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Abstract

Nanotechnology plays a crucial role in promoting precision agriculture and environmental
management. This review integrates the latest advances in nanotechnology in the fields
of pollution detection, agrochemicals, and stress resistance, and quantifies the significant
enhancements brought by nanomaterials (NMs). NMs used in biosensors enable highly sen-
sitive, low detection limit, and highly accurate detection of environmental pollution, plant
growth status, and soil conditions, while achieving precise drug delivery and reducing en-
vironmental pollution. Furthermore, NMs can be combined with agrochemicals or directly
act on plants to promote growth, reduce pests and diseases, and enhance stress resistance
by altering plant physiological processes and microbial functions. This review focuses on
the application value of nanotechnology in detection, smart chemicals, and stress resistance,
and analyzes current challenges and risks in technology, biosafety, regulatory challenges,
and scalability. Finally, it points out future directions for utilizing nanotechnology to
advance smart agriculture, precision agriculture, and green bio-industrialization.

Keywords: nanotechnology; precision agriculture; sustainable approaches; applied
research

1. Introduction

By 2050, the United Nations estimates that the world’s population will reach 9.8 bil-
lion [1]. To meet the increasing food demand driven by population growth, global food
production needs to increase by 70% [2]. However, traditional agricultural methods are
struggling to meet this demand while simultaneously placing significant pressure on the
environment. Conventional agricultural practices heavily rely on synthetic fertilizers and
pesticides. However, a substantial portion of these inputs is not absorbed by crops; instead,
they are lost to the environment through volatilization into the atmosphere, runoff into
water bodies, and leaching into groundwater [3]. This leads to a series of negative impacts,
including water eutrophication, greenhouse gas emissions, and soil nutrient imbalance [4,5].
Furthermore, the use of plastic mulching films has resulted in their persistent accumulation
in soils, causing irreversible microplastic pollution [6]. Consequently, future agricultural
development must increasingly rely on technological breakthroughs to overcome these
limitations and enhance agricultural productivity.

As an emerging approach, nanotechnology has been widely applied in fields such as
energy, manufacturing, medical diagnostics, pharmaceuticals, biology, and the environment
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due to its characteristics of high specific surface area, controlled release, stability, targeting,
and signal transduction [7]. The core of nanotechnology comprises nanomaterials (NMs),
which typically range in size from 1 to 100 nm. Based on their dimensional size range, NMs
can be categorized into zero-dimensional (0D), one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) materials [8]. The ultrafine size of NMs enables them
to penetrate cell membranes, induce biochemical reactions in living cells, and influence
metabolic processes, growth, and development [9]. Numerous studies have shown that
NMs positively affect the growth and development of crops [10,11]. For example, SiO; NMs
can promote the germination and growth of rice seeds [12], TiO; can promote the growth
and development of wheat and increase the nutrient content [13], MoS, NMs can increase
soybean yield and nitrogen fixation efficiency [14]. Currently, commonly used NMs include
carbon-based materials, metals and metal oxides, silica, polymers, and nanozymes [15-17].

The nanotechnology holds significant potential for agricultural revitalization and food
security [18,19]. The global agricultural nanoparticle market is substantial and is experienc-
ing rapid growth. The largest and fastest-growing segments are currently nano-fertilizers
and nano-pesticides, followed by plant growth regulators and biosensors, with the latter
exhibiting the most explosive growth rate. NMs can be utilized in biosensors to detect
contamination, diseases, or stress in plants, and also serve as delivery platforms for DNA
or RNA, enabling genetic engineering in non-model plant species [20]. Organelle-selective
targeted delivery using NMs as carriers has attracted widespread attention [21]. NMs
enable precise delivery of fertilizers, pesticides, and genetic material, enhancing utilization
efficiency and reducing environmental pollution [22,23]. Furthermore, NMs can improve
the ability of plants to withstand stress by regulating essential physiological functions
like photosynthesis and the activity of antioxidant enzymes, and by influencing microbial
activities such as biofilm formation and hormone release [9,24]. NMs can activate stress
signaling and defense pathways in crops, such as regulating the expression of related genes,
increasing the content of resistance proteins, enhancing antioxidant enzyme activity, elevat-
ing chlorophyll levels, and promoting the synthesis of flavonoids [25,26]. Nanotechnology
can also be integrated with other technologies such as the Internet of Things, big data
analytics, artificial intelligence, and synthetic biology to precisely monitor crop growth
status and material requirements. This enhances the accuracy of nutrient application and
pest control, thereby improving crop growth and yield [27,28]. Simultaneously, it optimizes
resource utilization and reduces the environmental impact of chemical inputs [29].

The detection of plant diseases, the precise delivery of fertilizers and pesticides, and
the enhancement of stress resistance have greatly benefited agricultural practitioners [30,31].
This review critically examines the application of nanotechnology in advancing sustain-
able agriculture. Specifically, it (i) synthesizes current progress on nanomaterial-based
biosensors for the detection of heavy metals, pesticide residues, antibiotics, and other envi-
ronmental contaminants; (ii) evaluates the application of NMs as agrochemicals, including
their role as fertilizers, pesticides, and growth stimulants; and (iii) assesses their potential
in enhancing crop resilience against both biotic and abiotic stresses. By analyzing the
advantages and limitations of these approaches, the review categorizes existing knowledge
gaps and technological bottlenecks. The overarching objective is to provide a framework for
integrating nano-enabled tools to address pressing agricultural challenges. Future research
directions should focus on: (a) improving the safety, scalability, and field applicability of
NDMs; (b) integrating nanotechnology-driven systems for precision agriculture; (c) devel-
oping regulatory guidelines and risk assessment protocols to ensure environmental and
food safety; and (d) advancing multifunctional platforms to mitigate the impacts of climate
change, extreme weather events, and global food insecurity.



Nanomaterials 2025, 15, 1755

3 0f 35

2. Scope and Methods

This review is based on a systematic literature search using the Web of Science Core
Collection database, with a primary focus on research applications of nanotechnology in
three areas: detection, agrochemicals, and stress resistance. The search timeframe was
primarily limited to the last five years to capture the latest advancements in this rapidly
evolving field. The retrieved records were subsequently screened to ensure their relevance
to the review’s objectives. Finally, a comprehensive assessment of the full texts of potentially
relevant articles was conducted to confirm their final inclusion in the review.

3. Nano-Enable Biosensors for Environmental and
Agricultural Monitoring

With the development of the global economy and industry, an increasing number of
chemicals are being applied in production and daily life. Consequently, environmental
health and agricultural productivity are facing growing threats from complex pollutants. In
agricultural environments, pollutants can include inorganic pollutants, organic pollutants,
and emerging pollutants. Inorganic pollutants comprise heavy metals and metalloids,
primarily originating from mining activities, industrial discharges, and the excessive use of
chemicals. Organic pollutants are mainly synthetic agrochemicals, including insecticides,
herbicides, pesticides, and fungicides. Emerging pollutants include antibiotics, microplas-
tics, endocrine-disrupting compounds, and mycotoxins. These pollutants can disrupt the
balance of ecosystems, and they can also be absorbed and accumulated by plants during
growth, entering the human body through the food chain and causing irreversible harm
to human health [32]. In addition to affecting the reproductive and immune systems,
certain pesticides can also induce several metabolic diseases. Antibiotics are not only
used for disease prevention and treatment but are also employed as veterinary growth
promoters, which can lead to the development of antimicrobial resistance genes and even
superbugs [33]. Agricultural toxins can cause water pollution, soil degradation, and loss
of biodiversity, damaging natural ecosystems. Furthermore, human exposure may lead
to cancer, kidney damage, endocrine disruption, reproductive effects, neurotoxicity, and
developmental changes [34]. Bisphenols and chlorophenols are widely used as pesticides,
disinfectants, and wood preservatives, posing neurotoxic, carcinogenic risks and causing
damage to the endocrine and reproductive systems in humans [17].

Therefore, the development of effective methods for monitoring pollutants is essential
in the field of environmental analysis. A biosensor is an analytical device that integrates
a biological recognition element with a physicochemical transducer for quantitative or
semi-quantitative analysis. Its core principle relies on the specific recognition of target
analytes by biological molecules, which is then converted into a measurable signal, such as
an electrical or optical signal [35,36]. The integration of NMs as recognition agents or signal
transducers in biosensors offers advantages such as rapid response, high sensitivity, low
cost, excellent selectivity, and real-time detection capabilities [33]. As a critical component
of biosensors, NMs often possess high surface areas and exceptional physical, chemical, or
electronic properties that enhance the extent of interaction and electron transfer rates [37].
Additionally, NMs can mimic natural enzymes by utilizing enzyme-like kinetics to con-
vert substrates into products under physiologically relevant conditions. Compared to
natural enzymes, these nanozymes are more stable, have broader applicability, and are
more cost-effective [38]. Currently, the most extensively studied NMs include graphene,
carbon nanotubes (CNTs), biochar (BC), quantum dots (QDs), carbon black (CB), metal
nanoparticles, metal-organic frameworks (MOFs), and various composite materials [32,39].

