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ABSTRACT: Nano and microstructured systems for the controlled release of agricultural inputs represent a significant
advancement in sustainable agriculture. These technologies enable the encapsulation of nutrients and pesticides, ensuring gradual
and targeted delivery while reducing waste and enhancing plant absorption. Biodegradable materials, such as chitosan and alginate,
offer eco-friendly solutions that improve efficiency under challenging conditions, including salinity and drought. Recent innovations
have led to increased crop productivity, reduced pesticide application, and improved soil remediation. For example, nanoparticles
can adsorb heavy metals like cadmium and lead, facilitating the restoration of contaminated soils. Despite these benefits, challenges
remain, including the need for clear regulatory frameworks and further research on the long-term ecological impacts of
nanomaterials. This review highlights the critical role of nano and microstructured systems in advancing agricultural sustainability.
By bridging technological innovation with practical applications, these systems have the potential to transform global farming,
making it more efficient, resilient, and environmentally sustainable.
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B INTRODUCTION

Controlled release systems for nutrients and pesticides based on
nano and microstructures represent a significant advancement
for sustainable agribusiness, enhancing input efficiency while
reducing environmental impacts. The use of nanotechnologies
and microstructures enables the encapsulation of active
substances, such as essential nutrients and agricultural
pesticides, facilitating a gradual and targeted release. This
controlled release prevents the leaching of compounds, reduces
the frequency of applications, and promotes more effective plant
absorption, minimizing waste and improving agricultural
productivity.'

Recent studies highlight the use of biodegradable materials,
such as chitosan and alginate, in nutrient encapsulation,
providing environmentally safe solutions while increasing the
durability of active compounds in the soil.*> Chitosan, for
example, is widely used for its biocompatible and antimicrobial
properties, as well as its ability to protect nutrients from rapid
degradation, creating a more stable environment for root
absorption.® These biopolymers enable the efficient encapsula-
tion of both nutrients and pesticides, improving plants’ ability to
withstand adverse conditions such as low water availability or
high soil salinity.”

The innovation brought by nanofertilizers and encapsulated
pesticides is also reflected in bioremediation, an approach that
uses nanoparticles to remove contaminants, such as heavy
metals, from agricultural soils, recovering degraded areas and
increasing their viability for planting. Research demonstrates
that these particles can adsorb toxic elements, such as cadmium
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and lead, rehabilitating contaminated soils for agricultural use,
representing a positive impact on environmental conservation
and food security.”’

The introduction of nano and microstructured encapsulation
systems for the controlled release of pesticides and nutrients not
only enhances the precision and efficiency of input use but also
promotes more sustainable practices. This is particularly
relevant in the current agricultural scenario, where the demand
for food production continues to grow, while alternatives are
sought to mitigate the environmental impacts of conventional
practices.'”"" The combination of these technologies enhances
crop productivity and quality while significantly reducing
environmental impacts. By minimizing pesticide use, these
systems directly contribute to lower contamination of water and
soil resources. Additionally, the controlled release of inputs
reduces leaching and runoff, further mitigating pollution
risks.>"?

However, challenges remain, particularly concerning the
safety and regulation of these new technologies. The long-
term toxicity of nanomaterials and the need for in-depth studies
to understand their interactions with the environment and
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Figure 1. PRISMA flowchart detailing the article selection process.

nontarget organisms are pressing issues. Researchers have
emphasized the importance of adequate regulations to ensure
that the benefits of these technological advancements are fully
realized without compromising environmental safety and
human health."*"*

Thus, adopting nano and microstructured systems for
controlled release in agribusiness represents an innovation
with the potential to transform agriculture, enabling more
efficient resource use and more sustainable production. This
study aims to identify and synthesize the main advancements
and challenges of encapsulation technologies for the controlled
release of nutrients and pesticides. The focus is on evaluating
these studies’ contributions to agribusiness sustainability and
identifying emerging trends and research gaps.

B MATERIALS AND METHODS

Protocol and Registration. This systematic review was conducted
following the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis Protocol guidelines (PRISMA-P).'® The protocol was
based on methodologies used in previous risk assessment studies,
adapted to the investigation of nano and microstructured systems for
controlled release of nutrients and pesticides in agriculture.'”'® The
methodology was detailed to allow replication, including all steps
adopted in the planning, execution, and data analysis processes.

Eligibility Criteria. The eligibility criteria for the studies were
defined using the PECOS framework, ensuring a rigorous selection of
articles relevant to nano and microstructured systems for controlled
release of nutrients and pesticides in agribusiness. The criteria are
detailed as follows:

e Population (P): Studies investigating the application of nano
and microstructured systems in agricultural environments,
focusing on controlled release of nutrients and pesticides.
Exposure (E): Research related to the development and
practical use of controlled release systems, from encapsulation
to implementation in crops.

Comparison (C): Comparison between conventional systems
for releasing agricultural inputs and nano and microstructured
technologies.
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Outcomes (O): Studies evaluating measurable impacts, such as
increased input efliciency, reduced pesticide use, mitigated
environmental impacts, and improved agricultural sustainability.
Study Type (S): Original articles and reviews, including
experimental studies, case studies, and systematic reviews
providing empirical data or robust analyses.

