNPs was evaluated by measuring the increase of phenols and 

the size of the resulting particles. Unmodified bulk lignin in suspension formed 

large microparticles observable by DLS with a phenolic content of 212.5 ± 5 mg 

GAE·g-1, while after the sono-enzymatic treatment the phenolic content 

increased to 296.4 ± 14 mg·GAE g-1 and the size of the particles was on the 

nanoscale (Table 8).  

Table 8 Characterization of PheLigNPs, LigNPs, PheLig, and lignin in terms of 
phenolic content, size, PDI, and ζ-potential.  

 
Phenolic content 

(mg GAEa·g-1 sample) 
Hydrodynamic 

size (nm) 
PDI ζ-potential (mV) 

PheLigNPs 340.4 ± 16 293.5 0.293 -34.0 ± 0.5 

LigNPs 222.92 ± 18 292.2 0.245 -34.4 ± 0.4 

PheLig 296.4 ± 14 > 4000 1 -31.1 ± 0.7 

Lignin 212.5 ± 6 > 4000 1 -32.2 ± 1.8 
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This increase in the number of phenols confirmed the grafting of TA onto 

lignin, while the size of the particles confirmed the nanotransformation. TEM 

images revealed that the PheLigNPs with an average size of 217 ± 54 nm were 

formed by smaller clusters (Figure 26). The cavitation phenomena caused by 

the application of US waves can produce changes in lignin macromolecule, 

disintegrating mechanically the aggregated particles to nanoscale level.63,67 

During this process, lignin most probably rearranged into NPs due to π–π 

interactions, van der Waals forces, and chain entanglement.21,201,202 The NPs 

maintained their size, PDI and ζ-potential after 6 months of storage at 4 °C, 

indicating their high stability (Annex – Table S1). 

In order to study the contribution of the nano-form and the phenolic content 

to the antibacterial activity of the PheLigNPs, non-functionalized lignin 

nanoparticles (LigNPs) and phenolated bulk lignin (PheLig) were prepared and 

characterized (Figure 27). PheLig presented a large particle size (>4000 nm) 

and phenolic content of 296.4 ± 14 mg GAE·g-1, while LigNPs presented a 

hydrodynamic size of 292 nm and their phenolic content was 222.92 ± 18 mg 

GAE·g-1 (Table 8, Annex – Figure S2). 

The enzymatic phenolation of lignin was further characterized by FTIR to 

confirm that TA was grafted onto lignin (Figure 28). The characteristic bands of 

Figure 26. (a) TEM image of PheLigNPs at 4000X and size distribution of the 
particles (inset), and (b) TEM image of PheLigNPs at 20000X magnification.  
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lignin appeared also in PheLigNPs, LigNPs, and phenolated lignin, reflecting the 

presence in the samples of the primary subunits of lignin, namely guaiacyl (G), 

syringyl (S), and p-hydroxyphenyl (H).60 Upon phenolation, an increase in the 

intensity of the O–H stretching band at 3000–3600 cm-1 in the phenolated 

samples (PheLigNPs and PheLig) was observed, indicating an increase in the 

phenolic hydroxyl groups following the reaction with TA.156,157 This band was 

also observed in the TA spectra due to the presence of hydroxyl groups. The 

intensity of the O–H stretching band was slightly higher in the LigNPs than in the 

unmodified lignin, which was attributed to partial oxidation of lignin induced by 

the ultrasonication process.67,203 The signal at 1720 cm-1, corresponding C=O 

stretching vibration of unconjugated carbonyl groups,204 was observed as a 

sharp peak in TA, and as a shoulder in the lignin samples. This peak was more 

accentuated in PheLigNPs and PheLig compared to their non-phenolated 

counterparts, confirming the presence of grafted TA. Further evidence for the 

successful phenolation of lignin is the appearance of the absorption band at 1366 

Figure 27. (a) Schematic representation of (1) phenolated lignin (PheLig), (2) lignin 
nanoparticles (LigNPs), and (3) phenolated lignin nanoparticles (PheLigNPs). 
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cm−1 in PheLigNPs spectra corresponding to the presence of phenolic O–

H.160,205,206 New characteristic peaks appeared at 922 and 760 cm-1, associated to 

the C–H out-plane flexural vibration on aromatic rings.156,157,205 A strong band at 

756 cm-1 was also observed in TA spectrum. The changes in these absorption 

bands were corroborated by the ratio Ax/A2090 (Annex – Table S2). These 

observations indicate that lignin’s phenolic groups are oxidized to phenoxy 

radicals by the action of laccase200 and then undergo coupling reactions 

crosslinking with TA molecules, thus increasing the amount of phenolic groups 

(Figure 13).  

 

Antibacterial activity of PheLigNPs 

In this work, the plant-derived polyphenol TA was used as a functional 

molecule to increase the antibacterial activity of LigNPs. The antibacterial 

activity of the PheLigNPs was determined by a standard broth dilution method 

against the Gram-positive S. aureus and B. cereus, and the Gram-negative P. 

aeruginosa and E. coli, which are relevant pathogenic bacteria causing medical- 

or food-related infections. In order to elucidate the factors contributing to the 

antibacterial effect of PheLigNPs, i.e., phenolic content and nanoform, the 

Figure 28. FTIR spectra of all the lignin samples and TA.  
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antibacterial activity of non-functionalized lignin NPs (LigNPs), functionalized 

lignin in bulk form (PheLig), and pristine lignin was also studied. The MIC of 

PheLigNPs was 1.25 mg·mL−1 for S. aureus and B. cereus, and 2.5 mg·mL−1 for P. 

aeruginosa and E. coli, while the MICs of LigNPs, PheLig, and lignin for these 

bacteria were at least 2 times higher (Table 9). These results indicated that 

PheLigNPs presented higher antibacterial activity than their non-functionalized 

or bulk counterparts, which was attributed to both the higher phenolic content 

and the nanoform of PheLigNPs.  

Table 9 MIC values (mg·mL−1) of PheLigNPs, LigNPs, PheLig, and lignin assessed 
using the broth dilution method. 

  S. aureus B. cereus P. aeruginosa E. coli 

PheLigNPs 1.25 1.25 2.50 2.50 

LigNPs 5.00 2.50 5.00 5.00 

PheLig   >5.00 5.00   >5.00 5.00 

Lignin   >5.00 5.00   >5.00 >5.00 

 

Further evidence of the improved antibacterial effect of PheLigNPs was 

obtained with the kinetic growth curves of bacteria. PheLigNPs at MIC (1.25 

mg·mL−1) were capable of inhibiting the growth of S. aureus and B. cereus (Figure 

29a‒b), as previously observed in the broth dilution method, while LigNPs, 

PheLig and lignin at the same concentration as PheLigNPs did not induce such 

growth inhibition. The antibacterial effect of PheLigNPs against the Gram-

negative P. aeruginosa and E. coli was less pronounced, even at a higher 

concentration of NPs (2.5 mg·mL−1) (Figure 29c‒d). However, the growth rate 

of P. aeruginosa was reduced when it was incubated with PheLigNPs compared 

to the growth of this bacteria in contact with other lignin samples. The 

observation of the poor activity of lignin and plant polyphenols against Gram-

negative bacteria has been previously reported.207,208 The different susceptibility 

of Gram-positive and Gram-negative bacteria to these compounds is still unclear, 
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since other studies did not found a correlation between the antibacterial effect 

of polyphenols and the Gram-staining.56,209,210 

In vitro cytotoxicity assessment of PheLigNPs 

A crucial requirement for the biomedical translation of nanomaterials is their 

biocompatibility. Natural plant-based molecules have been used to develop 

bioactive NPs with low toxicity, demonstrating suitability as active agents for 

biomedical applications.211 The cytotoxic effects of PheLigNPs were assessed in 

vitro using human cell lines (Figure 30). After 24 h incubation with PheLigNPs 

at antibacterial concentrations (2.50–1.25 mg·mL-1), the cell viability of 

Figure 29. Kinetic growth curves of bacteria incubated with lignin samples at 
concentrations corresponding to MIC: (a) S. aureus (1.25 mg·mL−1), (b) B. cereus 
(1.25 mg·mL−1), (c) P. aeruginosa (2.5 mg·mL−1) and (d) E. coli (2.5 mg·mL−1). Results 
are reported as mean values ± SD (n=3). 
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keratinocytes and fibroblasts was above 80 % after incubation. Hence, the 

PheLigNPs are not considered toxic for human cells212 and have potential as 

antibacterial agents for applications in the field of biomedicine.  

 

Antibacterial mechanism of action of PheLigNPs 

The antibacterial mechanism of phenolic compounds is mainly attributed to 

(i) their ability to generate hydrogen peroxide, which coupled to metal ions 

complexation capacity, results in the inhibition of the activity of essential 

enzymes,54 and (ii) their ability to destabilize bacterial membrane, causing an 

increase of its permeability.55,56 In this work, the antibacterial mechanism of 

action of PheLigNPs was investigated by measuring the metabolic activity of 

bacteria and the generated ROS under the presence of PheLigNPs and studying 

the interaction of the NPs with the bacterial membrane. Resazurin was used to 

determine the metabolic activity of bacteria incubated with sub-inhibitory 

concentrations of the NPs. Resazurin is a blue dye, which itself is non-fluorescent 

until it is reduced to the pink colored and fluorescent resorufin. In the cell, 

Figure 30. Cell viability (%) of (a) human keratinocytes and (b) fibroblasts exposed 
to PheLigNPs, LigNPs, PheLig, and lignin for 24 h assessed by the AlamarBlue assay. 
Results are reported as mean values ± SD (n=3). 
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resazurin can be reduced by the activity of the bacterial respiratory chain. 

Bacteria incubated with PheLigNPs presented a decrease in metabolic activity 

compared to the control (Figure 31a). Since sub-inhibitory concentrations of 

PheLigNPs were used for this assay, the lower fluorescence levels detected were 

attributed to the low metabolic activity of viable bacteria. Hence, bacterial 

metabolism was reduced after the incubation of PheLigNPs.  

Despite phenolic compounds have been widely recognized as antioxidants, 

under certain conditions phenols can have a pro-oxidant behavior.73 Indeed, 

polyphenols have shown the ability to react with dissolved oxygen, resulting in 

the generation of hydrogen peroxide, which is involved in the antibacterial 

activity of the molecule.54 In this work, the ability of PheLigNPs to induce ROS in 

bacteria was studied using the fluorescent probe H2DCFDA (Figure 31b), which 

is activated by intracellular oxidants including hydrogen peroxide and the 

hydroxyl radical.213,214 Incubation of bacteria with the NPs resulted in an 

increase of ROS causing oxidative stress in the cell, which would result in lipid 

peroxidation, DNA damage, and inactivation enzymes.215 

Figure 31. Antibacterial mechanism of action of PheLigNPs. (a) Evaluation of 
relative metabolic activity (%) of bacteria incubated with PheLigNPs by the 
resazurin assay. (b) ROS generation by bacteria in contact with PheLigNPs, assessed 
with the fluorescent probe H2DCFDA. Controls refer to bacteria grown without 
PheLigNPs. Results are reported as mean values ± SD (n=3). 
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Ultrastructural analysis of bacteria incubated with PheLigNPs allowed the 

study of the NP-bacteria interaction and the morphological changes of bacteria 

after being exposed to the NPs (Figure 32). Control bacteria, which were grown 

in normal conditions, presented non-damaged membranes. When bacteria were 

incubated with PheLigNPs, the NPs were attached to the bacteria, suggesting a 

possible interaction with the bacterial surface. S. aureus and B. cereus, the two 

Gram-positive bacteria, presented changes in the surface roughness but their 

shape did not present significant alterations in comparison to the control. The 

Gram-negative P. aeruginosa and E. coli, however, did change their morphology 

upon incubation with PheLigNPs. Despite cellular lysis or membrane cleavage 

was not observed, these bacteria were flattened, presenting several depressed 

areas.  

Further evidence of the interaction between PheLigNPs and bacteria was 

obtained by QCM-D (Figure 33a), which provides real-time outputs of molecular 

adsorption and interactions taking place on the sensors. After establishing an 

initial baseline with PBS, S. aureus was circulated until its deposition on the 

sensor surface, which resulted in a constant frequency decrease coupled to an 

increase in dissipation. After removing the unbound materials by circulating PBS, 

a steady-state frequency measurement attributed to the deposited bacteria was 

obtained. Hence, the presence of S. aureus in the sensor was confirmed by the 

difference in the frequency between the initial and the second PBS baselines (≈ 

65 Hz). The circulation of PheLigNPs followed by PBS caused a progressive 

frequency decrease (≈ 25 Hz) and dissipation increase, which was attributed to 

the interaction of PheLigNPs with bacteria and their subsequent deposition. The 

adhesion of PheLigNPs onto bacterial surface might be caused by multiple 

interactions between the phenolic moieties of the particle and the components 

of the cell envelope. According to previous studies, phenolic groups can interact 

with amino and thiol groups from membrane proteins,216 and due to their 

hydrophobicity, phenolic moieties can interact with lipid membranes.217 
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The interaction of PheLigNPs with a mimetic Gram-negative bacterial model 

membrane was investigated using Langmuir isotherms. The two main 

phospholipids of the E. coli outer membrane, PE and PG, were used to form a 

monolayer. The PE:PG surface pressure-area isotherm (Figure 33b) presented 

Figure 32. SEM images of S. aureus, B. cereus, P. aeruginosa, and E. coli before and 
after exposure to PheLigNPs. (b) QCM-D monitoring of normalized frequency (∆f) 
and dissipation (∆D) obtained during the formation of a layer of S. aureus and its 
interaction with PheLigNPs. (c) Surface pressure-area isotherm of a PE:PG mixture 
monolayer in PBS, PheLigNPs in PBS, and PE:PG in PBS with PheLigNPs. 