In recent years, sensors based on various principles have been utilized for detect-
ing a wide range of pollutants. These include electrochemical, colorimetric, fluorescent,
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photoelectrochemical (PEC), electrochemiluminescence (ECL), surface plasmon resonance
(SPR), and surface-enhanced Raman spectroscopy (SERS) sensors [27,40,41]. They offer
advantages such as rapid response, high sensitivity, low detection limits, minimal sample
volume requirements, and often eliminate the need for sample pretreatment [42]. The
application of NMs in electrochemical detectors (ECDs) can address limitations related to
high overpotential, limited sensitivity, and restricted applicability. Additionally, a study has
also reviewed the applications of wearable and implantable electrochemical sensors in plant
health monitoring [43]. NMs act as catalysts for electrochemical reactions, enhance electron
transfer, and improve conductivity [44]. Photoactive materials convert chemical informa-
tion into detectable PEC signals through photoelectric conversion, with NMs offering high
conversion efficiency and good biocompatibility [45]. SPR sensors can monitor molecular
interactions between pollutants and plasmonic materials, where nanoparticles serve as
effective sensing materials [34]. SERS is characterized by its simplicity, fast detection speed,
high sensitivity, and excellent selectivity [46]. A schematic diagram illustrating various
types of biosensors is presented in Figure 1.

Furthermore, the integration of nanosensors with artificial intelligence (Al) enables
more accurate and effective interpretation of complex, multi-dimensional field data [47].
When combined with multispectral imaging visualization systems and algorithm libraries,
this integrated approach allows for the automatic identification of plant stress throughout
the entire growth cycle [48]. It provides a powerful tool for intelligent delivery systems,
soil health promotion, and disease management [49]. The combination of biosensors
with technologies such as Al and the Internet of Things facilitates real-time regulation of
cultivation systems, thereby advancing precision agriculture aimed at minimizing resource
requirements and maximizing crop yields.
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Figure 1. Schematic diagram of biosensor detection: (a) the necessary steps to construct biosensors,
reprinted from ref. [50], (b) the specific recognition of bisphenol A on the surface of GO-Thi-Au
nanoparticles modified electrode, reprinted from ref. [51], (c) fluorescent biosensor based on acetyl-
cholinesterase and carbon dots-graphene oxide quenching test, reprinted from ref. [52].
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3.1. Sensing and Quantification of Heavy Metals

The U.S. Environmental Protection Agency (EPA) classifies arsenic, mercury, lead,
cadmium, chromium, and others as highly toxic heavy metals, which may cause organ
damage, neurological disorders, and even cancer. Characteristics such as water solubil-
ity, non-biodegradability, and long-term bioaccumulation enable these metals to persist
and accumulate in the environment and living organisms, amplifying their toxic effects
through the food chain [53]. To safeguard environmental and human health, there is
an urgent need to develop highly sensitive, rapid, low-cost, and portable heavy metal
detection technologies.

Cellulose-MOFs (CelloMOFs) are functional materials formed by hybridizing biopoly-
mers such as cellulose with metal-organic frameworks (MOFs), and they have been devel-
oped due to their advantageous properties [54]. Abdelhamid et al. successfully fabricated a
hybrid material based on cellulose and hierarchical porous zeolitic imidazolate framework-
8 (ZIF-8), termed CelloZIFPaper, using an aqueous-based process. This material combines
high adsorption capacity with electrochemical sensing capabilities. When employed as a
freestanding working electrode, CelloZIFPaper achieved a detection limit of 8 uM for Pb?*,
demonstrating high selectivity and sensitivity [55].

Certain heavy metals can significantly inhibit the peroxidase-like activity of Co30y4
nanodisks and block electron transfer, resulting in a color change in the solution from
blue to colorless. Leveraging this phenomenon, Zou et al. developed a highly sensitive
colorimetric sensor for the rapid detection of Cd (II), Hg (II), Pb (II), and as residues in
environmental water samples. This method enables multi-target detection with rapid
operation, simplicity, high stability, and reproducibility; however, it cannot distinguish
between the four specific types of heavy metals [56]. Liu et al. introduced a visual multiplex
quantitative method based on a triple-channel V-Chip (TV-Chip) and DNA-nanoparticle
probes. Using microfluidic technology to fabricate the TV-Chip and platinum nanoparticles
(PtNPs) to catalyze the decomposition of HyO, to produce oxygen, which drives the
movement of an ink bar, the system achieved simultaneous visual quantitative detection of
Cu?*, Pb?*, and Hg2+ for the first time [57].

Ramirez et al. developed an electrochemical affinity biosensor for the quantification
of Pb (II) by integrating a glassy carbon electrode (GCE) with single-walled carbon nan-
otubes (SWCNTs) covalently modified with cysteine residues (Cys). They proposed a
synergistic mechanism of “affinity enrichment-electrochemical detection,” which enables
selective detection through Cys-Pb(1l) affinity binding without the need for high cathodic
potentials. The biosensor demonstrated high specificity and high recovery rates both in
the presence of interferents and in real water samples [58]. Another study introduced
a dual-signal surface-enhanced Raman spectroscopy (SERS) ratiometric strategy for de-
tecting mercury ions (Hg?") using Au@Ag/COF nanocomposites and Y-shaped DNA
structures. The Au@Ag/COF nanocomposite provides strong electromagnetic field en-
hancement and high stability, while the Y-shaped DNA shortens the distance between
Raman reporter molecules and the substrate surface, significantly improving detection sen-
sitivity [46]. Furthermore, dual-signal SERS improves detection accuracy by simultaneously
monitoring both “signal-off” and “signal-on” responses.

DNAzymes, as biomolecules, have emerged as promising recognition elements in
sensors due to their high metal-binding affinity and specificity. The “8-17” DNAzyme under-
goes self-cleavage of its substrate strand in the presence of Pb?*, leading to the disruption of
conductive bridges between nanoparticles and a measurable change in electrical resistance.
Leveraging this mechanism, a study developed a DNAzyme-functionalized biosensor based
on platinum nanoparticles (PtNPs) for highly sensitive detection of Pb** [59]. Furthermore,
Liang et al. integrated a DN Azyme-driven bipedal DNA walker with catalytic hairpin as-
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sembly (CHA) on an electrochemical platform. They utilized gold nanoparticle@zirconium-
based metal-organic framework composites (AuNPs@Zr-MOF) loaded with methylene
blue (MB) as a signal probe, achieving accurate and sensitive detection of Pb2+ [60].

3.2. Advanced Detection of Pesticide Residues

Agrochemicals have played a crucial role in enhancing the yield of food and agricul-
tural products, meeting the basic food demands of the population [61]. However, residues
of agrochemicals pose serious threats to both the environment and human health, poten-
tially leading to cancer, neurological damage, reproductive and developmental disorders,
among other issues [34]. Currently, pesticide residues have been detected in food prod-
ucts, with some instances exceeding the maximum residue limits by as much as 20% [62].
Therefore, it is imperative to develop rapid and effective methods for pesticide detection.

Electrochemical biosensors are low-cost and portable. Arduini et al. developed a
paper-based multifunctional sensor that enables the quantitative detection of multiple
pesticides (paraoxon, 2,4-dichlorophenoxyacetic acid, and atrazine) by monitoring changes
in electrochemical signals resulting from the inhibition of specific enzymes, such as butyryl-
cholinesterase, alkaline phosphatase, and tyrosinase [63].

Electrochemiluminescence, which combines electro-oxidation/reduction and chemi-
luminescence processes, is widely used in immunoassays, detection probes, and imaging
target transduction. NMs can function as co-reactant catalysts or luminophore carriers
in ECL systems. Upon electrical excitation, they are promoted to an excited state and
subsequently emit light upon returning to the ground state. Li et al. modified multi-walled
carbon nanotubes (MWCNTs) with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to fab-
ricate a TEMPO-MWCNTs nanomaterial-modified electrode (TEMPO-MWCNTs/GCE).
This electrode exhibited excellent electrocatalytic activity, enabling efficient catalysis of
the oxidation/reduction reactions of H,O, luminol, H,O;, and O, [64]. Furthermore, by
immobilizing acetylcholinesterase (AChE) and choline oxidase (ChOx) on the TEMPO-
MWCNTs/GCE, an ECL sensor was constructed for the highly efficient and sensitive
detection of malathion (MA) [64]. The multifunctional electrocatalytic properties of TEMPO-
MWCNTs provide a new direction for the further development of ECL technology, with
potential future applications extending to the detection of other biomarkers or environmen-
tal contaminants.

In recent years, nanozymes have been widely employed in biosensing as a means of
signal transduction and amplification. They can function either directly or in conjunction
with biomolecules to develop potential pesticide sensing strategies [38]. To detect environ-
mental levels of acetamiprid (ACE), Yu et al. developed an aptasensor based on Fe-N-C
single-atom nanozymes (SAzymes). This sensor utilizes the specific binding between the ap-
tamer and the target molecule to modulate the catalytic activity of the nanozyme, enabling
highly efficient detection of acetamiprid through a simple and low-cost method [65].

