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HIGHLIGHTS

e Nanopesticides with minimizing carrier were prepared through prodrug molecular design and molecular self-assembly.

e Nanopesticides with minimizing carrier are expected to solve the environmental risks caused by the unrestricted introduction of

nanomaterials.

e Future development and challenges of nanopesticides with minimizing carrier.

ABSTRACT The flourishing progress in nanotechnology offers Complicated Simple

boundless opportunities for agriculture, particularly in the realm of

%
o @
Lo G Problems to be solved of Nanopesticide

nanopesticides research and development. However, concerns have

Nanomaterial degradability

been raised regarding the human and environmental safety issues stem-

ming from the unrestrained use of non-therapeutic nanomaterials in

nanopesticides. It is also important to consider whether the current = Menomsersis e carers o camrs

development strategy of nanopesticides based on nanocarriers can strike a balance between investment and return, and if the complex
material composition genuinely improves the efficiency, safety, and circularity of nanopesticides. Herein, we introduced the concept of
nanopesticides with minimizing carriers (NMC) prepared through prodrug design and molecular self-assembly emerging as practical tools
to address the current limitations, and compared it with nanopesticides employing non-therapeutic nanomaterials as carriers (NNC). We
further summarized the current development strategy of NMC and examined potential challenges in its preparation, performance, and
production. Overall, we asserted that the development of NMC systems can serve as the innovative driving force catalyzing a green and

efficient revolution in nanopesticides, offering a way out of the current predicament.
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1 Introduction

In the contemporary era, transformative changes are needed
in agricultural and food systems to cope with the impacts of
global climate change [1]. Pesticides are widely used as a
vital component of this system, but the escalating issue of
resistance conceals a substantial crisis [2]. Concerns regard-
ing toxicity, pollution, and oversight have arisen successively
[3]. Nowadays, science-driven advances form the cornerstone
for addressing these challenges [4], with nanotechnology
emerging as a promising frontier for revolutionizing pesti-
cides [5]. Nanopesticides have emerged as a development
with significant potential, and their importance and priority
have been widely recognized [6]. In this field, using nano-
materials to load active ingredients stands out as a pivotal
strategy for constructing nanoscale delivery platforms, which
currently representing the most mainstream research and
development concept. Compared with traditional pesticides,
nanopesticides can be endowed with stimulus-responsive
functions through specific materials and can be efficiently
delivered to targets through small size effects [7, 8]. Nan-
opesticides play a pivotal role in enhancing food security
and fostering sustainable practices in crop protection [9-11].

As mentioned above, research strategy of nanopesticides
is predominantly based on developing diverse nanomate-
rials as carriers to provide better release behavior, higher
inhibition efficiency, and more functional features for this
delivery system (Fig. 1). However, has the overall efficiency
of current nanopesticides truly achieved a significant leap
from millimeters or micrometers scales to nanometer scales?
The size effect of nanopesticides is influenced by multiple
factors, and arriving at more accurate conclusions neces-
sitates prolonged and thorough discussions. Regrettably,
existing research data does not appear to demonstrate that
the enhancement of nanopesticides has achieved the most
optimal results [12]. Simultaneously, it is crucial to empha-
size that the development of pesticide products is highly
dependent on cost considerations. In the present progression
of nanopesticides, the excessive modification of nanomate-
rials within nanoscale delivery platforms through intricate
processes often diverges from the core principles of sustain-
able development. This deviation is notable as sustainable
development underscores efficiency, safety, and circularity,
which are important guiding principles for nanopesticides
research [13, 14].

© The authors
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Fig. 1 Advantages and challenges of utilizing nanomaterials in nan-
opesticides