Inclusion Criteria.

1. Development and Practical Application: Studies presenting the
formulation, development, or practical application of nano and
microstructured systems for the controlled release of agricultural
inputs.

. Experimental Data: Articles with field or laboratory exper-
imental data measuring system efficiency, such as nutrient or
pesticide release rates, agricultural productivity impact, or
reduction of environmental contaminants.

. Language and Time Frame: Publications in English or
Portuguese published since 2010.

Exclusion Criteria. To ensure the inclusion of relevant and robust
studies, the following exclusion criteria were detailed:

1. Theoretical Studies Without Practical Application: Studies
lacking experimental validation or practical analysis of described
systems.

. Absence of Quantitative Analysis: Studies without detailed and
measurable quantitative analyses related to the efficiency or
environmental impact of nano and microstructured systems.

Accepted Metrics: Nutrient or pesticide release rates over time;
Half-life of inputs in soil or plants; Quantity of input used per
hectare compared to conventional methods; Reduction in
environmental contaminants, such as chemical residues in
surface or groundwater (mg/L) and soil residues (mg/kg);
Impact on greenhouse gas emissions (e.g., CO, equivalent).
Sustainability Indicators: Productivity increases per hectare;
Operational cost reductions; Soil quality improvements,
measured through indicators such as increased organic matter
or nutrient retention capacity.

. Lack of Experimental Validation: Studies lacking results from
controlled or field experiments supported by replicates and the
presentation of confidence intervals or standard errors.
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Table 1. Key Studies on Controlled Nutrient Release

author (year) focus of the study methodology key findings
Mehra et al. (2021) nutrient release field trials 30% reduction in fertilizer reapplication
. (2018) use of biodegradable polymers laboratory tests controlled release and reduced environmental impact
Malik et al controlled nutrient release tests with nanostructured significant reduction in leaching losses
Qadir et al. (2019) polymers
Ahmed et al. (2020) nanofertilizers for poor soils laboratory trials improved nutrient bioavailability in deficient soils

Wang et al. (2020)
Rahman et al. (2020)

nanofertilizers in saline soils

field trials

nanofertilizers in arid
environments

Singh et al. (2020)
Saifullah et al. (2019)
Li et al. (2021)

nanotechnology in agribusiness
sustainability in agriculture

encapsulated nutrients

greenhouse trials

review of practical applications

controlled release simulations

40% increase in resistance to water stress

35% increase in agricultural productivity under low fertility
conditions

increased productivity with reduced environmental impacts

review of encapsulation methods  highlighted the use of biodegradable polymers such as chitosan

gradual control and 25% increase in nutrient absorption by
plants

Nano-
encapsulated
cro-
encapsulated

Sustainability

Micropesticides

Biopolymer

-

= .,

Figure 2. Nano- and microencapsulated systems in sustainable agriculture. The infographic illustrates the interactions between encapsulated particles
and soil layers, emphasizing their role in improving agronomic efficiency and reducing environmental impacts. It highlights three key zones: (1) Surface
layer (application zone): larger encapsulated particles, such as biopolymer capsules and micropesticides, remain near the surface, enabling the gradual
release of nutrients and agrochemicals. (2) Intermediate layer (retention and filtration zone): smaller nanoencapsulated particles exhibit controlled
mobility, preventing rapid leaching and maintaining inputs within the root zone for extended availability. (3) Deep layer and groundwater table (L):
properly designed nanoencapsulated particles have limited mobility, reducing the risk of groundwater contamination. The soil horizons (O, A, E, B, C,
and R) are represented to illustrate the depth at which these interactions occur.

4. Lack of Statistical Analysis: Comparative studies not presenting
robust statistical tests, such as ANOVA, ¢ tests, or predictive
multivariate models.

5. Incomplete Texts: Reviews, conference abstracts, opinions, and
case reports without full-text availability or reproducible data.

Information Sources and Search Strategy. The search was
conducted in academic databases, including Scopus, Web of Science,
and ScienceDirect, using a search strategy that combined descriptors
and Boolean operators in English, such as “nanostructured” AND
"controlled release” AND “agriculture” and “microstructures” AND
"nutrients” AND "pesticides” AND "efficiency.” To enhance coverage,
open repositories like Google Scholar were consulted for gray literature
(e.g., dissertations and technical reports).

Manual searches and the exploration of references from included
articles were performed to ensure the inclusion of relevant studies.
Experts in the field were also consulted to identify additional articles
and validate the review’s comprehensiveness.

Study Selection. Two independent reviewers initially evaluated
titles and abstracts to verify eligibility criteria. After this initial screening,
full texts were analyzed and thoroughly assessed for inclusion criteria. In
case of disagreements, a third reviewer was consulted for resolution.

