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RESUMO 

 

Por décadas, os agricultores têm tentado controlar as plantas daninhas e 

aumentar a produtividade das colheitas para fornecer alimentos para uma 

crescente população através do uso de herbicidas. A modernidade através da 

nanociência auxilia a diminuição da quantidade dos herbicidas através de 

nanocarreadores inorgânicos, híbridos e orgânicos (ou nanoherbicidas) no 

campo experimental. Nesse contexto, nanocarreadores orgânicos provindos de 

material lignocelulósico surgem como candidatos promissores, destacando-se a 

lignina: encontrada em plantas, é um resíduo agrícola cuja estrutura polifenólica 

pode formar (núcleos hidrofóbicos/cascas hidrofílicas) nanoestruturas que 

podem interagir com herbicidas como a atrazina e liberar lentamente esse 

bioativo. Assim, a presente Tese teve como objetivo principal discutir sobre 

nanocarreadores constituídos de materiais lignocelulósicos para liberação de 

agroquímicos, bem como desenvolver nanopartículas esféricas de lignina 

(SLNPs) com o herbicida atrazina (SLNPs_ATZ) a fim de se compreender os 

seus efeitos em organismos alvo e não alvo. As nanopartículas foram fabricadas 

pelo método de precipitação antissolvente e caracterizadas por TGA, FTIR, 

MEV/EDS, DLS, NTA, espectroscopia UV-VIS. SLNPs apresentaram morfologia 

esférica e distribuição de tamanho de 145 ± 45 ~ 178.9 ± 60.88 nm sem ATZ e 

136 ± 43 ~ 268.2 ± 69.58 nm com ATZ e eficiência de encapsulação de 74,2 %. 

Testes de liberação foram feitos por espectroscopia UV-VIS e observou-se uma 

liberação de 43,26% de ATZ após 168 horas para SLNPs_ATZ, sendo 

Korsmeyes-peppas o modelo de liberação encontrado. Em paralelo, a Teoria do 

Funcional da Densidade (DFT) foi aplicada entre a atrazina e duas moléculas 

modelo de lignina apresentando energias de gap mais baixas quando as 

moléculas foram colocadas juntas, indicando uma forte interação entre lignina e 

atrazina. Além disso, o efeito das SLNPs com e sem ATZ foi avaliado em 

organismos não alvo. Assim, experimentos em hidroponia (escolhidos como 

meio inerte) foram realizados em alfaces lisas (Lactuca sativa var. capitata). Uma 

dose subletal de atrazina (30 µg/L) foi usada para manter as alfaces vivas por 28 

dias a fim de observar potenciais alterações fisiológicos e bioquímicos nas 



 

 

plantas. Alfaces tratadas com SLNPs e SLNPs_ATZ não apresentaram 

alterações significativas no comprimento da raiz e na parte aérea quando 

comparadas ao controle, enquanto alfaces tratadas com ATZ apresentaram. 

Além disso, testes bioquímicos como enzimáticos (catalase-CAT, peroxidase de 

guaiacol - POD, superóxido dismutase - SOD e peroxidação lipídica - MDA) e 

expressão relativa de genes foram avaliados. MDA e CAT mostraram diferenças 

significativas comparando ATZ com todos os outros tratamentos. Pela expressão 

gênica, os genes CAT1 expressaram mais alto nas alfaces tratadas só SLNPs e 

ATZ pura, e os genes GST6 tiveram uma expressão mais alta com SLNPs. No 

entanto, alfaces tratadas com SLNPs apresentaram mais similaridades 

fisiológicas ao controle, indicando uma possível tolerância de alfaces quando 

interagem com SLNPs. Além disso, os genes PER51 apresentaram uma 

repressão em plantas tratadas com SLNPs_ATZ e ATZ (dano), e nenhuma 

alteração significativa com SLNPs quando comparado ao controle. Finalmente, 

sementes/mudas de plantas daninhas tiveram possíveis interferências na 

germinação/desenvolvimento quando tratadas com o nanoherbicida. Indicando 

a lignina como candidata sustentável para o preparo de nanocarreadores de 

herbicida, contribuindo para a. melhora da atividade herbicida em plantas, uma 

vez que mostrou possíveis alterações na expressão gênica e controle de plantas 

daninhas. 
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ABSTRACT 

For decades, farmers have been trying to control weeds and increase crop 

productivity to provide food for a growing population through the usage of 

herbicides, and nanoscience has been helping to reduce the quantity of 

herbicides through inorganic, hybrid, and organic nanocarriers (or 

nanoherbicides) in the experimental field. In this context, lignocellulosic organic 

nanocarriers emerge as promising candidates, and lignin standing out: found in 

plants, it is an agricultural residue whose polyphenolic structure can form 

(hydrophobic cores/hydrophilic shells) nanostructures that may interact with 

herbicides such as atrazine and slowly release this bioactive. Thus, the main 

objective of this thesis was to discuss nanocarriers made of lignocellulosic 

materials for agrochemicals release as well as to develop spherical lignin 

nanoparticles (SLNPs) with the herbicide atrazine (SLNPs_ATZ) to understand 

their effects on target and non-target organisms. The nanoparticles were 

manufactured by an antisolvent precipitation method and characterized by TG, 

FTIR, SEM/EDS, DLS, NTA, and UV-VIS spectroscopy. SLNPs presented 

spherical morphology and size distribution of 145 ± 45 ~ 178.9 ± 60.88 nm without 

ATZ, 136 ± 43 ~ 268.2 ± 69.58 nm with ATZ and loading efficiency of 74.2%. 

Release tests were performed by UV-VIS spectroscopy and a release of 43.26% 

of ATZ was found after 168 hours, with Korsmeyes-peppas as the release model. 

In parallel, Density Functional Theory (DFT) was applied among atrazine and two 

model lignin molecules and showed lower band gap energies when atrazine and 

lignin were placed together, indicating a strong interaction between molecules. 

Furthermore, the effect of SLNPs was evaluated in non-target organisms at 

hydroponic environment (chosen as inert medium) and lettuces (Lactuca sativa 

var. capitata) were selected to be the plant model. Sublethal doses of atrazine 

(30 µg/L) were managed to keep lettuces alive for 28 days and understand 

physiological and biochemical parameters. Lettuces treated with SLNPs and 

SLNPs_ATZ did not show significant changes in root and shoot length when 

compared to the control while lettuces treated with ATZ did. Then, biochemical 

tests such as enzymatic (catalase-CAT, guaiacol peroxidase - POD, superoxide 

dismutase - SOD, and lipid peroxidation - MDA) and relative gene expression 



 

 

were evaluated where MDA and CAT showed significant differences comparing 

ATZ with all other treatments. By gene expression, the CAT1 genes expressed 

higher in lettuces treated with SLNPs and ATZ, and the GST6 genes had a higher 

expression in those treated with SLNPs. However, lettuces treated with SLNPs 

showed less physiological changes compared to the control, indicating a possible 

tolerance of lettuce when interacting with SLNPs. In addition, the PER51 genes 

showed repression in plants treated with SLNPs_ATZ and ATZ (damage), and no 

significant change with SLNPs when compared to the control. Finally, weed 

seeds/seedlings had possible interferences in germination/development by 

nanoherbicide, indicating lignin as a sustainable molecule that in nanosphere 

forms can load atrazine and be effectively used in future experiments with non-

target/target plants, showing possible results in gene expression and weed 

control. 

 

 

 

Keywords: lignin, nanoherbicides, atrazine, sustainable, non-target and target 

plants.  
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GENERAL INTRODUCTION 

 

The demand to increase the amount of food with sustainable processes 

while facing rapid population growth leads farmers and industries to search for 

new eco-friendly tools able to enhance harvest quality and reach the Sustainable 

Development Goals (SDG). Mainly, in the combat against weeds, plants unwilled 

in large crops (Darbyshire et al., 2024; Aijaz et al., 2025). Weeds disturb other 

plants by space, nutrients, water and light competition, reducing up to 50% yield 

production (Parven et al., 2024). In this scenario, herbicides are used to modify 

physiological processes in plants, acting in their metabolic pathways, and causing 

their death or interrupting their growth (Ghazi et al., 2023). Although, herbicides 

are small molecules that may not fulfill their goals and be leached, driven away, 

or drained, harming non-target species and humans. Besides, weeds are 

resisting to this agrochemical, urging new agricultural implements (Perotti et al., 

2020; Yu et al., 2021). A great biotechnology potential comes from 

nanotechnology, bringing to materials new physical, chemical and biological 

characteristics (Thakur and Yadav, 2025). 

Nanoparticles (structures with a nanometric size or a property) offer a 

higher superficial area and allow nanoherbicides to have a better interaction with 

plants alongside superficial charge, size, composition, solubility, and fabrication 

method (Jogaiah et al., 2021, Grillo et al., 2021a; Lima et al., 2022), developing 

focused and intelligent systems. Nanoherbicides can present vantages: delay on 

active degradation (Cheng et al., 2024), reduced toxicity on human cells (Dong 

et al., 2021a), alteration of bioactive in soil lixiviation (Kah et al., 2014) and 

increase herbicide activity (Oliveira et al., 2015; Pontes et al., 2021). Moreover, 

they have organic, inorganic and hybrid origin, highlighting the organic (or soft) 

nanomaterials (Forini et al. 2022) due to their biodegradability that can minimize 

harmful risks to non-target organisms and the ecosystem (Kusumavathi, et al., 

2024). 
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Although some organic nanoherbicides can be fabricated through 

synthetic materials (Mattos et al., 2017). The natural organic nanoherbicides with 

lignocellulosic background have been rising in research due to their 

biodegradability and safe production (Chamundeeswari et al., 2019; Shrestha et 

al., 2021; Zhang et al., 2019; Bhattacharyya., 2020; Ur Rahim et al., 2021). 

Furthermore, lignocellulosic materials are obtained by agricultural waste, 

reinforcing the use from plant to plant, ideal scenario for a circular bioeconomy 

(Lima et al., 2021; Vinzant et al., 2025). 

Figure 1 – (a-1) Lignin structure; (a-2) Types of lignin nanoparticles; (b) atrazine and 
nanospheres with a slow-release representation in plants, and (c) numbers of articles 
between 2014 and 2024 with the terms: “nano”, “delivery”, “atrazine” in the Web of 
Science.  

 

Lignin is a natural organic macromolecule that came from lignocellulosic 

material and recently used in the fabrication of agricultural nanotools (Lima et al., 

2021; Ahmad et al., 2021). Lignin is an enormous phenolic complex presented in 
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the vegetal cell-walls, constituted by benzene units in its aromatic part and 

hydroxyl, carbonyls and ether functional groups in the aliphatic part (Figure 1A-

1). This arrangement allows the formation of spherical, capsules and triangular 

shapes (Figure 1A-2), being spherical lignin nanoparticles (SLNPs) known due to 

their smooth surfaces (Österberg et al., 2020; Stanisz et al., 2022; Anushikha e 

Gaikwad, 2024; Behera et al., 2024; Dghoughi et al., 2025).  

Lignin nanoparticles can be stocked without degradation for long time 

periods (Rodrigues et al., 2024), and can carry bioactive due to their ecological 

properties (biocompatibility and biodegradability) and good entrapment of active 

ingredients (Lima et al., 2021; Forini et al., 2022). For the nanoherbicides, lignin 

as matrix of nanocapsules (by nanoemulsion) and composite nanocapsules 

associated with polycaprolactone were presented to affect weeds (Restu et al., 

2023; Restu et al., 2024; Takeshita et al., 2025). SLNPs are generally prepared 

by antisolvent (with water) method where the inner part is attributed to π-π 

benzenic rings and the surface is full of hydrogen bonds belonging to carboxylic-

hydroxyl groups, in contrast to water lignin can form a nanosphere with 

hydrophobic core and hydrophilic shell (Trevisan et al., 2020; Santo Pereira et 

al., 2022).  

For more efficient systems, herbicides such as atrazine (ATZ) can be 

carried out in possible ways: entrapping and adsorption for SLNPs and can be 

slow released in plants (Figure-1B) (Chandra et al., 2021; Song et al., 2024; 

Bryant et al., 2024). Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-

triazine) is the chloride derivative herbicide most used in grass and broadleaf 

weeds – 90000 tons per year. (Rostami et al., 2021). Atrazine is a persistent 

organic contaminant with a half-time Ambiental cycle around 2 to 57 weeks 

(Ganjedra et al., 2024), leading to adverse effects in non-target plants: growth 

inhibition, chlorophyll reduction and photosynthesis, and oxidative stress (Jiang 

et al., 2023a). 

Atrazine has been banned in the European Union since 2003 due to its 

soil and water contamination and bioaccumulation that causes negative effects 

in non-target organisms and human health (Wu et al., 2021; Pereira et al., 2014; 

Queiroz et al., 2024). From the 90,000 tons of atrazine used in the field per year, 

around 35,000 tons are from the United States of America (Zhang et al., 2025). 
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In Brazil, atrazine is the fourth most sold pesticide and can be found at a 

concentration of 3.3 µg/L in freshwater in the southern region (Brovini et al., 

2023). Currently, some nanocarriers containing atrazine have been developed 

with promising results in literature. From 2014 to 2024, a total of 22 articles were 

found when the terms “nano”, “delivery” and “atrazine” were searched in the Web 

of Science (Figure 1C). Therefore, understanding how nanoherbicides can affect 

non-target crops and weeds (target) is essential for risk assessment in agriculture 

(Grillo et al., 2021, Chen et al., 2024). 

In this thesis, different nanocarriers for herbicide delivery consisting of 

lignocellulosic materials were discussed in Chapter I. Subsequently, in Chapter II 

it was emphasized the development (preparation and characterization) of lignin 

nanospheres and their ability to carry the herbicide atrazine. In addition, the effect 

of this nanoherbicide was evaluated on weeds of the Tridax procumbens 

(coatbuttons) in soil and Lactuca sativa (lettuce) plants (non-target) in a 

hydroponic system. In Chapter III, the final conclusions of the study were 

presented highlighting its impacts and scientific-social relevance for agribusiness.  
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CHAPTER I - Recent advances on lignocellulosic-based nanopesticides 

for agricultural applications 
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ABSTRACT 

Controlled release systems of agrochemicals have been developed in recent 

years. However, the design of intelligent nanocarriers that can be manufactured 

with renewable and low-cost materials is still a challenge for agricultural 

applications. Lignocellulosic building blocks (cellulose, lignin, and hemicellulose) 

are ideal candidates to manufacture ecofriendly nanocarriers given their low-cost, 

abundancy and sustainability. Complexity and heterogeneity of biopolymers has 

posed challenges in the development of nanocarriers; however, nowadays the 

engineering toolbox for biopolymer modification has increased remarkably, which 

enables better control over their properties and tuned interactions with cargoes 

and plant tissues. In this minireview, we explore the recent advances toward 

lignocellulosic-based nanocarriers for the controlled release of agrochemicals. 

