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RESUMO

Por décadas, os agricultores tém tentado controlar as plantas daninhas e
aumentar a produtividade das colheitas para fornecer alimentos para uma
crescente populacao através do uso de herbicidas. A modernidade através da
nanociéncia auxilia a diminuicdo da quantidade dos herbicidas através de
nanocarreadores inorganicos, hibridos e organicos (ou nanoherbicidas) no
campo experimental. Nesse contexto, nanocarreadores organicos provindos de
material lignoceluldsico surgem como candidatos promissores, destacando-se a
lignina: encontrada em plantas, € um residuo agricola cuja estrutura polifendlica
pode formar (nucleos hidrofébicos/cascas hidrofilicas) 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 constituidos de materiais lignoceluldsicos para liberagéo de
agroquimicos, bem como desenvolver nanoparticulas esféricas de lignina
(SLNPs) com o herbicida atrazina (SLNPs_ATZ) a fim de se compreender os
seus efeitos em organismos alvo e nao alvo. As nanoparticulas foram fabricadas
pelo método de precipitacdo antissolvente e caracterizadas por TGA, FTIR,
MEV/EDS, DLS, NTA, espectroscopia UV-VIS. SLNPs apresentaram morfologia
esférica e distribuicdo de tamanho de 145 + 45 ~ 178.9 £ 60.88 nm sem ATZ e
136 + 43 ~ 268.2 + 69.58 nm com ATZ e eficiéncia de encapsulagéo de 74,2 %.
Testes de liberagao foram feitos por espectroscopia UV-VIS e observou-se uma
liberacdo de 43,26% de ATZ apdés 168 horas para SLNPs ATZ, sendo
Korsmeyes-peppas o0 modelo de liberagao 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 interagéo entre lignina e
atrazina. Além disso, o efeito das SLNPs com e sem ATZ foi avaliado em
organismos nao alvo. Assim, experimentos em hidroponia (escolhidos como
meio inerte) foram realizados em alfaces lisas (Lactuca sativa var. capitata). Uma
dose subletal de atrazina (30 pg/L) foi usada para manter as alfaces vivas por 28

dias a fim de observar potenciais alteracdes fisiolégicos e bioquimicos nas



plantas. Alfaces tratadas com SLNPs e SLNPs ATZ nao apresentaram
alteragdes significativas no comprimento da raiz e na parte aérea quando
comparadas ao controle, enquanto alfaces tratadas com ATZ apresentaram.
Além disso, testes bioquimicos como enzimaticos (catalase-CAT, peroxidase de
guaiacol - POD, superoéxido dismutase - SOD e peroxidagao lipidica - MDA) e
expressao relativa de genes foram avaliados. MDA e CAT mostraram diferencas
significativas comparando ATZ com todos os outros tratamentos. Pela expresséo
génica, os genes CAT1 expressaram mais alto nas alfaces tratadas s6 SLNPs e
ATZ pura, e os genes GST6 tiveram uma expressao mais alta com SLNPs. No
entanto, alfaces tratadas com SLNPs apresentaram mais similaridades
fisiolégicas ao controle, indicando uma possivel tolerancia de alfaces quando
interagem com SLNPs. Além disso, os genes PERS1 apresentaram uma
repressdo em plantas tratadas com SLNPs_ATZ e ATZ (dano), e nenhuma
alteracao significativa com SLNPs quando comparado ao controle. Finalmente,
sementes/mudas de plantas daninhas tiveram possiveis interferéncias na
germinagao/desenvolvimento quando tratadas com o nanoherbicida. Indicando
a lignina como candidata sustentavel para o preparo de nanocarreadores de
herbicida, contribuindo para a. melhora da atividade herbicida em plantas, uma
vez que mostrou possiveis alteragdes na expressao génica e controle de plantas

daninhas.

Palavras-chave: lignina, nanoherbicidas, atrazina, sustentavel, plantas ndo-alvo

e alvo.



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 pg/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).
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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

o

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 (Osterberg 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 -1
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 ug/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 |l
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 lll, the final conclusions of the study were

presented highlighting its impacts and scientific-social relevance for agribusiness.
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CHAPTER Il - FINAL CONCLUSIONS, SCIENTIFIC-SOCIAL IMPACT AND
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Final conclusions

Many controlled release systems for agrochemicals have been developed
in recent years (Pontes et al., 2021; Lopez-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 -1 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.
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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 pg/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

1 CLIMATE 1 PARTNERSHIPS

ACTION FOR THE GOALS

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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