Chapter 1. Antibacterial lignin–based NPs Results and discussion 95 

 

 
 

a monotonic increase until the collapse pressure at ~49 mN·m−1, as previously 

reported.218 The PheLigNPs isotherm evidenced their high surface activity, 

which might contribute to their capacity to interact with bacterial membranes. 

Indeed, the isotherm of the model membrane containing PheLigNPs (PE:PG + 

PheLigNPs) was displaced to larger areas in comparison with PE:PG isotherm, 

and the collapse pressure decreased to ~43 mN·m−1. Focusing on the 

physiological membrane pressure, 33 mN·m−1, PE:PG monolayers presented an 

area of ~85 cm2, while in PE:PG + PheLigNPs isotherm the area was ~99 cm2. 

The increase in the area recorded can be attributed to the intercalation of the 

NPs between the phospholipid chains, probably due to their hydrophobic 

nature.219 Similar behavior has been reported for surface active lignin-capped 

silver NPs, which caused a membrane-disturbing effect.76  

The integrity of the bacterial membranes was also studied using two 

fluorescent dyes: SYTO 9, which stains the cells with intact membranes in 

fluorescence green, and propidium iodide, which stains the cells in fluorescent 

red only after penetrating through damaged membranes. The control bacteria 

appeared mostly in green, revealing the integrity of their cytoplasmic membrane. 

Contrarily, when bacteria were incubated with PheLigNPs red cells 

Figure 33. Study of the interaction of the PheLigNPs with bacteria. (a) QCM-D 
monitoring of normalized frequency (∆f) and dissipation (∆D) obtained during the 
formation of a layer of S. aureus and its interaction with PheLigNPs. (b) Surface 
pressure-area isotherm of a PE:PG mixture monolayer in PBS, PheLigNPs in PBS, and 
PE:PG in PBS with PheLigNPs. 
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predominated, indicating that their membrane was damaged (Figure 34). 

Moreover, the fluorescence ratio SYTO 9/propidium iodide was higher for 

control bacteria than for bacteria incubated with PheLigNPs, indicating the 

increasing number of damaged cells after the treatment (Annex –Table S3). The 

obtained images and the fluorescence ratio SYTO 9/propidium iodide supported 

the membrane disturbing effect of PheLigNPs observed by Langmuir studies.  

Figure 34. Fluorescence microscopy images of S. aureus, B. cereus, P. aeruginosa, and 
E. coli after 24 h treatment with PheLigNPs (0.6 mg·mL-1), or without NPs (control). 
Bacteria were stained using the green fluorescent SYTO 9 that labels in green the 
bacteria with intact membrane, and red fluorescent propidium iodide that labels 
bacteria with damaged membranes.  
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On the basis of the reported evidence, we assume that PheLigNPs have affinity 

to the bacteria surface, being capable of interacting with proteins and 

intercalating into lipids, leading to membrane disturbance, inhibition of the 

respiratory chain, and formation of ROS that results in oxidative damage in the 

cells and hamper the bacterial proliferation. However, additional studies need to 

be performed to completely elucidate the antibacterial modes of action of 

phenolic NPs. The fact that the NPs affect the bacteria at different levels might 

hamper the acquisition of resistance by bacteria, which evidence the suitability 

of PheLigNPs as alternative plant-based antibacterial agents.  

Resistance development of PheLigNPs by bacteria 

Since PheLigNPs have shown multiple antibacterial modes of action, we 

hypothesized that they might avoid the development of resistance in bacteria. 

AMR is a natural phenomenon taking place when bacteria acquire the capacity 

of tolerating a certain antimicrobial agent after long exposure. In case of 

conventional antibiotics, their target are specific pathways or molecules 

essential for the viability of bacteria. Under the selective pressure of an 

antibiotic, susceptible bacteria are inhibited or eradicated, while the cells that 

acquire antibiotic-resistant traits are able to survive. According to the World 

Health Organization, AMR is one of the main global health threats and needs to 

be urgently addressed.220 After exposing S. aureus and E. coli to conventional 

antibiotics for 30 days, the MIC significantly increased by 1281 for ciprofloxacin 

and by 96 for ampicillin (Table 10). This indicates that bacteria developed 

antimicrobial resistance in response to antibiotics. On the contrary, almost no 

increase in the MIC was observed when S. aureus was incubated with PheLigNPs 

(an increase of 1.5) and no change in the MIC was observed for E. coli, indicating 

that resistance was not developed. Efforts have been made to develop alternative 

bactericidal compounds such as AgNPs and metal oxide NPs, however, some 

reports already reported the surge of bacterial strains resistant to ionic silver 

and even AgNPs.221 Therefore, developing effective antibacterial agents that 

avoid the appearance of resistant strains is still challenging. In this work, given 
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the multiple and non-specific antibacterial modes of action of the PheLigNPs, 

including direct contact with the bacterial surface, these NPs are less prone to 

induce resistance than traditional antibiotics.  

Table 10 MIC values changes of S. aureus and E. coli following a 30-days exposure to 
antibiotics or PheLigNPs  

Bacteria Antibiotic PheLigNPs 

S. aureus 1281 (ciprofloxacin) 1.5 

E. coli 96 (ampicillin) 0 
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Chapter 2. Lignin-based NPs in composite 

materials for wound healing 

Introduction 

Chronic wounds are injuries that do not show signs of healing within 4 to 6 

weeks139 and are characterized by a prolonged inflammatory stage, elevated load 

of pathogenic bacteria, poor blood supply, and alteration on immune function 

and overactivation of deleterious enzymes.222 High morbidity of these wounds is 

observed, especially in patients with diabetes.223 Complications related to 

diabetic ulcers are the major cause of nontraumatic amputation.224 In addition, a 

demographically aging population further increases the health concern 

associated with chronic wounds. The management of these non-healable 

wounds comprises removing the non-viable tissue and applying wound 

dressings to absorb the excess of exudate from the wound bed, but at the same 

time to maintain the beneficial for healing moisture environment. Following this 

rationale, hydrogels, hydrocolloids, and synthetic foam dressings have been 

developed to promote wound healing.153  

Despite the fact that the dressing acts as a physical barrier between the wound 

and the environment, chronic wounds are susceptible to infection caused by 

endogenous and pathogenic bacteria. Several approaches have been studied to 

develop wound dressings that effectively reduce bacterial load, such as the use 

of quaternary ammonium,225 antibacterial chitosan,150 and the addition of metal 

and metal oxide NPs in the dressing matrix.226,227 Considering the complex 

physiology of chronic wounds, an efficient wound dressing material should 

simultaneously inhibit the growth of pathogenic bacteria, reduce oxidative stress 

and promote wound healing by reducing the activity of deleterious enzymes.228  

Lignin-based NPs are promising multifunctional agents for chronic wound 

management given their antibacterial and antioxidant activities, their 
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biocompatibility and their ability to attach to proteins, in addition to avoiding 

the development of resistance in bacteria.  

This chapter describes the preparation and characterization of polymeric 

scaffolds with embedded lignin-based nanoparticles as wound dressing 

materials (Figure 35). Concretely, the particles described in Chapter 1 were 

used as multifunctional actives in polyurethane foams and biopolymer hydrogels 

with potential for chronic wound management. AgPheLigNPs and PheLigNPs 

were selected to prepare the composite materials for their higher reactivity 

accounting on their large phenolic content. The nanomaterials developed in this 

chapter are described below: 

 Flexible polyurethane foams (PUFs) were prepared by incorporating 

the AgPheLigNPs into the polyol component, and mixing with isocyanate. 

The NPs were intended as active fillers and are expected to provide 

antibacterial and antioxidant properties to an inert polymeric matrix. 

Additionally, the AgPheLigNPs may act as polyols during polyurethane 

synthesis, forming covalent bonds in the foam structure.  

 Biopolymer-based hydrogels were developed by mixing thiolated 

hyaluronic acid (HA-SH) and silk fibroin (SF) with PheLigNPs as both 

structural and functional elements. The NPs were the driving elements for 

the self-assembling since they established multiple non covalent 

interactions with both polymers and allowed the gelation. 

Figure 35. Schematic representation of the synthesis of nanocomposite materials 
for wound healing.  
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Materials and methods 

Reagents, cells, and enzymes 

Pharmaceutical grade HA sodium salt from Streptococcus equi (MW=600 kDa) 

was obtained from Lehvoss Iberia (Barcelona, Spain). N-(3- 

dimethylaminopropyl)-N‘-ethylcarbodiimide (EDC), 2-iminothiolane 

hydrochloride (Traut’s reagent), adipic acid dihydrazide (ADH), 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-

trinitrobenzenesulfonic acid (TNBSA) solution at 5 w/v % in methanol was 

purchased from Thermo Fisher Scientific (Spain). Silk fibroin solution (5 w/v %, 

100–150 kDa), Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid)), 1,1-

diphenyl-2-picrylhydrazyl (DPPH),  4,4′-methylenebis(phenyl isocyanate) 

(MDI), poly(ethylene glycol) (PEG, average Mn=1000), 1,4-

diazabicyclo(2.2.2)octane (DABCO), glycerol, guaiacol, 2,2-diphenyl-1-

picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS), ascorbic acid, PBS, NB, LB with agar, Coliform 

ChromoSelect agar, Cetrimide agar, and Dulbecco’s Modified Eagle’s Medium 

(DMEM) were obtained from Sigma-Aldrich (Spain). DC 5179 Additive (a cell-

regulating silicone surfactant for flexible foams) was obtained from Dow (USA). 

Commercial polyurethane foam Askina® was provided by B. Braun (Germany).  

AlamarBlue cell viability reagent, Live/Dead BacLight kit (Molecular probes 

L7012), and EnzChek Gelatinase/Collagenase Assay Kit were purchased from 

Invitrogen, Life Technologies Corporation (Spain). 

MPO from human leukocytes with an activity of 1550 U/mg solid defined as 

the amount of enzyme producing an increase of 1.0 absorbance unit per min at 

470 nm at pH 7.0 and 25 °C, using guaiacol as a substrate, was purchased from 

Planta Natural Products (Vienna, Austria). Hyaluronidase with an activity of 443 

U/mg solid defined as the amount of enzyme causing a change in the 

transmittance at 600 nm of 0.330 per min at pH 5.35 at 37 °C in a 2.0 mL reaction 

mixture), was purchased from Sigma-Aldrich (Spain).  
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Bacterial strains S. aureus (ATCC 25923) and P. aeruginosa (ATCC 10145), 

human fibroblast cells (ATCC-CRL-4001, BJ-5ta), and human keratinocyte cells 

(HaCaT cell line) were obtained from the American Type Culture Collection 

(ATCC LGC Standards, Spain). The water used in all experiments was purified by 

MilliQ plus system (Millipore) with 18.2 MΩ·cm resistivity prior to its use.  

Preparation of polyurethane foams embedded with AgPheLigNPs 

The pre-foam solution was prepared by mixing 2.4 g (2.4 mmol) of PEG, 0.095 

g (1.0 mmol) of glycerol, and 0.15 g of DC 5179 additive, under stirring for 10 

min at 60 °C. Freeze-dried AgPheLigNPs (5, 7.9, and 10 mg) were dispersed in 

the polyol mixture by stirring and sonication in an US bath for 20 min at 60 °C 

(Table 11). Then, 25 μL of H2O was added, and the reaction mixture was stirred 

again for 10 min at 60 °C. The polyol formulation was then mixed with 1.3 g (5.20 

mmol) of MDI until the system became homogeneous. The polymerization 

reaction was initiated by adding 25 mg (0.22 mmol) of DABCO. The mixture was 

manually stirred to obtain the foam that was further kept in the vessel for 24 h 

at room temperature for curing. The isocyanate index for the synthesized foams 

was 94.14. 

Table 11 Nomenclature of the synthesized PUFs and the content of AgPheLigNPs 
(%) added to prepare of the PUFs.   

Foam AgPheLigNPs (%) 

PUF-0 0 

PUF-0.12%NP 0.12 

PUF-0.20%NP 0.20 

PUF-0.25%NP 0.25 

Characterization of PUFs 

FTIR analysis of the foams 

FTIR spectra of the foams were recorded by a PerkinElmer Spectrum 100 FTIR 

spectrometer (PerkinElmer, MA, USA) in the 600−4000 cm−1 range, performing 
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64 scans for each spectrum at 4 cm−1 resolution. The spectrometer was equipped 

with an ATR accessory of germanium crystal with a high-resolution index (4.0).  

SEM and energy dispersive X-ray spectroscopy analysis 

The cell morphology of the foams was observed by scanning electron 

microscopy (SEM) using a JEOL JSM 7100 F microscope. The diameter of the cells 

was obtained by measuring 200 cells in each sample using ImageJ software 

(version 1.52a). EDX analysis was performed to evaluate the chemical 

composition of the nanoparticles.  

Mechanical properties of the foams 

The apparent density of the samples was calculated from the mass and the 

actual specimen dimensions using a precision balance and a digital Vernier 

calliper, respectively. Compression testing was carried out at room temperature 

(25 °C) along the vertical direction of samples on a Galdabini (Italy) universal 

testing machine equipped with a load cell of 1 KN and following the ISO 604 

standard. The crosshead rate was set to 1 mm·min-1. The Young’s modulus was 

calculated from the slope of the stress−strain curves. The specific modulus was 

then obtained by dividing the average values by the apparent density.  