3.3. Antibiotic Residue Monitoring in Agroecosystems

Antibiotics have been classified as emerging contaminants, garnering significant
public and scientific concern. They are extensively used as therapeutic agents and growth
promoters in animal husbandry. However, a substantial proportion of antibiotics are not
absorbed by humans or animals and are excreted into the environment. This leads to the
disruption of microbial communities and the proliferation of antibiotic resistance genes,
posing a substantial threat to human health [37].

Using rice husk residue and lysine as the carbon and nitrogen sources, respectively, Qi
etal. developed a nitrogen-doped carbon quantum dot (N-CQDs) fluorescent probe. The re-
sults demonstrated that the N-CQDs exhibit high selectivity and were successfully applied
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to detect Fe* and tetracycline antibiotics (TCs) in real water samples, including tap water
and river water. Moreover, due to their low toxicity and good biocompatibility, the N-CQDs
can be used for fluorescent imaging of Fe*>* and TCs in living cells [66]. The physisorption
strategy is widely employed as a general sensing approach in fluorescent platforms. How-
ever, it suffers from limitations such as non-specific probe displacement, low desorption
efficiency, and the poor affinity of emerging two-dimensional materials for DNA, which
restrict its application in fluorescence sensing. To address these issues, Tan et al. constructed
a two-dimensional MOF-DNA nanosensor using a short-chain FAM-labeled DNA as the
signal reporter. By leveraging surface passivation and covalent linkage strategies, they
achieved highly sensitive fluorescence detection of oxytetracycline (OTC) [67].

A systematic evaluation was conducted to assess the impact of two-dimensional (2D)
materials on the performance of surface plasmon resonance (SPR) sensors. It was found that
the thickness of the 2D material exhibited an optimal value. Beyond this value, increased
energy loss occurred, resulting in diminished sensitivity. For MoS,, a thickness of 5 nm led
to a 24% enhancement in sensitivity and achieved a detection limit as low as 0.05 ug L1,
which was 12 times lower than that of the bare gold chip system. The MoS,-enhanced
SPR sensor demonstrated high sensitivity and a low detection limit in the detection of
sulfonamide antibiotics [68].

Aptamer-based sensors are also widely used for antibiotic detection. Wang et al.
proposed an electrochemical aptasensor for the highly selective and sensitive detection of
florfenicol (FF). The study utilized a MOF-derived Mn, N co-doped Co-C nanomaterial
(CoMnN-Cs) as the electrode modification material, in combination with gold nanoparticles
(AuNPs) and exonuclease I (Exo I) to achieve dual signal amplification. Meanwhile,
trimetallic nanoparticles (PtPdCulNPs) loaded with thionine (Thi) were employed as a
signal probe to further enhance the electrochemical response [69]. In another study, Sun et al.
constructed a photoelectrochemical aptasensor by forming helical TiO,@MoS; nanoarrays
on FTO conductive glass, followed by the chemical immobilization of a thiolated aptamer
(Aptamer-SH). The covalent bonding between the S atoms of MoS; and the thiolated
aptamer allowed specific recognition of chloramphenicol (CAP). The binding of CAP
resulted in a reduction in photogenerated carriers and a decrease in photocurrent, enabling
rapid and highly selective detection of CAP [70]. Additionally, there have been reports
on the use of photoelectrochemical biosensors for CAP detection. For instance, Liu et al.
synthesized Se-doped InyS; (InySz_«Sex) NMs, in which selenium doping introduced
defect states that significantly enhanced the light absorption efficiency and the separation
efficiency of photogenerated carriers [71].

3.4. Biosensing of Emerging Contaminants and Complex Pollutants

In addition to the pollutants mentioned above, a wide range of toxic and hazardous
substances that are resistant to degradation and pose significant threats to human health
persist in the environment. These include persistent organic pollutants (POPs), haz-
ardous chemicals, endocrine-disrupting compounds, and agricultural toxins. Therefore,
it is imperative to develop efficient, accurate, and cost-effective detection methods for
these contaminants.

Polychlorinated biphenyls (PCBs), as a class of persistent organic pollutants (POPs),
pose significant threats to the environment and human health. Cui et al. synthesized
functionalized silver nanoparticles (Ag NPs) using 3-cyclodextrin (3-CD), which served
simultaneously as a reducing agent and a surface modifier. Based on this material, they
developed a dual-mode sensor utilizing both surface plasmon resonance light scattering (SP-
RLS) and surface-enhanced Raman scattering (SERS), enabling highly sensitive detection
of PCBs [72].
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Substances such as hydroquinone (HQ) and catechol (CC) are widely used in various
industrial fields. However, they are harmful environmental pollutants due to their slow
degradation and high toxicity. To enable efficient and sensitive detection of HQ and CC in
environmental water, a molybdenum oxide nanocomposite (MoO3@KSC) was synthesized
using chicken feather waste as a carbon source and applied for electrochemical detection.
This sensor exhibited excellent selectivity, reproducibility, and stability [73]. An electro-
chemical tyrosinase biosensor based on amino acid ionic liquid (AAIL)-functionalized
graphene was developed for the detection of catechol. It achieved a detection limit as low
as 8 nM, with a linear range from 25 nM to 11,100 nM. When applied to real water samples,
the recovery rate ranged from 90.5% to 108.6%, demonstrating high sensitivity, repeatability,
inter-electrode reproducibility, selectivity, and long-term stability. The AAIL effectively
improved the dispersion of hydrophobic graphene in aqueous media while preserving the
excellent electrical conductivity and structural integrity of graphene [74].

Endocrine-disrupting compounds (EDCs) pose potential hazards to both the envi-
ronment and human health. Bisphenol A (BPA), a common EDC, is widely present in
plastic products. Using tyrosinase (Tyr) as a model enzyme, Wu et al. immobilized it
on a graphdiyne (GDY)-modified glassy carbon electrode (GCE) to construct a Tyr-GDY-
Chi/GCE biosensor [75]. Similarly, Ma et al. encapsulated Tyr within a copper—porphyrin
MOF nanofilm to develop a Tyr@Cu-TCPP biosensor. Both sensors demonstrated high
recovery rates, excellent selectivity, and good stability in the detection of BPA in real sam-
ples [76]. In a separate approach, Povedano et al. designed an electrochemical enzymatic
biosensor based on reduced graphene oxide-rhodium nanoparticles (rGO-RhNPs) for the
detection of trace 17(3-estradiol in environmental and clinical samples. The Rh nanoparticles
were generated in situ and deposited on the rGO surface, followed by the immobilization
of laccase via glutaraldehyde cross-linking [77].

Mycotoxins are low-molecular-weight secondary metabolites produced by fungi,
known for their hepatotoxicity, teratogenicity, carcinogenicity, and mutagenic effects, which
pose serious risks to human health. Conventional detection methods are often time-
consuming, costly, require complex pretreatment procedures and professional operation,
making them unsuitable for on-site rapid detection [78]. Among these toxins, zearalenone
(ZEN), a mycotoxin produced by Fusarium species, widely contaminates cereals and
liquid food products. Moradi et al. developed a nanofiber-modified graphite electrode
using electrospinning technology for the rapid and highly sensitive detection of ZEN in
food simulants [79].

3.5. Summary and Discussion

In the construction of biosensors, the application of nanotechnology modifications
can contribute to aspects such as recognition capability, signal transduction, detection
limit, specificity, or broad-spectrum performance, thereby enhancing detection accuracy,
sensitivity, stability, and biosafety. Biosensors employ diverse detection methods, each with
its own advantages. Colorimetric detection is intuitive and convenient, allowing direct
visual observation; methods such as SPR, SERS, and fluorescence offer high sensitivity and
low detection limits but often require large, sophisticated instruments; electrochemical
and photochemical detection methods are accurate and sensitive, holding promise for the
development of portable sensors. The applications of various biosensors have been shown
in Table 1. Future research on sensors may focus on the following aspects: (1) improving the
ability of recognition units to distinguish target substances in complex systems and enabling
simultaneous multi-target detection; (2) developing NMs with specificity, biocompatibility,
and environmental friendliness; (3) designing portable sensors that require minimal sample
preprocessing, eliminate the need for long-distance storage and transportation, and allow
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on-site testing; (4) integrating detection devices with Al, network, or communication

technologies to quantify results into digital signals.

Table 1. Biosensor-based detection of diverse target substances.