Given the background outlined above, the next crucial
topic for in-depth discussion is the safety of current nanope-
sticide research strategies centered around nanomaterials.
Compared with medicine, the process of pesticide delivery
and application scenario are open and complex, involving
the entire ecosystem, and its potential process losses and
residual hazards receive widespread attention. Before nan-
opesticide products enter the market, the establishment of
a comprehensive framework for risk assessment is impera-
tive to ensure compliance with the demands of sustainable
intensification in the future. On the one hand, the large-scale
application of engineered nanomaterials (EEMs) has indeed
promoted the development of nanopesticides, but, on the
other hand, addressing the inherent risks and limitations of
the unrestrained introduction and proliferation of nanomate-
rials will be a challenge [15-17]. Acknowledgment is neces-
sary for the potential long-term adverse effects of EEMs on
agroecosystems [18], encompassing spanning soil, plants,
and various organisms, including humans [19-22] (Fig. 1).
The introduction of EEMs may also cause indirectly the
harmful of nanoplastics on biological systems, which pos-
ing a significant threat to agricultural sustainability and food
safety [23]. Furthermore, existing analyses indicate that a
stringent screening process for certain EEMs is necessary
to ensure that they meet the conditions for maximizing the
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net realized benefits in a specific agricultural application
[24]. Collectively, the balance between input costs (material,
energy input, usage amount, and labor and time costs) and
realized benefits (crop yield, germination rate, and disease
incidence) of EEMs, the effectiveness of risk assessment
system, and the prospects of large-scale application are still
controversial. Indeed, these issues have started to impede the
progress of nanopesticides.

How to advance the development and application of
nanopesticides in the future while reducing dependence on
nanomaterials is an urgent issue deserving serious consid-
eration. It is noteworthy to emphasize the growing impor-
tance of carrier-free nanodrugs in the medical field [25],
which providing a reference for getting out of the current
predicament [26, 27]. Carrier-free nanodrugs developed
through prodrug preparation and molecular self-assembly
exhibit exceptionally high loading capacity [28]. This system
enhances overall safety through reducing non-therapeutic
materials and increasing effective content. The advent of
cost-effective and high-throughput self-assembly tech-
nologies has increased the scalability of this strategy [29].
Indeed, carrier-free is an ideal drug deliver platform. These
approaches of minimizing carriers are pivotal in address-
ing the limitations of current nanoscale delivery platforms,
particularly concerning aspects such as loading capacity and
toxicity [30, 31]. Against this backdrop, strategies aimed
at minimizing carriers are expected to be employed in the
development of nanopesticides and offer potential solutions
to current agriculture challenges. In recent years, some agri-
cultural chemists have put forth substantial technological
methods aimed at minimizing non-therapeutic carriers in
nanopesticides. However, there is a notable lack of a sys-
tematic overview of this developmental direction, which is
essential to provide comprehensive guidance for the creation
of the new generation of nanopesticides.

In this review, we first summarize the development and
characteristics of nanopesticides with minimizing carriers
(NMC) prepared through prodrug design and molecular self-
assembly, and compare them with nanopesticides employ-
ing non-therapeutic nanomaterials as carriers (NNC). Next,
the development strategies and preparation mechanisms of
recent research on NMC are analyzed, including reactions
between small molecules, reactions between host—guest
compounds and small molecules, and reactions between low
molecular weight polymers and small molecules. Finally,
challenges and opportunities for the future development of
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NMC are discussed based on current scientific research pro-
gress. We hope that this review effectively elucidates the
significance of NMC development for nanopesticides and
offers innovative ideas for the long-term green revolution
of pesticide in the future.

2 Progress and Properties

As materials science and nanotechnology become integral
to pesticide research, the past decade has witnessed rapid
advancements in the realm of nanopesticides. In light of
the observed trend in the number of published papers and
the convergence of research fields, it can be anticipated that
future investigations into nanopesticides will continue to
thrive (Fig. 2A). The emergence of the NNC system primar-
ily stems from the utilization of nanotechnology in pesticide
formulations, and the carrier role played by nanoparticles
in pesticides. In contrast with conventional pesticide for-
mulations plagued by issues such as high organic solvent
content, poor dispersibility, and short duration of action,
the NNC system has advantages in enhancing the physical
and chemical properties, achieving targeted and sustained
release, and multifunctionality [32]. Therefore, the related
patented products of NNC systems have been successfully
introduced to the market. Examples include products such as
Nualgi Foliar Spray, Dedalo Elite, and AZteroid FC 3.3 [9].
In addition, the expanding production scale of EEMs aligns
with the feasibility of large-scale application of NNC sys-
tems in the future [24]. Through data retrieval, it can be seen
that most of research articles on nanopesticides are driven by
the functional modification of nanocarriers or the composite
use of multiple nanomaterials. The delivery of genetic mate-
rial via nanomaterials has also started to garner attention
in the realms of crop engineering and plant protection [33,
34]. But researches on carrier-free nanopesticides are sparse.
However, what cannot be ignored is the extensive research
on molecular self-assembly and pesticide delivery during
the development of nanopesticides [35, 36]. Molecular self-
assembly makes the transformation from molecular entities
to micron- or nanoscale substances [37], which is also one
of the key foundations of current nanomedicine for active
molecules delivery [38]. NMC, as a nanopesticide, relies on
minimal or negligible use of nanomaterials to form nano-
particles, microspheres, vesicles, or other delivery systems
(the molecular weight of all compounds cited in this article
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does not exceed 10 k). Molecular self-assembly stands out
as one of the pivotal steps for obtaining this system. There-
fore, molecular self-assembly, which have gained significant
ground in research of pesticide delivery, has the potential to
contribute to the continued development of NMC.