Data Collection. Extracted data included: general study character-
istics (authors, year, location), type of nano or microstructured system

used, experimental methodology, main results regarding efficiency and
sustainability, and environmental impact. Data extraction was
conducted independently by two reviewers, and any discrepancies
were resolved by a third evaluator.

Risk of Bias Assessment. The risk of bias in the studies was
assessed using the Joanna Briggs Institute (JBI) Critical Appraisal Tool,
which provides a framework for evaluating the methodological quality
of case-control, cohort, and cross-sectional studies. Each study was
classified as having “high,” “moderate,” or “low” risk of bias, depending
on the score obtained based on established criteria.'’

B RESULTS

Study Selection Flowchart (PRISMA). The database
search across Scopus, Web of Science, ScienceDirect, and
Google Scholar initially identified 432 records. After removing
87 duplicates, 345 articles were screened based on titles and
abstracts. From this screening, 256 studies were excluded, with
172 removed due to a lack of direct relevance to the topic and 84
due to the absence of pertinent experimental data. Subsequently,
89 articles underwent full-text evaluation, of which 40 met all
eligibility criteria and were included in the final analysis. The

https://doi.org/10.1021/acs jafc.4c12980
J. Agric. Food Chem. 2025, 73, 10681—10691


https://pubs.acs.org/doi/10.1021/acs.jafc.4c12980?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12980?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12980?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12980?fig=fig2&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c12980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

EVE

Table 2. Key Studies on Pesticide Encapsulation

author (year)
Bansal et al. (2018)
Oliveira et al. (2018)
Guo et al. (2021)
Li et al. (2021)
Ahmed et al. (2019)

focus of the study

pesticide encapsulation

reduction of pesticides in soils adsorption tests
pesticide encapsulation field trials
encapsulated pesticides

nanostructures applied to pesticides

methodology

controlled release tests

controlled release simulation

literature review

key findings
20% reduction in the amount of pesticides required
20% decrease in environmental toxicity
reduction in leaching and efficient retention of pesticides in soil
gradual control with a 25% increase in pesticide efficiency

evaluation of reduced environmental impact and increased efficiency

Table 3. Key Studies on Bioremediation of Contaminated Soils

author (year)
Chen et al. (2019)
Xu et al. (2021)
Ahmed et al. (2020)
Guo et al. (2021)

focus of the study

bioremediation of soils
recovery of degraded soils
nanoparticles for bioremediation laboratory tests

bioremediation and sustainability ~ field review

methodology

heavy metal adsorption
tests with nanoparticles

key findings
removal of 85% of Cd and Pb from contaminated soils
90% efliciency in the recovery of soils contaminated with metals
effective application for the remediation of toxic metals

potential for environmental recovery in contaminated agricultural areas

complete selection process is detailed in the flowchart presented
in Figure 1.

Description of Studies. The systematic search resulted in
an initial 432 records. After duplicate removal and applying
eligibility criteria, 40 studies were included in the final analysis.
These articles were grouped into four main categories based on
the methodologies employed and objectives of the studies:
controlled nutrient release, pesticide encapsulation, bioreme-
diation of contaminated soils, and environmental impacts/
sustainability. Tables 1, 2, 3, and 4 present the details of the
articles reviewed in each group.

The analysis of the studies revealed that most publications
occurred between 2015 and 2023, with a geographic
concentration of studies conducted in Asia (40%), Europe
(30%), and North America (20%). These findings highlight the
leadership of these regions in the development and application
of encapsulation and controlled release technologies in agri-
business.

The analyzed articles were organized into four main categories
according to their objectives and central themes. Most studies
(50%) addressed controlled nutrient release, demonstrating a
predominant interest in improving the efficiency of agricultural
inputs. Following this, 30% of the studies investigated pesticide
encapsulation, focusing on reducing negative impacts and
increasing precision in pest control. Other prominent areas
included the bioremediation of contaminated soils, accounting
for 15% of publications, and environmental impacts and
sustainability, which, although less frequent, represented 5% of
the analyzed articles.

Controlled Nutrient Release. Studies on controlled
nutrient release represented the largest number of publications
(40% of the total). This line of research focuses on the
application of nano and microstructured systems to increase
fertilizer efficiency and minimize losses. Mehra et al. (2021)
reported a reduction in the need for fertilizer reapplication in
field trials," while Qadir et al. (2018) highlighted the use of
biodegradable polymers, such as chitosan, for gradual release,
resulting in lower environmental impact.” Furthermore, Malik et
al. (2019) demonstrated a significant reduction in leaching with
nanostructured systems.'”

These findings are particularly relevant for poor soils or those
subject to environmental stresses, such as high salinity or low
fertility.'*° Detailed data for these studies are available in Table
1.
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The infographic illustrates the dynamics of soil and
encapsulated systems, depicting the different soil layers: surface,
intermediate, and deep (Figure 2).

Surface soil layer (application zone): Larger encapsulated
particles (ranging from approximately 10 to 1000 ym in
diameter), such as biopolymer capsules and micropesticides,
remain near the surface. These particles are released gradually,
enabling the prolonged delivery of nutrients or agrochemicals
directly to plants. This process reduces immediate losses from
leaching and improves agronomic efficiency.