Analytes Sensing Core Materials Detection Parameters Samples Recovery (%) References
Strategy
Heavy-metal and metalloid ions
- X Tap water
single-walled carbon Dynamic hneaf 1range. S arrr)lpl os 98.3
1 Pb(ID Electrochemical nanotubes (SWCNT) ~ >-0-1250 He L . X [58]
cysteine residues (Cys) Sensitivity: 0'06_11 pA pg™ L Rainwater 100
LOD: 0.69 ug L samples
Bipedal DNA Walker, Linear range: Rice flour, tea, 99 55-103 44
2 Pb(Il) Electrochemical CHA, 0.05-1.0 umol L1 honey, RSD <5 [60]
AuNPs@Zr-MOF LOD: 4.65 x 107® pmol L~1  vermicelli, rice
River water
Au@Ag/COF Linear range: 10~8-107% uM 97.9-104.0
3 Hg (M) SERS Y-shaped DNA LOD: 5.0 x 1019 ;M ap water RSD: 4.8 [46]
Platinum nanoparticle Response time: 15-20's
4 Pb DNAzymes networks P Linear range: 1073-10 uM - - [59]
LOD: 0.01 uM
Linear range: 0.20-10 pg L™}
5 ¢d LOD: 0.085 pg Lt
Linear range: 0.50-25 pg L1 .
6 Mg Porous Cos0 LOD019 gL ) 0 pwater | Average: 869983
Colorimetric nanodisks with strong — 1 Lake water . d'. i 2 [56]
7 Pb(I) peroxidase-mimicking ~Linear range: 0.50-20 ug L Mixed: 86.9-95.
LOD: 0.2 pg L Industry water  RSD: 3.11-6.23
Linear range: 0.40-20 pg Lt
8 As LOD: 0.156 pug L1
Linear range:
9 Cu() 1.5 x 1073-0.258 uM
LOD: 0.001 uM
\rsitlltailll}; ed TV-Chip Linear range: Ri t _ [57]
10 Pb (I) uam}i’taﬁon DNA-nanoparticle 0.0015-0.258 uM tver water
! LOD: 0.001 uM
Linear range: 0.002-0.2 uM
11 Hg (I LOD: 0.0018 uM
Pesticide
Linear range: 2-20 pug L1
1 Paraoxon LOD: 2 ug 11 90 +1
2,4-dichloro Standard
il » . Carbon black/Prussian  Linear range: 100-600 pg L~ solutions and a
2 pheélnoxyacetlc Electrochemical ) nanoparticle LOD: 50 pg L-! river water 9342 [63]
act sample
. Linear range: 10-100 pg L~!
3 Atrazine LOD: 10 pg L-! 95+ 3
Aptamer-based . .
4 Acetamiprid  biosensors Fe-N-C single-atom LOD: 0.0169 uM real river water 99.79—101.17 [65]
nanozymes samples RSD: 4.46
(aptasensors)
. Electrochem- : Linear range: 0.1-2 pg L1 80.56-101.80 )
5 Malathion 4 inescence  TEMPO-MWENTS 165 0,007 ug L1 Cabbage RSD: 3.22-7.94 [64]
Linear range: 100-50,000 ug Lt N
6 Phoxim LOD: 41 pg L1 1741?;[ 4.94-109.17
(1.37 x 1077 M) )
Fe;0,@UiO- Linear range: 100-50,000 ug Lt
7 Triazophos  SERS 66(Zr)@Ag LOD: 21 ug L ! Apple juice f"sszli 0.30-116.67 50
nanoparticles 6.70 x 1078 M) '
; . -1
g Parathion- Eg%a_r;alnge' i(:S0,000 HgL 96.83 + 1.95-101.67
methyl o M +5.68

(1.18 x 1078 M)
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Table 1. Cont.
Analytes gte:;i;;%’ Core Materials Detection Parameters Samples Recovery (%) References
LOD: 4 x 10-5 uM soaking in lake
’ water
. LOD: 5 x 1073 uM filtration, in 92-102
FP/Ag/ZIF- !
9 Thiram SERS /Ag/ 8 within 1 min peach juice RSD: 7.3 [81]
LOD: 0.1 ng/cm? swabbing on
T ng apple peel
Linear range:
10 Chloropyrifos Colorimetric CeGONRs 0.012-3.50 pg mg ! Cabbage 95-105 [82]
LOD: 343 x 1072 pg L1
. Linear range:
11 Glyphosate Fluorescent lSophora Japonica 100-16,000 pg L1 Potatoes and soil ;68%)_3); 8 [83]
eaves LOD: 8.75 ug L™
Antibiotic
Linear range: .
1 Florfenicol  Electrochemical gjgﬁﬁﬁiﬁel 103-10% ug L ;‘:rlﬁn egg;“‘fes 96.3-100.9 [69]
LOD:5.28 x 104 pg L p samp
) ~ TiO,@MoS; spiral Dynamic linear range:
2 iCh%oramphen P}l\l otoielelctro nanoarrays 0.1 x 10771 uM treated milk 96-112 [70]
€0 chemica Aptamer-SH LOD: 0.1 x 1076 uM
Electrochem- Linear range:
3 Ampicillin duminescence  Bi253@Au nanoflowers 1070103 ug L! Scallops and fish 99.99-119.18 [84]
LOD: 0.357 pg L1
Linear range:
4 Egiorampher" PEC InyS;_\Sex 5 x 1078-0.01 uM - - [71]
LOD: 1.7 x 10~8 uM
5 Tetracycline LOD: 0.2367 uM
: : River, Tap, and
i R d d . , lap,
6  Terramycin Fluorescent gll}C/Si;ej uean LOD: 0.3739 uM Natural mineral 96.65-104.28 [66]
7 Chlortetracy- LOD: 02791 uM water
cline
Oxvtetracy- Linear range:
8 Chr{’e (OTg) Fluorescent 2D MOF-DNA 0.50-5.00 pg L1 - - [67]
LOD: 0.40 ug L1
. Linear range:
9 sulfonamides SPR MoSz-enhanced SPR 0.15-6.59 g L-1 ) 80.56-101.80 [68]
(SAs) biosensor LOD: 0.05 yig -1 RSD: 3.22-7.94
98.68-99.73
Linear range: 10719-0.1 uM Tablet sample o " o)
10 Rifampicin Electrochemical CoFe,O,@CdSe detection limit [85]
(4.55 x 1071 M) Serum sample 97:36-101.45
P RSD < 3.32%
Other pollutants
) Polychlorm— SP-RLS and Q-cyclodextrln SP-RLS LOD: 0.7 x 10-5 uM Growing water
ated biphenyls SERS silver (Ag) SERS: 3 x 10-5 uM and the plant - [72]
(PCBs) nanoparticles ’ L. minor
Linear range:
. 0.1-3.5 umol L1 .
2 BisphenolA  Liectrochemical o oy chisGe Sensitivity: Drinking bottles g0 ) 47, [75]
enzyme 2990.8 mAcm-—2M-1 and tap water
LOD: 0.024 pmol L1
Linear range of milk and plastic
3  Bisphenol A Electrochemical Tyr@Cu-TCPP 0.0035-18.9 uM mineral water 97.8-106.0 [76]
LOD: 0.0012 uM bottles samples
. Linear range:
111}111(1)(()1 11eﬁ‘ltqicles 09 x 1077-L1 x 102 uM Real urine
4  17B-estradiol  Electrochemical . b Sensitivity: 1.8 A mM ! 99.6 + 0.8 [77]
Single-layer graphene samples

oxide Laccase

(25.7 AmM~! cm?)
LOD: 0.54 x 1077 uM
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Table 1. Cont.
Analytes Sensing Core Materials Detection Parameters Samples Recovery (%) References
Strategy
5 Hydroquinone Linear range: 5-176.8 uM 98.94-102.10
LOD: 0.063 uM River water and
Electrochemical MoO3;@KSC/SPE iy = 1768 1M lake water [73]
inear range: 5-176.8 .
6 Catechol LOD: 0.059 1iM 97.50-100.13
Response time: 3 s
water-soluble Linear range: 0.025-11.1 uM environmental
7 Catechol Electrochemical ~graphene Sensitivity: water samples 90.5-108.6 [74]
tyrosinase 12,600 mA cm ~2 M1 P
LOD: 0.008 uM
Banana 92
li : b 9
8 Etheph paper-based HKUST-1(Cu)/BAs/ m_esaf range -1 Cucumber 6
PROm - SERs PBSM 10 10me ke Cocozelle 102 [86]
LOD: 1.39 x 10~* mgkg™! —
Synthetic urine 98.9 + 0.6
samples
Linear Range: 0.005-0.03,
. Polyacrylonitrile 0.06-0.1 uM .
9 Zearalenone  Electrochemical Graphite electrode LOD: 0.00166 1M Food simulant - [79]
LOQ: 0.005 uM
linear range:
Electrochem- . i 1 96.8-101.9
10 Trenbolone iluminescence CeO,/NiCo-LDH@Au 1.0 x 107*-50.0 ug L Lake water RSD < 3.8 [87]

LOD: 6.84 x 1075 pg L1

LOD: limit of detection, RSD: Relative standard deviation, LOQ: limit of quantitation.