NMC typically boasts high loading capacity and miti-
gates the risk of toxic events associated with excessive use
of nanomaterials for loading enhancement [30]. Figure 2B
summarizes the loading capacity reported in recent studies
of nanopesticides. The results indicated that, at comparable
sizes, NMC exhibited significantly superior pesticide load-
ing capacity compared to NNC, which encompassed SiO,,
polymer, MOF, and their composites (Table S1). NNC
employs these materials for pesticide loading through encap-
sulation, adsorption, or modification. In the NMC system,
besides utilizing small molecule compounds, low molecular
weight polymer can also be selected as one of the mono-
mers participating in prodrug design and molecular self-
assembly. For instance, polyethylenimine (PEI) molecules
can be involved in the preparation of NMC system and can
also serve as modified carriers in NNC system [39]. It is
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evident that the variances in preparation strategy and mate-
rial choices between NMC and NNC systems directly result
in essential difference in loading capacity between the two
systems. For nanopesticides, the superior loading capacity
exhibited by NMC delivery systems can play a crucial role
in reducing the dose administered, offering a potential strat-
egy to mitigate the development of pesticide resistance and
improve safety [40].

When comparing the comprehensive performance of
NNC and NMC (Fig. 2C), toxicity and safety need to be
mentioned first. In fact, the standout characteristic of nan-
opesticides is that nanonization strengthens biological
effects, such as biological barrier penetration, adjustment
of reactive oxygen species (ROS), and modulation of plant
metabolism and signaling pathways [41]. In the analysis
conducted by Kah et al. in 2018 [13], the toxicity of nan-
opesticides to target organisms increased by 24% compared
to non-nanopesticides. Similarly, in the study by Wang
et al. in 2022 [12], this increase was reported to be 31.5%.
These analyses, focusing on EEMs and NNC as the primary
research subject, have revealed an augmentation in the toxic
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Fig. 2 Development overview and comparison of properties of NMC and NNC. A Publication trends and research areas of NMC and NNC.
Keyword search and paper collection source Web of Science, including only research papers. B A comparison of the loading capacity of NMC
and NNC. Relevant information of cited references is in Table S1 of Supplementary Information. C A comparison of comprehensive properties
of NMC and NNC. The evaluation criteria for the comprehensive properties of NMC and NNC based on the relevant data in Table S1-2 of Sup-
plementary Information. D The target organism toxicity of NMC and NNC. The lower and upper ends of the box represent the 25th and 75th
percentiles, respectively, while the line and cross inside the box denote the median and mean, respectively. The whiskers indicate the 90th and
10th percentiles. These parameters are derived from dose-response relationships, such as ECy, or LCy,, which are inversely related to toxicity.
Their inverse ratios are compared in the analysis. Relevant information of cited references is in Table S2-3 of Supplementary Information