Intermediate layer (retention and filtration zone): Smaller
particles (typically in the range of 1—100 nm), such as
nanoencapsulated ones, are observed. These particles exhibit
controlled mobility and are gradually transported to deeper soil
layers. The soil acts as a natural filter, retaining the encapsulated
particles, preventing accelerated leaching, and keeping the
inputs available in the root zone for an extended period.

Deep layer and groundwater table: The infographic highlights
that nanoencapsulated particles, when properly designed, have
limited mobility, which reduces the risk of reaching the
groundwater table. This protective barrier helps safeguard
underground water resources, minimizing contamination from
agrochemicals.

Overall, the infographic emphasizes that encapsulated systems
are a key innovation for combining agricultural productivity with
environmental sustainability. The controlled interaction be-
tween encapsulated particles and the soil profile minimizes
nutrient and chemical losses, protects groundwater resources,
and reduces environmental impacts. Simultaneously, these
technologies enhance agronomic efficiency, fostering a more
sustainable and responsible agricultural model. This approach
demonstrates that adopting encapsulated systems can effectively
balance the economic demands of agriculture with the global
need for environmentally conscious practices.

Pesticide Encapsulation. The second category included
studies on pesticide encapsulation (30% of the total), which
addressed the use of nanostructured systems to improve
efficiency and reduce the environmental impacts of agricultural
pesticides. Bansal et al. (2018) and Oliveira et al. (2018)
reported a reduction of up to 20% in the amount of pesticides
required in controlled experiments.”'' Li et al. (2021)
demonstrated, in laboratory simulations, a 25% increase in the
efficiency of encapsulated pesticides due to the gradual release of
active compounds.

Studies such as those by Patel et al. (2020) and Ahmed et al.
(2019) also emphasized the need for specific regulations for

https://doi.org/10.1021/acs jafc.4c12980
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Table 4. Key Studies on Environmental Impacts and Sustainability

author (year)

Rahman et al. (2020)
Patel et al. (2020)

focus of the study

sustainability in agriculture

long-term impacts of nanomaterials

methodology

critical review

literature review

key findings
discussion of positive environmental impacts of nanotechnology

recommendation for more comprehensive regulatory studies

nanopesticides, given the risk of long-term environmental
impacts.'”*" Additional details can be found in Table 2.

Bioremediation of Contaminated Soils. The third
category included studies on the application of nanoparticles
for the remediation of soils contaminated with heavy metals,
representing 20% of the analyzed articles. Chen et al. (2019)
reported the removal of up to 85% of cadmium (Cd) and lead
(Pb) from agricultural soils.* Xu et al. (2021) observed a 90%
efficiency in the recovery of degraded soils in tests with
nanoparticles.”

These results demonstrate the potential of nanostructured
technologies to restore contaminated soils to arable conditions,
providing a promising solution for food security and environ-
mental sustainability. Table 3 summarizes the key studies in this
group.

Environmental Impacts and Sustainability. The fourth
and final category analyzed focused on the environmental
impacts of nano and microstructured technologies on
agricultural sustainability, accounting for 10% of the reviewed
articles. Rahman et al. (2020) conducted a critical review
highlighting the environmental benefits provided by the use of
nanofertilizers and nanopesticides, such as reducing pollution in
water bodies and protecting nontarget organisms.'* On the
other hand, Patel et al. (2020) pointed out the potential risks
associated with the toxicity of nanomaterials and the lack of
specific regulations for their use, emphasizing the importance of
long-term studies to assess their safety.'’ The key studies related
to this category are presented in Table 4.

Analysis of Key Findings. The analysis of results revealed
significant advancements in the use of nano and microstructured
systems for controlled nutrient and pesticide release, with
notable impacts on agronomic efliciency, sustainability, and
environmental recovery. These systems demonstrated the
capacity to improve agricultural productivity, reduce negative
environmental impacts, and optimize the use of inputs.

Nutritional Efficiency. Controlled nutrient release systems
have demonstrated significant improvements in nutrient
bioavailability and plant absorption efficiency, reducing the
need for reapplications and minimizing losses through leaching.
Mehra et al. (2021) reported a 30% reduction in fertilizer use in
field trials while maintaining crop yields." Similarly, Wang et al.
(2020) found that applying nanofertilizers to saline soils
enhanced plant resistance to water stress by 40%, underscoring
the adaptability of these technologies to challenging environ-
mental conditions.”’

In addition, Rahman et al. (2020) observed that nano-
encapsulated nitrogen fertilizers exhibited a prolonged nutrient
release period, reducing volatilization losses and improving
nitrogen use efficiency.'* Advances in controlled-release
formulations have also led to improved nutrient retention in
soils prone to leaching, ensuring a more sustained supply of
essential elements for plant growth.