Swelling kinetics 

Swelling kinetics of PUFs was characterized by monitoring the mass changes 

during incubation in physiological fluid. Cubic pieces of foams of known weight 

(W1) were immersed in PBS (0.01M, pH 7.4) and incubated at 37 °C. The swollen 

foams were removed, and the excess of fluid was absorbed with filter paper. The 

swollen foams were weighted (W2), and the swelling index (%) at different check 

points was calculated as follows: 

Swelling index (%) = (W2 − W1)/W1   (Eq. 6) 

Silver content and silver release from the PUFs 

In order to determine the silver content of the foams, three replicates of PUF 

cubes of known weight were digested with 20 % HNO3 at 100 °C for 1 h. The 
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resulting solutions were analyzed by inductively coupled plasma mass 

spectrometry (ICP-MS 7800, Agilent Technologies) calibrated by an internal 

standard with 45Rh and a standard curve of 107Ag. The cumulative silver release 

profiles were evaluated by soaking 50 mg of foam in PBS pH 7.4 at 37 °C. Samples 

collected at different time intervals were appropriately diluted and analyzed by 

ICP-MS. The results are shown in terms of silver release (%) regarding the total 

silver content in each foam sample.  

Antibacterial activity of PUFs 

The antibacterial activity of the PUFs was assessed by release- and contact- 

killing tests. For both assays, bacterial suspensions were prepared by growing S. 

aureus and P. aeruginosa in MHB culture medium overnight at 37 °C. After 

reaching the exponential growth phase, the cultures were diluted in sterile PBS 

pH 7.4 to obtain a microbial suspension with an optical density OD600=0.01 

(3·106 CFU·mL-1). The release-killing test consisted of soaking one portion of 

cubic PUF (50 mg), which was previously sterilized by UV light for 30 min, in 2 

mL of microbial suspension and incubating at 37 °C. After 24 h, the suspension 

was vortexed for 2 min to detach bacteria. After appropriate dilutions, the 

samples were inoculated in Petri agar dishes for CFU counting and incubated 

overnight at 37 °C to calculate the logarithm reduction of bacteria in contact with 

the foams. For the antimicrobial contact-killing test, 200 μL of bacterial 

suspension was added to sterile PUF cubes (50 mg). The foam was incubated at 

37 °C in an oscillatory incubator. After 24 h, 1.8 mL of PBS pH 7.4 was added to 

the foam and vortexed for 2 min to detach bacteria. Logarithm reduction was 

obtained after plating an appropriate dilution of the suspension in agar plates. In 

all experiments, PUFs without nanoparticles were used as controls. The bacterial 

reduction was calculated following Eq. 3. 

Ex vivo evaluation of MPO inhibition 

Wound exudate was extracted from the dressing (UrgoCleans, Urgo Medical) 

of a patient with venous leg ulcer (Hospital de Terrassa, Spain). After removing 
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the dressing from patient’s limb, 1 g of sample containing wound exudate, was 

soaked in 5 mL MilliQ water for 10 min. Then, the mixture was vortexed for 3 

min and centrifuged for 5 min at 15000g. The extracted liquid was collected and 

centrifuged once again for 5 min at 15000g to remove the sludge from the wound 

dressing, and finally stored in the fridge at 4 °C for further use. The inhibitory 

activity of the PUFs against MPO in the wound fluid was determined by a 

colorimetric assay using guaiacol as a substrate. Briefly, 50 mg of foam was 

soaked in 1 mL of wound fluid diluted 1:8 in PBS pH 7.4. After 1 h incubation at 

37 °C, he dressing was removed and 150 μL of sample was mixed with 10 μL of 

guaiacol (167 mM) and 22 μL of H2O2 (1 mM). The increase of absorbance at 470 

nm was monitored for 10 min. Wound exudate samples incubated in the absence 

of the dressings were taken as the reference for calculating the percentage 

inhibition of MPO. 

Antioxidant activity of PUFs 

The antioxidant activity of the foams was evaluated spectrophotometrically 

measuring the decrease of ABTS radical absorbance at 417 nm. The ABTS radical 

was formed by mixing 2.45 mM potassium persulfate with ABTS (final 

concentration 7 mM) allowing the mixture to stand in the dark at room 

temperature for 16 h. Cubic pieces of PUF (50 mg) were incubated in 1 mL of 

ABTS radical solution at 37 °C in the dark for 30 min. Ascorbic acid was used as 

the reference (100 % inhibition) for calculating the inhibition percentage of 

absorbance. 

In vitro cytotoxicity evaluation 

The potential cytotoxicity of the PUFs was tested toward human fibroblasts 

(cell line BJ5ta) and human keratinocytes (cell line HaCaT). The cells were grown 

in 0.5 mL of DMEM in a 24-well plate (120000 cells per well) at 37 °C in a 

humidified atmosphere with 5 % CO2 for 24 h. At pre-confluence, 1.5 mL of fresh 

medium and 50 mg of PUFs (previously sterilized by UV light) were added to 

each well. After 24 h incubation, the foams were removed from the wells, and the 
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cells were recovered for 24 h in 0.5 mL of fresh culture medium. The cell viability 

assessment was performed using the AlamarBlue assay as described in Chapter 

1 (Materials and methods, section Cytotoxicity assay) and was calculated 

following Eq. 5.  

Modification and characterization of HA 

HA was modified with ADH and Traut’s reagent in a two-step process as 

previously described 105 with some modifications. Briefly, HA salt (600 kDa) was 

dissolved in MilliQ water (2.5 mg·mL-1) and ADH (45-fold molar excess) was 

added. After 30 min, the pH was adjusted to 4.8 with 1M HCl and EDC (4-fold 

molar excess) was added to the mixture. The pH was monitored and maintained 

at 4.8 by adding 1 M HCl for 2 h. Afterward, the reaction was stopped by raising 

the pH to 7.0 with 1 M NaOH. The solution was dialyzed in water for one day 

using 13 kDa cut-off membranes, and then freeze-dried. For the second step, the 

resulting HA-ADH was dissolved in MilliQ water (2.5 mg·mL-1) and Traut’s 

reagent dissolved in 0.1 M pH 8 phosphate buffer was added at a molar ratio of 

1:2 (ADH : Traut’s). The reaction took place for 2 h under a nitrogen atmosphere. 

The modified polymer was purified by dialysis against acidified water for one 

day. Finally, the resulting HA-SH was lyophilized and stored at 4 °C under a 

nitrogen atmosphere. 

FTIR spectra of HA, HA-ADH and HA-SH were recorded by a PerkinElmer 

Spectrum 100 FTIR spectrometer (PerkinElmer, MA, USA) in the 600−4000 cm−1 

range, performing 64 scans for each spectrum at 4 cm−1 resolution. The 

spectrometer was equipped with an ATR accessory of germanium crystal with a 

high-resolution index (4.0).  

The amount of primary amines in HA-ADH was assessed using the TNBSA 

assay. Briefly, 0.25 mL of a solution of HA-ADH was added to 0.5 mL of a 0.01 w/v 

% solution of TNBSA in 0.1 M of sodium bicarbonate at pH 8.5. After incubating 

the mixture for 2 h at 37 °C, 0.25 mL of 10 w/v % SDS and 0.125 mL of 1 N HCl 

were added. Then, the absorbance was measured at 335 nm. ADH standards 
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were used to build the calibration curve and non-functionalized HA was used as 

a control.  

The thiol content of HA-SH was determined espectrophotometrically using 

Ellman’s reagent. Briefly, a solution of HA-SH in 0.2 M pH 8 phosphate buffer was 

mixed with 0.3 mg·mL-1 Ellman’s reagent at a volume ratio of 1:1. After 2 h 

incubation in the dark, the absorbance was measured at 412 nm. The calibration 

curve was built using L-cysteine, and unmodified HA was used as a control.  

Synthesis of HA-SH/SF hydrogels 

HA-SH was dissolved in sodium 0.1 M pH 5.5 acetate buffer under a nitrogen 

atmosphere. Then, silk fibroin solution was added and stirred for 1 min. The final 

concentration of each polymer in the solution was 1.0 or 1.5 w/v %. PheLigNPs 

at different concentrations (20, 10, and 5 mg·mL-1) were added to the polyer 

mixture at a volume ratio of 20:3 (polymers : PheLigNPs). The formulations of 

the hydrogels are summarized in Table 12. The concentration of PheLigNPs 

used in the hydrogel formulations were chosen taking into account the 

antibacterial properties of the particles described in Chapter 1 (Results and 

Discussion, section Phenolated lignin nanoparticles).   

Table 12 Hydrogel formulations 

 Composition 

Hydrogel Polymers PheLigNPs (mg·mL-1) 

1.5%_20 HA-SH (1.5 w/v %), SF (1.5 v/v %) 20  

1.5%_10 HA-SH (1.5 w/v %), SF (1.5 v/v %) 10  

1.5%_5 HA-SH (1.5 w/v %), SF (1.5 v/v %) 5  

1.0%_20 HA-SH (1.0 w/v %), SF (1.0 v/v %) 20  

1.0%_10 HA-SH (1.0 w/v %), SF (1.0 v/v %) 10  

1.0%_5 HA-SH (1.0 w/v %), SF (1.0 v/v %) 5  
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Characterization of HA-SH/SF hydrogels 

Rheological characterization  

Rheological characterization of the hydrogels was performed with an MCR302 

rheometer (Anton Paar, Austria), equipped with electrically heated plates. The 

assays were carried out using a 25 mm parallel, sandblasted plate. Strain-

dependent oscillatory measurements were performed at a fixed frequency (1 s-

1) and in a range of increasing strains (0.1 to 10000 %). Continuous flow curves 

were obtained by monitoring the viscosity of the materials at increasing shear 

rates (0.01–100 s−1). The self-healing properties of the gels were studied using a 

3-interval thixotropic test (3iTT) consisting of strain-dependent oscillatory 

measurements at a fixed frequency (1 s-1) with an alternating strain (5 and 2000 

%). All experiments were performed at 25 °C using a solvent trap in order to 

prevent dehydration during the tests.  

Cryogenic Scanning Electron Microscopy (Cryo-SEM) 

For cryo-SEM, the 1.5%_10 hydrogel and the control (polymer mixture at 1.5 

% without PheLigNPs) were mounted on aluminum stubs and plunged into 

liquid nitrogen slush. Once the materials were frozen, they were transferred 

under vacuum conditions to a cryo-preparation chamber Quorum PP3000T 

(Quorum Technologies, Ltd., UK). The preparation chamber was under high 

vacuum and fitted with a cold stage where the samples were cold fractured, 

sublimed at ‒90 °C for 4 min, sputter coated with platinum and transferred to a 

cold-stage in the chamber of the Hitachi S-3500N scanning electron microscope 

(Hitachi High-Tech Co., Japan) in the Institute of Marine Sciences of the Spanish 

Research Council facilities. The samples were maintained at ‒130 °C during the 

observation at an acceleration voltage of 5 kV. The average size of the pores was 

obtained from imaging 50 pores using ImageJ software (version 1.52a).  

Swelling capacity 

The swelling of hydrogels was determined gravimetrically by immersing 100 

mg of hydrogel in 20 mL PBS (0.1 M, pH 7.4) at room temperature. After different 
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incubation times, the weight of the hydrogel was determined after removing the 

excess water with filter paper. The swelling index was calculated following Eq. 6 

(Chapter 2, Materials and methods, section Characterization of PUFs): 

Stability in PBS 

The hydrogel sample 1.0%_10 was chosen to study the stability of the gels in 

PBS (0.1 M, pH 7.4). Samples of 300 mg of gels were immersed in 1 mL of PBS for 

1, 3, and 7 days. Every 24 h, the liquid was carefully removed and replaced with 

fresh PBS. After the established time intervals four samples were withdrawn 

from PBS and freeze-dried. The stability of the hydrogel was reported as the 

mean of the dry weight of the gels at each incubation time (n=5). The statistical 

significance was determined using a one-way ANOVA followed by Dunnett’s 

multiple comparison test against time zero. P values less than 0.05 were 

considered statistically significant.  

pH responsiveness of the hydrogels 

The hydrogel sample 1.0%_10 was chosen to evaluate the behavior of the gels 

at different pH conditions. The mechanical properties of the gels were 

determined by the strain-dependent oscillatory test after incubating 500 mg of 

hydrogel in 1 mL of 0.1M Britton-Robinson buffer (pH 4.0, 5.0, 6.0, 7.0, 8.0, and 

9.0) for 24 h. Hydrogels incubated in water were assigned as the reference. The 

rheological test was performed at a fixed frequency (1 s-1) and in a range of 

increasing strains (0. 1 to 10000 %).  

The release of PheLigNPs from the polymeric matrix under different pH 

conditions was studied by measuring the fluorescence of the liquid in which the 

gels were incubated. Prior to the tests, the fluorescent excitation and emission 

peaks of PheLigNPs were determined. The release assay consisted in immersing 

60 mg of the 1.0%_10 hydrogel in 0.2 mL of 0.1 M Britton-Robinson buffer (pH 

4.0, 5.0, 6.0, 7.0, 8.0, and 9.0). After different time sets, the liquid was removed, 

and the fluorescence was measured at λex/em=480/610 nm. Results are shown as 

the mean of three replicates ± SD. 
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Biodegradability and NPs release in the presence of hyaluronidase 

The biodegradability of the hydrogels was assessed by incubating 250 mg of 

the 1.0%_10 hydrogel with 1 mL of PBS (0.1 M, pH 7.4) containing 10 U·mL-1 of 

hyaluronidase for 24 h at 37 °C and 230 rpm shaking. Afterward, the liquid was 

carefully removed and the tubes containing the hydrogels were freeze-dried. The 

control group were gels incubated only with PBS. The biodegradability of the 

hydrogels was reported as the mean of the dry weight of the gels (n=4). The 

statistical significance was determined using a one-way ANOVA followed by 

Dunnett’s multiple comparison test. P values less than 0.05 were considered 

statistically significant. 

The release of PheLigNPs in the presence of hyaluronidase was studied by 

measuring the fluorescence at λex/em=480/610 nm in the supernatant of the 

hydrogels (300 mg) incubated with 1 mL of PBS (0.1 M, pH 7.4) containing 10 

U·mL-1 of hyaluronidase for 24 h at 37 °C and 230 rpm shaking. Results are shown 

as the mean of three replicates ± SD. 