Also, we offer a critical discussion regarding the future challenges of this potential 

bio-based nanocarrier for sustainable agricultural development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: nanopesticides, nano-enabled, sustainable agriculture, circular 

bioeconomy. 

 

 



 

21 
 

INTRODUCTION  

 

The development of environmentally friendly tools that can produce crops 

or livestock without negative impact on humans and the environment is central to 

the Sustainable Development Goals. Nowadays, with the nanotechnology 

growth, researchers are getting good outcomes using nanomaterials (NMs) (Guo 

et al., 2021; Mattos et al., 2017; Sikder et al., 2021). For instance, engineered 

nanoparticles (ENPs) are capable of improving the efficiency of pesticides and 

fertilizers through the controlled release of agrochemicals, as well as by providing 

enhanced plant performance or to enable plants to act as real time as sensors, 

actuators, or electronic devices (Baker et al., 2017; Saleem and Zaidi, 2020; 

Agathokleous et al., 2019; Acharya and Pal, 2020; Usman et al., 2020; Singh et 

al., 2021, Grillo, et al., 2021a). The increased surface area to volume ratio of the 

ENPs enables a higher control of interfacial interactions with a given cargo to act 

upon demand or specific stimuli, but also many other features. Besides, several 

factors as surface charge, particle size, composition, solubility, and 

manufacturing methods can be harnessed to control the interaction of ENPs with 

specific plants and organisms (Jogaiah et al., 2021), with the goal of developing 

targeted systems. Although most of the current nanopesticides or nanocarriers 

are developed from synthetic (e.g. polymers) building blocks, several systems 

have been developed using biopolymers as tools for a controlled release system 

of agrochemicals (Mattos et al., 2017). Lignocellulosic-based nanopesticides are 

biodegradable and offer an interesting platform to produce safe-by-design 

nanopesticides as they can be non-toxic (Chamundeeswari et al., 2019; Shrestha 

et al., 2021; Zhang et al., 2019; Bhattacharyya., 2020; Ur Rahim et al., 2021) 

(Figure 1). Moreover, lignocellulosic can be obtained from agriculture side 

streams, which is ideal to reduce costs during the production of nanope sticides, 

which are intended to be applied in large scale agricultural operations. This 

strategy also indicates a from plant-to-plant effort, ideal for a circular bioeconomy 

landscape. 
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Figure 1. Schematic representation of (a) lignocellulosic building blocks matrix and their 
potential (b) advantages to produce (c) different types of nanopesticides, which can (d) 
enhance pest management (e.g. weeds, viruses, bacteria, fungi, and insects), as well as 
display unique properties such as (e) target to wood-destroying pests. 

 

There are mainly three non-edible lignocellulosic biopolymers that have 

been used in the development of materials: cellulose, lignin, and hemicellulose, 

alongside pectin, tannins, acids, and proteins (Okolie et al., 2020). Even though 

the manipulation of its feedstock is challenging to engineer, lignocellulosic 

materials have low-cost production and eco-friendly properties (Li et al., 2021a). 

Although lignocellulosic-based nanocarriers are still growing for the agricultural 

sector, several advances have been performed to make this technology useful 

for nano-enabled agriculture. The increased use of lignocellulosics in nano-

enabled agriculture is expected to take place because there are new technologies 

that can i) increase the extraction efficiency of lignocellulosic materials; ii) modify 

lignocellulosic structures for desired properties; and iii) design hybrid 

nanostructures with controllable shape and size. Nonetheless, the application of 

lignocellulosics in nano-enabled agriculture is currently related to the controlled 

delivery and release of pesticides and nutrients (Chen et al., 2020a; Teo and 

Wahab., 2020; Papadopoulos et al., 2019; Worrall et al., 2018). However, 

lignocellulosic nanomaterials could potentially stabilize emulsions (as those used 

in oil borne pesticides) instead conventional surfactants in multiphase systems 
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(Tardy et al., 2021). In this review will summarize and discuss the recent 

advances towards lignocellulosic nanocarriers for agriculture application, and 

also, we offer a critical discussion regarding the future challenges of 

lignocellulosic nano-enabled materials for sustainable agricultural development. 

 

Types of lignocellulosic-based nanopesticides for agriculture  

 

Cellulose-based nanopesticides 

 

Cellulose is a linear polymer composed of several hundreds of glucose 

units, which are linked by β-1,4-glycosidic bonds (Figure 2-a). Cellulose is highly 

abundant, being sourced from agro-industrial biomass (from 1st generation to 

wastes and residues), marine biomasses, and microorganisms. (Kaya and 

Tabak., 2020; Teo and Wahab., 2020; Siqueira., 2020; Bahloul et al., 2021). 

Cellulose nanomaterials have been marketed in several sectors of the economy, 

including the agriculture. However, cellulose intra and intermolecular hydrogen 

bonding interactions hinders its dissolution in water, although being highly 

hydrophilic (Credou and Berthel., 2014; Shaktin and Kim., 2015). Therefore, 

several studies have focused on the chemical modification of cellulose using a 

variety of routes to modify its physicochemical properties, to enable dissolution 

and therefore to facilitate the conception of nanocarriers that can be applied for 

improving agrochemical efficacy (Rop et al., 2020; Machado et al., 2021). For 

instance, dialdehyde carboxymethyl cellulose (DCMC), and carboxymethyl 

cellulose (CMC) were conjugated with zein (a protein from corn) to develop 

nanocarriers for avermectin (Chen et al., 2020b; Hao., 2020a). In both cases, the 

resulting nanopesticides showed high leaf adhesion, as well as efficient 

protection of the active ingredient against ultraviolet light (UV) when compared to 

its conventional form. Avermectin has been also encapsulated in CMC grafted 

polyethyleneglycol (PEG) nanoparticles (Zhu et al., 2020) and in CMC grafted 

poly 2,2,3,4,4,4-hexafluorobutyl methacrylate (PHFBA) (Su et al., 2021a); both 

showing enhanced insecticidal activity against fall webworm (Hyphantria cunea) 

and an increase of the release profile of the active ingredient for 95h, respectively. 
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Additionally, glycine methyl ester (GLY) and glycidyl methacrylate (GMA) were 

used as intermediate and organic nitrogen sources, respectively, to modify CMC 

during the synthesis of a nanopesticide containing emamectin benzoate. Such 

nano pesticide-fertilizer increased the insecticidal activity against the 

diamondback moth insect (Plutella xylostella) as well as showed a potential 

system to be used as organic nitrogen fertilizer without toxic effect on seed 

germination (Zhao et al., 2021a). 

 On the other hand, nanoparticles crosslinked by cellulose have received 

an increase attention in the agricultural sector due to their good stability under 

environmental conditions (Sun et al., 2020). For instance, stimuli-responsive 

nanocapsules based on cellulose modified with fatty acid (undec-10-enoic) 

loaded captan and pyraclostrobin were developed against apple canker 

(Neonectria ditissima), and its results showed that the active ingredients were 

release triggered with the presence of cellulolytic fungi (Machado et al., 2021). 

Another study showed the fabrication of carboxymethylcellulose sodium salt and 

hydroxyethyl cellulose-based biodegradable hydrogels using citric acid (CA) as a 

crosslinker, and it was observed a good water uptake and a sustainable release 

profile (Das et al., 2021).  

 Mixture of (nano)cellulose with inorganic (nano)materials (for example 

clays) opens up strategies for the design of nanopesticides with a widened pallet 

of biological, thermal, and structural properties. For instance, carboxymethyl 

cellulose hydrogels filled with nanocellulose and nanoclays (Bauli et al., 2021) or 

cellulose-g-poly (ammonium acrylate-co-acrylic acid)/nano-hydroxyapatite (Rop 

et al., 2020) showed good efficiency on hydrogels nutrients’ release as well as 

improve the moisture retention of the plant in the soil. Furthermore, a hybrid 

nanopesticide composed of hollow mesoporous silica/hydroxypropyl cellulose 

was reported to control rice blast fungus (Magnaporthe oryzae), and a dual-

responsive release profile of the active ingredient was observed when in 

presence of cellulase (enzyme) or under acid conditions (Gao et al. 2021a). 

Moreover, layered double hydroxides (LDH) were mixed with CMC to fabricate 

polymeric nanocomposite able to mitigate the downside effect of herbicides in 

paddy cultivation (Sharif et al., 2021). Also, the observed high adhesion of 

nanocellulose towards hydrophilic surfaces has led to the development of 
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biogenic nanohybrids containing biogenic silica and cellulose nanofibers for the 

encapsulation of various molecules including a biopesticide (thymol) (Mattos and 

Magalhães, 2016; Mattos et al., 2018).  

The difficulty of promoting dissolution of cellulose, in parallel with the 

current regulation on bioplastics that defines cellulose derivative as plastics, will 

accelerate the development of nanocarriers from cellulose colloids, such as 

cellulose nanofibers, which have unique physicochemical properties such as 

higher surface area, nanodimension, high-temperature resistance, and 

biocompatibility (Shahi et al., 2021; Tardy et al., 2021). Cellulose nanofibers 

(CNFs) have been reported as potential high performers in nanoformulations in 

fertilization (do Nascimento et al., 2021), as well as cellulose nanocrystals (CNC) 

with chitosan to control tomato bacterial speck disease (Schiavi et al., 2021), 

among others (Table 1). For its diversity and abundance, cellulose is an 

outstanding material with a length of properties yet to be explored as a 

nanopesticide carrier, thus, understanding better its composition and potential 

interactions with agrochemicals and non- and target organisms are essential to 

the future design of sustainable nano-enabled agriculture.  

 

Lignin-based nanopesticides 

 

Lignin is a three-dimensional and complex aromatic biopolymer that is 

bound to cellulose and hemicellulose within the plant cell wall microstructure 

(Figure 2-a). Furthermore, it has attracted great attention due to its availability at 

large scales (Lizundia et al., 2021). In the last years, lignin-based nanoparticles 

(LNPs) have been used in agriculture against fungus, and insects due to their 

eco-friendly properties, low cost, and good encapsulating properties; however, it 

is insoluble in the aqueous environment, which raises some technical difficulties 

when producing nanocarriers but also to promote cargo delivery. Nevertheless, 

production of LNPs has been demonstrated to be passible of upscaling, and 

reasonable costs (Abbati et al., 2018; Ashok et al., 2018). For instance, stem 

lignin nanoparticles have been used as matrix in controlled release of the 

herbicide diuron (Yearla and Padmasree,2016). However, chemical modifications 

in lignin, to control their interactions with water and solubility (Balakshin and 
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Capanema 2015; Agustin et al., 2019; Ma et al., 2020; Machado et al., 2020; 

Falsini et al., 2019), facilitate their use in nano-enabled strategies for agriculture. 

For instance, sodium lignosulfonate can electrostatically interact with other 

polymers (e.g., chitosan (Li et al., 2019)), cationic surfactant (e.g. dodecyl 

dimethyl benzyl ammonium chloride (Zhang et al., 2021a), 

cetyltrimethylammonium bromide (Peng et al., 2020) by self-assembly to form 

stimuli-responsive nanopesticides (Table 1). Kraft lignin (KL) has also a tunable 

amphiphilic nature due to the abundant phenolic hydroxyl groups capable of 

forming a stable double-layered nanomaterial with ionic surfactants (Ela et al., 

2021), nanocapsules with olive oil (Falsini et al., 2020), as well as being able to 

chelate cationic metals (Sipponen et al.,2016). Other nanopesticides have also 

been synthesized with alkali lignin (AL) (Yin et al., 2020), organosolv lignin (Zhang 

et al., 2020a), and methacrylate lignin (Yiamsawas et al., 2021). 

In this regard, some interesting studies have been using lignin 

nanoparticles as a controlled release of fungicide to target Esca (a type of 

grapevine trunk disease that negatively impacts grape yields and the wine 

industry around the world). For instance, Machado et al., 2020 developed several 

fungicide-loaded lignin nanocarriers (Figure 2-b1, b2) to be applied in a single 

injection into Vitis vinifera (“Portugieser”) plants, and the results showed 

successfully inhibition of the lignase-producing fungi (e.g. Phaeomoniella 

chlamydospora and Phaeoacremonium minimum), as well as fungicide efficiency 

for at least 4 years against Esca (Figure 2-b3). Furthermore, two other stimuli-

responsive lignin-based nanocarriers were developed for the treatment of Esca 

(Peil et al., 2020, Fischer et al., 2020). In both studies, the fungi associated with 

Esca degraded lignin through secretion of ligninolytic enzymes (e.g., laccases 

and peroxidases), and thus released fungal spores (Trichoderma reesei) (Peil et 

al., 2020) and the hydrophobic fungicide pyraclostrobin (Fischer et al., 2020) 

loaded in lignin nanocarriers (Figure 2-b4,b5). Moreover, another triggered 

strategy is based on the controlled release of some metallic ions, such as copper 

and iron, to fertilize and protect plants against various pathogens (Guzzurelli et 

al., 2020; Li et al., 2021b).  
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Figure 2. a) Types of lignocellulosic materials pointing out their main advantages (black) 

and disadvantages (red), b1) representation of a formulation containing lignin 

nanoparticles, b2) Transmission electron microscopy image of pyraclostrobin-loaded 

lignin nanoparticles in the range of 100-300 nm. b3) Effect of empty lignin (gray bars) and 

fungicide-loaded lignin (red bars) NPs in Esca leaf symptoms on four Portugieser 

grapevine plants monitored yearly from 2015 until 2019, b4) Transmission electron 

microscopy image of fungicide-loaded lignin NPs and b5) Lignin based fungicide-loaded 

NPs being applied in a grapevine plant to target Esca. b2) and b3) were reproduced with 

permission from Machado, 2020 Copyright (2020) American Chemical Society, and b4) 

and b5) were reproduced with permission from Fischer et al., 2020 Copyright (2019) John 

Wiley and Sons. 

 

Despite the development of numerous lignin-based nanocarriers for 

agriculture, the great challenge of these nanoformulations is still the complexity 

and variability of chemical structure of this resource given the great batch-to-

batch variations in the extraction process. In this context, studies such as those 

by Beckers et al. (2021) have been important since it is possible to synthesize 

lignin-like monomers (e.g. phenylcoumaran and β-O-4-aryl ether) able to 

comprise linkages found in native lignin with promising results. Nevertheless, 

lignin-first biorefining approaches have recently been proposed to produce well 
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defined lignin structures that can be further utilized in a more systematic way 

(Lourencon et al., 2019).  