© The authors

https://doi.org/10.1007/s40820-024-01413-5



Nano-Micro Lett. (2024) 16:193

Page5of 16 193

effects of nanopesticides. However, additional multidimen-
sional assessment criteria may be necessary for evaluating
toxicity to non-target organisms, particularly concerning
genotoxicity against refractory substances. At the same
time, attention should be given to controversial experimen-
tal results regarding the safety assessment of aquatic life
[42]. The very direct introduction of nanomaterials that are
difficult to degrade naturally into organisms and ecosystems
could be a double-edged sword. This is likely to be one of
the primary constraints on market regulation of NNC-based
nanopesticides in the future [43]. Herein, we also conducted
a preliminary comparison of the target organism toxicity of
NMC and NNC (Fig. 2D and Table S2). The results indicate
that the average value of target organism toxicity of NMC
was 1.29 times that of NNC, suggesting that NMC may
potentially offer efficacy advantages (Table S3). In terms of
non-target organism toxicity, the water-only NMC system
prepared by An et al. [44] showed low toxicity to non-target
plant seeds, human epithelial cells, zebrafish, earthworms,
and Escherichia coli. Furthermore, the presence of prod-
rugs may also enhance biosafety. These results indicate that
pure NMC systems have the potential to mitigate the poten-
tial toxicity associated with organic solvents, surfactants,
or nanomaterials. But due to the small sample size and the
variability in biological test conditions, further studies are
required for validation.

The functionality of nanopesticide systems currently
includes basic loading and release functions as well as addi-
tional functions, such as nutritional functions and stress alle-
viation. The development of these functions mostly comes
from the addition of exogenous compounds, so both NMC
and NNC are easy to implement. Importantly, the stimulus-
responsive capability of NMC can also be attributed to the
reversibility of the structures formed through self-assembly,
enabling NMC to response to environmental factors such as
temperature and pH [45, 46]. Another potential advantage
of NMC is cost-effectiveness, mainly attributed to exclude
large-scale manufacturing of carriers and the improvement
of efficacy. However, the absence of a protective carrier
leads to limited stability for NMC, potentially hindering its
delivery in complex agricultural environments. Additionally,
another drawback of NMC is accessibility. Its preparation
requires careful consideration of the physical and chemi-
cal properties of the reacted monomer molecules, as well
as the properties of the resulting combined prodrug mol-
ecules, rendering it more challenging than the NNC system.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

The formation of NMC necessitates the design of specific
molecular structures, and detailed adjustments to reaction
conditions are also required. Therefore, the next chapter
summarizes current preparation strategies of NMC and ana-
lyzes design concepts for future reference.

3 Preparation Strategies

The design methodology of carrier-free nanodrugs in medi-
cine can provide insightful references for NMC [28]. How-
ever, differences in application environments introduce vari-
ations in overall design considerations. While the concept of
NMC is relatively new in the development of nanopesticides,
several promising results have been reported. The studies pri-
marily both innovated existing pesticide molecules through
structural design to align with the conditions required for
molecular self-assembly. For agricultural application, the
preparation strategy of NMC is designed based on pesticide
molecules, including between small molecules, between
host—guest compounds and small molecules, and between low
molecular polymers and small molecules. The resulting NMC
exhibited response functions based on the specific target and
the application scenario of the pesticide [47]. Additionally,
enhancing the efficiency of pesticide application and minimiz-
ing the environmental toxicity of potent pesticides are also key
considerations in the current design concepts for NMC [48].

3.1 NMC Formed Between Small Molecules

The molecular self-assembly is a bottom-up process, neces-
sitating the aggregation of free small molecules for the for-
mation of the nano-delivery system. However, it is difficult
to rely solely on an ordinary pesticide molecule in estab-
lishing relatively stable nano-assembly systems. Therefore,
it becomes necessary to construct prodrug conjugates with
amphipathic properties. In addition to serving as the founda-
tion for the formation of macroscopic nanoparticles, these
prodrug conjugates typically exhibit more optimized physi-
cal and chemical properties [49, 50]. For pesticide applica-
tion, the specific objectives include achieving higher effi-
cacy, minimizing environmental toxicity, and incorporating
specific response functions. The following are the specific
strategies for constructing prodrug conjugates through reac-
tions between small molecules.