Antioxidant activity 

The antioxidant activity of the hydrogels was studied by measuring the 

decrease in absorbance of the free DPPH radical. Briefly, 30 mg of each hydrogel 

was incubated in 1 mL of 100 μM DPPH solution in methanol at room 

temperature in the dark. At different incubation times, the supernatant was 

collected and the absorbance at 517 nm was measured. The assay was performed 

in triplicate and expressed relative to Trolox in terms of Trolox equivalent 

antioxidant capacity, TEAC (μmol Trolox equiv·g-1 hydrogel). 

Antibacterial activity 

The capacity of the hydrogels to inhibit bacterial proliferation was evaluated 

against S. aureus and P. aeruginosa by the standard flask shake method (ASTM-

E2149-01) with some modifications. Briefly, 30 mg of hydrogel was immersed in 

a bacterial dispersion in PBS at OD600=0.005 (corresponding to ~105–106 colony 

forming units per mL, CFU·mL-1) and incubated for 24 h at 37 °C and 230 rpm. 
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The number of viable cells before and after the treatment with the gels was 

determined by the serial dilution method. The percent of bacterial reduction was 

calculated following Eq. 4 (Chapter 1, Materials and methods, section Growth 

inhibition of bacteria by the lignin-based NPs).  

Morphology of bacterial cells 

Morphological changes of S. aureus and P. aeruginosa treated with hydrogel 

were examined by SEM. Overnight bacterial cultures grown in NB were diluted 

to an OD600=0.01, and 200 μL of the suspension were treated with 60 mg of the 

1.5%_10 hydrogel for 24 h at 37 °C and 230 rpm shaking. The bacterial 

suspension was then transferred to a 48-well plate containing silicon wafers. 

After 24 h at room temperature, the liquid was removed and the bacteria 

remaining in the wafers were fixed overnight in a 2 % paraformaldehyde and 2.5 

% glutaraldehyde-buffered solution. Bacteria were dehydrated by incubating the 

wafers with increasing concentrations of ethanol for 1 h each (25, 50, 75, and 

100 %). The samples were observed using a field-emission SEM (Merlin Zeiss) 

operating at 1 kV. 

Evaluation of MPO and MMPs inhibition  

The inhibition of the MMPs activity in the presence of the hydrogels was 

studied using the Gelatinase/Collagenase Assay Kit. Briefly, 30 mg of hydrogel 

was incubated with 400 µL of collagenase (1.5 U·mL-1) for 24 h at 37 °C. After the 

incubation, 40 µL of gelatin substrate (125 µg·mL-1) was added to 100 µL of 

reaction and the fluorescence was read at λex/em=493/528 nm. The percent of 

MMPs inhibition was calculated by taking the control values as 100 % activity. 

To avoid any background caused by the presence of the hydrogels, buffer 

solutions containing hydrogels in the absence of collagenase were used as 

blanks. Controls were tubes containing only collagenase or only buffer. 

The capacity of the hydrogels to inhibit the activity of MPO was studied using 

guaiacol as a substrate. The hydrogels (30 mg) were immersed in 200 µL of 0.1 

M pH 7.5 phosphate buffer containing 48 µL of guaiacol (167 mM) and 32 µL of 
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MPO (0.063 U·mL-1). After 1 h in contact with the enzyme and the substrate, the 

hydrogel was withdrawn and 200 µL of the liquid were mixed with 10 µL of 1 

mM H2O2 to start the reaction. Immediately after, the absorbance at 476 nm was 

measured every 2 min. The activity was determined by the rate of absorbance 

increase per min and expressed as a percentage of enzyme inhibition compared 

to the control (reaction mixture with enzyme and substrate, without hydrogel). 

All measurements were carried out using four replicates.  

Cytotoxicity toward human cells  

The cytotoxicity of the hydrogels was assessed in vitro using human 

fibroblasts (BJ5ta cell line) and keratinocytes (HaCaT cell line). The cells were 

grown in DMEM supplemented with 200 mM of L-glutamine, 1 % penicillin, and 

10 % (v/v) fetal bovine serum, at 37 °C in a humidified atmosphere with 5 % CO2. 

The cells were harvested at pre-confluence and seeded at a density of 62000 cells 

per well on a 24-well plate containing permeable supports of tissue culture-

treated polyester membrane (0.4 µm pore size). After 24 h of incubation, the cells 

were incubated with 30 mg of hydrogels, previously sterilized by UV, for 1 and 7 

days at 37 °C. The samples and the medium were then removed, and the cell 

viability was assessed using 150 µL of the AlamarBlue reagent diluted in culture 

medium (10 % v/v). After 4 h incubation, the fluorescence was read at 

λex/em=550/590 nm. Wells containing only cells were used as the reference 

(growth control), while the blank was the AlamarBlue reagent incubated in the 

absence of cells. The percentage of cell viability was calculated following Eq. 5 

(Chapter 1, Materials and methods, section Cytotoxicity assay). The results are 

reported as mean of values of cell viability (%) (n=3) ± SD.  

Cell viability was further studied with fluorescence microscopy using the 

Live/Dead Viability/Cytotoxicity kit (Thermo Fisher Scientific) that stains the 

live cells in green and the dead ones in red. After 7 days in contact with the 

hydrogels, the medium and the hydrogels were removed, and the cells were 

stained for 20 min with a PBS solution containing 0.1 v/v % calcein 

acetoxymethyl and 0.1 v/v % ethidium homodimer-1. The cells were observed 



Chapter 2. Lignin-based NPs in composite 
materials for wound healing 

Results and discussion 115 

 

 
 

using a fluorescence microscope (Nikon/Eclipse Ti- S, the Netherlands) at 

λex/em=494/517 nm for calcein acetoxymethyl and at λex/em=517/617 nm for 

ethidium homodimer-1. 

Data analysis 

Data were analyzed using Graph Pad Prism version 8.0.1 (Graph Pad Software, 

CA, USA). Statistical significances were determined using the unpaired two-tailed 

Student’s t-test or one-way ANOVA. P values less than 0.05 were considered 

statistically significant. 

 

Results and discussion 

Antibacterial polyurethane foams with incorporated lignin-capped 

silver NPs for chronic wound treatment 

Structural and mechanical characterization of PUFs 

Flexible PUFs were prepared by mixing MDI with a pre-foam solution where 

AgPheLigNPs were previously dispersed. Different concentrations of 

AgPheLigNPs were used to synthesize the foams (PUF-0.12%NP, PUF-0.20%NP 

and PUF-0.25%NP). The AgPheLigNPs content in each foam was selected 

according to the MIC results in order to obtain foams with antimicrobial 

properties (Chapter 1, Results and discussion, section Silver phenolated lignin 

nanoparticles). The brownish color of the foams containing NPs was attributed 

to the lignin component as constituent of the AgPheLigNPs (Figure 37, insets). 

Foam without NPs (PUF-0) was used as a control in these studies.  

FTIR analysis of the foams revealed the characteristic bands for the main 

functional groups (Figure 36a‒b). The peak related to N-H vibrational 

stretching was observed at 3323 cm-1, probably overlapping the O-H band. The 

vibration of C-N and in plane bending of N-H from the urethane linkage were 

observed at 1511 cm-1, and the C-H stretching of the aliphatic chains appeared at 

2925 and 2855 cm-1.229,230 The band related to the carbonyl group (C=O) from 
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the urethane linkage was observed at 1726 cm-1.230 The absence of the 

characteristic vibration peak of N=C=O at 2270 cm-1 suggested the consumption 

of isocyanate associated to the urethane linkage formation during the PUF 

synthesis.231 The aromatic ring vibration of MDI was observed at 1595 cm-1. The 

signals below 1600 cm-1 are fingerprints of polyurethane.232 The presence of 

lignin could not be detected by FTIR, probably due to the low amount of 

AgPheLigNPs in the PUFs.  

Figure 36. (a) FTIR spectra of control polyurethane foam (PUF-0) and polyurethane 
foam containing 0.25 wt% of AgPheLigNPs (PUF-0.25%NP). (b) Simplified 
polyurethane foam structure synthesized from 4,4′-methylenebis(phenyl 
isocyanate) (MDI) and poly(ethylene glycol). 
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SEM images of transversal cuts (Figure 37a–d) revealed an open-cell 

structure of PUFs, characteristic of soft foams.233 The cell diameter was uniform 

for each foam and decreased when the concentration of the NPs increased. In 

particular, significant difference in the cell size was found between PUF-0 and 

PUF-0.25%NP having the highest AgPheLigNPs content. Similar tendency was 

observed in previous works, where increasing the concentration of lignin230 and 

nanoparticles9 reduced the size of PUF cells. Decrease of the cell size may be 

explained by cross-linking of PUF structure due to: i) involvement of the lignin 

shell of the AgPheLigNPs in polymerization with the isocyanate component, and 

ii) coordination of the polyurethane chains by H-bonds with the lignin-capped 

NPs.234 The presence of AgPheLigNPs in PUF-0.25%NP was confirmed by SEM 

and EDX (Figure 37e–f). AgPheLigNPs were not detected in PUF-0.12%NP and 

PUF-0.20%NP samples, probably due to the low concentration of NPs and the 

three-dimensional structure of the foams. The total Ag content of the foams 

measured by ICP-MS was 217.9 ± 13.8, 274.7 ± 25.8, and 340.9 ± 21.0 ppb Ag/mg 

PUF for PUF-0.12%NP, PUF-0.20%NP, and PUF-0.25%NP, respectively.   

Figure 37. SEM images of transversal cuts of (a) PUF-0, (b) PUF-0.12%NP, (c) PUF-
0.20%NP, and (d) PUF-0.25%NP at ×50 magnification with their corresponding 
average cell size and representative photographs. (e) SEM image of PUF-0.25%NP 
at ×20000 magnification, and (f) EDX spectrum for PUF-0.25%NP. 
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The density and compression modulus of the foams were measured to 

describe their mechanical properties. The foams completely recovered their 

initial shape after applying a compressive load at 50 % deformation. Foam 

density increased by 27 % when the AgPheLigNPs content was 0.25 % (Figure 

38a). Incorporation of NPs chemically cross-linked with polyurethane has been 

described to improve the mechanical performance of the foams.235 In this study, 

the addition of AgPheLigNPs to the foams resulted in 40 % increase of their 

compression modulus, i. e. from 55 kPa for the reference PUF-0 to 78 kPa for 

PUF-0.20%NP and PUF-0.25%NP (Figure 38b).  The results obtained from 

mechanical characterization of the PUFs suggested that the NPs are part of their 

structure and the lignin from the NPs may be covalently crosslinked with the 

polyols. However, further analysis of the structure of PUFs containing 

AgPheLigNPs is needed to elucidate the type of interactions between the NPs and 

the polyurethane chain. 

Swelling profiles of PUFs containing AgPheLigNPs 

Maintaining moist environment is crucial for wound healing. Moisture 

promotes the action of growth factors, fibroblasts and keratinocytes, thus 

Figure 38. Density (g·cm-3) and compression modulus (kPa) of the synthesized     
polyurethane foams. Results are reported as mean values ± SD (n=3). 
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facilitating the growth of new tissue.236 However, excessive or insufficient wound 

moisture hinders the wound repair, causing tissue alterations and promoting 

bacterial colonization.237 Some chronic wounds generate large amounts of 

exudate that can overhydrate the wound bed. Additionally, the deleterious 

enzymes in the exudates degrade the ECM necessary for healing.149 Therefore, 

an optimal dressing material should have the capacity to absorb the excess of 

exudate while keeping the moisture in wound bed and avoiding drying out.  

The swelling of PUF-0 and Askina®, a benchmark commercial dressing, in 

physiological fluid at 37 °C presented similar kinetics, where ca. 1150 % was the 

maximum swelling index for both foams (Figure 39). All PUFs reached the 

maximum liquid uptake after 10 min of incubation, except for PUF-0.25%NP, 

which reached this maximum after 60 min. The high swelling ratios of the PUFs 

suggested that these materials would be able to absorb the excess of liquid in 

highly exudating wounds.   

The AgPheLigNPs content in the foams clearly influenced their swelling 

capacity. The incorporation of AgPheLigNPs in the foams led to lower swelling 

ratios, suggesting an increase of PUFs’ cross-linking density.230,238 The swelling 

index decreases from 1145 % to 585 % when the concentration of AgPheLigNPs 

Figure 39. Swelling index (%) over time of PUFs in PBS (pH 7.4) at 37 °C. Results are 
reported as mean values ± SD (n=5). 
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rises from 0.12 to 0.25 %. Hydroxyl groups of lignin present in the AgPheLigNPs 

may have reacted with isocyanate to generate urethane bonds involving the 

lignin shell of the NPs, thus increasing the cross-linking density of the 

foams.230,234,239,240 Customization of the swelling profiles of these PUFs by 

modulating their AgPheLigNPs content would allow for their use as absorbing 

materials for moderately to highly exudating wounds.  

Silver release kinetics 

A sustained release of the antimicrobial agent is required for obtaining a 

wound dressing with durable antimicrobial efficiency. However, achieving a 

constant release of the antimicrobial agent remains a major challenge. The 

cumulative silver release behavior of the AgPheLigNPs-loaded PUFs was 

followed for 24 h at 37 °C in PBS. The total amount of silver released after 24 h 

did not exceed 1 % in any of the foams (Figure 40). Initial burst release of the 

antimicrobial agent, which is a common issue when using polyurethane 

foams,241–243 was not observed in this assay. AgNPs can act as reservoirs of Ag+ 

that are released in a sustained fashion, which is advantageous over free Ag+ in 

terms of prolonged antibacterial action. This is especially beneficial in materials 

for biomedical applications requiring long-term antibacterial effect (e.g., 

Figure 40. Silver release profile of PUFs in PBS (pH 7.4) at 37 °C. The results are 
expressed as percentage of released Ag relative to the total Ag content of each sample, 
and are reported as mean values ± SD (n=3). 
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implants, wound dressings, urinary catheters). The lignin matrix embedded with 

AgNPs has possibly reacted with isocyanate to integrate into urethane bonds in 

the polymer structure. Such covalent interaction in addition to formation of 

hydrogen bonds between the lignin shell of the nanoparticles and the 

polyurethane macromolecules would prevent the burst release of silver. 