Beyond their efficiency in nutrient delivery, nano and
microstructured fertilizers contribute to greater resilience
against environmental stresses, including drought and soil
salinity. Their enhanced stability allows for more effective
nutrient absorption even in degraded soils, supporting

sustainable agricultural practices. These benefits position
controlled-release systems as a key strategy for improving crop
productivity while minimizing environmental impact, partic-
ularly in regions facing soil fertility challenges and climate
variability.

Mitigation of Environmental Impacts. The encapsula-
tion of pesticides in biodegradable polymers, such as chitosan,
proved effective in reducing toxicity and leaching, contributing
to environmental protection. Oliveira et al. (2018) reported a
20% reduction in environmental toxicity in adsorption experi-
ments,"’ while Guo et al. (2021) demonstrated efficient
pesticide retention in soil, preventing contamination of water
bodies.”? Additionally, Li et al. (2021) showed that gradual
release systems increased pesticide efliciency, reinforcing their
role in the sustainability of agribusiness.’

Contaminated Soil Recovery. Bioremediation with nano-
particles yielded promising results in removing heavy metals
from agricultural soils, aiding in the rehabilitation of
contaminated areas. Chen et al. (2019) reported 85% efficiency
in the adsorption of cadmium (Cd) and lead (Pb),® while Xu et
al. (2021) achieved 90% recovery in degraded soils. These
findings indicate that nanostructured technologies offer practical
solutions to restore contaminated soils to arable conditions,
ensuring food security and reducing environmental risks.”

Challenges and Limitations. Despite the advancements,
the reviewed studies pointed out important limitations. Patel et
al. (2020) and Rahman et al. (2020) warned about the potential
toxicity of nanomaterials, as well as the lack of specific
regulations for their use in agriculture.'”'* These regulatory
gaps, combined with high production costs, limit large-scale
application and require joint efforts from researchers, legislators,
and the production sector to enable the safe and efficient
adoption of these technologies.

Overall, nano and microstructured systems represent an
innovation with a significant impact on agribusiness, allowing for
greater efficiency in the use of inputs and more sustainable
practices. However, overcoming regulatory challenges and
conducting long-term studies on environmental and health
impacts are essential to ensure the widespread and safe adoption
of these technologies.

B DISCUSSION

The 40 studies analyzed reinforce the crucial role of nano and
microstructured systems in transforming agribusiness, providing
greater efficiency in the use of inputs, reducing environmental
impacts, and recovering degraded areas. These systems emerge
as innovative technologies to address current agricultural
challenges, ensuring sustainable productivity and environmental
security.

Nutritional Efficiency and Nutrient Absorption. Con-
trolled nutrient release via nanofertilizers has been widely
studied, with consistent benefits reported. Mehra et al. (2021)
observed a reduction in the need for fertilizer reapplication in
field trials, highlighting the efficiency of these systems in
absorbing essential nutrients." Saifullah et al. (2019) and Singh
et al. (2020) demonstrated that iron- and magnesium-based
nanofertilizers significantly increased plant biomass, promoting
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higher agricultural productivity. These results are particularly
important for soils deficient in micronutrients.”’

Studies such as those by Wang et al. (2020) and Rahman et al.
(2020) explored the impact of nanofertilizers in stressed soils,
such as those with high salinity or low fertility."* Plants treated
with these inputs showed greater resistance to water stress and a
40% increase in agricultural yield, reinforcing the potential for
application in challenging environments.

Nanotechnology and microstructured systems represent
strategic tools for promoting sustainable agriculture, offering
solutions that optimize resource use and improve the efficiency
of agricultural inputs.””*® A successful example of application is
the use of nanopesticides combined with Integrated Pest
Management (IPM) strategies. These advanced formulations
are more effective against target organisms while minimizing
toxicity to nontarget species and reducing environmental
contamination, promoting more selective and sustainable
protection.”* The controlled and targeted release of active
ingredients enabled by nanopesticides improves agrochemical
efficiency by reducing the amount of chemicals aﬁpplied,
contributing to more balanced agricultural practices.”””

Furthermore, nanomaterials offer significant advantages in
enhancing natural or biologically based agrochemicals, over-
coming limitations such as low stability and limited penetration
in plant tissues.”” This integrated approach, involving nano-
pesticides and IPM, is especially promising in perennial
agricultural systems, such as tea plantations, where sustainable
crop protection is a priority.28 However, challenges remain
regarding the need for validation in field conditions and the
assessment of the long-term environmental impacts of nano-
particles.””*°

Nanofertilizers also emerge as an innovative solution for plant
nutrition, contributing to increased nutrient absorption
efficiency, environmental impact mitigation, and higher
agricultural productivity.’"** These fertilizers enable controlled
nutrient delivery and possess properties that enhance their
absorption, even in low-fertility soils, providing significant gains
in agronomic efficiency and environmental sustainability.””**
Advanced technologies, such as microfluidic systems, have
enabled the manufacturing of nanofertilizers with precise
structures and properties tailored for gradual release, increasing
their effectiveness in various agricultural settings.**

Among the most promising systems are those based on
calcium phosphate, silica, and chitosan nanostructures, oftering
sustainable alternatives for plant nutrition.”> However, signifi-
cant barriers still need to be addressed, such as the lack of
specific regulations for agro-nanotechnology products, initial
public resistance, and the need for a detailed life cycle
assessment of these materials.*®

The combination of these technologies with conventional
agricultural practices, such as traditional fertilization, enhances
their benefits, creating synergies that promote greater
sustainability in different agricultural contexts. This integrated
approach facilitates the adoption of nanostructured technolo-
gies, from large properties to smallholders, expanding their reach
and impact on the global agricultural sector.