4. Nanomaterials as Smart Agrochemicals for Sustainable
Crop Production

To support global agricultural production for a growing population, farmers have
resorted to the excessive use of agrochemicals to reduce crop diseases and pests and enhance
crop yield [88]. However, with conventional application methods, only a small fraction of
the active ingredients reaches the target crops, approximately 30-55% for nitrogen-based
fertilizers, 18-20% for phosphorus-based fertilizers, and 30—40% for pesticides [89]. The
majority of agrochemicals are released into the environment, leading to soil degradation,
groundwater contamination, water eutrophication, and other forms of ecological imbalance,
while also causing significant economic losses. Therefore, it is imperative to develop
novel approaches that improve the utilization efficiency of agrochemicals, ensuring a safe,
effective, and sustainable means of meeting food supply demands.

Recently, nanotechnology has been extensively explored for applications in plant
systems, such as nano-fertilizers, nano-pesticides, and nano-promoters [90]. NMs enable
the slow or stimuli-responsive release of active ingredients in agrochemicals, providing
more stable and targeted effects on crops and thereby enhancing productivity [91-93].
Commonly used types of NMs include mesoporous silica nanoparticles (MSNs), metal
nanoparticles (e.g., silver nanoparticles), peptide-based NMs, carbon nanotubes (CNTs),
and carbon dots, etc. [21,94-96]. Figure 2 illustrates research on the application of NMs
as various types of agrochemicals. The application of nanomaterials in agrochemicals has
been shown in Table 2.
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Figure 2. Applications of NMs as agrochemicals: (a) mechanism of NMs strengthening crops,
reprinted from ref. [97], (b) key characteristics of NMs for pesticide delivery, reprinted from ref. [98],
(c) controlled and targeted delivery of agrochemicals enabled by photothermal properties, environ-
mental responsibility, and deep learning, reprinted from ref. [99].

4.1. Nano-Fertilizer: Precision Nutrients Delivery

Currently, synthetic fertilizers are produced using finite mined resources, making
their manufacturing and application unsustainable. Moreover, their excessive use leads
to environmental pollution and resource wastage. Nano-fertilizers, owing to their high
efficiency and precision release properties, are regarded as a crucial solution for sustainable
agriculture [1]. By enabling targeted delivery and controlled release of nutrients, nano-
fertilizers can significantly enhance nutrient use efficiency while reducing pollution in
soil and water bodies [100]. The application of NMs as soil amendments can significantly
improve soil properties. They enhance water and nutrient retention capacity, increase soil
organic carbon content, and strengthen soil cohesion [101].

Conventional urea fertilizers release nutrients too rapidly, with only about 50% of the
nitrogen being effectively utilized by crops. The remainder is lost through volatilization,
soil reactions, and leaching, leading to significant resource waste and environmental
pollution. To address this issue, a nanocomposite composed of GO loaded with urea
(termed N-doped graphene oxide, urea@GO) has been developed to slow the release rate
and improve nitrogen use efficiency [102]. In another study, Zhang et al. designed a
sustained-release fertilizer structured with a nano-carbon (CN) core, aminated mesoporous
silica (mSiO,-NHy) as the shell for urea loading, and a polydopamine (PDA) coating,
denoted as CN@mSiO,-NH,@Urea@PDA. When applied as a substitute for 40% of the
conventional base fertilizer, this material increased flowering Chinese cabbage yield by
69.94% [103].
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Nitrogen-doped carbon dots (N-CDs) were prepared from citric acid and 1,3-
diaminopropane, which promoted the growth and nutritional quality of lettuce. By in-
creasing electron transport rate (ETR), photochemical quenching, light energy conversion
efficiency of photosystem II and Rubisco enzyme activity, N-CDs promoted the efficiency
of photosynthesis and the accumulation of photosynthetic products [104].

Zinc (Zn) is an essential trace element for both plant and human health. Application
of Zn fertilizers is an effective strategy to enhance Zn concentrations in crops. Zn-doped
Mg-Fe layered double hydroxides (Zn-doped Mg-Fe LDHs) was designed as a new type of
zinc fertilizer. The release of Zn is controlled by pH, which helps to solve the problem of
soil Zn deficiency and improve crop yield and nutritional quality [105].

Research has demonstrated that nano-CuO can reduce the excessive release of copper
and, at low doses, shows no negative effects on plant growth and reproduction. It may
also undergo biotransformation, thereby reducing its toxicity [106]. However, He et al.
reported that wheat exposed to CuO-NPs and Ce,-NPs for 21 days showed contrasting
effects. CuO-NPs caused oxidative stress, disrupted nitrogen metabolism, and reduced
growth by ~15%, with plant accumulation nearly 20-fold higher than Ce,-NPs due to
greater solubility [107].

Bio-based polymer-coated controlled-release fertilizers are eco-friendly and cost-
effective but often suffer from poor nutrient release control due to hydrophilicity and
microporosity. To overcome this, Yang et al. developed a dual-modified all-biobased
polyurethane-coated urea (DHBCU) with siloxane and copper laurate (LAC), achieving su-
perhydrophobicity, enhanced elasticity, and a prolonged nitrogen release period to 112 days
while reducing NMs inputs [108]. Similarly, Zhang et al., synthesized nano-sized copper
laurate (NLAC), exhibiting superhydrophobic, superoleophilic, and antimicrobial prop-
erties, with great potential for applications in controlled-release fertilizers and oil-water
separation, alongside economic and environmental benefits [109].

4.2. Nano-Pesticide; Targeted Pest and Pathogen Suppression

Agrochemicals have been extensively used to enhance productivity; however, their
excessive application poses significant threats to environmental and human health [7]. Due
to their unique size effects, NMs demonstrate superior comprehensive efficacy in controlling
crop diseases compared to ionic forms, bulk particles, and commercial pesticides, enabling
direct suppression of pest and pathogen growth [110]. Consequently, a wide range of NMs
have been developed to improve the photochemical stability, bioactivity, controlled-release
properties, and environmental compatibility of pesticides [111-114]. The comparison of
various nano pesticide delivery systems is shown in Table 3.

Santana et al. designed a multifunctional quantum dot (QD) modified with (-
cyclodextrin (3-CD) on its surface. The QD was functionalized using the biomolecular
recognition motif RbcS guiding peptide, enabling specific targeting via the translocon on
the outer chloroplast membrane. This innovation provides a non-transgenic precision tool
for plant biology research and can also be utilized for efficient delivery of pesticides or
nutrients [115].

The insecticide Emamectin Benzoate (EB) was encapsulated within 3-CD and amino-
functionalized zein (AM-zein) to form a core-double shell structure EB@3-CD/AM-zein,
which improved the encapsulation and photostability of EB, and enhanced the leaf affinity
and dispersibility [116].

To address the issue of initial burst release associated with conventional avermectin
(AV), a pH-responsive controlled-release formulation was developed using AV as a
model pesticide and MXene (Ti3Cy) as the carrier. The resulting AV@TizC, complex
demonstrated sustained insecticidal activity and enhanced biosafety [117]. In another
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approach, avermectin (AVM) was encapsulated within composite carrier to form AVM@P-
zein/CMC-g-PDMDAAC nanoparticles. This system achieved a high encapsulation effi-
ciency of up to 82.11%, and offered multiple advantages, while maintaining the pesticide’s
bioactivity [118].

The biocompatibility of nanocarrier materials is also of critical importance. Liu et al.
focused on utilizing starch nanocrystals (SNCs) as nanocarriers to develop an intelligent
pesticide formulation based on thiamethoxam (TMX), designated SNC@TMX. This system
successfully enhanced the stability and sustained-release properties of TMX while reducing
its toxicity to bees [119]. In a separate study, biocompatible sodium alginate (SA) was
employed as a hydrophilic carrier to form core-shell structured NPs, which significantly
enhanced the photostability and insecticidal efficiency of Phloxine B (PB) and enabled its
controlled release within target pests [120].

Novel nano-pesticides characterized by high efficiency, low toxicity, and environmen-
tal friendliness are not only applied for pest control but also for managing phytopathogens.
Han et al. constructed a nanoplatform using a Cu-TCPP MOFs as the carrier to load dini-
conazole (DIN), resulting in Cu-TCPP@DIN@MPN nanoparticles. This system significantly
enhanced pesticide utilization and environmental adaptability through multidimensional
regulation, while ensuring biosafety [121]. Huang et al. developed a pH-responsive mul-
tifunctional nano-pesticide-fertilizer complex (Pro/DA-6@ZIF-8@siRNA), integrated the
chemical pesticide propiconazole (Pro), a nucleic acid pesticide and the plant growth reg-
ulator diethyl aminoethyl hexanoate (DA-6) to synergistically control rice sheath blight,
while simultaneously promoting rice growth [122]. In another study, Liu et al. developed a
nano-pesticide designated as [dsSRNA-Luvangetin]| @CQAS, which can be tailored to target
different pathogens by adjusting the dsRNA sequence. This system combines antibacterial
activity, gene silencing, and immune activation functions, making it suitable for integrated
disease management [123].