Increasing the concentration of AgPheLigNPs in the foams resulted in a slower 

Ag+ release, probably due to a higher cross-linking of lignin in the PUF 

structure.230,239,240  

Antibacterial activity of PUFs  

The antimicrobial activity of the foams containing different amounts of 

AgPheLigNPs was evaluated against the Gram-positive S. aureus and the Gram-

negative P. aeruginosa, two clinically relevant bacteria found in chronic 

wounds.146 The capacity of the PUFs to kill these bacterial strains was assessed 

by contact-killing and release-killing methods (Figure 41). Only the PUFs 

containing AgPheLigNPs were able to reduce the bacterial load. The increase of 

the AgPheLigNPs content in the foams lead to higher bacterial reduction of S. 

Figure 41. Antibacterial activity of the PUFs against S. aureus and P. aeruginosa. (a) 
release-killing test and (b) contact-killing test. Results are reported as mean values 
± SD (n=3). 
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aureus in the release-killing test, whereas similar bacterial log reduction of P. 

aeruginosa was found for all samples (Figure 41a). Higher antimicrobial effect 

was observed in the contact-killing experiments, achieving over 4.6 and 5.6 log 

reduction with PUF-0.25%NP against S. aureus and P. aeruginosa, respectively 

(Figure 41b). Enhanced antibacterial effect of immobilized AgNPs on contact-

killing principle has been previously described.244 In our work, the results 

indicated that the PUFs containing AgPheLigNPs were able to eradicate bacteria 

through both contact and release mechanisms, suggesting that the antibacterial 

property of the foams can be attributed to the combined effect of Ag+ release and 

nanoparticles/bacteria interaction.245 The sustained silver release from the 

foams together with the antibacterial effect of the NPs suggested a long-term 

antibacterial efficiency of these materials.  

Antioxidant property 

During the inflammatory phase of wound healing, immune cells produce 

reactive oxygen species (ROS), which in low concentrations provide defense 

against microorganisms. However, the elevated levels of ROS in chronic wounds 

lead to oxidative stress,246 which damages ECM and cells, resulting in a delay of 

wound healing.247 It has been reported that reducing ROS using strong 

antioxidants decrease the chronicity of wounds in an animal model.147 A simpler 

approach is to absorb ROS by the wound dressing itself, thereby reducing ROS 

concentration in the wound bed and reestablishing the prooxidant-antioxidant 

homeostasis.  

The capacity of PUFs to scavenge radical species was assessed with the ABTS 

assay. All PUFs showed a radical scavenging activity of above 85 % (Figure 42). 

However, the increase of AgPheLigNPs content in the foams, associated with a 

decrease of their liquid uptake capacity (Figure 39), caused a decrease of the 

radical scavenging activity as well. Hence, the radical scavenging activity of the 

PUFs was associated rather to the capacity of the PUFs to absorb and retain ROS 

than to the reducing capacity of the lignin component of the NPs.  
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In our group, wound dressing materials with antioxidant properties have been 

developed by incorporating natural phenolic compounds, such as GA and 

chicoric acid.150,248,249 It has been reported that lignin, as a polyphenolic 

molecule, possesses intrinsic antioxidant properties.204 However, in this work, 

the increase of lignin content, i.e. the amount of AgPheLigNPs in the PUFs, was 

not reflected in an increase of the antioxidant capacity of the foams. We 

hypothesized that the lignin present in the PUFs has been first partially oxidized 

to form the AgPheLigNPs and may also have reacted with isocyanate to form 

urethane linkages, thus reducing its free phenolic content and its radical 

scavenging capacity, respectively. This hypothesis was corroborated by the 

decrease of lignin phenol content after AgPheLigNPs formation, discussed in 

Chapter 1 (Results and Discussion, section Silver phenolated lignin nanoparticles). 

Additionally, the reduction of the foam cell size and swelling capacity could be 

related to the increase of cross-linking density.  

Ex vivo inhibition activity of PUFs against deleterious wound enzyme  

MPO and MMP are major enzymes related with the prolonged inflammatory 

phase of chronic wounds. The oxidative enzyme MPO catalyzes the generation of 

Figure 42. ABTS radical scavenging activity (%) of PUFs. Results are reported as 
mean values ± SD (n=3). 
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the most potent bactericidal agent in humans, HClO, that effectively kills 

bacterial pathogens. Nevertheless, excessive amounts of HClO found in chronic 

wounds and subsequent formation of chlorine, hydroxyl radicals and singlet 

oxygen,250 could result in the oxidation of beneficial for healing biomolecules, 

thus impeding the healing process. On the other hand, MPO contributes to the 

proteolytic misbalance in chronic wounds by activating the latent MMPs and 

inhibiting the TIMMPs. Therefore, sequestering the MPO by a simple absorption 

in the foams and its partial removal from the wound bed may be beneficial for 

wound healing.  

The ability of the PUFs to reduce MPO activity in wound exudate was tested ex 

vivo with the exudate of a venous leg ulcer exudate (Figure 43). PUF-0, PUF-

0.12%NP and Alskina® commercial dressing showed 83–92 % inhibition of MPO. 

Contrarily, PUF-0.20%NP and PUF-0.25%NP presented up to 44 % MPO 

inhibition. The PUFs with the highest MPO inhibition capacity where those that 

presented the highest swelling ratios. The results suggested that MPO may have 

been trapped inside the PUFs, thus reducing its activity in the wound exudate.     

Figure 43. Ex vivo MPO inhibition (%) of the PUFs against MPO. The results are 
expressed in percentage of MPO inhibition relative to the baseline (samples without 
PUF). Results are reported as mean values ± SD (n=3). 
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Cytotoxicity evaluation of the PUFs 

Fibroblasts and keratinocytes play an essential role during the inflammatory 

phase in the cutaneous repair.251 Fibroblasts synthesize collagen and promote 

the formation of ECM.252 In chronic wounds, however, the proliferation of 

fibroblasts is considerably reduced.253 Hence, biocompatible wound dressing 

materials are required in order to reduce further damage on these cells. In this 

work, the AgPheLigNPs were synthesized following a safe-by-design approach 

employing a reducing agent, e. g. lignin, that also attenuated the toxicity of 

silver.97 The potential cytotoxicity of the PUFs containing AgPheLigNPs was 

evaluated in vitro using human keratinocytes (HaCaT) and fibroblasts (BJ5ta) as 

cell models. The viability of keratinocytes and fibroblasts in contact with PUF-0 

was 80 and 100 %, respectively (Figure 44). These low cytotoxicity levels did 

not vary when AgPheLigNPs were incorporated into the foams. Such low 

cytotoxicity may be attributed to the biocompatibility of lignin and to the low 

amount of Ag+ released over the studied period (below 1 % of the total silver 

content in 24 h).  

Figure 44. Cell viability (%) of human keratinocytes and fibroblasts exposed to PUFs 
for 24 h assessed by the AlamarBlue assay. Results are reported as mean values ± SD 
(n=3). 
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Nano-enabled hydrogels self-assembled with phenolated lignin NPs 

Synthesis of Self-assembling HA-SH/SF_PheLigNPs hydrogels 

Nano-enabled hydrogels were formed by self-assembling HA-SH, SF, and 

PheLigNPs. HA-SH and SF were chosen as hydrophilic polymers for the 

hydrogel’s matrix, on account of their high solubility, molecular weight, 

functionality, and biocompatibility, while PheLigNPs served as gelation 

promoters and active agents. HA is an important component of the ECM, it is 

biocompatible and plays an important role in influencing cellular responses.254 

On the other hand, SF, a natural structural protein derived from the silkworm, is 

an FDA-approved structural protein, safe in humans, and degradable that has 

been used in medical devices and for synthesizing mechanically robust 

materials,255 which is an essential requirement for materials used in the 

biomedical field.256 The crosslinking agents were lignin NPs enriched with 

natural phenolic compounds that have shown antioxidant and antibacterial 

properties and did not induce resistance in pathogenic bacterial strains (Chapter 

1, Results and Discussion, section Phenolated lignin nanoparticles)  

In order to increase the possible polymer-NP self-assembling interactions, HA 

was modified with ADH and Traut’s reagent in a two-step process. The FTIR 

spectra of modified HA-ADH showed additional absorption at 1705 cm-1 

(carbonyl group), and an increase in the amide I and amide II bands at 1648 cm-

1 and 1550 cm-1, respectively, from the coupled hydrazide molecule (Figure 45). 

The absorption peaks of HA at 1406 cm-1 corresponding to carboxylic groups 

decreased after modification with ADH, while the peak at 1376 cm-1 

corresponding to carboxyl C=O stretching increased. The successful modification 

was also corroborated by TNBSA assay, with primary amines content of 159±52 

mg ADH·g-1 sample. Finally, the HA-ADH was modified with Traut’s reagent to 

produce HA-SH with a thiol content of 12.6±0.5 mg SH·g-1 sample.  
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The hydrogels were formed in an aqueous solution under environmental 

conditions, and gelation of the mixture was observed immediately after mixing 

the polymers with PheLigNPs. Because of the presence of catechol groups in 

lignin, many non-covalent interactions with HA-SH and SF are possible via 

hydrogen bonds, π-π, and thiol-π interactions257–259 forming a physically 

crosslinked network (Figure 46a). The strongest interactions in HA-SH are most 

likely between the cationic amino group from modified HA and with the phenolic 

groups from PheLigNPs (cation-π), whereas the strongest interaction in SF (5 % 

tyrosine content) is most likely between the tyrosine and the phenolic group of 

PheLigNPs (π-π).260 Even if the gelation occurred within seconds, the final 

mechanical properties of the gels were obtained after 2 h incubation at 37 °C. 

This suggests that the first interactions occurring in the gels are non-covalent 

bonds, but during incubation, spontaneous oxidation and covalent crosslinking 

of phenolic groups may also occur, as well as the formation of disulfide bonds 

from HA-SH. Apparently, mixing HA-SH with SF did not result in a gel, which 

confirmed the need for PheLigNPs to form the hydrogel network (Figure 46b). 

Figure 45. FTIR spectra of unmodified hyaluronic acid (HA), HA modified with 
adipic acid dihydrazide (HA-ADH) and thiolated HA (HA-SH). 
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CryoSEM images of the hydrogel showed a microporous structure with pore size 

of ~3‒4 μm, while the polymer mixture in the absence of PheLigNPs (control) 

presented larger pores (~10 μm) (Figure 46c). Such porous structure can 

improve the dispersibility and stability of PheLigNPs.111 The decrease in pore 

size after the addition of PheLigNPs indicates a higher crosslinking degree in the 

hydrogel in comparison with the polymer mixture.9,261  

Figure 46. (a) Schematic representation of the non-covalent interactions forming the 
self-assembling HA-SH/SF_PheLigNPs hydrogel, (b) pictures of the gel obtained by 
mixing HA-SH, SF and PheLigNPs, and the non-gelating HA-SH and SF mixture, and 
(c) cryo-SEM images of the hydrogel (HA-SH/SF_PheLigNPs) and the control without 
PheLigNPs (mixture of HA-SH and SF). 



Chapter 2. Lignin-based NPs in composite 
materials for wound healing 

Results and discussion 129 

 

 
 

Rheological properties of HA-SH/SF_PheLigNPs hydrogels 

The viscoelastic properties of the self-assembling hydrogels prepared with 

different concentrations of polymers and NPs were evaluated using a strain-

dependent oscillatory test where the storage (G’) and loss (G’’) moduli in a range 

of increasing strains were recorded (Figure 47ab). All the tested formulations 

presented higher G’ values than G”, confirming their gel-like behavior. The 

hydrogels presented a broad linear viscoelastic region since G’ and G’’ values 

were constant with varying deformation strains (0.1–100 %). The mechanical 

properties of the hydrogels clearly depended on the polymers and PheLigNPs 

concentration in the formulations. The gels formed with 20 and 10 mg·mL-1 of 

PheLigNPs presented G’ values of 102 and 78 Pa for hydrogels containing 1.5 % 

HA-SH and SF, and 67 and 35 in the case of 1.0 % hydrogels, respectively, which 

are at least 2-times higher than the gels formed with the lowest concentration of 

PheLigNPs (5 mg·mL-1), suggesting a reinforced structure owing to an increased 

number of interactions between the polymers and the phenolic groups from 

PheLigNPs (Annex – Table S4).262 The concentration of polymers also affected 

the storage and loss moduli of the gels. As expected, an increase in G’ was 

observed at higher concentrations of HA-SH and SF, indicating that the hydrogels 

with 1.5 % of polymers were tougher than the ones prepared with 1.0 %.  