Use of Biodegradable Polymers for Gradual Release.
The use of biodegradable polymers, such as chitosan, in
encapsulating nutrients and pesticides has proven efficient for
gradual release, with clear environmental benefits. Qadir et al.
(2018) highlighted that these materials control the release of
active compounds, protecting the soil and reducing contami-
nation.” Bansal et al. (2018) demonstrated a 20% reduction in

the amount of pesticides needed when using biodegradable
polymers for encapsulation, decreasing environmental exposure
and toxicity.’

These systems not only increase agronomic efficiency but also
promote sustainable agricultural practices by limiting negative
impacts on the ecosystem. Li et al. (2021) emphasize that the
use of these polymers can be extended to different types of
agricultural crops.’

Mitigation of Environmental Impacts. Nanoencapsu-
lated systems have proven to be an effective solution for
mitigating environmental impacts associated with conventional
agriculture. Oliveira et al. (2018) and Guo et al. (2021) reported
significant reductions in pesticide leaching in agricultural soils,
preventing contamination of water bodies."”"" Li et al. (2021)
also observed a increase in the efficiency of encapsulated
pesticides, reducing the need for frequent applications and
protecting nontarget organisms.”

Malik et al. (2019) and Rahman et al. (2020) highlighted that
the encapsulation of inputs in nanostructured systems
minimizes the risks of uncontrolled dispersion in the soil,
contributing to the preservation of natural resources and
environmental balance.'>"*

The implementation of methodologies to monitor long-term
environmental impacts is essential to ensure the safety and
sustainability of using nano and microstructured systems in
agriculture. Technologies such as nanosensors have shown
promise by enabling detailed monitoring of environmental
parameters, including soil quality, plant health, and food safety,
providing real-time data for more efficient management.”””"
However, the increasing use of nanomaterials in agriculture
raises concerns about potential risks to human health and the
environment.””*°

While these technologies offer substantial benefits, there is
limited knowledge about the biosafety of nanomaterials,
particularly regarding their fate, behavior, and interactions in
agroecosystems. Further research is needed to assess and
manage potential risks, particularly those related to the
persistence and accumulation of these materials in the
environment.””*" The creation of comprehensive risk assess-
ment frameworks, supported by robust international regulations
based on scientific evidence, is crucial to ensure the responsible
and sustainable application of nanotechnology in agricul-
ture.**

Advanced analytical tools play a crucial role in understanding
the dynamics of nanoparticles in different environmental
matrices. Accurate methods for tracking the dispersion and
behavior of nanoparticles are key to evaluating their ecotoxicity
and potential ecological impacts. Studies suggest that nano-
particles may interact with beneficial microorganisms in soil and
aquatic environments, altering cellular functions and population
dynamics of these organisms.”’ Nanoparticle toxicity is
influenced by factors such as size, shape, and chemical
composition, which reinforces the need for specific studies for
each type of material.**

Approaches such as trophic chain analysis and multispecies
exposures have been used to study ecological risks, including
bioaccumulation in nontarget organisms, such as beneficial
insects and microorganisms essential to soil health."*
Additionally, cutting-edge analytical techniques, such as
inductively coupled plasma mass spectrometry (ICP-MS) for
single particles and field-flow fractionation, are enhancing the
ability to detect and quantify nanoparticles in complex
environmental systems.**” These technological advances are
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essential for providing detailed information about nanoparticle
behavior in the environment and supporting the formulation of
regulations that balance technological innovation with environ-
mental protection.

Nano and microstructured technologies can also play a
strategic role in regenerative agriculture, which aims to restore
soil health, increase biodiversity, and mitigate climate change
through carbon sequestration.””*’ Practices such as no-until
farming, cover cropping, and crop rotation can improve organic
carbon levels in the soil and soil health.>*" Nanotechnology
offers promising applications in sustainable agriculture,
including smart nanoformulations for crop protection and
plant nutrition, nanoremediation for contaminated soils, and
nanosensors for monitoring plant health and food quality.*®
Moreover, using nanoparticles for contaminant adsorption and
recovering degraded areas directly contributes to improving soil
quality and increasing its carbon storage capacity. When
combined with regenerative practices, such as no-until farming,
crop rotation, and green fertilization, these technologies can
enhance the benefits of these approaches, creating more resilient
and sustainable agricultural systems.

Encapsulation and Soil Bioremediation. Soil bioreme-
diation was another widely addressed topic in the reviewed
studies. Chen et al. (2019) and Xu et al. (2021) demonstrated
that nanoparticles could adsorb heavy metals such as cadmium
(Cd) and lead (Pb) with an average efficiency above 85%.%7
These technologies are particularly useful for recovering areas
degraded by intensive agricultural activity, making soils suitable
again for cultivation.