Conventional pesticides with single-site modes of action are highly prone to induc-
ing drug resistance. NMs can inhibit the development of pathogen resistance through
multi-modal mechanisms. Research has demonstrated that the combined use of Cu-NPs
with conventional fungicides can reduce fungicide dosage and suppress resistance to
B. cinerea [124].

4.3. Nano-Bio-Stimulants and Growth Promoters

Plant biostimulants do not function as nutritional sources but rather as physiological
regulators that enhance plant growth and development through biostimulation and seed
priming. Concurrently, biofortification has been employed as a complementary strategy
to produce “healthier food” by cultivating nutritionally enhanced crops through modern
biotechnology, conventional plant breeding, and improved agronomic practices [125]. At
non-toxic concentrations, NMs can deliver essential elements to support plant growth and
metabolism, thereby enhancing developmental vigor and antioxidant capacity. They can
also facilitate the transport of appropriate amounts of minerals such as zinc, iron, man-
ganese, potassium, and selenium to edible tissues, increasing the content of micronutrients,
macronutrients, and bioactive compounds in crops [97].

Selenium (Se) not only promotes crop growth but also helps fulfill human di-
etary selenium requirements by enhancing its concentration in food products [126].
Caralluma tuberculata exhibits low seed germination rates and slow rooting under natu-
ral conditions. The application of selenium nanoparticles (SeNPs) enhanced plant stress
resistance by modulating the antioxidant system and secondary metabolic pathways. A
low concentration of SeNPs (100 ug L~!), combined with indole-3-butyric acid (IBA), sig-
nificantly promoted in vitro rooting and growth of C. tuberculata [127]. The SeNPs were



Nanomaterials 2025, 15, 1755

15 of 35

rapidly converted into Se (IV) and organic selenium within the plant and specifically bound
to two selenium-binding proteins. Furthermore, SeNPs up-regulated genes associated with
plant defense, growth, and antioxidation. They also alleviated oxidative stress promoting
plant growth and enhancing overall plant health [128].

Seeds of rice (Oryza sativa L.) were treated with green-synthesized nano-scale zerova-
lent iron (G-nZVI), produced using pomegranate peel extract, as a nanopriming agent. This
treatment significantly enhanced seed germination, improved seedling vigor, and increased
grain yield [129]. Lahiani et al. synthesized single-walled carbon nanohorns (SWCNHs)
and applied them to plants, including both crops and tobacco cell cultures. The treatment
significantly accelerated seed germination in multiple crop species, increased stem length
and biomass, and promoted the growth of tobacco cells [130].

The application dosage of nano-enhancers is a critical factor requiring careful con-
sideration. When GO was applied as a growth promoter to mung beans, a concentration
of 1200 mg L~! significantly increased the activities of superoxide dismutase (SOD), per-
oxidase (POD), and catalase (CAT), alongside elevated chlorophyll content and biomass.
However, at a higher concentration (1500 mg L), the antioxidant system was likely over-
whelmed, leading to oxidative damage and inhibited growth [131]. Furthermore, other
studies have demonstrated that GO at high concentrations significantly suppresses shoot
biomass and shoot elongation in rice seedlings. GO induced acidification of the nutrient
solution, triggering oxidative stress and generating excessive reactive oxygen species (ROS),
which subsequently caused lipid peroxidation and ultimately inhibiting plant growth [132].
In addition to promoting plant growth at low concentrations, GO can also safely and effec-
tively enhance fruit quality. When a GO solution was injected into the stems of watermelon
plants, the average fruit circumference increased by 5 cm, and the sugar content rose from
10.16 Brix to 11.73 Brix [133].

4.4. Integration of NMs in Smart and Sustainable Crop Management

The development of nano-fertilizers and nano-pesticides has brought new impetus
to agricultural production. However, challenges persist, including single functionality
in controlled release systems, limited regulation methods, issues of non-biodegradable
toxicity, and insufficient targeting precision. To optimize the use of agricultural chemicals,
improve sustainability, reduce energy waste and negative environmental impacts, and
meet the requirements of precision agriculture, it is essential to integrate novel technologies
such as sensors, GPS, robotics, drones, and artificial intelligence with innovations in
agricultural chemistry. This integration will facilitate highly efficient and sustainable
agricultural management.

Ji et al. developed a pesticide-fertilizer all-in-one nanoplatform (PFAC) using
HMS@PCM@PDA@ZIF-8 for intelligent agrochemical delivery. NIR-triggered heating
released the herbicide, while acidic conditions decomposed ZIF-8 to release the insecticide
and zinc. Coupled with YOLO-v3 drone imaging, this system enabled automated weed
detection and precision crop management [99].

4.5. Summary and Discussion

The integration of nanotechnology with agricultural agents such as fertilizers and
pesticides can effectively enhance the utilization efficiency of active ingredients while
reducing environmental impact [134,135]. Based on their mechanisms of action, they are
categorized into slow-release, controlled-release, and bioactivation. Slow-release functions
by delaying the release rate of agricultural agents; controlled-release precisely matches crop
needs by responding to conditions such as pH, temperature, or humidity; and bioactivation
utilizes microorganisms to decompose insoluble nutrients [136]. Plant growth promoters
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play a role in stimulating seed germination, enhancing crop growth vitality, or improving

crop nutritional content. However, current research still has limitations. Future studies

could expand field trials to investigate the practical effects of large-scale applications.

Secondly, exploring the mechanisms of nanomaterial interactions within plants could

facilitate precise nutrient delivery. Additionally, attention should be paid to the impact of

combined exposure to multiple NMs on crop growth and health.

Table 2. Application of nanomaterials in fertilizers, pesticides, and enhancers (1 is increase and |

is decrease).

Nanomaterials Crop/Target Dosage Effect Mechanism Reference
Nanofertilizers
Carbohydrate- Starch and sucrose
Wheat (Triticum related metabolic metabolic
1 CeO,-NPs aestioum) 100 mg L1 pathways 1, pathways 1, Energy [107]
Antioxidant capacity T, storage 1, Plant
Energy metabolism 1 growth 1
Zn-doped Barley (Hordeum 1 . Organic acids 1,
2 Mg-Fe-LDHs vulgare cv. Antonia) 10'mg pot Zn concentrations phytosiderophores 1 [105]
ternary
nanocomposite iﬁx;ﬁjﬁif}? hydrogen bonding
3  UF/PBS/potassium - - p ! interactions and a [137]
. Controlled-release ,, .
dihydrogen roperties 1 cage effect
phosphate (MKP) prop
Biomass Actual
Lettuce 100 and . photosynthesis rate 1,
4 N-CDs (Lactuca sativa) 200 mg Lt accumulation , Activity of glutamine [104]
nutrient content 1
synthetase 1
pH, concentration of
5 Urea@GO - 150 mg L1 Slow releas ured, presence O.f [102]
water, solar radiation,
graphene sheets, etc.
Slow release, Choy
. sum yield T, ., .
CN@mSiO,- . . e Material’s porosity
6 NH,@Urea@PDA Brassica rapa - Nltrog(?r1. utilization decreases | [103]
Efficiency 1,
Nitrogen loss |
Hydrophobicity 1,
Elasticity 1,
Controlled-release Water penetration |,
7 DHBCU ) ) performance T, Nutrient release | [108]
Nitrogen release
period 1
Nanopesticides
1.5 g soil mixed Her nsiv
1 AV@TisCy Maize with 0.25 g Slow release pslovjfi‘l’e;ee [117]
AV@TizCy
Stability 1, Drug
AVM@P- loading T, Phosphorylation +
2 Zein/CMC-g- Cucumber 35.95 mg L1 Anti-ultraviolet T, Electrostatic coating, [118]
PDMDA A é’r (Cucumis sativus) (LCsp) Adhesion T, uv
Sustained release T, shielding /adhesion