 

Hemicellulose-based nanopesticides 

   

Hemicellulose is a biopolymer with degree of polymerization (ca. 50-200) 

and molecular weight below 90 kDa, thus a much smaller building block when 

compared to cellulose or lignin (Ye et al., 2021). Hemicelluloses represent 15-

25% of the wood cell-wall but it can reach up to 45% in annual, seasonal plants. 

Such biopolymers include xyloglucans, xylans (Figure 2-a), mannans and 

glucomannans, and beta-glucans. A wide range of applications has been 

associated with hemicellulose, such as the generation of chemical products, 

packaging materials, drug delivery systems, and more recently as pesticide 

delivery systems (Wijaya et al., 2021; Naidu et al., 2018). The extraction of 

hemicellulose comes from lignocellulosic biomass, wood, foliage, grass, and 

agricultural residues and can be carried out using organic solvent but more 

commonly with hydrothermal extractions (Naidu et al., 2018). 

Due to the low water solubility of hemicelluloses, there are still some 

challenges to produce stable hemicellulose-based nanocarriers for the controlled 

release of agrochemical. However, several examples have been demonstrated in 

the recent years. Beckers et al. (2020a) described the first synthesis of 

nanocarriers built from xylan extracted from corn cobs, to containing the fungicide 

pyraclostrobin, by interfacial polymerization method of diisocyanate of toluene 

(TDI) in an inverse emulsion. Hence, such nanopesticide was colloidally stable in 

water and cyclohexane for several weeks as well as it was efficient against 

phytopathogenic fungi (Botrytis cinerea) as the biocide release from the xylan 

nanocarriers was stimulated by the fungi. In another study, xylan-based 

nanoparticles (without active ingredients) were fabricated, and their antifungal 

effect was studied on corn husk fiber and on the high-density polyethylene 

(HDPE) composite. Such nanoparticles prevented the formation of hyphae in the 

wood as well as increased the strength of the composite (Gao et al., 2021b). 

Additionally, lignin sulfonate-based nanocarriers containing hemicellulose 

residues showed potential for controlled delivery of agrochemicals, such as the 



 

29 
 

fungicides pyraclostrobin or prothioconazole (Beckers et al., 2020b). In addition, 

xylan-based nanoparticles were advantageous for their biocompatibility, 

biodegradability, and low-cost biological material (Beckers et al., 2020b). 

Recently, Lignin-xylan and arabinoxylan nanoparticles were also reported as an 

enzymatic responsive for pesticides release (Jiang et al., 2020) (Table 1), as well 

as a gene delivery system for CRISR-Cas9 DNA (Sarker et al., 2020), 

respectively. 

β-Glucan is a homopolymer, an abundant class of polysaccharides in 

plants, fungi, and bacteria. Most recently, ß-Glucan based nanocarriers have 

been extensively studied as drug delivery systems (Su et al., 2021b). For 

instance, Kazien et al. (2022) developed a smart-delivery formulation based on 

carboxymethylated-β-glucans on the mesoporous silica nanoparticles (MSNs) 

surface after loading chlorothalonil (CHT) fungicide, with bioactivity against 

phytopathogens better than commercial formulation, and lower toxicity to manure 

worm (Eisenia fetida) and zebra fish (Danio rerio). In another study with the same 

formulation, the authors observed that CHT@MSNs-β-glucans showed 2.6 times 

lower toxicity to planktonic crustacean (Daphnia magna) and also exhibited lower 

effects on soil microbial abundance than commercial chlorothalonil (Kazien et al. 

2021), which improves its use as a nano-enabled agrochemical. 

 

Other lignocellulosic materials-based nanopesticides 

 

Other lignocellulosic materials, even in minor quantities, are rising in 

agriculture as compounds of nanocarriers. Pectin (Pec), a structural compound 

present in the primary cell walls of higher plants has been applied for the 

development of nano-enabled delivery systems for agrochemicals. Pectin has 

been used to configure an intelligent stimuli-responsive carrier triggered by 

pectinase – enzymes produced by plants, filamentous fungi, bacteria, and 

yeasts. Moreover, a hybrid system comprising mesoporous silica nanoparticles 

and pectin (MSN-Pec) could delivery prochloraz (a fungicide) slowly, showing 

potential to be used in rice crops (Abdelrahman et al., 2021). Pectin-based 

nanocarriers showed promising behavior to mitigate drought stress in plants of 

arid and semi-arid environments (Sharma et al., 2017), and carbendazim-loaded 
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chitosan-pectin nanoparticles showed a good response against pathogenic 

fungus Fusarium pxysporum and Aspergillus parasiticus (Kumar et al., 2017). 

Composite systems, such as chitosan/tripolyphosphate/pectin nanoparticles, 

were reported as a delivery system for paraquat herbicide to reduce the toxic 

behavior to alveolar and mouth cell lines, as well as to enhance the herbicidal 

activity against maize and mustard plants (Rashidipour et al., 2019). Thus, the 

nanoencapsulation of paraquat improves its herbicidal activity and reduces their 

toxic and mutagenic effects (Grillo et al., 2015; Pontes et al., 2021; Rashidipour 

et al., 2021). 

Tannins, especially tannic acid, have been used in nanopesticide 

formulation (Table 1) as an additive to promote better foliage adhesion of 

particulate (Yu et al., 2019; Zhi et al., 2020). The ability of tannins to promote 

multiple and diverse secondary interactions towards virtually any surface has 

warranted their utilization to modify nanocarriers surfaces while adding UV 

protection and antioxidant properties (both useful to increase the lifetime of the 

active ingredient) (Guo et al., 2016). Finally, acids such as rosin (abietic acid) and 

salicylic acid are used in the attempt to create efficient nanocarriers (Table 1) (Su 

et al., 2021c; Zhao et al., 2021b). 

Lignocellu
losic-
Based 

Materials 

Composition Size 
(nm) 

Agrochemical Findings Ref 

 
Cellulose 

 
 
 

 
 

Cellulose 

 
Sodium 

carboxymethyl 
celulose 

grafted by 
styrene/ 
methyl 

methacrylate 
and butyl 
acrylate. 

 
Myrtenal-

Based 
Nanocellulose/
Diacylhydrazin

e 
 

 
180-
280 

 
 
 

 
 
- 

 
Avermectin 

 
 
 

 
 

Boscalid and 
chlorothalonil  

 

The anti-ultraviolet 
photolysis ability of 
the active ingredient 
was improved and the 
release time was 
prolonged. 
 
 
The complexes 
exhibited comparable 
or better antifungal 
activity than the 
commercial one 
against several fungi. 
 
 

 
Chen 
et al., 
2018 
 
 
 
 
Li et 
al., 
2021c 
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Lignin 
 
 
 

Lignin 
 
 
 
 
 
 

Lignin 

Sodium 
lignosulfonate 

/Poly (vinyl 
alcohol)-valine 

 
Sodium 

lignosulfonate 
 
 
 

Sodium 
lignosulfonate 
/Epoxy resin 

 

~ 10 
 
 
 

162 
 
 
 

150 

Emamectin 
benzoate 

 
 
Pyraclostrobin 
cyclohexanone 

 
 
 
 
 
 

Abamectin 

Higher bioactivity of 
nanogels compared to 
non-
nanoformulations. 
Nanocapsules 
improved control 
efficacy on tomato 
crown and root rot 
compared to micro 
and other 
nanoformulations. 
 
Higher efficiency to 
control root-knot 
nematodes 
(Meloidogyne 
incognita) compared 
to conventional 
agrochemicals. 
 

Zhan
g et 
al., 
2021b 
 
 
Luo et 
al., 
2021 
 
 
 
Zhan
g et 
al., 
2020b 

Lignin Sodium 
lignosulfonate 

 

150−2
50 

 

Emamectin 
benzoate 

 

Nanopesticide 
improved the 
photostability of the 
active ingredient, as 
well enhanced the 
insecticidal activity 
against Prodenia. 
Litura (leafworm) 
when compared to the 
commercial 
formulation. Also, 
nanopesticide 
exhibited pH-
mediated release 
property. 
 

Cui et 
al., 
2019. 

Xylan Lignin/xylan 166 –
210 

 

Avermectin 
 

Lignin–xylan hybrid 
nanospheres 
showed well-
defined core-shell 
structures with 
encapsulation 
efficiency above 
57%. Also, 
nanopesticide 
showed enzyme-
mediated release 
property. 

Jiang 
et al., 
2020 

      
Tannic 
Acid 

 
 
 
 
 

Tannic 
Acid 

Fe3+/Tannic 
acid 

 
 
 
 
 

Mesoporous 
silica 

nanoparticles/

141-
160 

 
 
 
 
 

137 
 

Tebuconazole 
 
 
 
 
 

Pyraclostrobin 

Nanocapsules 
showed high 
fungicidal activities 
against rice sheath 
blight (Rhizoctonia 
solani) and wheat 
head blight (Fusarium 
graminearum) 
pathogenic fungi.  
 

Dong 
et al., 
2021b 
 
 
 
 
Liang 
et al., 
2021 
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Table 1. Examples of Lignocellulosic-Based Nanopesticides. 

 

Concluding Remarks and Challenges Ahead 

 

Current research on the smart nano-enabled delivery systems for 

pesticides has opened a new way to view the stimuli-responsive controlled 

release of crop protectants and to the development of novel agro-technological 

products. Despite the complexity of biomolecules and the challenges on 

generating stable nanoformulations, lignocellulosic-based nanocarriers have 

shown promising features that can be further explored in advanced, and 

renewable nanocarriers for agriculture. These carriers display unique properties 

(e.g. target to wood-destroying pests), low cost, and good biodegradability rate. 

However, a limited number of studies on the mechanism of action of these 

Copper/Tannic 
acid 

 

The complexes 
coating could improve 
the photostability of 
the active ingredient, 
as well enhanced 
deposition 
efficiency on rice 
leaves with good 
antifungal activity 
against Rhizoctonia 
solani. 

 

      
Abietic 

acid 
Carboxymethyl 

celulose/ 
glycidyl 

methacrylate/ 
rosin 

 
 
 

167 
 

Avermectin 
 

Nanopesticide 
displays enhanced 
dispersibility and 
stability of the active 
ingredient, as well as 
improves the affinity 
and light stability on 
cucumber leaf, 
maintaining good 
insecticidal activity 
against Plutella 
xylostella. 

Zhao 
et al., 
2021b 

      
Salicylic 

acid 
p-amino 

salicylic acid-

modified 

polysuccinim

ide 
 

155 - 
290 

 

Avermectin 
 

Aqueous 
nanopesticides 
showed a cumulative 
release rate of 70 % 
with a pH-responsive 
profile. Also, it was 
reported good 
insecticide activity 
against Plutella 
xylostella.  

Su et 
al., 
2021c 
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nanopesticides as well as their toxicity impacts in the environment is still very 

limited (Grillo et al., 2021b). Moreover, little is known about the biodegradation of 

biopolymers after their modification or compositing, which still restricts their wider 

utilization in large scale platforms such as crop protection. Therefore, further 

researchers on lignocellulosic nanomaterials are necessary in order to improve 

the efficient use of biomass resources as well as achieving environmental 

sustainability in agriculture. 
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GRAPHICAL ABSTRACT 

 

 

Abstract 

Weeds are known as undesirable plants, and farmers have been facing them 

through herbicides to enhance crop yields. However, herbicides also harm non-

target plants and humans. In recent years, nanoscience research has reduced 

herbicide usage without losing crop quality. In this context, lignin emerges as a 

suitable candidate. Founded in plants and an agricultural waste residual, the 

lignin has a peculiar structure capable of forming sustainable nanospheres by an 

antisolvent precipitation method that may interact with herbicides (fabricating 

nanoherbicides) and slowly release them. In our work, spherical lignin 

nanoparticles (SLNPs) with atrazine (SLNPs_ATZ) were designed, 

characterized, and applied in non-target and target plants. SLNPs displayed a 

spherical shape with a size distribution of 161 nm when measured by DLS and 

145 nm by NTA. SLNPs_ATZ also exhibited a spherical morphology, with a size 

distribution of 178 nm by DLS and 136 nm by NTA. The encapsulation efficiency 

was 74.2% and 43.26% of ATZ was released after 168 hours. Chemical 

computational modeling revealed lower gap energies between atrazine and 

lignin, indicating a strong carrier/bioactive interaction and corroborating with the 

release profile. Secondly, hydroponic experiments took place with butterhead 

lettuces (Lactuca sativa var. capitata) as model plants; a sublethal dose of 

atrazine (30 µg/L) was applied to keep lettuces alive for 28 days. Lettuces treated 

with SLNPs and SLNPs_ATZ showed no significant changes in root length and 
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shoot area compared to control, while lettuces treated with atrazine did. By 

biochemical tests, lipid peroxidation, and catalase showed significant differences 

comparing lettuce treated with atrazine and all the other treatments, while 

guaiacol peroxidase had SLNPs values lower than atrazine. By gene expression, 

CAT1 and GST6 genes expressed higher in lettuces treated with SLNPs. 

However, lettuces treated with SLNPs presented no physiological changes 

compared to control, indicating a possible tolerance from lettuces. Moreover, 

PER51 genes presented a repression in plants treated with SLNPs_ATZ and ATZ 

compared to control. By weed control assessment, seeds/seedlings showed 

possible germination/development interferences by SLNPs_ATZ, indicating lignin 

as a sustainable molecule for nanosphere construction and carrying atrazine with 

possible results in gene expression and control of weeds. 

Keywords: lignin, nanoherbicides, atrazine, sustainable agriculture, non-target 

and target plants.  

1. Introduction 

The constantly growing world population causes nations to struggle with 

food shortages while farmers face crop turbulence with weed competition 

(Debaeke et al., 2024; Ghosh et al., 2024). Weeds compete with crops 

(Darbyshire et al., 2024) and have been engaged in a cycle of resistance and 

confrontation with chemical compounds in the last sixty-five years. Herbicides are 

chemicals used to protect plants against weeds; however, they are easily driven 

through leaching, drifting, or runoff into the water and accidentally harming off-

targeted plant species, animals, and humans. Moreover, weeds have developed 

exponential resistance to herbicides, highlighting the need for new techniques to 

be developed and implemented (Perotti et al., 2020; Yu et al., 2021). Over time, 

agro-nanotechnology and herbicides have been used together to entrap and 

efficiently deliver bioactive to increase productivity and decrease the 

environmental impact (Fraceto et al., 2016; Grillo et al., 2016; Forini et al., 2022). 