@ Springer
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i) Some pesticide molecules with amino group can be
bonded to small molecules, enabling the construction
of prodrug conjugates [51]. Tian et al. [52] conjugated
fipronil with three natural carboxylic acids of varying
polarities, strategically modulating the intramolecu-
lar polar balancing forces of the conjugate to achieve
nanospheres with optimal physical and chemical prop-
erties (Fig. 3A). Simultaneously, the resulting amphi-
pathic molecules enhanced affinity with the leaf sur-
face, thereby reducing the surface tension of pesticide
droplets and enhancing deposition efficiency. Addi-
tionally, the toxicity of zebrafish exposed to molecules
incorporating long carbon chains and aromatic rings
was reduced by nearly four times compared to fipronil.
Also, utilizing the amino group on fipronil, Zhao et al.
[53] introduced 2-sulfobenzaldehyde and facilitated its
combination to create an imine covalent bond, subse-
quently self-assembling into nanomicelles with a diam-
eter of approximately 16.9 nm. The dynamic nature of
the imine construction enables the system to precisely
release highly active fipronil under conditions of high
humidity and weak alkalinity. Utilizing the amide bond-
forming reaction, Zhang et al. [47] conjugated fluazinam
with alkyl aliphatic acids of varying lengths (Fig. 3B).
The results indicated an inverse relationship between
the degradation rate of the amide bond in papain and the
length of the conjugated alkyl fatty acid, allowing for the
customization of the enzyme-responsive NMC.

ii) Esterification reactions can be employed to generate
amphiphilic alkylated prodrug conjugates. Research by
Liu et al. [54] showed that 2,4-dichlorophenoxyacetic
acid or picloram can self-assemble in water to form nan-
oparticles with a liquid crystal structure after conjuga-
tion with phytantriol or glyceryl monooleate (Fig. 3C).
This nanoparticle with a liquid crystal structure is
a promising pesticide delivery system in terms of its
surfactant reduction for improved environmental safety
[55]. In comparison with simple alkyl ester conjugates,
amphiphilic conjugates reduced the loss of inverse cubic
structure, addressing the issue of low pesticide loading
in the original liquid crystal system. Enhancements in
ester systems will contribute to the future advancement
of nanopesticides featuring liquid crystal structures.

iii) Two small molecules with specific structures can be con-
structed into self-assembling nanoparticles through non-
covalent interactions. Tian et al. [48] employed berber-
ine and curcumin, both possessing bactericidal effects
extracted from medicinal plants, to undergo supramo-
lecular self-assembly through various noncovalent inter-
actions. This study introduces innovative approaches for
creating NMC systems incorporating botanical pesti-

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

cides. Based on nanoprecipitation method, Li et al. [40]
regulated the solvent for precipitating myclobutanil, and
during this precipitation process, tannic acid, possess-
ing a noncovalent molecular structure, could interact
with myclobutanil. The bound molecules persistently
rotated and intertwined through noncovalent interac-
tions, culminating in the formation of a spherical three-
dimensional structure (Fig. 3D). Tian et al. utilized the
protonation of the tertiary amine group in spinosad to
bind with sulfamic acid through noncovalent electro-
static interactions, subsequently undergoing winding
and rotation to form a sphere (Fig. 3E). Among them,
temperature, pH, molar ratio, and ionic strength might
have an impact on co-assembly of this system. In the
research conducted by Cui et al. [56], nanoparticles
were produced using emamectin benzoate and sodium
lignosulfonate through electrostatic self-assembly. The
research results indicate that the physical and chemical
properties of NMC system can be optimized through the
adjustment of surfactants.

In addition to the aforementioned preparation concepts,
the co-crystallization strategy, rooted in the supramolecu-
lar self-assembly mechanism, is also a viable approach for
developing NMC [57]. Significantly, NMC constructed with
two pesticide molecules often exhibit synergistic effects,
which requires further discussion in the future.

3.2 NMC Formed Between Host—-Guest Compounds
and Small Molecules

The development of NMC based on prodrug conjugates
via host—guest interactions stands out as one of the cur-
rently effective preparation strategies. Water-soluble host
molecules employ the hydrophobic effect of the cavity to
facilitate host—guest self-assembly with pesticide molecules
[59]. Commonly utilized host molecules encompass pillar[r]
arenes, cucurbit[n]urils, and cyclodextrins.