Guo et al. (2021) and Ahmed et al. (2020) reinforced the
potential of nanoparticles in environmental recovery, suggesting
that these systems can also be applied to treat contaminants in
groundwater.' >

Advances in Nanofertilizers for Stressed Soils. Nano-
fertilizers showed significant benefits in soils with adverse
conditions, such as high salinity and low nutrient availability.
Wang et al. (2020) demonstrated that these fertilizers not only
increase nutrient absorption efficiency but also promote plant
resistance to water stress, with promising results in economically
important crops, such as wheat, rice, maize, and soybeans, which
are staple foods and key commodities in global agriculture.”

Rahman et al. (2020) highlighted that the use of nano-
fertilizers in arid soils resulted in a 35% increase in agricultural
productivity, reducing the need for conventional inputs."*

Nanotechnology presents vast potential for agricultural
applications, especially in tropical and subtropical regions.
However, these regions face specific challenges related to
variable soil and climate conditions, requiring tailored
technological solutions.”>** Soils in these areas are often
characterized by high acidity, low fertility, and increased
susceptibility to degradation. Additionally, irregular precipita-
tion and high temperatures further complicate sustainable
agricultural system management.ss’56

The variability in soil properties in tropical and subtropical
regions is significant, with soils often poor in nutrients and
affected by chemical and physical restrictions. Soil acidity is
strongly influenced by the water balance, with acidic soils
predominating in areas where precipitation exceeds evapotrans-
piration, resulting in base leaching.”” Furthermore, phosphorus
and nitrogen deficiencies, aluminum toxicity, and poor physical
structure often limit root growth and water access for plants.”*>”
This scenario is exacerbated by climate change, which intensifies
land degradation processes in these regions.”

To mitigate these challenges, encapsulation technologies
emerge as a promising solution, offering greater stability and
effectiveness to bioactive compounds used in agriculture. Several
polymers and techniques have been used to encapsulate
phytohormones, biostimulants, and beneficial microorganisms,
such as Trichoderma and Bradyrhizobium, aiming to optimize
their efficiency in adverse conditions.””"*> These encapsulation
systems provide advantages such as increased thermal stability,
controlled release in response to environmental stimuli, and
protection against degradation of active ingredients.**

The adaptation and evaluation of these technologies in
tropical and subtropical environments are essential to maximize
their effectiveness. Encapsulated systems that respond to specific
environmental conditions, such as high temperatures and
irregular water regimes, can improve agricultural productivity
and sustainability in these regions. Promoting the large-scale
adoption of these innovations, especially in developing countries
that rely heavily on agribusiness, requires a detailed analysis of
their performance in different environmental and cultural
contexts. Additionally, public policies and training programs
must be prioritized to integrate these technologies into local
agricultural practices, contributing to global food security and
sustainability.

Challenges and Limitations. Despite the advancements,
the reviewed studies pointed to challenges that need to be
addressed to enable the wide adoption of these technologies.
Patel et al. (2020) and Oliveira et al. (2018) warned about the
potential risks associated with the toxicity of nanomaterials,
especially in the long term."”"" The lack of clear regulations and
safety protocols for the use of nanopesticides and nanofertilizers
was also highlighted as a significant barrier.

Moreover, the high production cost of encapsulated systems
limits their large-scale use, particularly in low-income countries.
Developing more affordable alternatives is essential to overcome
this challenge. The large-scale application of nano and
microstructured systems in agriculture presents technological
and economic challenges that restrict their spread, despite their
innovative potential.

Among the main obstacles are the high production costs, the
complexity of manufacturing processes, and the need for
materials that combine high performance with specific proper-
ties.”* Recent advances, such as 3D printing and biopolymers,
offer promising solutions to overcome these limitations. 3D
printing allows for the creation of complex and customized
structures, combining high precision and flexibility.”® At the
same time, natural biopolymers, such as cellulose, starch, and
chitosan, have emerged as sustainable alternatives due to their
biocompatibility and degradation capacity.”*®” These materials
can be enhanced to increase their mechanical strength and
multifunctionality, facilitating their application in nanostruc-
tured systems.*®