Some nanoherbicides can delay the process degradation of herbicides (Cheng 

et al., 2024), improve the herbicidal activity (Pontes, et al., 2021, Oliveira, et al., 

2015) and reduce the cytotoxicity to non-target organisms (Jin et al., 2025) and 

human cells (Dong et al., 2021a). Nanoherbicides can be derived from organic, 

inorganic, or hybrid materials (Forini et al., 2022), organic nanomaterials are quite 
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formidable due to eco-friendly properties and effectiveness, they may minimize 

risks to non-target organisms and ecosystems (Kusumavathi, et al., 2024). 

In this scenario, lignin is a natural organic macromolecule derived from 

agricultural waste. It comprises a complex phenolic structure in plant cell walls, 

formed by benzenes units in aromatic regions and hydroxyl, carboxyl, carbonyl, 

and ether functional groups in aliphatic parts. This arrangement allows the 

formation of diverse structures (e.g., capsules, triangular, and spherical), being 

spherical lignin nanoparticles (SLNPs) well-known for their smooth surfaces 

(Österberg et al., 2020; Stanisz et al., 2022; Anushikha and Gaikwad, 2024; 

Behera et al., 2024; Dghoughi et al., 2025). SLNPs are usually prepared by 

antisolvent precipitation method where aggregation forms nanospheres with 

hollows attributing to π-π interaction in the benzene rings and shells formed by 

hydrogens bonding among carboxylic-phenolic groups in water, forming 

hydrophobic core/hydrophilic shell structures (Trevisan et al., 2020; Santo Pereira 

et al., 2022). Recently, lignin has been explored to fabricate nanodevices in the 

agricultural sector (Lima et al., 2021; Ahmad et al., 2021). For instance, lignin 

based-nanoparticles can be stored for extended periods (Rodrigues et al., 2024), 

possess UV-blocking properties that may prevent active ingredients from 

degradation (Ma et al., 2025) as well can promote a controlled release of active 

ingredients (Lima et al., 2021; Forini et al., 2022). Also, lignin and lignin-

composited nanocapsules (fabricated by nanoemulsion) were presented to have 

some efficiency in control weeds (Restu et al., 2023; Restu et al., 2024; Takeshita 

et al., 2025) 

Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) is the 

most used chlorinated derivative herbicide in grassy and broadleaf weeds with 

90,000 tons per year. However, it is a persistent organic contaminant with an 

environmental half-life ranging from 2 to 57 weeks (Ganjedra et al., 2024). It can 

also lead to adverse effects on plants, such as growth inhibition, chlorophyll and 

photosynthesis reduction, and the induction of oxidative stress (Jiang et al., 

2023a). Atrazine has been banned in the European Union (but not in countries 

such as the United States and Brazil) since 2003 because its contamination and 

bioaccumulation affect soil and water, causing side effects on non-targeted 

organisms and human health (Wu et al., 2021; Pereira et al., 2024; Queiroz et 

al., 2024). Some studies show that nanoencapsulated atrazine can improve 
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herbicidal activity (Grillo et al., 2016; Cordon et al., 2022), reduce toxicity (Forini 

et al., 2020), and enhance stability of the herbicide (Zhai et al., 2020). 

In this context, lignin nanocarriers for the herbicide atrazine are still scarce 

in the literature, so lignin nanoparticles containing atrazine to study its herbicidal 

properties and its effects on non-target plants were developed. Previous studies 

showed that the interaction through π-π bonds with aromatic compounds and 

hydrogen bonds with hydroxyls are the reason for the atrazine removal in the 

aquatic environment (Akpinar et al., 2019; Hellal et al., 2024a). Thus, SLNPs may 

load the bioactive through encapsulation and adsorption (Wang et al., 2019), 

englobing ATZ due to its π-π and adsorbing the atrazine through hydrogen 

bonds-providing a strong interaction (Chandra et al., 2021; Song et al., 2024; 

Bryant et al., 2024).  

On the other hand, understanding how nanoherbicides interact differently 

with plantas (Grillo et al., 2021a) non-target organisms (Zhai et al., 2020; Fojtová 

et al., 2019; Eghbalinejad et al., 2024) is essential to understand the risk 

assessment of agricultural products (Grillo et al., 2021b). Indoor hydroponics is 

an outstanding technique for assessing nanoherbicides with less external 

interference. Hydroponics has emerged as one of the most popular segments in 

modern controlled environment agriculture (Lei and Engeseth, 2021), favoring 

overall productivity by the manipulation of minimum space and water (Chowdhury 

et al., 2024), and leafy vegetables with short cultivation time such as lettuce draw 

attention (Sharifan et al., 2019; Majid et al., 2021). Lettuce (Lactuca sativa L.) is 

one of the most vegetables consumed worldwide. It is easy to cultivate and is a 

model plant because of its sensitive response when facing contaminants (Xu et 

al., 2018; Lian et al., 2020; Li et al., 2024). It has a higher ascorbic acid and 

polyphenols concentration and may prevent cardiovascular diseases (Shatilov et 

al., 2019; Xu et al., 2022). Proteins, polysaccharides, and lignin are also 

structures present in lettuce. The phenylpropanoid metabolism pathway creates 

Lignin and may provide stable and rigid bases for cell-wall structure, regulating 

the growth of roots and leaves (Shu et al., 2020; Yao et al., 2021; Xie et al., 2024). 

Hitherto, only one study correlates atrazine, nanoparticles, and lettuce in soil (Wu 

et al., 2021). For instance, 20µg/L of atrazine impacts Allium cepa (de Souza et 

al., 2023) in the hydroponic system, and it is also enough to cause phytotoxicity 

in macrophyte Typha latifolia (cattail) after 21 days (Perez et al., 2022). However, 
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few studies have considered the aquatic environment as the fate of 

nanoherbicides in weeds (Preisler et al., 2022; Sousa et al., 2024), which can be 

essential to endorse new finds in agro-nanotechnology. 

Here, lignin nanospheres and their ability to carry atrazine herbicide were 

studied in a hydroponic non-target plant species (lettuce) and target: Tridax 

procumbens - coat buttons in soil believing that our work will increase the 

knowledge of new nanocarriers in modern agriculture. The conduction of this 

research took place in three stages: i- preparation and characterization of 

SLNPs_ATZ, ii- Impacts on non-target organisms in the hydroponic system, and 

iii- Effects on target organism in the soil. 

2. Materials and methods 

2.1. Chemicals 

Alkali lignin and atrazine were purchased by Sigma-Aldrich. Cloridic acid 

(HCL), methanol, L-methionine were purchased by Synth. Thiobarbituric acid 

(TCA), riboflavin, and hydrogen peroxide (H2O2) were purchased by êxodo. 

Starch was obtained by Dinâmica, and flex fertilizers were obtained from 

Plantapar. Potasium bromide (KBr). For RT-qPCR, cetyltrimethylammonium 

bromide was purchased by Sigma. Primers were acquired by Exxtend 

Biotecnologia, DNAse I- RNAse Free, and Oligo DT12-18 primer were obtained by 

Thermo Fischer Scientific, and SYBR Green PCR Master Mix by Promega. 

Lactuca sativa var. capitata seedings were purchased in the domestic market. 

Other reagents used in laboratory preparations and procedures were of a high 

degree of analytical purity. Milli-Q water with a resistivity of 18.2 MΩ.cm was 

obtained using a Direct-Q3 UV Smart system. Weed seeds (Tridax procumbens) 

were harvested in the local campus (Ilha Solteira). 

 

2.2. Preparation of SLNPs and SLNPs_ATZ 

Lignin nanospheres as carriers were prepared following Dai et al., 2017 

method with modifications. Briefly, 27.5 mg of alkali lignin was dissolved and 

magnetic stirred in 5 mL of methanol for two hours. Later, 50 mL of water was 

added drop-by-drop (Figure 1a). Finally, the organic solvent was removed by rota 

evaporation until 10 mL of a colloidal solution remained in only water. In parallel, 

another solution of SLNPs with ATZ was prepared by adding 10 mg of ATZ with 
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alkali lignin (final proportion 2.75:1 AL:ATZ [w/w]) in methanol and following the 

same previous procedure. The final concentration of ATZ in the nanoformulation 

was 1 mg/mL. 

 

2.3 Physicochemical characterizations of the nanoparticles 

 Ultraviolet-visible (UV–Vis) spectroscopy (Shimadzu spectrophotometer - 

Model UV-1800) was used to study the absorption bands of SLNPs, SLNPs_ATZ, 

and ATZ with one part of formulation:64 of water dilution. The spectra were 

collected from 200 to 800nm.  

The nanoparticles' hydrodynamic diameter, zeta potential, and 

polydispersity index were observed by Dynamic Light Scattering (DLS) in a 

dilution of 200 times (10:1990 µL) (Malvern Instruments Ltd., Malvern, U.K.). Also, 

analyses were performed to check the stability of the particles: on the first day 

after synthesis, seven days after synthesis, and multiple measurements until the 

seventieth day. 

Nanoparticles tracking analysis (NTA) was performed by NanoSight Pro 

(Malvern Instruments Ltd., Malvern, U.K.) with a laser of 632 nm, dilution of 200 

times (10:1990 µL). 

Thermogravimetric analysis (TGA) was conducted using a TA Instruments 

SDT Q600 analyzer to evaluate the thermal stability of the nanoparticles. The test 

was performed under a synthetic air atmosphere, from room temperature to 1000 

°C, at a rate of 10 °C.min-1. Differential Scanning Calorimetry (DSC) using DSC 

– 25 analyzer, from room temperature to 200ºC, at a rate of 10ºC/min. 

Scanning Electron Microscopy with coupled energy dispersive 

spectroscopy (SEM/EDS) was used to observe the morphology and size 

distribution of NPs. All the samples with a 200 times dilution (10:1990 µL) were 

measured using scanning electron microscopy (SEM, EVO-LS-15, Carls Zeiss), 

operated at 20kV with a spot size of 3.0–4.0 mm and a working distance (WD) of 

9.5 mm.  

The compounds (alkali lignin, NPs, and ATZ) were evaluated by Fourier 

transform infrared spectroscopy (FTIR, Nicolet 5DXB FTIR) in the 4000 to 400 

cm-1 range, using 128 scans per sample with a resolution of 4 cm-1 using tablets 

of potassium bromide (KBr). All the analyses are more detailed in Text S1. 
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The physicochemical stability of the nanoformulations was established by 

hydrogen potential (pH) using a previously calibrated pHmeter (Tecnal). All the 

data were plotted as in GraphPad Prism 8.0 software.  

 

2.4. Encapsulation efficiency and in vitro kinetics delivery assessment  

The amount of herbicide associated with nanocarriers (encapsulation 

efficiency) was evaluated by the ultrafiltration/centrifugation method, which 

consists of centrifuging the nanocarrier suspension in ultrafiltration tubes 

composed of cellulose (Microcon, Millipore). Aliquots (300 µl) were filtrated by 

centrifugation (3000 rpm) for 10 minutes, then 100 µl were collected and diluted 

in 29.9 mL of deionized water (to fit Lambert-Beer law) and quantified by UV-

visible. Encapsulation efficiency (%EE) followed eq.1 where (wf) is the final 

weight and (wi) is the initial weight. 

 

%𝐸𝐸 =
𝑤𝑓

𝑤𝑖 
× 100                                                     eq.1 

 

To assess the kinetic release profile of SLNPs_ATZ, a two-compartment 

model (donor-receptor) was employed, where they were separated by a cellulose 

acetate membrane (Spectrapore®, with a molecular exclusion pore size of 1kDa). 

500µL of SLNPs_ATZ solution were placed in the donor compartment (49,5mL of 

water). The system was gently stirred, and samples were taken over time (168 

hours) from the donor compartment. Atrazine (222 nm) peak was analyzed using 

UV–visible spectroscopy. Additionally, a calibration curve previously validated of 

ATZ was used to quantify the release percentage.  

The release data were fitted (M0 /M100% < 0.6) to the semiempirical 

Korsmeyer−Peppas kinetic model (eq. 2).  

 

𝑀0

𝑀100% 
= 𝐾𝑡𝑛                                                             eq.2 

 

where MO is the mass of atrazine released in interval t, M100% corresponds to the 

total atrazine mass released at infinite time (100%), K is the release rate constant 

involving the structure and geometry of the system, t is time, M0 is the total of 

atrazine in the time t, and n is the exponent indicative of the herbicide release 



 

42 
 

mechanism, valid for Fickian and non-Fickian diffusion processes (Ritger and 

Peppas, 1987). 

 

2.5. DFT studies and chemical reactivity 

Density Functional Theory (DFT) studies were made by pre-optimized 

atrazine and lignin molecular structures, finding the most stable conformers by 

the Avogadro 1.2.0 program through random sampling with molecular mechanics 

techniques and a consideration of all the torsional angles. Since the lignin 

structure is huge, two model compounds were selected: 2-phenethyl phenyl ether 

(PPE) and bibenzyl (BB) (Yamaguchi et al., 2017). 

 The structure of the resulting conformer was then reoptimized and 

obtained on ORCA 5.0.3 program with the B3LYP\G functional and the def2-

TZVP basis set. Water was used as the solvent, the images and the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) orbital energies (in eV) were obtained in IBOview, and electronic 

chemical potential (µ), chemical hardness (ƞ), chemical softness (S) and 

electrophilicity index (ω) were calculated with LUMO and HOMO results, 

calculated according to Belakhdar et al (2020). 

 

2.6 Effect of non-target organism 

2.6.1 Lettuce in hydroponic treatments and morphological assessments 

Sixty-four butterhead lettuce (Lactuca sativa var. capitata) seedlings were 

acclimated per one week in fertilized water at 16-26 ºC (a controlled environment) 

in a hydroponic system. The hydroponic system was set by two types of fertilizers 

in water, blue:red - 1:1.048 (w/w), compounds of the fertilizers are in Table S1, 

S2. Then, sixteen seedlings for each treatment (Control, SLNPs, SLNPs_ATZ 

and ATZ) were parted. After 7 days, 27 mL (from a solution stock – 10 mg/L) of 

ATZ solution were added to the tank, followed by fertilized water until a 9L point 

was reached, resulting in a 30 µg/L concentration. Then, 270 µL SLNPS_ATZ 

solutions (atrazine concentration: 1 mg/mL) were placed in their respective tanks, 

the same amount (270 µL) were used of SLNPs, and control was kept only in 

fertilized water. The length and area of the lettuce’ shoot and root were measured 

in 0, 14, and 28 days. The width and area of leaves were measured on day 28. 