For the rheological studies, tan δ, which is the ratio of the G’’ over the G’ (tan 

δ=G’’/G’), and flow point, corresponding to the strain at which the sol-gel  

transition occurs (G’=G’’), were used as a measure of the degree of crosslinking 

and elasticity in the nanocomposite hydrogels (Annex – Table S4 and Table 

S5).262 The flow point showed dependence on the PheLigNPs content. Increasing 

concentrations of PheLigNPs resulted in lower flow points, which can be related 

to a more structured material. Similarly, increasing the NPs concentration 

decrease the hydrogel elasticity, declining the tan δ values from 0.212 to 0.124 

for 1.0 % hydrogels and 0.195 to 0.145 for 1.5 % hydrogels. These results 

outlined the role of PheLigNPs as promoters for the gelation of HA-SH and SF 

where the NPs concentration results in a greater number of entanglements and 



130 Chapter 2. Lignin-based NPs in composite 
materials for wound healing 

Results and discussion 

 

 
 

physical nodes enhancing the rheological properties of the nano-enabled 

hydrogel matrix.105 

Figure 47. Rheological properties of the HA-SH/SF hydrogels. Strain-dependent 
oscillatory measurements were performed at 1 s−1 and increased shear strains of 
hydrogels prepared with (a) 1.5% or (b) 1.0% of polymers with varying PheLigNPs 
content. Viscosity vs. shear rate of hydrogels prepared with (c) 1.5% or (d) 1.0% of 
polymers, varying PheLigNPs content. 3iTT with intervals combining 5 and 2000% 
strains at 1 s−1 of hydrogels prepared with (e) 1.5% or (f) 1.0% of polymers with 
varying PheLigNPs content. All the tests were performed at 25 °C using a solvent 
trap. For simplification of the data interpretation, one representative sample per 
experimental group (n = 3) is shown. 
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Although mixing HA-SH and SF in the absence of PheLigNPs did not visually 

form a hydrogel (Figure 46b), the strain-dependent oscillatory test showed a G’ 

higher than G’’ (Figure 48). However, G’ values were significantly lower than 

those obtained with the HA-SH/SF_PheLigNPs hydrogels (up to 13– and 14–fold 

lower for 1.0 and 1.5 % formulations, respectively), the viscoelastic region was 

narrower, and tan δ was ~0.4–0.6. This indicated that the PheLigNPs were the 

main responsible for hydrogel formation, although the interactions between HA-

SH and SF also contributed to the hydrogel’s structure.  

Due to the multiple possible reversible interactions proposed for these nano-

enabled materials, such as cation–π, hydrogen bonds, thiol–π, and π–π 

interactions, the hydrogels are expected to possess shear-thinning properties. 

The viscosity of the hydrogels decreased upon increasing shear rates (Figure 

47cd), which confirmed their ability to flow on applied stress (e.g., injection 

through a syringe) which ensures their potential for minimally invasive delivery 

and conformal application. The concentration of PheLigNPs and polymers 

slightly affected the viscosity of the hydrogels. Concretely, increasing 

concentrations of PheLigNPs resulted in higher viscosity values, however, 

Figure 48. Strain-dependent oscillatory tests performed at 1 s-1 and 25 ºC of 
mixtures containing a mixture of HA-SH and SF at 1.0 and 1.5 % after 2 h incubation 
at 37 ºC.   
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varying the concentration of polymers did not result in significant viscosity 

changes (Annex – Table S6). 

A critical parameter for the injectability of the gels is their recovery capacity 

after network rupture at high strains. Step-strain measurements were then 

performed by combining a low strain (5 %), and a high strain (2000 %) that 

allowed the network failure (Figure 47ef), according to previously performed 

strain-dependent oscillatory tests (Figure 47ab). After applying high strains, 

all the hydrogels recovered their initial G’ and G’’ values at low strains. This 

indicated that the hydrogels could recover to their initial properties after 

network rupture, which can be attributed to the reversible and robust nature of 

the non-covalently crosslinked hydrogel structure.  

Swelling capacity 

Appropriate swelling behavior of wound dressings would ensure the 

absorption of the excessive wound exudate while maintaining moisture, which 

is crucial for cell growth and proliferation.142 The swelling index of the different 

hydrogel formulations was studied (Figure 49) monitoring the weight variation 

after immersion in PBS at pH 7.4 and room temperature. A rapid increase in the 

swelling was observed during the first 8 h, followed by stabilization. As expected, 

the swelling depended on the concentration of PheLigNPs used to prepare the 

gels. The formulations with less amount of PheLigNPs (1.5%_5 and 1.0%_5) 

presented higher swelling, achieving values up to ~200 and ~120 % for 

hydrogels containing 1.5 and 1.0 % of biopolymers, respectively. This behavior 

was previously observed for hydrogels containing NPs263 and correlates with the 

rheological characterization of the gels where a higher degree of crosslinking 

was observed at increasing PheLigNPs content (Figure 47ab). Indeed, a higher 

swelling index can be correlated to a weaker structure.264 The amount of HA-SH 

and SF in the hydrogel formulation also affected the swelling index, whereat 

increasing polymer concentration and constant PheLigNPs content, a higher 

capacity to swell was observed. Higher swelling capacity upon increasing 
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concentrations of biopolymer has been previously reported.265 HA is a highly 

hydrophilic polymer capable of retaining large amounts of water and might be 

the main responsible for the high swelling capacity of the hydrogels.263 In short, 

the swelling capacity of these hydrogels can be tuned by varying the 

concentration of polymers (HA-SH, SF) and PheLigNPs. 

 

Stability of the hydrogels  

The long-term stability of physically crosslinked hydrogels is challenging and 

limits their application in the medical field.256,263 Evaluation of hydrogel stability 

is crucial since the physical nature of crosslinking may cause uncontrolled 

leaching of NPs and degradation of polymeric matrix which may cause toxicity. 

After incubating the hydrogels in PBS for 7 days, a decrease in the dry mass was 

not observed (Table 13). One-way ANOVA test revealed that the dry mass of the 

hydrogels at days 1–7 was not significantly different from the initial mass. The 

results demonstrated the high long-term stability of the hydrogels. Achieving 

high stability in self-assembling hydrogels with non-covalent interactions is 

challenging. In the case of HA-SH/SF_PheLigNPs hydrogels, the combination of 

multiple interactions, i.e., π-π, thiol-π, and hydrogen bonding, might increase the 

Figure 49. Swelling index (%) of hydrogels prepared with different concentrations 
of PheLigNPs and (a) 1.5% or (b) 1.0% of HA-SH and SF. Results are reported as 
mean values of swelling capacity (%) (n=3) ± SD. 
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stability of the gels and reduce the possible degradation in physiological 

conditions. Moreover, covalent crosslinking with oxidized phenols from 

PheLigNPs and the polymers from the matrix may also occur, which would 

further increase the stability of the material.  

Table 13 Stability of the hydrogels in PBS at 37 °C. Dry mass (mg) of samples 
1.0%_10 at time 0, 1, 3 and 7 days, and statistical significance assessed using a 
multiple comparison one-way ANOVA test against time 0. Results are reported as the 
mean of five replicates ± standard deviation (SD) 

Time (days) 0 1 3 7 

Dry mass (mg) 10.2 ± 0.6 11.2 ± 0.3 10.8 ± 1.0 9.8 ± 0.6 

Statistical significance 
(One-way ANOVA) 

 nsa ns ns 

   ans = not significant  

 

Release of PheLigNPs and hydrogel stability in response to the pH and 

hyaluronidase 

The pH of healthy skin ranges from 4.2 to 6.0.266,267 In acute wounds the pH 

oscillates during healing, often shifting from neutral to acidic with the 

regeneration of the epidermis. Contrarily, chronic wounds persist in an elevated 

alkaline environment (pH 7.2–8.9) that contributes in delayed healing.268,269 In 

order to guarantee the functionality of wound dressing materials, their 

properties need to be maintained when exposed to different physiological 

changes associated with pathologies, such as elevated pH. On the other hand, the 

alkaline pH of chronic wounds can be used as a trigger to release active agents 

from dressing materials, including growth factors,270 drug-loaded polymeric 

NPs,271 antibiotics,272 and other drugs.273 Controlled drug delivery systems 

enable the release of an active molecule under specific internal or external 

stimuli, which enhances the drug efficiency and avoids risks of overdosing.274  

In this work, the behavior of the hydrogels at different pH was studied in terms 

of rheological stability and release of PheLigNPs as active agents. Strain-
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dependent oscillatory tests showed that the hydrogels maintained the gel-like 

behavior (G’>G’’) in all the tested pH (4.0–9.0) (Figure 50a). This confirms that 

the rheological properties of the hydrogels did not significantly vary after being 

exposed to acid, neutral and alkaline conditions. The hydrogels at neutral to basic 

pH (7, 8, and 9) displayed lower G’’ in comparison with the reference (non-

treated), while G’ was maintained. Contrarily, G’ of hydrogels at acid pH was 

lower, while G’’ decreased. Differences in the flow point were observed with 

increasing alkalinity, raising from 917 % (reference) to 1170 %. Such increase 

could be correlated to a weaker structure in the hydrogel network.  

The release rate and amount of PheLigNPs was clearly dependent on the pH 

since higher release rates with increasing pH values were observed (Figure 50b). 

A biphasic pattern characterized the release of PheLigNPs at alkaline and neutral 

pH, which consisted of an initial rapid release during the first 6 h and a slower 

sustained release phase. A similar profile with a significantly lower release rate 

resulted in acid pH. The higher release rates of PheLigNPs at alkaline pH coupled 

to the weaker structure of the hydrogels observed by rheology indicate that 

polymer-NP interactions are altered, which provokes changes in the hydrogel 

structure. Probably, at alkaline pH auto-oxidation of thiol and phenol groups 

occur, which weakens the polymer-NP interactions and facilitates PheLigNPs 

release. Moreover, the carboxylic groups from hyaluronic acid are ionized at 

alkaline pH, which increases the water uptake capacity and swelling, and 

facilitates the release of NPs.275 Despite PheLigNPs release and loss of some 

polymer-NP interactions, the hydrogels preserved their gel-like behavior. These 

results suggest that the hydrogels could be used as stimuli-responsive delivery 

materials triggered by the alkaline pH in chronic ulcers. Loading the PheLigNPs 

with specific active substances, such as growth factors or anti-inflammatory 

drugs, would provide additional functionalities to the NPs related to efficient 

wound healing. 
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The PheLigNPs release and biodegradability of the hydrogels in presence of 

hyaluronidase, a hydrolytic wound enzyme that degrades HA, was also studied 

(Table 14). The dry mass of the hydrogels after incubation with hyaluronidase 

did not present significant differences with that of reference hydrogel, indicating 

that the hydrolytic enzyme did not degrade the hydrogel. On the other hand, 

higher PheLigNPs release from the hydrogels was observed in the presence of 

hyaluronidase in comparison with the control group (treated with PBS). 

Probably, hyaluronidase weakens the hydrogel structure and facilitates the 

Figure 50. pH responsiveness of the hydrogels. (a) Rheological stability of the 
hydrogels after incubation at different pH measured using an oscillatory test 
(frequency 1 s-1, shear strains 0.1–10000%). For simplification of the data 
interpretation, one representative sample per experimental group (n=3) is shown. 
(b) Release of PheLigNPs from the hydrogels incubated at different pH. Results are 
reported as mean fluorescence values (n=3) ± SD. 
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release of PheLigNPs, but the presence of SF in the formulation enhances the 

stability of the hydrogel and delays the biodegradability.276 

Table 14 Hydrogel stability and PheLigNPs release in response to hyaluronidase. 
The stability was reported as dry mass (mg) of the 1.0%_10 hydrogel at time 0 and 
24 h with hyaluronidase or buffer, and the statistical significance was assessed using 
a multiple comparison one-way ANOVA test against time 0. PheLigNPs release is 
reported as fluorescence units (F.U.) measured in the supernatant. All results are 
reported as mean values (n = 4) ± SD. 

Time (h) 0 24 

  Hyaluronidase Buffer 

Dry mass (mg) 8.4 ± 0.1 8.0 ± 0.5 8.6 ± 0.4 

Dry mass statistical significant 
(One-way ANOVA) 

 nsa ns 

Fluorescence (F.U.) 0 3234 ± 497 1932 ± 375 

ans = not significant  

 

Multiple features of the hydrogels for promoting wound healing 

The presence of pathogenic and skin bacteria contributes to the non-healing 

state of a wound; thus an efficient management of bacterial load is essential to 

progress through healing. On the other hand, chronic wounds are characterized 

by elevated oxidative stress and high activity of MPO and MMPs. Specific control 

over deleterious wound enzymes and bacterial load would enhance the healing 

process.  

The radical scavenging capacity of the hydrogels was assessed using the DPPH 

assay. All gel formulations were able to reduce the DPPH radical, confirming their 

antioxidant capacity (Figure 51a). According to the results, the antioxidant 

activity depended on the concentration of NPs, i.e. higher PheLigNPs yielded 

hydrogels with higher antioxidant capacity. The main antioxidant component of 

the formulations are PheLigNPs, which numerous phenolic groups provide the 

modified lignin with high antioxidant capacity.73 Differences were also observed 
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varying the concentration of polymers. HA-SH could also contribute to the 

antioxidant capacity of the formulations.277  

The capacity of the hydrogels to reduce the viability of bacteria was assessed 

using two common bacteria found in wounds, the Gram-positive S. aureus and 

the Gram-negative P. aeruginosa (Figure 51b). The viability of S. aureus was 

reduced by 95.87–99.72 %, with small differences between hydrogel 

formulations. The highest antibacterial formulations were those containing 1.0 

% of polymers while varying the concentrations of PheLigNPs did not result in 

any trend. The lowest antibacterial capacity was found for 1.5%_20 hydrogel. In 

Figure 51. (a) Antioxidant activity of the hydrogels measured using the DPPH assay. 
Detail of the first 30 min of assay (inset). (b) Antibacterial capacity of the hydrogels 
against S. aureus and P. aeruginosa expressed as percent of viability reduction (%). 
Results are reported as mean values of bacterial viability reduction (%) (n=3) ± SD. 
(c) SEM images of S. aureus and P. aeruginosa treated with the hydrogels and 
respective controls (without treatment). 
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general, the effect on P. aeruginosa was lower, achieving values ranging from 

60.29 to 96.96 %. The higher antibacterial activity of PheLigNPs against Gram-

positive bacteria in comparison to Gram-negative ones was previously observed 

(Chapter 1, Results and Discussion, section Phenolated lignin nanoparticles). 