Toxicity |
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Table 2. Cont.
Nanomaterials Crop/Target Dosage Effect Mechanism Reference
. Encapsulation -
Diamondback 1 L x-amylase in insect
EB@B_C.D /AM- moth (Plutella 1.78 mg L eff.lc.lency T.’ . guts can degrade the [116]
Zein (LCsp) Insecticidal activity .
xylostella L.) - inner 3-CD shell
remained stable
Diaphorina citri Pesticide utilization
SNC@TMX (Hemiptera: 1'562_,510 Insecticidal activity 1 efficiency 1, Toxicity [119]
- mg L to non-target
Liviidae) .
organisms |
pest-specific
. .. esterase-6 T,
Esterase/GSH Sf9 insect cells - Cytophototoxicity 1 Intracellular GSH [120]
levels 1
Fungal-secreted
Fro/DA a1 Scyel | dcabsaos
@siRNA Rhizoctonia solani 0.125mg L1 . . 88 o4 & [122]
nanoparticles (Nps) pesticides 1, Rice of Zn“*-N
seedling growth 1 coordination bonds
in ZIF-8
Sclerotinia Chemical fungicidal
[dsRNA- Sclerotinia 200 me L1 sclerotiorum |, activity, gene [123]
Luvangetin| @CQAS sclerotiorum 5 Co-infection of both silencing, and plant
viruses and fungi | immune activation
Cu- Fusarium oxysporum 10 mg mL~! Fusag;}rl;bol;[closnoorfum 1 Antibacterial [121]
TCPP@DIN@MPN Ysp & sp ' activity 1
photostability 1
Bio-Enhancers (Growth Promoters and Seed Priming Agents)
SeNPs were
. . . 5-100 . biotransformed into
SeNPs Arabidopsis thaliana ug plant~! Selenium content 1 selenium (IV) and [128]
SeMet
Rooting frequency 7,
Caralluma 1 Number of roots 1, ~ Antioxidant enzyme
SeNPs tuberculata 0-100 mg L Fresh weight 1, Dry activity 1 [1271
weight 1
Seed germination T,
Seedhng vigor 1, Activity of
Hydrolytic enzyme ioxid
rice (Oryza sativa L activity 1, Plant antioxidant
G-nZVI . ) 80 mg L1 . . enzymes T, [129]
cv. Gobindobhog) height 1, Tiller .
. Photosynthetic
count T, Panicle efficiency 1
weight 1, Overall y
yield
Length of roots and
. shoots 1, Number of L
GO Mungbean (Vigna 1200 mg L1 leaves, root nodules Activating the [131]
radiata L.) antioxidant system
per plant, pods and
seeds per pod 1
Perimeter 1, sugar Expression of auxin-
GO Watermelon 10 mg L1 / SUg and cytokinin-related [133]
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Table 2. Cont.
Nanomaterials Crop/Target Dosage Effect Mechanism Reference
Altered the
. S i f
barley, corn, rice, 25 50 Seed germination T, exiliZizg)?oos t?:;;es
S soybean, tomato, _ rowth or tobacco
6 SWCNH vb t t e growth of tob 130
. 100 mg L response, cell growth,
switchgrass cells 1 )
and metabolic
processes in Crops
Table 3. Comparative analysis of nano-agrochemical delivery systems.
Cat N ier T Active I dient Controlled Release ??j;};duc- Phvtotoxicit Ref
ategory anocarrier Type ctive Ingredient 5 - . o ond Triggers Ilri)creasecacy ytotoxicity eferences
Mesoporous Slow Release: 24% 21.64% higher N Significant
0 decrease in release rate ol
Nutrient Deliver Silica Urea Trigger: Diffusion utilization growth [103]
Y (CNe@mSiO,- e . efficiency, 69.94%  promotion in :
control (PDA coating s .
NH,) : yield increase Brassica rapa
reduces porosity)
Slow Release: Excellent
N slow-release Indirect reduction
Nutrient Deliver Polymer/Hydrogel N.P K performance via improved ) [137]
v CIVELY (UF/PBS/MKP) o Trigger: Diffusion via utilization ;
hydrogen bonding and  efficiency
“cage effect”
Highly Slow Release:
Release period
extended to 112 days Gr'eatly extended
Nutrient Delivery Polymer Urea Trigger: efficacy, reduces - [108]
(DHBCU) S : . top-dressing
uperhydrophobic layer frequency
inhibits water
penetration
Smart/Targeted Release: ~ Enhanced efficacy
MOF Propyrisulfuron Fungal-secreted acids of non-invasive Promoted rice
Pesticide Delivery (ZIF-8) (Pro), DA-6, trigger carrier pesticides, seedling growth, [122]
siRNA degradation promoted rice no phytotoxicity
Trigger: pH seedling growth
Slow / Smart Release: . Effective against
Polymer Abamectin Sustained release, High drug target pest
Pesticide Delivery ! anti-UV loading, LCs of . [118]
(Zein-based) (AVM) . . Iy (diamondback
Trigger: pH-triggered 3595 mg L h
release moth)
. High
iﬂ?:/lzzgit?gsﬁlefé " encapsulation Effective against
Pesticide Deliver Polymer Emamectin de ra}::les B-CD shel% efficiency, LCsp of  target pest [116]
y (B-CD/AM-Zein)  Benzoate (EB) Trig or: 1.78 mg L1, (diamondback
Enggmé- tricoored stable insecticidal =~ moth)
y 88 activity
Synergistic Effect: Triple
synergy of chemical Effective against
Organic fungicide, gene Sclerotinia
Biopesticide Polymer/Lipid dsRNA, silencing and plant sclerotiorum, Safe on [123]
Delivery ([dsRNA- Luvangetin immunity activation suppresses viral solanaceous crops i
Luvangetin]| @CQAS) Trigger: Not specified, and fungal
presumed release upon  co-infection
contact/uptake
Highly Slow /Smart Maintained 65%
Release: Only 12.35% mortality rate
Pesticide Delivery &a\ig%a}é/}DH Abamectin (AV) cumulative release in while minimizing  Safe on maize [117]
32

soil after 14 days
Trigger: pH-responsive

burst release and
loss
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5. Nano-Enabled Approaches for Enhancing Crop Stress Tolerance

Currently, challenges such as climate change, heavy metal pollution, plant pathogens,
crop infectious diseases, and reduced crop yields threaten agricultural sustainability [88].
Both biotic and abiotic stresses reduce crop productivity by impairing plant growth and
development in the field and by degrading crop quality during storage [20]. When exposed
to stress conditions, plants tend to synthesize and accumulate defense-related phytohor-
mones to ensure survival under adverse conditions [138]. Plants recognize pathogens or
physical damage through signaling pathways involving Pattern-Triggered Immunity (PTI)
and Effector-Triggered Immunity (ETI) systems. PTI serves as the first line of plant defense,
which includes calcium ion (Ca?*) influx, reactive oxygen species (ROS) production, and
the regulation of hormones such as ethylene (ET), abscisic acid (ABA), salicylic acid (SA),
and jasmonic acid (JA). If PTI fails, ETI is activated [139]. Notably, NMs can induce or
enhance similar protective mechanisms in plants, thereby strengthening stress resistance.
Meanwhile, NMs can promote plant growth, alleviate oxidative stress, induce defense
responses, and modulate plant-microbe interactions [140]. Due to their small size, NMs can
readily enter cells and influence physiological and biochemical processes [135]. Nanotech-
nology has emerged as a feasible strategy to enhance plant resilience under unfavorable
conditions and improve overall performance [141]. Figure 3 illustrates the application of
different NMs in crop stress resistance.
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Figure 3. Applications of nanomaterials in crop stress resistance: (a) the synergistic effect of
microorganisms-nanoparticles on plants under stress, reprinted from ref. [135], (b) GO promotes
peanut seed germination and enhances salt tolerance in seedlings, reprinted from ref. [142], (c) effects
of abiotic stress on crop health, reprinted from ref. [143].

5.1. Mitigation of Abiotic Stress

Abiotic stress refers to the adverse effects on crops caused by non-living factors such as
temperature, salinity, drought, and heavy metals. The extent of its impact depends on the
type and intensity of the stress, plant species, stress combinations, and the developmental
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stage of the plant [141]. Abiotic stress is one of the critical constraints affecting agricultural
production and can lead to substantial reductions in both crop yield and quality [144]. NMs
can help plants adapt to unfavorable conditions by modulating reactive oxygen species,
stress-related gene expression, and signaling pathways [145].

Under drought stress, the cellular redox homeostasis in crops is disrupted, lead-
ing to excessive accumulation of reactive oxygen species (ROS), which damages cellular
structures and further impairs key metabolic pathways such as photosynthesis and water
metabolism [146]. Zhao et al. treated drought-stressed soybean (Glycine max L.) with GO,
which significantly increased the relative water content (RWC) in stems, leaves, roots,
and soil. GO promoted root development, enhanced the antioxidant defense system, and
alleviated oxidative damage. By upregulating the expression of drought-responsive genes
(GmP5CS, GmGOLS, GmDREB1, GmNCED1) and increasing the levels of ABA, SA, JA,
and auxin (IAA), GO improved drought tolerance in soybean [147].

Under drought conditions, maize treated with Zeolitic Imidazolate Framework-8
(ZIF-8) NMs exhibited a 57.9% increase in root length, an 11.9% increase in stem length,
and a 44.8% increase in root tip number. Mechanistic studies revealed that ZIF-8 treatment
activated glycerophospholipid metabolism and sugar metabolism pathways. Additionally,
ZIF-8 captured electrons leaking from the photosynthetic chain and acted as an electron
bridge to transfer them back to adjacent chloroplasts. Furthermore, ZIF-8 upregulated the
expression of photosynthesis-related genes, as well as genes involved in benzoxazinoid
biosynthesis and secondary metabolic pathways, thereby enhancing drought resistance and
photosynthetic efficiency through multiple mechanisms [148]. Poly(acrylic acid)-coated
manganese oxide (MnzO4) nanoparticles (PMOs) were applied to cotton under drought
stress, resulting in a significant increase in fresh weight (74.9%) and dry weight (75.5%),
alongside a reduction in ROS levels (HyO, by 60.7% and O, by 67.8%). PMO treatment
also enhanced CO, uptake, improved net photosynthetic rate (by 160%) and transpiration
rate, and increased both seed cotton yield and lint yield (by approximately 20-22%) [149].