All measures were made by ImageJ through photos of the lettuce/leaves.  
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2.6.2. Chlorophyll and carotenoid contents 

Chlorophyll a, b, and total were measured by a non-destructive assay, 

enabling continuous observation. The lettuces were analyzed  in 0, 14, and 28 

days with a digital chlorophyll content meter (clorofiLOG – FALKER) and 

measured in falker chlorophyll index (FCI). Carotenoids were calculated 

according to Ng et al., 2023. Using equations (eq. 3, eq. 4, eq. 5). After 28 days, 

100 mg of lettuce leaves were macerated with 6mL of pure methanol, then the 

solution was centrifugated (3000 rpm, 10 min), and 2 mL were analyzed at 

spectrophotometer. 

𝐶𝑎 (
µ𝑔

𝑚𝐿
) = 16.72 𝐴665 − 9.16 𝐴652                                  eq. 3 

 

𝐶𝑏 (
µ𝑔

𝑚𝐿
) = 34.09 𝐴652 − 9.16 𝐴665                                   eq. 4 

 

𝐶(𝑥+𝑐) (
µ𝑔

𝑚𝐿
) = ( 1000 𝐴470 − 1.63 𝐶𝑎 − 9.16 𝐶𝑏)/221                    eq. 5 

 

2.6.3. Starch content levels 

Starch concentration levels (mg/mL) were calculated after 28 days 

according to Rawashdeh et al (2020) and Antunes et al (2024) with modifications. 

Lettuce samples (1g) were soaked into sodium phosphate buffer and incubated 

at 37 ºC for 10 minutes. Next, a solution of soluble starch (1%, w/v) was added, 

mixed, and incubated at 37 ºC for 15 min. HCl was added to stop the reaction, 

followed by an iodine reagent (iodine potassium [KI] and iodine [I2]). Absorbance 

was measured at 620 nm using the spectrophotometer, and a standard calibration 

curve previously validated by Antunes et al. (2024) with five different 

concentrations was used to measure the final concentration.  

 

2.6.4. Lipid peroxidation 

Malondialdehyde (MDA) levels content was inspired by Wang et al. (2023) 

and Behtash et al. (2024) methods. After 28 days, lettuce roots and leaves (1 g) 

were crushed using a mortar and pestle in 5 mL of 10% trichloroacetic acid. After 

3 minutes of centrifugation, 2 mL of the supernatant was mixed with 2 mL of 

0.67% thiobarbituric acid; the reaction mixture was placed in a bath for 30 min at 
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95ºC, ice-cooled and centrifuged for 3 min. The absorbance of the supernatant 

was measured at 450, 532, and 600 nm. MDA content was calculated using eq. 

6 and eq. 7, where w is the weight of samples. 

 

𝑀𝐷𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
µ𝑚𝑜𝑙

𝐿
) = 6.45 (𝐴532 − 𝐴600) − 0.56 𝐴450             eq. 6 

 

𝑀𝐷𝐴 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (
µ𝑚𝑜𝑙

𝑔 𝐹𝑊
) = 𝑀𝐷𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑋 5 /𝑚                    eq. 7 

 

In addition, other aldehydes (1-hexanal, 1–butanal, 1-propanal, and 1-

propanaldehyde methyl acetal) were measured according to Fotovvat et al. 

(2024), by the calculation of absorption of 455 nm using the extinction coefficient 

of 0.457 X 10-5M cm-1. 

 

2.6.5. Peroxidase, catalase, and superoxide dismutase activity  

The enzyme extraction followed Azevedo et al (1998) with modifications 

where 2.5 g of leaves and root (after 28 days) were macerated with 10 mL of 

refrigerated extraction formed by 3 mM of Dithiothreitol (DTT) and 1mM 

ethylenediaminetetra-acetic acid (EDTA) in a phosphate buffer (pH 7.0) with 4% 

(w/v) of polyvinylpyrrolidone. Then, the homogenate was centrifuged at 10000 

rpm, 4ºC for 20 min.  

Guaiacol peroxidase (POD) activity was measured by the addition of 90 

µL of the extract, 2 mL phosphate buffer (pH 7.0), 200 µL of 1% (v/v) guaiacol, 

and 100 µL of 0.16% (v/v) H2O2 with absorbance measured at 470 nm by 

spectrophotometry after one minute. The POD activity was calculated using the 

molar extinction coefficient of 2.47 mM-1 cm-1, and the enzyme activity was 

expressed as nmol H2O2 oxidized min-1 g-1 FW. The catalase (CAT) activity was 

determined using a reaction mixture containing 3 mL of 12.5 mM H2O2 in 

phosphate buffer (pH 7.0) and 100 µL of the extract. The decrease in absorbance 

was measured at 240 nm with a gap of two minutes, and CAT activity was 

calculated using the molar extinction coefficient of 39.4 mM-1 cm-1 and expressed 

as nmol H2O2 decomposed min-1 g-1 FW. The enzyme contents POD and CAT 

were determined according to Chance and Maehley (1955).  
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The superoxide dismutase (SOD) activity was determined according to da 

Silva Santos et al. (2020) with modifications. Briefly, 50 µL of extract were mixed 

with 2 mL of a bigger solution containing 9.6 mL of phosphate buffer (pH 7.0), 6 

mL of Nitro Blue Tetrazolium (NBT) (0.44 mM), 6 mL of L-methionine (6.5 mM), 

2.4 mL of 1 mM riboflavin, and 6 mL of EDTA (50 nM) - 30 mL in total, and exposed 

to fluorescent light (20W) at 25 ºC for 15 minutes, control was kept in the dark 

and the SOD activity was measured at 560 nm in the spectrophotometer, being 

SOD activity the difference between the absorbance of lighted and unlighted, the 

result was expressed in units of SOD (U) g-1 FW. 

 

2.6.6. FTIR of lettuces 

Briefly, after 28 days, samples of the four types (control, SLNPS, 

SLNPS_ATZ, and ATZ) of lettuce leaves and roots were put in the stove at 37 ºC 

per four days. Then, 10 µg of samples and 140 mg of KBr were measured, 

macerated, compressed, and analyzed in the FTIR. Finally, the second derivation 

was analyzed by plotting the data in GraphPad Prism 8.0. 

 

2.6.7. Gene expression analysis  

2.6.7.1. Total RNA Extraction 

Six plants per treatment were randomly selected for leaf and root sampling 

for total RNA extraction. From each plant, 100 mg of root tissue was weighed, 

and 1.2 cm diameter discs were collected from three distinct leaf sections: the 

base, center, and margin. RNA extraction was performed according to Dolye and 

Dolye, 1987. In this method, leaf and root tissue was crushed in 400 μl of 

cetyltrimethylammonium bromide (CTAB) extraction buffer and incubated for 30 

min at 65 ºC. Subsequently, 400 μl of chloroform was added, followed by vortexing 

for 1 min and centrifugation at 13000 rpm for 5 min. The supernatant 

(approximately 200 μl) was transferred to a new microcentrifuge tube, and 200 μl 

of isopropanol was added, mixed, and kept at -20 ºC for one hour. The samples 

were centrifuged at 13000 rpm for 5 min at 4 °C, the supernatant was discarded, 

and the pellet was washed with 200 μl of 70% ethanol at 13000 rpm for 5 min. 

The supernatant was discarded, and the pellet was dried. Finally, the pellet was 

resuspended in 50 μL of nuclease-free water, treated with DNAse, and the 

extracted RNA was stored in an ultra-freezer at -80 °C. 
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2.6.7.2. cDNA Synthesis and qPCR Gene Amplification 

RT-qPCR technique was applied to identify oxidative stress gene 

expression levels using the real-time PCR system (BioRad, USA). The GAPDH, 

PER551, CAT1, and GST6 gene expression levels (Table 1) were measured 

using the GoTaq® 1-Step RT-qPCR System (Promega, USA). In a total volume 

of 10 μL, the reactions were performed using 2 μL (50 ng/µL) of RNA, 5 μL of 

GoTaq® qPCR Master Mix, 2X, 2,5 μL of ultrapure water, 0,1 μL of GoScript™RT 

(Promega, USA) and 0,2 μL of each primer pairs at a concentration of 10 μM. In 

thermocycler, the reactions were carried out at 37 °C for 30 min, the initial 

denaturation was held at 95 °C for 10 min, followed by 40 cycles of denaturation 

at 95 °C for 10 s, annealing and extension at 60 °C for 30 s. A final melting 

temperature step was set at 65 – 95°C for 0.5 s. Real-time PCR efficiencies were 

obtained using the LinRegPCR software version 2021.2. The glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as the reference gene. The 

relative expression level was calculated using the 2−ΔΔCT method (Livak et al., 

2001). 

 

Table 1 – Primers selected for gene expression analysis 

 

2.7. Effect of target organism in sublethal doses, chlorophyll, and fresh 

weight  

Ten seeds of Tridax procumbens were sowed in forty pots (n=8) in a 

greenhouse at mild condition (maximum temperature: 28ºC and three-time 

irrigation) per one day. Pre-emergence treatments with pure atrazine (4.2 g a.i 

Name of gene Primer sequences (5‘– 3‘) 

CAT1 5’ – GGTCCAAGGCGATGTCTTTG – 3’ 

5’ – ATGAACAGCTGGCGTTTTGT – 3’ 

PER51 5’ – CTGTCAACACATGGGCTTCC – 3’ 

 5’ – TCCCACTTCGACCCGTTTTA – 3’ 

GST6 5’ – GCCCAAATACTTGCTCTCCG – 3’ 

5’ – TTGGGATGACTACCGACGAG – 3’ 

GAPDH 5’ – AGGTAGCGATCAACGGATTC – 3’ 

5’ – AGGTGGGATGCTTGTTTGAC – 3’ 
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.ha-1); SLNPs_ATZ in a solution of equivalent grams of pure atrazine; SLNPs (with 

the same quantity of SLNPs) and control (water) were conducted. Photos were 

taken on days 14 and 28. Fresh weight was measured after 28 days, and 

chlorophyll levels were measured in Tridax procumbens seedlings. 

3. RESULTS AND DISCUSSION  

3.1. Physicochemical characterizations of the nanoparticles  

Lignin has a unique structure with hydroxyls and benzenes rings in 

abundance. The usage of this biomolecule to fabricate nanospheres may be 

entangled with the simple procedure of antisolvent precipitation. During the 

process, lignin dissolves in a solvent (methanol in our case) and forms spherical  

in contact with water (antisolvent), it is believed that the structure can self-

assemble due to h-bonding (shaping the surface) and π-π stacking in the core. 

(Wang et al., 2024; Wang et al., 2025a). Through all four forms of carrying a 

bioactive by nanoparticles, two ways of how SLNPs can carry ATZ can be 

hypothesized in this work: surface and cavity loading (Wang et al., 2019). In our 

experiment, atrazine is mixed with alkali lignin in methanol and during this time 

two possible interactions (Figure 1A) may be observed: hydrogen bond between 

lignin hydroxyls and atrazine amines and π-π stacking among the aromatic 

structures. These schematic interactions are shown in other molecules with 

similar form to lignin (with benzene rings and hydroxyls) and ATZ, in their cases 

the organic compound was used to remove atrazine (Akpinar et al., 2019; Xing 

et al., 2020 Wang et al., 2025b). In our case, since atrazine was put together with 

lignin, it is possible that part of atrazine is carried inside the nanospheres’ cavities 

and part is adsorbed by SLNPs surfaces while antisolvent precipitation is taken. 

Although, the mechanism needs to be studied in the future. 

The integrity of spherical morphologies was observed and nanoparticles 

with good dispersion were observed in SEM by both: SLNPs and SLNPs_ATZ 

(Figure 1B-1; B-2). In addition, the relative percentage frequency distribution (%) 

of the nanospheres with and without atrazine were plotted and it was noticed that 

SLNPs (Figure S1-A) had most of their sizes located between 140 and 150 nm, 

this method with methanol presented smaller size compared to other solvents as 

tetrahydrofuran (THF) where spherical nanoparticles ranging 250 - 350 nm (Lee 
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et al., 2021; Lu et al., 2021). Moreover, nanoparticles with atrazine - SLNPs_ATZ 

(Figure S1-B) had higher peaks around 110 - 120 nm. Posterior, DLS and NTA of 

SLNPs (Figure 1B-1) analysis were made, and by DLS the nanoparticles had 

around 160 nm (mean: 161.4 ± 1.93 nm). By NTA they presented similar results 

(with a mean of 145 ± 45 nm) where the partial percentages were 6.12% in the 

range of 20 - 80 nm, 87.28%: 81 - 205 nm and 5.87%: 206 - 300 nm, the SLNPs 

size around 145 ± 45 nm is near the one obtained by Dai et al (2017) where they 

found sizes of 131.2 nm. Moreover, SLNPs_ATZ (Figure 1B-2) showed a range 

around 154 – 203 nm (with a mean of 178.6 ± 24.7 nm) by DLS, although they 

were slight lower in NTA analyses (with a mean of 136 ± 43 nm): 1.57%: 251 – 

350 nm, 25.61%: 151 – 250 nm and 72.1%: 60 – 150 nm.  

Figure 1 – (a) Preparation of spherical lignin nanoparticles with atrazine and possible 

interactions (b-1;2) SEM, DLS and NTA results of SLNPs and SLNPs_ATZ, (c) FTIR of 

Alkali lignin, SLNPs, SLNPs_ATZ and ATZ, (d) TGA analysis of of SLNPs and 

SLNPs_ATZ,  

By the FTIR spectrum of pure atrazine (Figure 1C), N-H stretching at 3266 

cm−1, deformation of triazine group at 1556 cm−1, and C-Cl stretching at 809 cm−1 

were indicated. All the previous peaks match SLNPs_ATZ FTIR, suggesting the 

presence of pure atrazine outside of the nanospheres that may be correlated with 

the adsorption of herbicide by SLNPs (Peng et al., 2025). Hydroxyls of lignin 
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phenolic groups are marked at 3448 cm-1 in SLNPs_ATZ, SLNPs, and alkali lignin 

(AL) (Zhang et al., 2022).  Also, all ligno-structures presented bands located at 

2926 and 2850 cm−1 provided from the symmetrical and asymmetrical C-H 

stretching of the methyl and methylene. Nonetheless, only AL and SLNPs showed 

bands around 1610 cm−1 related to aromatic skeletal vibrations of lignin (Freitas 

et al., 2020). 