Contrary to what was expected, the gels containing the highest concentration of 

PheLigNPs (20 mg·mL-1) exhibited notably lower antibacterial capacity against 

P. aeruginosa than those prepared with 10 and 5 mg·mL-1. This difference can be 

attributed to the distinct swelling index of these hydrogels - higher swelling 

results in the absorption of bacteria into the hydrogel, which may contribute to 

the higher antibacterial effect. However, the released PheLigNPs to the medium 

are also expected to contribute to the antibacterial activity of the gels. The 

morphology of the bacterial cells treated with the hydrogels was evaluated by 

SEM (Figure 51c). After incubation with the hydrogels, some of the S. aureus 

cells presented irregular shapes and wrinkled surface that differed from the 

smooth and regular untreated S. aureus. Treated P. aeruginosa cells were 

flattened and presented depressed areas, whereas control cells were smooth and 

rounded. Structures formed of several particles were observed on the surface of 

the treated S. aureus and P. aeruginosa, which may correspond to PheLigNPs 

released from the hydrogels. 

The advantage of using lignin as an antibacterial agent in biomedical 

applications is that it has unspecific and multiple antibacterial modes of action, 

and subsequently the surge of AMR can be avoided. In this line, PheLigNPs are 

suitable antibacterial agents for controlling bacterial load and avoiding bacterial 

infection in materials for wound healing, while preventing AMR appearance.  

The deregulation of enzymes and other factors in chronic wounds results in 

excessive proteolytic activity that provokes ECM degradation and delays healing. 

Thus, the control over these enzymes, i.e. MPO and MMPs, would be crucial for 

effective chronic wound treatment. Phenolic groups are able to act as HClO 

scavengers or can be directly involved in the peroxidase cycle as substrates, 

thereby inhibiting the chlorination activity of the enzyme.278 Moreover, the 
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hydrogels’ capacity to absorb fluids and proteins is also expected to diminish the 

activity of such enzymes in the wound bed. The capacity of the hydrogels of 

inhibiting the MPO and MMPs activities was assessed in vitro (Figure 52). All the 

formulations except for the 1.5%_5 hydrogel were capable of significantly reduce 

the enzymes’ activities (by 20 to 52 %) as a function of the amount of PheLigNPs 

(Annex – Table S7). The most significant MPO inhibition capacity (~34 %) was 

achieved by the 1.5%_20 and 1.0%_20 hydrogels, independently of the amount 

of HA-SH and SF employed. The MPO inhibition by the gels can be attributed to 

the release of PheLigNPs or the absorption of the enzyme into the negatively 

charged hydrogel matrix following inhibition by the thiol and phenol groups in 

the polymeric matrix.105,279 A tendency was observed for MPO activity to 

decrease with increasing concentrations of PheLigNPs in the hydrogel’s 

formulation, therefore, the reduced MPO activity is probably due to the action of 

released PheLigNPs. The same tendency was observed for MMPs inhibition, and 

the highest inhibition capacity was found for the 1.0%_20 hydrogel (52 % 

inhibition). The inhibition of MMPs activity is most likely due to the 

intermolecular interaction of MMPs with the polyphenolic PheLigNPs.216,259,280  

Figure 52. In vitro (a) MPO and (b) MMPs inhibition (%) by the hydrogels. Results 
are expressed in percentage of enzyme inhibition relative to the control (enzyme 
without hydrogel). Results are reported as m00ean values of enzyme inhibition (%) 
(n=4) ± SD. A one-way ANOVA analysis was used to confirm the difference in MPO 
and MMPs inhibition capacity among the different hydrogel formulations. 
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Cytotoxicity evaluation of the hydrogels 

In this study, the cell viability of human skin cells in contact with the hydrogels 

for 1 and 7 days was assessed. In chronic wounds, the proliferation of fibroblasts 

is significantly reduced in comparison with healing wounds, which deregulates 

tissue homeostasis and delays healing.281 Materials used in the treatment of 

chronic wounds need to be biocompatible in order to minimize the loss of skin 

cells’ function.282 The hydrogels did not show cytotoxicity after 1 or 7 days in 

Figure 53. (a) Cell viability (%) of human keratinocytes and fibroblasts incubated 
with hydrogels (1.5%_20, 1.5%_10, and 1.5%_5) for 24 h assessed by the 
AlamarBlue assay. Results are reported as mean values of cell viability (%) ± SD 
(n=3) and their statistical significance was calculated using one-way ANOVA 
(p<0.05). (b) Live/dead assay of human keratinocytes and fibroblasts treated with 
the hydrogels for 7 days. The assay stains the live cells in green and the dead ones 
in red. 
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contact with the cells, and the cell viability of keratinocytes and fibroblasts was 

no lower than 93 and 99 %, respectively (Figure 53a). Statistical analysis 

showed no significant differences between any of the samples (p<0.05) This 

indicated that the materials potentially released from the hydrogels did not 

induce cytotoxicity. From the perspective of biocompatibility, the advantage of 

using metal-free PheLigNPs as the only crosslinking agent in the green synthesis 

of hydrogels is that toxic crosslinkers and catalysts are avoided. Live/dead 

staining further indicated the high viability of the cells incubated with the gels, 

and their morphology did not suffer changes in comparison with control cells 

(Figure 53b). The results suggested that the application of these hydrogels for 

the treatment of wounds may not imply biocompatibility concerns, however, in 

vivo studies should be performed previous to clinical application. 
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General discussion 

Nanoformulation of lignin in antibacterial materials is an emerging 

valorization approach for this underutilized biopolymer. Using lignin as a largely 

available renewable biomass material for the synthesis of antibacterial NPs 

reduces the environmental impact of these products. Moreover, avoiding the use 

of toxic solvents, chemical crosslinkers, or chemical reducing agents in the 

synthesis of nanomaterials minimizes both human toxicity and environmental 

hazard risks. In this thesis, different antibacterial lignin-based NPs and 

nanomaterials for biomedical applications were developed under a green 

chemistry concept. Pristine lignin or enzymatically phenolated lignin were used 

alone or as reducing agents of metal and metalloids to produce antibacterial 

AgPheLigNPs, TeLigNPs, and PheLigNPs through sonochemistry. Lignin was 

demonstrated to be a versatile polymer than can be either enzymatically 

modified or combined with metals and metalloids to enhance its antibacterial 

activity.  

Lignin was the reducing agent of silver and tellurite ions in AgPheLigNPs and 

TeLigNPs, respectively. Lignin-mediated synthesis of AgNPs is possible due to 

the phenolic hydroxyl groups of the polymer, which are believed to interact with 

Ag+ via cation−hydroxyl and cation−π bonding and reduce them into metallic 

AgNPs.111,132 Even if the reduction of tellurite by lignin has not been previously 

studied, this mechanism may also occur in the reduction of Te4+ to Te0.178 In 

general, Ag+ are more effective as antibacterial agents in comparison to AgNPs. 

However, once functionalized, AgNPs have shown superior antibacterial 

properties.283 The AgPheLigNPs described in this thesis presented a higher 

antibacterial effect than Ag+ and AgNPs. Similarly, TeLigNPs were more 

antibacterial than their precursor (tellurite ion). These results revealed the 

improvement of the bactericidal properties due to the presence of lignin.  

Despite the three lignin-based NPs presenting antibacterial properties, the 

ones containing Ag and Te showed significantly higher efficiency than those 
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prepared only with phenolated lignin. For instance, the MIC of AgPheLigNPs and 

TeLigNPs against P. aeruginosa was 5.4 ppb Ag and 2.39 ppm Te, respectively, 

while the MIC of PheLigNPs was 2.5 mg·mL-1. As expected, the combination of 

lignin with metals and metalloids significantly enhances the antibacterial activity 

of the particles. Nevertheless, other properties should be considered for 

selecting the most convenient NP type such as the spectrum of susceptible 

bacteria, biocompatibility, biodegradability, and persistence in the environment 

and the human body. For instance, TeLigNPs were not active against S. aureus 

due to intrinsic resistance mechanisms against the tellurite ion, but were highly 

active against E. coli, presenting a MIC of 0.07 ppm Te. AgPheLigNPs were active 

against Gram-positive and Gram-negative bacteria even at low concentrations. 

However, concerns have been raised about the environmental persistence of 

AgNPs and their potential effects on human health.100,101 On the other hand, 

PheLigNPs did not show extraordinary antibacterial efficacy, but the absence of 

metals in this formulation reduces both environmental and health concerns, and 

enables their use in a broader range of applications such as additives for food 

packaging. Hence, the selection of an appropriate NP will depend on the desired 

antibacterial efficiency (bactericidal vs. bacteriostatic), the targeted bacteria, and 

the final application.   

Despite the potential of these lignin-based NPs, lignin structure varies 

depending on the plant source and extraction method, which may hinder the 

production of NPs with homogeneous and reproducible properties. Another 

important aspect to consider is the sustainability of the production process. In 

this thesis, commercial lignin extracted from agricultural fibrous feedstock was 

used to synthesize the NPs. However, in order to minimize the impact of the 

process and drive towards a circular economy, it would be interesting to use 

residual lignin from the pulp and paper manufacturing industry as a raw 

material.  

Besides the production of lignin based NPs, investigating the antibacterial 

mode of action of these particles was also an objective of the thesis. Acquiring a 
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comprehensive knowledge of how LigNPs inhibit the growth of microorganisms 

is crucial for developing effective antimicrobial composites for a broad range of 

applications. AgNPs exert their action against bacteria via different mechanisms, 

including (i) attachment to the bacterial cells, increasing their permeability,284 

and (ii) the release of silver ions that penetrate into the bacteria and produce 

free radicals.285,286 The simultaneous action of AgNPs and the ions released leads 

to high levels of ROS, DNA damage, and cell death. Some studies report an 

improved antibacterial effect of lignin-capped AgNPs in comparison with non-

capped AgNPs. Slavin et al. observed a 25-fold decrease in the MIC of AgLigNPs 

against MDR S. aureus in comparison with commercial AgNPs.76 Such 

enhancement is attributed to the ability of lignin to interact and disturb bacterial 

membranes, hence facilitating the penetration of Ag+ ions inside the cell. 

Interestingly, such interaction was only found with bacterial model membranes, 

while no effect was observed in mammalian model membranes.194 This proves 

the contribution of lignin to the reduction of silver toxicity, as described by 

previous works.102,287 The superior antibacterial properties of the AgPheLigNPs 

in comparison with Ag+ and AgNPs were also observed in the present study, since 

the concentration of silver needed to inhibit bacterial growth was reduced by at 

least 10-fold in the hybrid NPs.  

The mechanism of action of TeNPs is not completely elucidated, but the 

generation of ROS is considered the main factor involved in their antibacterial 

activity.180 Tellurite is extremely toxic for most Gram-negative bacteria as a 

result of generation of ROS, damage to metabolic enzymes, and glutathione 

depletion.288 TeLigNPs showed the capacity to induce ROS in E. coli and P. 

aeruginosa, but not in S. aureus or in mammalian cells. Moreover, TeLigNPs were 

capable of disturbing bacterial membranes, which may also contribute to their 

antibacterial action. In the case of PheLigNPs, besides the generation of ROS in 

bacteria, they also exhibited the capacity to strongly interact with bacterial 

surfaces and intercalate between the lipid membranes. The high affinity of lignin 

toward bacteria may explain the improvement of the antibacterial activity of 
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AgPheLigNPs and TeLigNPs in comparison with their precursors. Further studies 

on the penetration capacities of LigNPs inside bacterial cells would be useful to 

completely elucidate the mechanism of action of such particles.  

The lignin-based NPs described in the first chapter of this thesis were used as 

active agents in materials for the treatment of chronic wounds. In particular, 

AgPheLigNPs were used as active fillers in polyurethane foams and PheLigNPs 

were used as active and structural elements in hydrogels. Considering the 

multiple factors involving wound chronicity, an advanced dressing should not 

only maintain the moisture, but also keep a bacteria-free environment and 

reduce the activity of deleterious wound enzymes.  

PUF was chosen as wound dressing material for its resilience, flexibility, 

adaptability to different shapes and low cost.289 However, the majority of 

commercially available PUF dressings are inert or loaded with silver ions by 

absorption, which results in rapid release of Ag+ and short-term antibacterial 

effect.290 The AgPheLigNPs-loaded PUFs described in Chapter 2 of this thesis 

displayed high antibacterial capacity against two pathogenic bacteria commonly 

found in wounds, S. aureus and P. aeruginosa. Moreover, the foams presented a 

low and sustained release of silver over-time, which would diminish the toxic 

effects of silver and extends the antibacterial effect of the material. On the other 

hand, biopolymer hydrogels are biodegradable, present adaptability to different 

wounds, excellent ability to absorb fluids –which helps maintaining the moisture 

in the wound bed– and capacity to load active agents.289 The PheLigNPs 

described in Chapter 2 were the triggers for the gelation of thiolated HA and SF, 

and also conferred antibacterial and antioxidant properties to the material. The 

synthesis of hydrogels through self-assembling non covalent interactions 

between polymers and phenolic NPs105 are currently in the process of patenting 

(Annex – Scientific contributions). Interestingly, the release of the active 

PheLigNPs was triggered by alkaline pH, which is the pH that most chronic 

wounds have.268 In both PUFs and hydrogels, the mechanical properties such as 

swelling capacity and density, as well as the antibacterial and antioxidant 
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properties, were controlled by particle content. This indicates that the materials’ 

properties can be tuned by NPs content, making possible the design of the 

dressing as a function of the patients’ need.  