Designing supramolecular polymers for the highly toxic
pesticide paraquat holds great significance in enhanc-
ing safety and functionality [60]. In Fig. 4A, based on the
supramolecular chemistry of pillar[n]arenes, Chi et al. [46]
presented a preparation method for NMC with dual-ther-
moresponsiveness. In their study, pillar[/0]arene and para-
quat derivatives formed a 1:2 [3] pseudorotaxane, which can
self-assemble into vesicles in water above the lower criti-
cal solution temperature (LCST) of paraquat derivatives.
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Leveraging the different LCST behaviors of pillar[/0]arene
and poly(N-isopropylacrylamide) (the block where paraquat
was introduced), dual-thermoresponsiveness was attained.
Later, Song et al. [61] utilized pillar[5]arenes and benquitri-
one through selective dynamic self-assembly to create vesi-
cles, which improved the spreading of pesticide droplets on

© The authors

the hydrophobic interface through host—guest and hydrogen
bonding interactions.

Cucurbit[n]urils are also macrocyclic molecules capable
of encapsulating many guest molecules [62], and the tun-
able stimulus responsiveness of the resulting complexes has
garnered widespread attention. To also enhance the safety
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of paraquat, Gao et al. [63] devised supramolecular vesicles
through molecular self-assembly relying on cucurbit[8]uril.
In Fig. 4B, the researchers initially synthesized a hydro-
phobic azobenzene derivative (Trans-G), then created an
amphiphilic ternary complex involving paraquat, Trans-G,
and cucurbit[8]uril in water. Finally, the complex formed
hollow spheres through self-assembly, which also capable of
loading active substances, and achieved responsive release
under ultraviolet light through the trans-to-cis isomerization
of Trans-G. In a recent study by Ji et al. [45], highly bioac-
tive carbazole-modified amphiphilic quaternary ammonium
salts with cationic N-benzylimidazolium pendants were
prepared. Then, the host cucurbit[7]uril was introduced to
construct a supramolecular system, regulating its release by
the addition of competitive molecules (such as 1-adamanta-
namine hydrochloride).

Cyclodextrins, especially f-cyclodextrin, are recognized
as ideal macrocyclic host molecules in the agricultural field
due to their good physical and chemical properties and
cost-effectiveness. In Yang et al.’s study [64], azobenzene
analogs featuring the pharmacophore-isopropanolamine
moiety were designed as guest molecules in f-cyclodextrin
due to their photoresponsive property and antibacterial
function (Fig. 4C). This light-responsive antibacterial sys-
tem formed through supramolecular self-assembly, which
can inhibit up to 55.84% against rice bacterial blight patho-
gens by UV—Vis exposure. Importantly, it has been dem-
onstrated to be non-toxic to various non-target organisms
(plant, aquatic organism, and human cell lines). Also based
on the host—guest interaction of f-cyclodextrin, Ji et al.
[65] synthesized adamantane-decorated 1,3,4-oxadiazoles
to enhance the formation of antibacterial supramolecular
complexes. After the host—guest assembly was formed, the
water solubility and foliar surface wettability were signifi-
cantly improved and improved the control effect against
rice bacterial blight and kiwi canker diseases.

3.3 NMC Formed Between Low Molecular Weight
Polymers and Small Molecules

The utilization of low molecular weight polymers and
small molecules to create nanoassemblies is a distinctive
strategy for NMC preparation, which is different from
the large use of high polymers simply as carriers. Low

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

molecular weight polymers lack molecular entanglement
and have shorter chain segments, leading to faster degrada-
tion in nature. Higher molecular mobility facilitates par-
ticipation in the molecular self-assembly of the solution
system. Conjugating small molecules to these polymers
alters the water solubility, safety, and dispersion of NMC
while maintaining a higher loading capacity [28].

In the previous studies, Tang et al. [66] employed cin-
namaldehyde and branched PEI of varying molecular
weights to create Schiff base complexes, which subse-
quently self-assembled into nanoparticles through non-
covalent interactions (Fig. SA). The release of this NMC
with Schiff base intelligently responds to the acidic bio-
logical microenvironment created by some fungal patho-
gens during infection. In another study by Tang et al. [67],
it was observed that cycloheximide and polyhexamethyl-
ene biguanide self-assemble in aqueous solution to form
nanospheres (Fig. 5B). The process of self-assembly is
governed by the electrostatic attraction between the ani-
ons of fenhexamid and the skeleton of polyhexamethylene
biguanide, as well as the hydrophobic interaction force
induced by the anions of fenhexamid. In Fig. 5C, Wang
et al. [68] synthesized amphiphilic complexes capable of
self-assembly into nanoparticles in water. Subsequently,
poly(salicylic acid) attracted acifluorfen to interact with
it through noncovalent interactions, including hydrogen
bonding and 7—x stacking, ultimately resulting in the
formation of co-assembled nanoparticles. The results
indicated that stable co-assemblies tend to form when
there was a balance between attractive and electrostatic
repulsive forces between polymers and small molecules.