Also, a peak was observed at 275 nm by UV-Visible spectrometry analysis 

(Figure S-1C) that is characteristic of spherical lignin nanoparticles (Xiong et a., 

2017), In addition, TGA analysis (Figure 1D) showed thermic differences between 

SLNPs and SLNPs_ATZ TGA curve of SLNPs_ATZ exhibited a variation around 

190 ºC as compared to SLNPs, which can be correlated to the melting 

temperature (Tm) of free ATZ (around 175 ºC) – not encapsulated (Liu et al., 

2024). This slight rise of Tm may be to possible strong hydrogen bond interaction 

between the lignin-atrazine. Also, TGA of lignin nanoparticles had similar 

behavior to the ones found in the literature. A rapid weight loss is readily observed 

under 100 ºC by SLNPs inferred to the water molecules captured by the 

hydrophilic groups of SLNPS. After, a rapid decline in weight loss between 

200~450 ºC was correlated to inter-unit linkages such as aryl ether bond (such 

β-O-4) linkages that started to pyrolyze and may lead to lignin oxidation. Aromatic 

ring the strong C–C bonds were slowly decomposed above 500 ºC. Finally, char 

residue was observed at 700 ºC (Guo et al., 2022; Gong et al., 2025).  

By DSC analysis (Figure S-2A), SLNPs glass transition (Tg) were noticed 

around 120ºC, in literature Tg of lignin can reach 160ºC (Sharma et al., 2022). In 

Figure S-2b, the Tm of ATZ in DSC corroborated with TGA curve. For example, 

Gautam et al. (2025) showed only a peak of ATZ around 181ºC and correlated to 

Tm of the compound. Since SLNP_ATZ presented another peak around 95ºC, 

this can indicate a displacement of SLNPs peak (decrease of Tg) which may 

confirm the theorization of previous paragraphs. Part of the herbicide is outside 

of the nanoparticles (and interacting by hydrogen bond - adsorbed) and part is 

loaded. This behavior - Tg decreasing values of nanoparticles when loading of 

herbicide - were observed in PLA nanoparticles and metribuzin (MTZ) (Stloukal 

et al., 2012; Shakiba et al., 2020). 
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Subsequently, more formulations were done to do stability tests over time, 

and nanospheres without/with atrazine showed sizes (Figure S-3A) of 178.96 ± 

60.88/268.20 ± 69.58 nm on the first day of analyses by DLS with Zeta Potential 

of -26.43 ± 1.36 / -30.83 ± 2.45 mV (Figure S-3B) and a polydispersity Index (PdI) 

(Figure S-3C) of 0.44 ± 0.16/0.46 ± 0.16. In the last day (seventh), nanospheres 

(with and without atrazine) presented sizes around 151.80 ± 5,79 / 208.50 ± 7.68 

nm, zeta potential of -31.70 ± 2.76/ -22.61 ± 0.94 mV and a PdI of 0.29 ± 0.08/ 

0.29 ± 0.08. For knowledge, nanoparticles with zeta potential above ± 30 mv/ ± 

20 mv present good electrostatic/steric stabilizations (Kamble et al., 2022), 

stability of nanoparticles over time is important for storage and our lignin 

nanoparticles present a great stability after 70 days, this may be cause of the 

electrostatic repulsion forces on their surface among hydroxyl groups and π-π 

stacking interactions (Moreno and Sipponen, 2024). The pH stability of 

nanospheres is also important, solutions with fitting the range between 3 and 9 

present stable formats. Our formulations presented pH of 6.22 - SLNPs and 6.51 

- SLNPs_ATZ on the first day, and 6.83 and 6.48 on the seventieth. In fact, over 

time pHs had no extreme variation (Figure S-3D) and remained around 6 ~ 7: 

(Moreno and Sipponen, 2024). 

Figure 2 – (a) Release curve of spherical lignin nanoparticles containing atrazine (b) 

Release data fitted to the Korsmeyer-Peppas kinetic model. 

 

Furthermore, the loading efficiency was studied and a 74.2% in a 2.75:1 

AL:ATZ (w/w) was found, suggesting an interaction between lignin nanospheres 

and the chemical. For comparison, Dai et al (2017) reached loading efficiency of 
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71.2% while carrying resveratrol (dissolution 100 mg/L in water while atrazine has 

33mg/L) in the proportion of 2:1 AL:resveratrol. Also, Carvalho et al. (2023) 

presented zein nanoparticles with polomaxer and polysorbate (as surfactants) 

with encapsulation efficiency above 90%. Moreover, PCL nanoparticles 

(nanocapsules) presented encapsulation efficiency above 84% of atrazine (Grillo 

et al., 2012). It is important to reinforce that most nanocarriers of atrazine have 

surfactants/oils. On the order hand, our formulation has only alkali lignin and 

water, reducing the amount of chemicals and the final cost of the product. 

The kinetics release profile of herbicide carried by SLNPs_:ATZ was 

conducted by a two-compartment assay, as previously described by Grillo et al 

2014 where only free ATZ passes through the cellulose membrane. Atrazine 

release (Figure 2A) reached 43.26 % in 168 hours. For comparison, Takeshita et 

al., 2025 prepared nanoparticles of polycaprolactone (PCL) carrying MTZ and 

PCL-lignin-MTZ and compared their release in the first 24 hours, PCL-MTZ 

reached 70% of release and PCL-lignin-MTZ presented 31.67%, indicating a 

higher interaction between lignin and bioactive once a similar result was obtained- 

reaching a 27% release in 24 hours and 43.26% after 168 hours, this indicates a 

strong lignin – atrazine interaction. Korsmeyer-Peppas (Figure 2B) was model 

that fitted the release profile where release rate was considerable high in the 

initial hours and tapered off over time. By the equation of Fig.2B the slope of the 

curve is diffusion index (n) is 0.2553, and n values less than 0.45 fit Fickian 

diffusion mechanism (Ge et al., 2021). Other kinect models are expressed in 

Table S3. 

 

3.2. DFT studies and chemical reactivity  

Understanding the interaction of organic materials by molecular modeling 

techniques such as DFT - computational modeling that allows the identification 

of essential points on the potential energy surface - has become crucial in 

exploring and reproducing at the laboratory (Houston et al., 2022; Sherard et al., 

2023). In this work, DFT studies showed the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of atrazine and two 

model compounds: Bibenzyl (BB) and 2-phenethyl phenyl ether (PPE) - dimers 
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models of lignin that have already been used in DFT studies (Yamaguchi et al., 

2017). With LUMO and HOMO values it can be estimated the kinetic stability and 

chemical reactivity of the systems (Cheng et al., 2023a). Considering that only 

ATZ, lignin and water as solvent were involved, DFT studies may be extremely 

important to understand the interaction among the molecules. 

By the LUMO-HOMO gap, the value of 5.19 eV for ATZ in water was 

(Figure 3A), and a 5.77 eV for ATZ without water in the iteration - matching the 

values of literature (5.7 - 6.0 eV) (Hellal et al., 2024a; Hellal et al., 2024b), 

although they did not consider the solvent water in their calculations. BB energy 

gap was around 5.3 eV and when it was put together (BB-ATZ) in water, the 

energy gap diminished to 3.75 eV. Normally, decrease of energy gap indicates 

better stability between two compounds (Liu et al., 2025). The same behavior 

occurred with PPE which energy gap jumped from 5.21 eV to 4.24 when 

interacting with ATZ (Figure S4). With LUMO and HOMO values, the chemical 

properties (Table 2) were calculated.  

Figure 3 – (a) LUMO and HOMO (DFT results) of ATZ,Bibenzyl and the interaction of 

ATZ-bibenzyl, (b) scheme of release profile: energy to maintain the complex, and (c) 

stability evaluation the SLNPs_ATZ. 
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Recently, DFT studies have been complementing loading efficiencies and 

releasing mechanisms of nanosystems in experimental-theoretical combination 

investigations (Sathishkumar et al., 2021). Starting with electronic chemical 

potential (µ) – a parameter that indicates electrons tendency to escape from an 

organic complex, slightly higher results of BB-ATZ and PPE-ATZ compared to 

ATZ indicate a low tendency ATZ to leave the complex and (Figure 3B) possible 

slower release. The electrophilicity index (ω) is a property that quantifies the 

amount of energy required to maintain a molecule stable during electron 

transportation, lower ω means higher resistance to exchanging electrons with the 

environment. Our work found higher values for BB-ATZ and PPE-ATZ when 

compared to lignin dimers, may indicate more energy to maintain ATZ - lignin by 

the nanocarrier (Hoffmann et al., 2024). 

The chemical hardness (ƞ) measures the resistance of a molecule to 

change the number of electrons in the system, higher values of ƞ means a more 

stable complex, and softness (S) is capacitance of the molecule to acquire charge 

(Pearson., 1993); Ben Haj Fraj et al., 2022). Our value of chemical hardness 

diminishes from ATZ: 2.95 eV; BB: 2.65 and PPE: 2.6 eV to ATZ-PPE:2.11 ATZ-

BB: 1.875. Although, a value around 1.8 eV is moderate to high, meaning that 

the complex lignin-atrazine is stable after formation, avoiding (Figure 3C) 

possible rapid degradation or agregagtion (Mirza et al., 2025). In this work, the 

interaction from ATZ to lignin elucidated by DFT merges with its higher loading 

efficiency) and slow-release data (Bryant et al., 2024; Zhang et al., 2024a). 

 

Table 2 – HOMO, LUMO, chemical potential (µ), chemical hardness (ƞ), softness (S) 
and electrophilicity index (ω) 

 

3.3. Physiological and biochemical assessments 

Structure EHOMO ELUMO µ Ƞ S Ω 

 eV Ev eV eV eV-1 eV 

ATZ -6.61 -1.42 -4.015 2.595 0.3854 4.03 

BB -5.63 -0.33 -2.98 2.65 0.3774 1.67 

PPE -5.61 -0.40 -3.00 2.6 0.3846 1.73 

BB-ATZ -5.62 -1.87 -3.745 1.875 0.5333 3.74 

PPE-ATZ -5.60 -1.36 -3.48 2.11 0.4739 2.87 
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 3.3.1. Physiological assessments of exposed lettuces 

Recently, a work published by Parkison et al (2022) notified that organic 

(or soft) nanoparticles with negatively charged surfaces can gradually 

accumulate in the xylem of roots, putting our nanoparticles in a relevant position. 

Of course, all discussion about nanoherbicides and non-target species are in its 

initial phases (Hennig et al., 2023), subsequently, our research focus on negative 

charged and organic nanoparticles originated from plants (lignin) to evaluate 

hazardous effects in non-target plants (e.g.: lettuces) aims the enrichment of 

future knowledge in modern agro-nanotechnology. 

Figure 4 – (a) Photos of lettuce with the four treatments and at day 0, 14, 28, (b) lettuces 

root and shoot lengths and (c) shoot and root areas. SLNPs and ATZ containing at 30 

µg/L of ATZ. Both formulations (SLNPs_ATZ and ATZ) contained 30 µg/L of ATZ. 

Statistics were made by two-way ANOVA and pairwise multiple comparison and tukey 

tests were used to analyze trueness (α=.0,05) in GraphPad Prism 8.0. 

 

Many herbicides in soil/aquatic systems accumulate in certain 

organelles/tissues and can face plant detoxification mechanisms when absorbed 

by roots/shoots and modify plants morphology. Atrazine (in lethal doses) 
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herbicide can surely attack non-target roots of some plants as lettuces, and their 

lengths may serve as important responsive bioindicators of pesticide damages 

(Zhang and Yang, 2021; Lescano et al., 2023; Queiroz et al., 2024; Shahid et al., 

2024; Jiang et al., 2024). Here a ruler with a handle was put to compare lettuces 

(Figure 4A) on day 0, 14 and 28 with all treatments, and root length (Figure 4B) 

had significant change comparing Control; SLNPs; SLNPs_ATZ and ATZ (Day 0 

– 11.1cm; 9.6 cm; 9.6cm; 9.6 cm to Day 28 – 19.9 cm; 19.6cm. 18.9 cm and 15.6 

cm), presenting a difference of 27.56% between atrazine (30 µg/L) - control while 

SLNPs and SLNPs_ATZ presented no significant changes. In another study, 

treatment with ATZ statistically presented the most drastic difference compared 

to control, lettuce seedlings were reported to have a 33.1% decrease in root 

length with 10 µg/L of atrazine in 125 hours (Lescano et al., 2023). Moreover, 

shoot area (Figure 4C) increased with similar behavior as root length (% 

increasing of shoot area comparing day 0 and day 28: Control - 1027%; SLNPs - 

947%; SLNPs_ATZ - 869% and ATZ - 654%). 

Although root area (Figure 4C) had a significant change between control, 

SLNPs - SLNPs_ATZ, ATZ, being SLNPs and SLNPs_ATZ having the same 

significance (being higher than ATZ and lower than control), inferences in root’s 

growth by nanoparticles is suggested, however, the increasing were comparable 

higher than ATZ (% increased at day 28: Control - 284%; SLNPs - 273%; 

SLNPs_ATZ - 210% and ATZ - 159%). Shoot length (Figure 4B) presented no 

significant changes over time. Nonetheless, leaves width and area (Figure S5-A, 

B) did, plants exposed to atrazine had 23.43% and 32.76% smaller width and 

area sizes when compared to the control. Moreover, the results of plants exposed 

to atrazine compared to SLNPs_ATZ and SLNPs had similar behavior (33% - 

23% area - width smaller than plants with SLNPs_ATZ; 41.15% - 37.64% area - 

width smaller than plants with SLNPs), SLNPs did not interfere in the leaves sizes 

while interacting with non-target species as butterhead lettuce. Curiously, 

xenobiotic chemicals such as atrazine may cause various detrimental effects 

such as shoot deformation, and reduction in the leaf size but SLNPs_ATZ also 

did not cause leaf malfunction (Shahid et al., 2024). 

 

3.3.3. Starch, chlorophyll, and carotenoids  
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Long-term starch storage provides resources for plants to recover after 

damage and assists plants in resisting external stresses (Ribeiro et al., 2022). 

After 28 days (Figure 5A), we observed a concentration of 0.656 mg/mL to 

control, 0.839 mg/mL to SLNPs, 0.797 mg/mL to SLNPs_ATZ and 0.992 mg/mL 

to ATZ in the lettuce’s shoot where ATZ presented a statistically significant 

increase compared to nanoparticles and control. Additionally, nanoparticles 

presented intermediate behavior, notable increased value compared with control. 

Starch in root’s lettuce had a slightly different behavior (Control, SLNPs, 

SLNPS_ATZ, ATZ: 0.626, 0.932, 0.943 1.273 mg/mL), where control and SLNPs 

presented a similar behavior, ATZ had a significant increase compared to control 

and SLNPs, and SLNPS_ATZ had an intermediate value. These findings have 

comparable results to Jiang et al., 2023b, where they state that atrazine deeply 

interferes with starch synthesis in soybean leaves (off-targeted plant), rushing 

starch accumulation and abetting atrazine stress resistance. By FTIR of leaves 

and roots (Figure S5- C, D), we identified a peak around 1000 cm-1 belonged to 

carbohydrates and indicated a correlation with starch accumulation, since starch 

is a carbohydrate and lettuce exposed to only atrazine presented a huge clear 

difference from nanoparticles and control (Wang et al., 2024). 