Despite the advantages of PUFs and hydrogels as dressing materials, their 

limitations should be also considered for selecting the appropriate dressing 

material. Polyurethane is a synthetic material requiring chemical catalysts and 

additives for its production, which can remain in the material and cause 

toxicity.291 Moreover, the permeability of foams may result in excessive 

evaporation of moisture, so the addition of an occlusive layer is often 

necessary.292 On the other hand, hydrogels can effectively retain moisture but 

their poor mechanical properties limit their application, so strategies such as 

addition of NPs reinforcement are needed.293 To improve hydrogels mechanical 

stability, they can be combined with other type of dressing materials, e.g.,  films 

and gauzes, that would enhance the mechanical properties of the dressing while 

maintaining hydrogel’s properties. Both AgPheLigNPs and PheLigNPs showed 

promising suitability as active NPs in wound dressings, however, further studies 

on the materials’ behavior during a prolonged period of time are needed to 

evaluate their potential in clinical practice. 

AgPheLigNPs were not only used as antibacterial agents in PUFs for chronic 

wound management, but also in zirconia 3D-printed polymer-infiltrated ceramic 

networks.294 These materials containing AgPheLigNPs reduced the growth of S. 

aureus and P. aeruginosa in their surface by 90 and 73 %, respectively, in 

comparison with the pristine ceramic network. This work further demonstrates 

the versatility of lignin-based nanoparticles and their compatibility with 

multiple materials.     

In order to bring the nanolignin-based materials to the market, their synthetic 

procedures should be simplified and upscaled, while maintaining low 

manufacturing costs. Overcoming the problem of lignins’ intrinsic heterogeneity 

is a critical issue for obtaining reproducible materials. Despite studies showing 
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the advantages of highly antibacterial lignin materials for food and biomedical 

applications, safety data and clinical experience are required before their 

commercialization.295 Although lignin has been approved as a food additive by 

some regulatory bodies, its use in the form of NPs as a food contact substance 

(e.g., in food packaging) has not been regulated so far. In the case of lignin-based 

materials for wound healing, their classification in the proper medical device 

class is primordial for performing the appropriate clinical evaluation.296 

Nevertheless, there is still a lack of specific regulatory guidance over 

nanomaterials in general and lignin-based materials, in particular, for 

biomedicine, which may hinder their entry into the market.297,298 It is thus 

important to focus future research on the physicochemical characteristics of 

nanoscale materials and understanding their interaction with biological systems, 

which is crucial for their approval by the regulatory bodies.  

Overall, in this thesis, we highlighted the versatility of antibacterial LigNPs in 

terms of synthetic procedures, their multiple functionalities due to the 

nanoformulation, and their compatibility with different polymeric materials, 

demonstrating the enormous potential of these natural antibacterial agents.   
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Conclusions 

In view of the tendency to move toward a circular economy model and 

sustainable processes, the use of renewable feedstock as an alternative to 

conventional petroleum-based sources has increased. LigNPs have raised 

interest in the scientific community for their sustainability, biodegradability, 

biocompatibility, and antibacterial capacity. The aim of this thesis was to 

engineer novel antibiotic-free, lignin-based NPs with antibacterial properties to 

be applied in the biomedical field. For this purpose, different hybrid LigNPs have 

been designed by combining this polymer with metals, metalloids, and natural 

phenolic compounds. Such particles were used as active and structural elements 

in materials for biomedical applications, especially for chronic wound treatment.    

Antibacterial lignin-based nanoparticles 

 Enzymatically synthesized phenolated lignin was used as a reducing and 

capping agent of silver to obtain AgPheLigNPs under high-intensity US 

 AgPheLigNPs were able to inhibit the growth of Gram-positive and 

negative bacteria at lower concentrations than Ag+ and AgNPs, which 

evidenced the enhancing effect of lignin.  

 The viability of human keratinocytes and fibroblasts was above 80 % 

for all the tested AgPheLigNPs concentrations, and the cell 

morphology incubated with the particles did not differ from the 

control cells. The presence of a biocompatible polymer surrounding 

the Ag core may contribute to decrease the toxicity of AgNPs and the 

released Ag+. 

 Lignin was the reducing and capping agent of tellurium in the synthesis of 

TeLigNPs under high-intensity US 

 TeLigNPs completely inhibited the growth of E. coli and P. aeruginosa 

at a lower concentration than when using the tellurite salt, showing 

the advantages of the nanoformulation strategy. Moreover, the 

particles completely eradicated these bacteria within 4 h.  
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 Investigation of the antimicrobial mode of action revealed the 

capacity of TeLigNPs to induce a membrane-disturbing effect due to 

surface activity and the generation of ROS in the tested Gram-

negative bacteria, but were not active against S. aureus or human 

cells. 

 TeLigNPs did not induce cytotoxic effects or morphological changes 

to human cell lines, demonstrating that lignin can be used to develop 

safe-by-design tellurium-based nanomaterials. 

 Plant-derived phenolic compounds were enzymatically grafted onto lignin 

and subjected to high-intensity US to obtain PheLigNPs 

 The antibacterial effect of PheLigNPs was demonstrated against S. 

aureus, B. cereus, P. aeruginosa, and E. coli. Both the higher phenolic 

content and the nanosize of the particles were responsible for the 

enhanced antibacterial effect of PheLigNPs in comparison with their 

nonfunctionalized or bulk counterparts (lignin, phenolated lignin, 

and LigNPs). 

 Studies on the antibacterial mode of action of PheLigNPs 

demonstrated the bacterial surface−particle interaction and 

membrane destabilization, coupled with increased levels of ROS, and 

reduced metabolic activity.  

 Bacteria in contact with PheLigNPs did not induce resistance, 

probably due to the multiple and unspecific targets, hence 

contributing to overcoming the growing concern of multidrug-

resistant bacteria. 

Lignin-based nanoparticles in composite materials for wound healing 

 Antibacterial PUFs with potential for wound dressings were obtained by 

using AgPheLigNPs as active fillers.  

 The foams presented an open-cell structure where the cell diameter 

decreased with the increase of the AgPheLigNPs content. Their 
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swelling capacity, density, and mechanical properties can be tuned as 

a function of AgPLigNPs concentration. 

 The PUFs containing AgPheLigNPs demonstrated sustained silver 

release over time, and eradicated up to 4 and 5 logs the medically 

relevant S. aureus and P. aeruginosa, respectively. Moreover, the 

foams were antioxidant and capable of inhibiting the activity of the 

deleterious oxidative wound enzyme myeloperoxidase.  

 The PUFs did not show cytotoxicity to human keratinocytes and 

fibroblasts.  

 Hydrogels were synthesized by combining HA-SH and SF as polymer 

matrix, and PheLigNPs as active NPs and gelation promoters.  

 The pore size of the polymer matrix was reduced after the addition of 

PheLigNPs, evidencing the crosslinking between the polymers and 

the NPs. This would allow an accurate control of the hydrogels’ 

properties (e.g., swelling). 

 Rheological studies demonstrated that PheLigNPs were the primary 

cause of gelation. Depending on the PheLigNPs amount in the 

formulation, it was possible to obtain hydrogels with different 

rheological performances and swelling capacities to suit the final 

application.  

 The non-covalent reversible polymer-NP interactions provided the 

hydrogels with injectability and rapid self-healing properties without 

compromising the stability of the gels, which ensures their 

adaptability to complex wound architectures and recovery after 

subjecting to mechanical stress (bend, shear etc.). 

 The release of active PheLigNPs was triggered in chronic wounds 

with alkaline pHs, while the mechanical properties of the hydrogels 

at this pH were not compromised. 
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 The viability of S. aureus and P. aeruginosa was reduced by the gels 

up to 99.7 % and 99.0 %, respectively. Moreover, the gels presented 

high antioxidant capacity.  

 In addition, the hydrogels demonstrated the ability to control the 

activity of deleterious wound enzymes (MPO and MMPs) as a function 

of PheLigNPs content, which is favorable for wound healing.  

 The absence of cytotoxicity in fibroblasts and keratinocytes suggests 

that the hydrogels could be used as materials for the treatment of 

chronic wounds.  
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Annex 

Supplementary information of Chapter 1 

Table S1 Stability of PheLigNPs and LigNPs assessed by measuring the 
hydrodynamic size, PDI, and ζ-potential after 6 months of storage at 4 °C 

 Hydrodynamic size (nm) PDI ζ-potential (mV) 

PheLigNPs 300.1 0.271 -32.6 ± 0.6 

LigNPs 282.5 0.255 -31.2 ± 0.5 

Figure S1. Relative activity of laccase (a) at different pH, (b) at different 
temperature, and (c) enzyme stability of laccase under 250 rpm stirring at 50 °C and 
under 50% amplitude ultrasound at 50 °C. The enzymatic activity of laccase was 
determined using ABTS as a substrate. 
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Table S2 Signal assignments and peak ratio of lignin samples in the FTIR spectra 

Assignments 
Band 
(cm-1) 

Ax/A2090 ratio 

Lignin PheLigNPs LigNPs PheLig 

Phenolic and aliphatic 
O-H stretching 

3280 0.40 3.02 1.70 2.61 

C-H stretching in 
aromatic methoxyl 
groups 

2920 1.00 1.00 1.00 1.00 

Phenolic hydroxyl 
groups 

1366 0.58 1.62 0.44 0.56 

Aromatic C-H out of 
plane bending 

922 0.2 1.40 0.17 0.24 

Aromatic C-H out of 
plane flexural vibration 

761 0.84 1.90 0.02 0.85 

Table S3 Ratio of SYTO 9 to propidium iodide fluorescence emissions of bacteria 
incubated without PheLigNPs (control bacteria) and with PheLigNPs (bacteria + 
PheLigNPs) for 24 h.  

 Control bacteria Bacteria + PheLigNPs 

S. aureus 34.8 ± 6.3 0.9 ± 0.3 

B. cereus 7.8 ± 0.5 1.7 ± 0.2 

P. aeruginosa 3.4 ± 0.4 1.1 ± 0.1 

E. coli 8.4 ± 0.5 1.7 ± 0.2 

Figure S2. TEM images of LigNPs at (a) 6000X and (b) 30000X magnification and (c) 
size distribution of the particles. 
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Supplementary information of Chapter 2 

Table S4 Storage modulus (G’), loss modulus (G’’) and damping factor (tan δ) values 
at 1 % shear strain of different hydrogel formulations and polymer mixtures 
(controls) 

Hydrogel sample G' (Pa) G" (Pa) tan δ 

HA-SH, SF, PheLigNPs_1.5%_20 102.13 12.70 0.124 

HA-SH, SF, PheLigNPs _1.5%_10 77.68 13.84 0.178 

HA-SH, SF, PheLigNPs _1.5%_5 59.68 12.63 0.212 

Control 1.5 % (HA-SH, SF) 8.6 3.32 0.385 

HA-SH, SF, PheLigNPs _1.0%_20 66.70 9.67 0.145 

HA-SH, SF, PheLigNPs _1.0%_10 34.73 5.82 0.168 

HA-SH, SF, PheLigNPs _1.0%_5 30.34 5.92 0.195 

Control 1.0 % (HA-SH, SF) 4.65 2.05 0.442 

Table S5 Flow point or shear strain value (%) at which the hydrogel does not follow 
a gel-like behavior (G’ < G’’) 

Hydrogel sample Flow point (%) 

HA-SH, SF, PheLigNPs _1.5%_20 564 

HA-SH, SF, PheLigNPs _1.5%_10 917 

HA-SH, SF, PheLigNPs _1.5%_5 149 

HA-SH, SF, PheLigNPs _1.0%_20 917 

HA-SH, SF, PheLigNPs _1.0%_10 1490 

HA-SH, SF, PheLigNPs _1.0%_5 1900 

Table S6 Viscosity values of hydrogels at 0.1 s-1 and 1.0 s-1 shear rate 

Hydrogel sample 
Viscosity (Pa·s)  

at 0.1 s-1 

Viscosity (Pa·s)  

at 1.0 s-1 

HA-SH, SF, PheLigNPs _1.5%_20 1552.2 88.3 

HA-SH, SF, PheLigNPs _1.5%_10 812.3 49.9 

HA-SH, SF, PheLigNPs _1.5%_5 321.9 35.8 

HA-SH, SF, PheLigNPs _1.0%_20 798.7 64.0 

HA-SH, SF, PheLigNPs _1.0%_10 658.5 46.4 

HA-SH, SF, PheLigNPs _1.0%_5 445.7 31.5 
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Table S7 Statistical significance of the MPO and MMPs inhibition capacity of the 
hydrogels assessed using a multiple comparison one-way ANOVA followed by 
Dunnett’s post-hoc test 

 Mean  
difference 

95 % confidence 
interval 

Significant Adjusted  
p-value 

MPO inhibition 
    

Control vs. 1.5%_20 - 32.24 -42.97 to -21.52 Yes (****) <0.0001 

Control vs. 1.5%_10 -19.78 -29.66 to -9.906 Yes (****) <0.0001 

Control vs. 1.5%_5 -6.261 -16.14 to 3.618 No (ns)a   0.3662 

Control vs. 1.0%_20 -34.48 -44.87 to -24.09 Yes (****) <0.0001 

Control vs. 1.0%_10 -28.48 -38.59 to -18.37 Yes (****) <0.0001 

Control vs. 1.0%_5 -22.86 -33.59 to -12.13 Yes (****) <0.0001 

MMPs inhibition     

Control vs. 1.5%_20 -36.46 -48.07 to -24.84 Yes (****) <0.0001 

Control vs. 1.5%_10 -27.34 -38.96 to -15.73 Yes (****) <0.0001 

Control vs. 1.5%_5 -22.66 -34.27 to -11.04 Yes (***)   0.0001 

Control vs. 1.0%_20 -51.56 -63.18 to -39.95 Yes (****) <0.0001 

Control vs. 1.0%_10 -36.72 -48.33 to -25.10 Yes (****) <0.0001 

Control vs. 1.0%_5 -25.26 -36.88 to -13.64 Yes (****) <0.0001 

ans = not significant   
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