In the co-assembled between polymers and small mol-
ecules to form NMC, the average molecular weight of the
polymer often plays a crucial role. For example, branched
PEI with a lower average molecular weight cannot form
a strong interaction with 2,4-dichlorophenoxyacetic acid.
As the average molecular weight increases, its longer
main chain exhibited various forces that drive it to entan-
gle with each other, forming a three-dimensional struc-
ture (Fig. 5D). However, this does not imply that infi-
nitely increasing the length of the main chain will form
better co-assembly. Excessively long main chains may
hinder rotational winding. When designing future NMC
systems, the suitable average molecular weight of the
selected polymer can be further determined by analyzing
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the appearance, pH value, and conductivity changes of the
reactants [69]. In addition, the development of supramo-
lecular biopolymers can also expand ideas for the prepara-
tion of this type of NMC [11].

4 Conclusions and Perspectives

Currently, the United Nations has incorporated the reduction
the input of agrochemicals harmful to the environment and
human health as one of the Sustainable Development Goals.
Despite the emergence of nanopesticides as environmentally
friendly alternatives to traditional pesticides, the excessive
introduction of non-therapeutic or functional nanomateri-
als of certain research or products may pose risks to the
environment and human safety. Critically, this thought has
the potential to lead future research in misguided directions.
Therefore, a more nuanced and comprehensive understand-
ing are needed to discern the true benefits of extensively

© The authors

used nanomaterials in agrochemicals. Herein, we propose
NMC that have the potential to become hot research topics.
Based on the current research progress, it can be anticipated
that NMC will realize widespread applications as a promis-
ing nanopesticide in the future. The significant advantages of
NMC through molecular self-assembly are the preparation
process that does not require excessive energy input, the
extremely high loading capacity, and rich functionalization
potential. However, further development is needed for NMC
to attain full industrialization in the future (Fig. 6).

In terms of preparation of NMC systems, the prodrug
design and molecular self-assembly stands are crucial steps,
the monitoring and prediction of these reactions are nec-
essary. Accurate quantification of the molecular structure
of prodrug molecules using machine learning algorithms
to predict nanoparticle formation represents a promising
method to implement these steps [70]. Molecular dynamics
simulations can further elucidate the formation processes of
prodrug molecule and self-assembled nanoparticles, while

https://doi.org/10.1007/s40820-024-01413-5
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molecular docking can investigate the molecular interactions
in this process in detail [71]. These technologies are antici-
pated to assist chemists in elucidating the kinetic mechanism
of pesticide molecule self-assembly, directly benefiting the
precise synthesis of NMC systems. Controlling the propor-
tions of molecules involved in the reaction can maximize
the loading efficiency, thereby minimizing pesticide resist-
ance in pests and bacterial caused by multiple applications.
Another important significance of this study is to elucidate
the synergistic effects and regulatory mechanisms between
different pesticide assembly molecules. This is a field that
still lacks comprehensive understanding. Establishing a
more extensive portfolio of self-assembled pesticide mol-
ecules is also a research agenda that requires a significant
investment of time and resources. Artificial intelligence can
help reduce the cost of actual experimental operations to
accelerate the development of NMC [72].