Figure 5 – (a) Starch content levels after 28 days, (b) total chlorophyll, chlorophyll a and 

b levels at day 0,14 and 28, and (c) Carotenoids after 28 days. Both formulations 

(SLNPs_ATZ and ATZ) contained 30 µg/L of ATZ. Statistics were made by two-way 
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ANOVA and pairwise multiple comparison and tukey tests were used to analyze trueness 

(α=.0,05) in GraphPad Prism 8.0. 

 

Atrazine is a known-herbicide inhibitor of chlorophyll by retarding 

protoporphyrin IX formation - chlorophyll synthesis precursor (Vieira et al., 2021). 

Atrazine also influences enzymatic mechanisms like peroxidase, catalase, and 

carotenoids (Neto et al., 2024). Carotenoids influence photosynthesis and 

antioxidant activity and contribute to reactive oxygen species (ROS) removal (Del 

Buono et al., 2021). After 28 days, our study (Figure 5B) found an increase of 

total chlorophyll, chlorophyll a and b (Control: 7.82%, 4.19%, and 9.97%; SLNPs: 

6.76%, 7.08%, and 1.87%) in plants with no treatment and treated with SLNPs, 

presenting no statistical difference between the two treatments. On the other 

hand, plants treated with SLNPs_ATZ and ATZ showed decreasing in all 

chlorophyll levels (Table S4) - SLNPs_ATZ (total chlorophyll: - 7.53%; chlorophyll 

a: - 9.39% and chlorophyll b: - 8.78%) and ATZ (total chlorophyll: - 8.81%; 

chlorophyll a: - 10.58% and chlorophyll b: - 13.45%). 

SLNPs_ATZ presented no significant changes in chlorophyll b levels with 

SLNPs, however, a significant difference compared to ATZ was noticed. Also. ATZ 

and SLNPS_ ATZ had a significant gap compared to Control/SLNPs in total 

chlorophyll, indicating no chlorophyll synthesis perturbance from SLNPs. 

Carotenoids concentration (Figure 5C) in the control was 83.06% less than 

SLNPs, 73.06% less than SLNPs_ATZ, and 102% less than ATZ, control 

presented a significant difference compared to all the other treatments. Normally, 

carotenoids accumulate in plants under abiotic stress (as atrazine herbicide), and 

this work obtained comparable results (Swapnil et al., 2021).  

 

 3.3.4. Antioxidant enzymes (ROS) 

Primary antioxidant enzymes are a class of proteins/metalloproteins that 

first react and rapidly catalyze reactive oxygen species into more stable ones. 

ROS grow in response to detrimental pesticidal effects on plants, counteracting 

their toxicity through metabolic processes in their many internal defense systems 

to detoxify or/and decompose these chemicals (Wang et al., 2022; Jomova et al., 

2023; Shahid et al., 2024; Gohar et al., 2024). MDA is a ROS parameter that 

measures lipid peroxidation - rupture of the cell membranes. MDA from lettuce 
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exposed by atrazine (Figure 6A) revealed no significant changes in the shoot, 

however, root MDA levels showed significant differences comparing ATZ with all 

the other treatments (40.51%, 69.83%, and 50.92% huger than Control, SLNPs, 

and SLNPs_ATZ) (Taban et al., 2020). For a possible nanoparticles comparison, 

0.02 mg/mL concentration of lignin – graft - poly(lactic-co-glycolic) acid (PLGA) 

nanoparticles (zeta potential around - 53.6 mV) in a soybean germination 

hydroponic environment demonstrated no MDA significant changes when 

compared to control after 14 days, despite our concentration were 667 times (30 

µg/L) lower than Salinas et al., 2021, we also found no significant changes 

between SLNPs and control in shoot. It is important to highlight that the 

monomers of PLGA - lactic acid and glycolic acid – participate in plants’ life cycles 

(Harper et al., 2022; Zhao et al., 2024), and our concentration was very low 

because lettuce seedlings died within 8 days in a 300 µg/L of ATZ – a non-

desirable effect to a longer time comparison.  

Figure 6 – ROS (a) MDA and other aldehydes, (b) CAT, (c) SOD and (d) POD. Both 

formulations (SLNPs_ATZ and ATZ) contained30 µg/L of ATZ. Statistics were made by 

two-way ANOVA and pairwise multiple comparison and tukey tests were used to analyze 

trueness (α=.0,05) in GraphPad Prism 8.0. 
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In another work, nanoparticles containing polycaprolactone – negative 

charge surface and xenobiotic material - and lignin carrying herbicide metribuzin 

(MTZ) were indicated to have a triple efficient in killing Amaranthus retroflexus 

than PCL-MTZ nanoparticles at 48 g a.i. ha-1 after 21 days of application while a 

less concentrated significant MDA content was notified by PCL-lignin-MTZ than 

PCL-MTZ nanoformulations at 480 g a.i. ha−1 in soybean (non-target) plants 

(Rodrigues et al., 2024; Takeshita et al., 2025). Furthermore, in our research, 

other aldehydes have similar results: atrazine had a bigger significant difference 

compared to other treatments in the root (41.18%, 66.76%, and 51.14% bigger 

than Control, SLNPs, and SLNPs_ATZ). 

Xenobiotic/non-xenobiotic organic nanoparticles have effectively been 

tested in non-target plants to understand the limits and effects of their usage. For 

example, zein/poloxamer nanoparticles were recently reported to be good 

nanocarriers of glyphosate with no apparent damage in cotton/soy and show the 

effects on soil enzymes (Munhoz-Garcia et al., 2025). On the other hand, 

chitosan (xenobiotic) nanoparticles (positively charged surface) were used as 

paraquat (a non-selective herbicide) carriers and tested in spinach plants 

(leaves), Pontes et al (2021) notified a significant change CAT enzyme level 

concentration at a 20 µg/L when comparing the herbicide to the chitosan/chitosan 

paraquat nanoparticles, and chitosan nanoparticles presented significative CAT 

content changes compared to chitosan: paraquat nanoparticles/ paraquat at 30 

µg/L exposal.  

Catalase is one of the most crucial antioxidant enzymes occurring in 

aerobic organisms such as plants and englobes peroxidases classification types, 

CAT normally breaks down two molecules of H2O2 into 2:1 water: oxygen 

molecules (Zhao et al., 2021c; Jomova et al., 2023). In a work published by 

Takeshita et al (2025), significant statistical difference among control, MTZ, PCL-

MTZ, and PCL-lignin-MTZ in CAT were noticed after 30 days in soybean plants 

exposure to particles. Our work (Figure 6B) presented significant changes in the 

lettuce treated with ATZ compared to the other treatments - with lower levels of 

CAT - at the root. However, shoot leaves showed significant changes comparing 

ATZ to control (91.71%), SLNPs (68.71%), and SLNPs_ATZ (40.65%) where 

SLNPs presented more significant levels of POD than SLNPs_ATZ, but lower 

CAT levels caused by SLNPs and SLNPs_ATZ are indicated. 
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SOD is another primary responsive enzyme that removes O2 radicals in 

the phospholipid membranes (Alscher et al., 2002). SOD (Figure 6C) results 

showed no significant changes after 28 days in our work, although plants treated 

with SLNPs_ATZ and ATZ had apparent differences in shoot area. Moreover, 

guaiacol peroxidase (POD) is a glycoprotein from the cell wall and tangles with 

fundamental processes such as defense against abiotic/biotic stress and 

lignification of cell walls (Sobiecka et al., 2022). Guaiacol is quite used to evaluate 

peroxidase activity since it oxidized and turns into tetraguaiacol (which has the 

maximum absorbance at 470 nm) in the presence of hydrogen peroxide (Niu et 

al., 2021; De Oliveira et al., 2021). Our research found considerable results when 

comparing all treatments (Figure 6D). In the shoot (leaves) part, SLNPS_ATZ 

showed showed higher significant POD concentration. However, SLNPs had a 

statistical similarity with control and SLNPS_ATZ/ ATZ. Furthermore, a 

descending significant concentration is found in the roots part (ATZ> SLNPs_ATZ 

> SLNPs > Control). 

 

3.3.4. Effect of treatments on defense genes (RT-qPCR) 

Reverse-Transcription quantitative polymerase chain reaction (RT-qPCR) 

analysis was performed to quantify the effect of different treatments (control, 

SLNPs, SLNPs_ATZ and ATZ). For our analysis, GAPDH was selected as 

reference gene due to its better stability over others as actin, ubiquitin, and 

protein phosphatase (Chowdhury et al., 2015). PER51, CAT1, and GST6 genes 

were purchased by Chowdhury et al., 2019 where they used Arabidopsis thaliana 

as the genetic model organism for lettuce and confirmed all the sequences. Also, 

all these genes (PER51, CAT1, and GST6) were previously tested in abiotic 

stresses in treating lettuce (Bigott et al., 2021).  

First, catalase1 (CAT1) gene, an antioxidant enzyme that is known for 

possible scavenge ROS, and protection of plant cells from oxidative damage was 

tested (Di et al., 2023), presented a big significant difference between control - 

SLNPs (increased 2164%) and atrazine (669%) in root (Figure 7B). Thus, the 

same behavior was identified in shoot (Figure 7A) part - SLNPs: 81.08%; ATZ 

98.65%, both presented high values of gene expression although lettuces treated 

with SLNPs and SLNPs_ATZ had no significant physiological changes in 

shoot/root area and root length. It is important to mention that plants normally 
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repress growth as an adaptive strategy to maximize survival, and lettuces treated 

with ATZ did that (Zhang et al., 2023).  

 

Figure 7 – Relative expression of (a b) CAT1, (c, d) GST6 and (e, f) PER51 genes. Both 

formulations (SLNPs_ATZ and ATZ) contained 30 µg/L of ATZ. Statistics were made by 

two-way ANOVA and pairwise multiple comparison and tukey tests were used to analyze 

trueness (α=.0,05) in GraphPad Prism 8.0. 

 

Glutathione S-transferases (GSTs) are a class of enzymes that detoxify 

chemicals and secondary products of oxidative damage, GST6 genes expressed 

in response to auxin, SA and hydrogen peroxide (Chowdhury et al., 2019; Zhao 
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et al., 2020). Increased GST expression levels protect organisms against 

oxidative stress (An et al., 2020), and a highly increased (1546%) level was 

observed by SLNPs treatment in root (Figure 7D) when compared to control, 

tolerance by lettuce is suggested since no significant enormous physiological 

changes (only in root area) was noticed. Inherently, SLNPS_ATZ did not have the 

same behavior - showing no significant changes, representing a possible effect 

of atrazine that may have downregulated the expression in root part since GST6 

genes in the shoot part (treated with atrazine) presented a significant decrease 

(46,4%) when compared to control (Figure 7C).  

PER51 genes (Figure 7E, F) participate in Class III peroxidases - 

responsible for some functions such as lignification, cell wall biosynthesis, ROS 

detoxification, and auxin pathway regulation (Simoni et al., 2024). Recently, 

PER51 were notified as LsPRX11 genes by Simoni et al., 2024, they indicated 

that LsPRX11 (PER51) genes are correlated with the regulation of PHR 

(phosphate starvation response) transcription during P starvation in lettuces 

(Zhou et al., 2021). Here they were less resistant in a 30 µg/L atrazine exposure, 

since SLNPs_ATZ and ATZ presented decreasing relative expressions compared 

to control at the (SLNPs_ATZ: 86.8%; ATZ: 87.6%) shoot and (SLNPs_ATZ: 

83,3%; ATZ:91,9%) root, indicating a possible repression of these genes caused 

by atrazine (injuring the plants). Comparable effects were described by Ramel et 

al., 2009 where they observed repression in ascorbate enzymatic (a member of 

the heme-containing peroxidase family) activity and designated a consequent 

disruption of antioxidant mechanisms by atrazine injuries in Arabidopsis thaliana 

(a genetic model plant). Moreover, in our research, SLNPs presented a non-

significant change compared to control, suggesting that PER51 genes were not 

affected by the spherical nanoparticles 

It is crucial to highlight that catalase and peroxidase enzymatic activities 

do not match gene expression results in our studies. The catalase that was picked 

- encoding as LOC111878432- has already been used in some recent works with 

lettuce (Zhang et al., 2024b; Wang et al., 2025c) – but is only one of two catalase 

genes of lettuce (LOC111878431) (Kohai et al., 2020). Then, it should not be 

discarded the possibility that catalase activity is more correlated to CAT gene 

LOC111878431. However, our atrazine levels between enzymatic activity and 

gene expression in shoots had similar behavior. The same can be inferred from 
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our peroxidase assays, the genes of guaiacol peroxidase (POD) and PER51 

genes belong to peroxidases class III, although recently ninety-one peroxidases 

class III genes were published (Simoni et al., 2024). 

The application of nanoparticles and the up-regulated expression of genes 

related to biotic and abiotic stress responses are not unusual (Tripathi et al., 

2022), and the potential of nanoparticles in enhancing plant tolerance to pollutant 

stress is notified in literature. For example, dioxide titanium nanoparticles were 

recently notified as reliever of atrazine phytotoxicity effect to lettuce (Weng et al., 

2025). However, the relative expression of genes is not well understood, mainly 

when the nanoparticles express specific genes in enormous values in treatments’ 

comparison. For example, "cold-regulated 413" - COR143 genes play crucial 

pieces to plants stressed by cold. Recently, an article showed an up-regulated 

behavior in lettuce treated with carbon dots (near ten times higher than control) 

where the authors notified a cold tolerance caused by the nanoparticles (Cheng 

et al., 2023b). For comparison, the values presented here up-regulated around 

16 times in GST6 genes when control and SLNPs in root were contrasted. In 

another study, bio-synthesized silver nanoparticles improved the growth of rice 

seedlings and had CAT and APX genes up-regulated by around 5 and 9 times 

when comparing rice treated with nanoparticles (10 mg/L) to control (Gupta et al., 

2018). 