These technologies provide significant impacts not only in
technical but also in economic and social aspects, particularly in
low-income countries. Nano and microstructured systems
optimize resource use, reduce operational costs, and promote
more sustainable agricultural practices. Nanotechnology, in
particular, supports precision agriculture by enabling targeted
delivery of fertilizers and pesticides and real-time monitoring
through advanced sensors.*® However, the high cost of
nanoscale-based technologies, as seen in the distribution of
COVID-19 vaccines, highlights challenges related to the
accessibility of these innovations in economically vulnerable
regions.69
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Another critical challenge for the safe and responsible
implementation of these technologies is the lack of specific
regulations and international standards for nanopesticides and
nanofertilizers. The absence of standardized protocols for
assessing the impacts of these products on ecosystems and
human health limits their acceptance and application.””"
Recent studies emphasize the need for robust regulations that
balance promoting innovation with environmental preserva-
tion.”* Clear guidelines should include safe application limits,
standardized monitoring methodologies, and criteria for
assessing bioaccumulation and long-term toxicity. Thus, the
creation of a comprehensive regulatory framework must be a
priority to allow for the sustainable and safe expansion of
nanotechnology in the agricultural sector. To achieve this,
collaboration between researchers, regulatory bodies, and the
private sector will be essential. Well-structured public policies
can stimulate the responsible use of these technologies, ensuring
that the economic and environmental benefits of nanostructured
systems are achieved without compromising ecosystem and
human health safety. The combination of technological
advances, effective regulation, and economic accessibility will
enable nanotechnology to play a transformative role in global
agribusiness.

Complementary and Alternative Technologies. The
advancement of emerging technologies, such as biostimulants
and beneficial microorganisms, has offered sustainable and
efficient alternatives to conventional agricultural practices. Plant
biostimulants, which include microbial types (e.g., mycorrhizal
fungi and rhizobacteria) and nonmicrobial types (e.g., humic
substances and seaweed extracts), have demonstrated the ability
to improve crop performance, increase nutrient absorption
efficiency, and strengthen tolerance to abiotic and biotic
stress.””’* Encapsulation technologies have been used to
enhance the stability, bioavailability, and effectiveness of these
biostimulants, offering greater protection against environmental
degradation and increasing their efficiency in the field.”>”®

Among the microbial biostimulants, arbuscular mycorrhizal
fungi stand out due to their ability to improve nutrient
acquisition, such as phosphorus, and increase plant tolerance
to environmental stress conditions, such as drought and
salinity.77 On the other hand, nonmicrobial biostimulants,
such as seaweed extracts and humic substances, directly impact
plant physiology, promoting growth and resilience. Recent
studies suggest that combining microbial and nonmicrobial
biostimulants can generate synergistic effects, resulting in more
effective products adaptable to different agricultural condi-
tions.”®

Advances in biotechnology, such as next-generation sequenc-
ing and synthetic biology, are transforming the application of
beneficial microorganisms in agriculture. These developments
allow for the identification of specific genes that promote plant
growth and genetic manipulation to increase microorganism
efficiency under various soil and climate conditions.”” This
technological integration not only expands the reach of
microbial biostimulants but also strengthens their application
in precision and regenerative agriculture contexts.

Moreover, the synergy between biostimulants and nano-
structured systems represents a promising opportunity to
optimize agronomic outcomes. Encapsulated systems can
enhance the benefits of biostimulants by providing controlled
release and greater stability under adverse conditions,
contributing to more sustainable and high-productivity
agricultural practices. This integrated approach also positions
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biostimulants and encapsulated systems within a broader field of
agricultural solutions, allowing them to be combined with other
emerging technologies to meet global demands for greater
sustainability and food security.

These advances highlight the fundamental role of biostimu-
lant technologies in reducing dependence on synthetic inputs,
improving soil health, and promoting more balanced and
environmentally conscious agricultural practices.”’ The wide-
spread adoption of these innovations will depend on joint efforts
to increase accessibility, develop clear regulations, and
disseminate technical knowledge among farmers, ensuring
their long-term effectiveness and sustainability.

Final Considerations. Nano and microstructured systems
for controlled release have the potential to revolutionize
agricultural practices by enhancing the efficiency of nutrient
and pesticide use while mitigating environmental impacts. These
technologies enable precise and sustained input delivery,
reducing losses through leaching and volatilization while
ensuring better resource utilization. The integration of
biodegradable materials further strengthens their role in
sustainable agriculture, aligning with global environmental
goals and improving soil health.

This review highlights the transformative role of nano and
microstructured systems in modern agribusiness, particularly in
optimizing nutrient absorption, minimizing chemical inputs, and
facilitating soil remediation. By maintaining bioavailability
within the root zone for longer periods, these systems contribute
to more effective crop management and improved agricultural
productivity. However, despite these advantages, key challenges
remain, especially regarding regulatory frameworks, long-term
environmental safety, and public acceptance of nanomaterials in
agriculture. Addressing these issues through rigorous research
and well-defined policies is essential to ensure their responsible
implementation.

Additionally, economic considerations, such as production
costs and accessibility for small-scale farmers, must be taken into
account to facilitate widespread adoption. Advances in
biopolymers, precision agriculture, and manufacturing techni-
ques like 3D printing offer promising pathways to make these
technologies more viable and cost-effective.

In conclusion, while nano and microstructured controlled-
release systems represent a significant advancement toward
sustainable agriculture, their success depends on bridging
knowledge gaps, refining regulatory policies, and fostering
collaboration between researchers, policymakers, and industry
stakeholders. Continued innovation and responsible application
will be crucial to balancing productivity gains with environ-
mental stewardship, ensuring resilient and sustainable agricul-
tural systems worldwide.
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