Another focus is on the performance of the NMC sys-
tem. Although the developed NMC exhibit good responsive
release capabilities, it remains necessary to enhance the tar-
geting ability of NMC toward pests and fungal, bacterial,
and viral diseases. With the advancement of double-stranded
RNA (dsRNA) that can silence genes for plant protection,
there is a growing focus on developing nano-delivery plat-
forms to enhance the uptake efficiency of exogenous RNA
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by targets [73]. It is crucial to develop targeting systems
capable of promoting the translocation of dsRNA across
cell membranes or penetrating plant cell walls. For exam-
ple, Itzhakov et al. [74] recently suggested that incorporat-
ing capryl substituents enhances the membrane penetration
capability of the delivery platform. While long carbon chain
molecules have been utilized in constructing NMC prod-
rug molecules, further discussion is needed regarding their
biofilm penetration properties. The next important concept
to mention is the design of prodrug molecules, which con-
tribute to enhancing the biosafety and microenvironmental
response capabilities of the NMC system [47]. Prodrugs are
highly valued in medicine, especially in tumor treatment,
for their ability to respond to the microenvironment in the
body. And similarly, the prodrug requires further design and
development based on the microenvironment when plants
are exposed to various biotic or abiotic stresses [75]. It is
important to note that these entirely new chemical molecules
might need to undergo a comprehensive safety assessment
and registration process.

The size effect has always been the motivation for the
ongoing development of nanopesticides, and NMC, utilizing
a bottom-up self-assembly process, facilitate the creation
of an extremely small delivery platform. Based on NMC
nano-platform, a systematic investigation of the interaction
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between it and plant cell walls will contribute to unraveling
the biological mechanism of nanosystems constructed from
pure pesticide molecules [76]. The loading and activity of
pesticide molecules in NMC systems significantly surpasses
that of NNC, which might have different effects upon con-
tact with plant cell walls [77], and this research is obviously
lacking.

Manipulating the morphology and geometry of self-
assembled systems presents another promising avenue for
performance exploration [78]. The favorable characteris-
tics exhibited by single-walled carbon nanotubes in plant
delivery demonstrate that nano-delivery platforms with
high aspect ratios may be more readily accepted by plant
cells [79]. From this perspective, the incorporation of self-
assembled nanofibers or nanorods into the NMC system
is anticipated to enhance its application prospects in con-
trolling plant diseases. Alterations in the morphology and
geometry of nanoparticles can also influence their overall
stability. Then, the critical aspect to emphasize here is the
storage stability of NMC, which is extremely important for
the development of industrialized pesticide formulations.
Considering the inherent instability of self-assembly sys-
tems, ongoing research primarily concentrates on regulat-
ing the solvent environment and feeding parameters during
their formation. The longer-term storage stability of NMC
remains insufficiently scientifically evaluated, requiring
comprehensive studies across different temperature storage
conditions and transportation processes.

The final consideration involves the practical production
of NMC, encompassing discussions on prodrug prepara-
tion and molecular self-assembly processes. It is crucial to
emphasize that the intelligent design and high-throughput
synthesis of prodrug molecules are critical issues that
must be addressed to achieve the industrialization of
NMC. The recently suggested large-scale self-assembly
approach can also serve as references for the scaled-up
production of NMC [80, 81]. The effective execution of
these strategies often necessitates the backing of dedi-
cated production lines and equipment, thereby overcom-
ing the limitations of traditional nanoprecipitation meth-
ods in terms of scalability. Microfluidic technology [62]
and flash nanoprecipitation [82] methods can advance the
progress of sophisticated, high-throughput, continuous-
flow prodrug synthesis and molecular self-assembly. It
is noteworthy that, given the necessity for cost-effective
agricultural production, the optimization of NMC methods

© The authors

and engineering is imperative. The future emphasis will be
on developing affordable production equipment of NMC
system suitable for agricultural enterprises, with the pos-
sibility of downstream manipulation [83]. Additionally,
future research should focus on environmentally friendly
solvents that facilitate large-scale production, as the for-
mation and overall performance of the NMC system are
closely tied to the choice of solvent [84].

In summary, the development of NMC is expected to
provide a new way for the future development of nan-
opesticides. Based on molecular structure design, NMC
systems can be constructed via molecular self-assembly,
which have high loading capacity, potentially high activity,
good functionality, and industrialization prospects. The
widespread use of NMC could help alleviate concerns
regarding human health and environmental safety associ-
ated with the large-scale introduction of nanomaterials.
Our perspective acknowledges that while certain NMC
research has proposed viable design strategies and dem-
onstrated promising developmental potential, addressing
the remaining substantial research space and challenges in
the future is crucial.
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