 

 

3.4. Pre-emergent treatments of weeds in sublethal doses 

Once 30 µg/L of ATZ in hydroponic experiments was used and all lettuce 

did not die, the same quantity of bioactive mass was tested for soil (4.2 g a.i. ha-

1) of ATZ in Tridax procumbens seeds in pre-emergent treatments, atrazine 

normally is recommended in doses around 850 g a.i. ha-1 of atrazine (mixtured 

with 1,65 kg i.a. ha-1 of metolachlor) for Tridax procumbens (Chikoye, D et al., 

2005). In other seeds different effects were observed, as in Amaranthus 

retroflexus germination when exposed to several sublethal doses of atrazine 

(18.75 ~ 600 g a.i. ha-1) showing important results such as less germination 

percentage between 1/32 and 1/16 of formulation compared to the recommended 

dose (1200 g a.i. ha-1) (Qi et al., 2018). 153 Our research had a n= 8 (where n is 

the number of pots), and pots with control and atrazine treatments had clearly 
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higher gemination rates in seeds (Figure 8) than the ones treated with SLNPs 

and SLNPs_ATZ.  

Results of nanoparticles with herbicidal effects are seen in literature as 

positive signs to lower herbicide dosages/usages, and non-xenobiotic and 

xenobiotic nanoparticles (to plants) were already related to having higher 

efficiency in lower doses when compared to atrazine. For example, PCL 

(xenobiotic) nanocapsules with atrazine presented the same inhibitory effect in 

root and shoot growth of Amaranthus viridis and Bidens pilosa seedings with 

concentrations ten times lower than conventional (2000 g a.i. ha-1) in Brazil 

(Sousa et al., 2018). Moreover, zein (non-xenobiotic) nanoparticles with atrazine 

had greater herbicidal activity against Brassica juncea at doses 80 times (25 g 

a.i. ha-1) lower than the recommended on pre-emergent treatments (Carvalho et 

al., 2023).  

 

Figure 8 – Photos of Tridax procumbens after 14 and 28 days. And (a) Fresh weight of 

Tridax procumbens and (b,c,d) profile of chlorophyll b, total and a. Statistics were made 

by two-way ANOVA and pairwise multiple comparison and tukey tests were used to 

analyze trueness (α=.0,05) in GraphPad Prism 8.0. 

 

Another parameter worthwhile to correlate is the material used in this work: 

lignin. It was already tested with PCL in nanoformulations for Amaranthus 

retroflexus in pre-emergent treatments by Takeshita et al.; 2025, where they 

notified a fresh mass 3.45 times lower from PCL-lignin-MTZ than PCL-MTZ in a 
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48 g a.i. ha-1. They also highlighted the importance of lignin (non-xenobiotic) as 

a natural molecule that is more suitable for a safe-by-design herbicide 

nanoformulation. Moreover, Munhoz et al. (2025) presented zein-lignin 

nanocarriers synthesized with glyphosate - as the active - and indicated a 

reduction or interference of the nanoherbicides in weed plants (Amaranthus 

hybridus, Ipomoea grandifolia, and Eleusine indica). 

Lignin has been also reported as matrix for herbicides pelargonic acid and 

Citronella oil in nanoemulsion formulations to kill Pennisetum purpureum 

(Elephant grass) (Restu et al., 2023; Restu et al., 2024). Here, Tridax 

procumbens - coatbuttons. And after 28 days, seedlings presented lower values 

in fresh weight, and chorophyll levels (Figure 8A-D), apparently developing 

malfunction in germination/growth in the presence of spheres lignin 

nanoparticles. Of course, these results may be better evaluated in the future, 

approaching new concentration variables, time and post-emergence treatments. 

Although, it was important to highlight apparent changes caused by lignin 

nanoparticles and the value of future experiments using lignocellulose materials 

as main nanoparticles matrices.  

4. Conclusion 

Spherical lignin shapes were fabricated and carried herbicide atrazine by 

two possible routes: encapsulation and adsorption. Release and DFT 

experiments taken place and strong interactions between lignin and atrazine 

were notified. By hydroponic experiments, butterhead lettuces showed 

physiological changes with a sublethal dose of atrazine (30 µg/L). Lettuces 

treated with SLNPs and SLNPs_ATZ presented no significant changes in root 

length and shoot area when compared to control while lettuces treated with ATZ 

did. Biochemical tests such as enzymatic and relative gene expressions were 

assessed and showed up and down-regulated behaviors. Finally, weed 

seeds/seedlings had possible germination/development interferences caused by 

nanoherbicides - indicating lignin as a sustainable molecule capable of forming 

nanospheres that can load atrazine and effectively be used in future experiments 

with non-target/target plants with prospection of showing results in gene 

expression and control of weeds. Also, lignin can be arranged in multiple methods 

(encapsulation, modification, or in a mixture with other molecules) to enhance 
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proprieties and give sustainability to new nanocarriers in agriculture. For future 

work, different concentrations in different nuances of lignin-nanoparticles must be 

explored to complement.  
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SUPPLEMENTARY MATERIAL 

 

Text S1:  

For SEM, 500 µL of solutions were dialyzed for 3 days and a drop was put in a 

grinding plate and dried in the desiccator. After analysis, the relative percentage 

frequency distribution was measured using Image J software with 600 

nanoparticles in four images per formulation. For TGA and DSC, the material 

(SLNPs/SLNPs_ATZ) were put in petri dishes and oven-dried at 50ºC per 24 

hours and stocked in a desiccator. Later, 5 to 7 mg of the oven dried material 

were put in clean TGA/ DSC aluminum hermetic pan. For FTIR, 1 mg of dried 

formulations were put together with 139 mg of potassium bromide (KBr) as an 

inert medium and pressed in around 2.7 tons. 

 

 Table S1 - Red flex fertilizer for hydroponics 

Compounds % for treatment 

N  8 

P2O5  8 
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Table S2 - Blue flex fertilizer for hydroponics 

Compounds % for treatment 

N  10 

Ca 15 

Mg  2 

 

K2O  30 

S  3 

Mg  1 

Fe  0.14 

B 0.04  

Mn  0.04 

Cu  0.03 

Zn  0.019 

 Mo  0.009 

 Ni 0.006 

Co 0.002 
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Figure S1 – (a) distribution frequency of SLNPs_ATZ and (b) ATZ, (c) and UV spectrum 
of spherical lignin nanoparticles. 

 

 

Figure S2- DSC analysis of SLNPs and SLNPs. 
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Table S3 – Regression values for various Kinect Moldes. 

 

 

 

Figure S3- (a) size, (b) zeta potential and (c) PdI of SLNPs and SLNPs, and (d) pH 
stability of the nanoparticles over 70 days. 

 

 

 

Kinect Model R2 (coefficient of determination) 

Zero Order 0.7443 

First Order 0.8002 

Higuchi 0.9085 

Korsmeyer-Peppas 0.9884 

Hixon Crowell 0.7443 
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Figure S4 – DFT of ATZ and PPE. 

 

Figure S5 – (a) leaf width and (b) leaf area, (c) leaf and (d) root FTIR second derivative. 
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Table S4. Chlorophyll profile over time  

Total 
Chlorophyll 

Control SLNPS SLNPs_ATZ ATZ 

FCI SD FCI SD FCI SD FCI SD 

Day 0 18.7125 0.7875 19.0375 0.4875 19.525 0.61875 18.725 0.85 

Day 14 18.35 0.5875 18.775 0.74375 17.35 0.7125 17.22857 0.795918 

Day 28 20.3 0.55 20.325 0.275 18.05 0.85 17.075 0.2875 

Chlorophyll 
a 

Control SLNPS SLNPs_ATZ ATZ 

FCI SD FCI SD FCI SD FCI SD 

Day 0 15.48125 1.116406 15.53125 1.064844 15.925 1.196875 15.73125 1.201563 

Day 14 15.45 1.125 15.7625 1.270313 14.8125 1.339063 14.1375 1.375 

Day 28 16.13333 0.111111 16.63333 0.155556 14.43333 0.377778 14.06667 0.311111 

Chlorophyll 
b 

Control SLNPS SLNPs_ATZ ATZ 

FCI SD FCI SD FCI SD FCI SD 

Day 0 3.20625 0.307813 3.3375 0.35 3.36875 0.31015 3.20625 0.432031 

Day 14 3.08125 0.328906 3.11875 0.283594 2.925 0.24687 2.8125 0.276563 

Day 28 3.525 0.075 3.4 0.15 3.075 0.1875 2.775 0.125 
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CHAPTER III - FINAL CONCLUSIONS, SCIENTIFIC-SOCIAL IMPACT AND 

RELEVANCE 
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Final conclusions 

 

Many controlled release systems for agrochemicals have been developed 

in recent years (Pontes et al., 2021; López-Cabeza et al., 2022). However, the 

design of smart nanocarriers that can be manufactured with renewable and low-

cost materials is still a challenge for agricultural applications. Lignocellulosic 

materials (cellulose, lignin, and hemicellulose) may be ideal candidates for 

manufacturing green nanocarriers, given their low cost, abundance, and 

sustainability (Lima et al., 2021; Rodrigues et al., 2024). Lignin is a complex, 

three-dimensional aromatic molecule that is linked to cellulose and hemicellulose 

within the microstructure of the plant cell wall and is available on a large scale in 

agricultural waste (Lizundia et al., 2021). In recent years, lignin-based 

nanoparticles have been used in agriculture against fungi and insects due to their 

eco-friendly properties, low cost, and enhanced encapsulation properties (Ashok 

et al., 2018; Gigli et al., 2022). 

In this thesis, the development of a new delivery system for the herbicide 

Atrazine (ATZ) was notified. Atrazine is a banned compound in European Union 

(but not in countries such as the United States and Brazil) since 2003 because 

its contamination and bioaccumulation affect soil and water, causing negative 

effects in non-target organisms and human (Wu et al., 2021; Pereira et al., 2024; 

Queiroz et al., 2024). For more efficient delivery systems, atrazine (ATZ) has a 

hydrophobic nature that can be correlated with nanoparticles with hydrophobic 

cores (Chandra et al., 2021; Song et al., 2024; Bryant et al., 2024). In this sense, 

lignin nanospheres (SLNPs) (Trevisan et al., 2020; Santo Pereira et al., 2022). – 

may strongly interact with atrazine. Understanding how nanoherbicides can affect 

non-target crops (e.g., lettuce) and more sensitive targets (weeds) is essential for 

risk assessment in agricultural products (Chen et al., 2024). 

SLNPs have cavities in the center attributed to the π-π interaction due to 

benzene rings, on the other hand, the hydroxyl groups in the surface are 

hydrogen bonded with water (Trevisan et al., 2020; Santo Pereira et al., 2022). 

They have already been used to carry molecules such as resveratrol (Dai et al., 

2017), but there are no reports of the use of these nanospheres in the carrying of 

atrazine (SLNPs_ATZ). The hypothesis of interaction between lignin and atrazine 
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is unique with a two-way path: through adsorption and englobing (Wang et al., 

2019). The nanospheres had nanometric sizes with a negative surface charge, 

and pH values around 6.22 and 6.51, respectively on the first day. On the 

seventieth, the results were 6.83 and 6.48. The encapsulation efficiency was 

74.2%, suggesting an interaction between the lignin nanospheres and atrazine. 

Figure 1 - Schematic representation of the lignin nanospheres containing atrazine and 
their interactions, and a summary of the results found in plants. 

 

In the experiment with non-target plants (lettuce), there was a significant 

difference comparing root size and leaf/root area between atrazine (30 µg/L) and 

control, however, SLNPs and SLNPs_ATZ did not show significant changes when 

compared to the control. ROS species were also studied in lettuce after 28 days. 

Malondialdehyde (MDA) of lettuce exposed to atrazine did not reveal significant 

changes in the shoot, however, MDA of the roots showed significant differences 

comparing ATZ with all other treatments. On the other hand, Catalase (CAT) 
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activity in the shoot of lettuce showed significant changes comparing ATZ with 

controls, while lettuce treated with SLNPs and SLNPs_ATZ had intermediate 

behavior. For guaiacol peroxidase, lettuce showed a significantly decreasing 

concentration in the root part (ATZ > SLNPs_ATZ > SLNPs > Control). By gene 

expression, the CAT1 genes were more highly expressed in lettuces treated with 

SLNPs and ATZ, and the GST6 genes were more highly expressed in lettuces 

treated with SLNPs. However, lettuces treated with SLNPs showed more 

physiological similarities to the control, indicating a possible tolerance of lettuces 

to nanoparticles. In addition, the PER51 genes were negatively expressed in 

plants treated with SLNPs_ATZ and ATZ, and there were no significant changes 

with SLNPs when compared to the control. This may have occurred because 

atrazine may have mutated or denatured the gene (Ramel et al., 2009). Finally, 

weed seeds/seedlings had possible interferences in germination/development 

when treated with SLNPs. 

In conclusion, humanity has been trying to increase agricultural productivity with 

less damage to the environment. In recent years, nanotechnology has been 

complementing the release of active ingredients, and lignin – which comes from 

agricultural waste – has been indicated as a sustainable molecule in the 

construction of nanocarriers of agricultural bio-actives. In this context, lignin 

carrier nanospheres with atrazine (herbicide) were manufactured and used 

effectively in experiments with non-target/target plants, showing possible results 

in gene expression and weed control. This work will serve as a model for future 

studies that seek to improve sustainability and reduce the quantity of herbicides 

used in the field. Furthermore, in the future, lignin can be explored with other 

methods (encapsulation, modification, or mixture with other molecules) in the 

nanocarrier of herbicides (Abbas et al., 2025), aiming to increase properties and 

giving sustainability to new nanocarriers in agriculture. 
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SCIENTIFIC-SOCIAL IMPACT AND RELEVANCE 

 

Figure 2 – Sustainable cycle scheme of lignin nanospheres and SDGs targets: number 

2, 12, 13 and 17. 

 

This technical-scientific work can be attributed to the production of new 

knowledge in the development of nanoparticle systems for the release of bio-

actives for modern agriculture. The scientific, social, and environmental impacts 

in our study corroborate the Sustainable Development Goals (SDGs) established 

by the United Nations (UN) (Figure 2) (Cf, 2015). SDG target number 2 is 

reflected in our work as it advocates “End hunger, achieve food security and 

improve nutrition and promote sustainable agriculture” and we developed a 

system that promotes sustainability using a molecule derived from agricultural 

input and returning to the production cycle. Our system is also aligned with target 

number 12 “Ensure sustainable consumption and production patterns” because 

it is sustainable - from lignocellulosic materials. 

Another highlighted goal is number 13 - take urgent action to combat climate 

change and its impacts – where the excessive use of herbicides causes 

irreparable damage to fauna, flora, and human health. This work sought to reduce 

the quantity of herbicides in a sustainable manner and tried to mitigate the impact 

of them on soil and water. In addition, goal 17 is also reflected in our research, 
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since according to topic 17.14 "Increase policy coherence for sustainable 

development", this work fits this criterion. So, this work can serve as an example 

for future researchers, stimulating the exploration of new controlled-release 

nanocarriers in different agricultural contexts, contributing to the reduction of 

environmental impacts while increasing agricultural production. 
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