Exposure to extreme temperatures can cause severe damage to plants, including
reduced photosynthetic efficiency, shortened life cycles, and decreased yield. NMs can
enhance plant thermotolerance by improving nutrient uptake, regulating osmotic balance,
optimizing photosynthesis, strengthening the antioxidant defense system, and modulating
phytohormone signaling pathways [150]. Application of nanocapsule—potassium (N-K) to
pepper (Capsicum annuum L.) under high-temperature stress significantly reduced stress
indicators such as malondialdehyde (MDA) and electrolyte leakage (EL), while enhancing
the activities of catalase (CAT) and superoxide dismutase (SOD). N-K treatment also
modulated fatty acid composition, effectively improving the growth and physiological
status of pepper plants [151]. Treatment with zinc oxide nanoparticles (ZnO NPs) increased
the activity of antioxidant enzymes (SOD, CAT, POD) and up-regulated the expression of
related genes (e.g., OsCu/ZnSODs, OsPRXs, OsCATs). Concurrently, it down-regulated the
expression of cold-responsive transcription factors (such as OsbZIP52, OsMYB4, OsMYB30,
OsNACS, OsWRKY76, OsWRKY94), significantly alleviating the inhibitory effects of chilling
stress on rice (Oryza sativa L.) growth. Additionally, ZnO NPs restored the contents of
chlorophyll a, chlorophyll b, and total chlorophyll [152].

Salt stress severely impacts crop growth, leading to yield losses and reduced qual-
ity [153]. It primarily involves osmotic stress, sodium ion (Na*) toxicity, and the excessive
accumulation of reactive oxygen species (ROS) as a secondary stress. Current research
on salt tolerance mechanisms is largely based on these aspects [154]. NMs can effectively
enhance plant salt tolerance [155]. GO alleviated the inhibitory effects of salt stress (200 mM
NaCl) on peanut growth, increasing plant height, root length, and biomass. Mechanistic
studies revealed that GO enhanced photosynthesis (by improving net photosynthetic rate
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and chlorophyll content) and boosted the antioxidant system (e.g., increased activities of
SOD and CAT). Additionally, GO promoted the accumulation of amino acids (such as glu-
tamate) and phytohormones (including gibberellin and cytokinin) [142]. Tannic acid-iron
(TA-Fe) NMs effectively alleviated the inhibitory effects of salt stress on rice growth. By
scavenging reactive oxygen species (ROS) and protecting cell membrane integrity, TA-Fe
enhanced plant stress tolerance. Moreover, as these NMs are derived from natural tannic
acid, they exhibit low toxicity and high safety [156].

Heavy metal contamination is characterized by high toxicity, irreversibility, and per-
sistence, severely impairing fundamental soil functions, reducing crop yield and quality,
and posing risks to human health [157,158]. Cao et al. found that metalloid-based NMs
enhanced rice biomass and reduced arsenic accumulation in plant tissues by modulat-
ing the rhizosphere microbial community, optimizing soil bacterial structure, promoting
arsenic methylation, limiting arsenic uptake, and strengthening internal arsenic detoxifi-
cation mechanisms. Additionally, these NMs significantly improved both rice yield and
the nutritional quality of grains [159]. Two-dimensional MXene NMs (Ti3C,Tx) enhanced
lead (Pb) stress tolerance in Torreya grandis, significantly improving growth parameters
while reducing malondialdehyde (MDA) content and electrolyte leakage. MXene facilitated
the transformation of Pb speciation in soil, thereby decreasing its bioavailability. It also
regulated genes associated with pectin synthesis and degradation, increasing Pb immobi-
lization within the root cell walls [160]. Both putrescine (Put) and carbon quantum dots
(CQDs) have demonstrated positive effects in alleviating plant stress. When combined as
Put-CQD nanoparticles and applied as a protective agent, they significantly mitigated the
adverse impacts of cadmium stress on grape plants. The treatment restored leaf fresh and
dry weights to near-normal levels, reduced cadmium accumulation, and enhanced overall
plant stress resistance [161].

5.2. Defense Against Biotic Stress

Biotic stress refers to the competitive or antagonistic interactions in which biological
agents such as fungi, bacteria, viruses, parasites, and insects cause damage to plants [162].
It poses serious, destructive threats to agricultural productivity and food quality, leading
to substantial economic losses. NMs can trigger defense responses in plants against bi-
otic stressors through multiple mechanisms, mitigating negative impacts and alleviating
damage caused by such stress [20,163].

Foliar application of copper nanoparticles restored biomass, photosynthetic efficiency,
and fatty acid composition in infected soybean plants. It reduced pathogen-induced antiox-
idant enzyme activity, modulated the expression of defense-related and phytohormone-
related genes, and enhanced innate immune responses. This approach effectively controlled
soybean sudden death syndrome caused by the fungal pathogen Fusarium virguliforme [164].

Fusarium wilt, caused by Fusarium oxysporum, can lead to yield losses of up to 50%
in tomato. Application of two carbon-based nanomaterials (CNMs), carbon nanotubes
(CNTs) and graphene (GP), reduced the incidence and severity of Fusarium wilt in tomato,
increased fruit yield, and enhanced the content of photosynthetic pigments, ascorbic
acid, and flavonoids in the leaves. Additionally, these CNMs elevated the activity of
leaf antioxidant enzymes [165]. Copper oxide nanoparticles (CuO NPs) with different
morphologies and surface charges exerted distinct effects on tomato plant health and
disease suppression. Three types were evaluated: positively charged nanospikes (CuO
(+) nanospikes), negatively charged nanospikes (CuO (—) nanospikes), and negatively
charged nanosheets (CuO (—) nanosheets). Among these, negatively charged nanoparticles,
particularly the nanosheets, demonstrated superior disease suppression efficacy. They
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significantly reduced disease progression caused by Fusarium oxysporum and increased
plant biomass [166].

The pathogen Pseudomonas syringae pv. Tomato DC3000 (Pst. DC3000) causes bacterial
spot disease in tomato plants. Yu et al. developed a novel nanomaterial, ZnO-TiO,@MSC,
using corn straw as a template. This material effectively controlled tomato disease and
promoted plant growth through dual mechanisms: direct antimicrobial activity and ac-
tivation of the plant defense system [167]. Early blight, caused by Alternaria solani, can
significantly reduce tomato yield. Treatment with silver nanoparticles (AgNPs) modulated
plant defense mechanisms and antioxidant enzyme activity, enhancing tomato resistance to
the pathogen [168].

Under biotic stress induced by Aspergillus flavus, rice exhibited significantly elevated
levels of antioxidant enzymes (SOD, POD, CAT) and non-enzymatic compounds such as
proline and MDA. Application of silver nanoparticles (AgNPs) effectively reduced these
biomarkers, alleviated oxidative stress, and decreased aflatoxin B1 (AFB1) content in rice
grains from 25.1 pg kg~ ! to 10.6 ug kg~ !. Additionally, AgNPs treatment improved the
content of minerals, including calcium, iron, and phosphorus [169].

Foliar application of LajSigO,7 nanorods on rice significantly reduced sheath blight
severity by 62.4% and increased grain yield by 35.4%. The treatment also enhanced the
content of starch, protein, and trace elements (such as iron, copper, manganese, and molyb-
denum) in the grains, demonstrating an efficient, economical, environmentally friendly, and
sustainable crop protection strategy. The mechanisms underlying the effects of lanthanum-
based NMs on rice involve multiple pathways: they activate calmodulin (CAM) and pheny-
lalanine ammonia-lyase (PAL), upregulate the expression of disease resistance related genes,
promote lignin synthesis to strengthen cell walls against pathogen invasion, and enhance
antioxidant enzyme activity to alleviate pathogen induced oxidative damage [170].

Sesame plants are often subjected to stress from Spodoptera litura infestation. Foliar ap-
plication of chitosan nanoparticles (CNPs) activated endogenous plant defense mechanisms,
including calcium ion (Ca2*) influx and phytohormone accumulation, while upregulating
biosynthetic genes of defense metabolites such as sesamin and shanzhiside methyl ester.
This treatment alleviated oxidative stress induced by insect herbivory and simultaneously
enhanced the nutritional quality of the seeds [171].

RNA interference (RNAi) also demonstrates remarkable potential in the field of biotic
stress resistance. This technology enables the design of specific double-stranded RNA
(dsRNA) molecules that can be targeted against a wide range of fungal, bacterial, and
viral diseases [172].

5.3. Multifactorial and Combined Stress Adaption Strategies

In actual agricultural production, stresses often interact to produce combined effects.
For instance, combined heat and drought stress, along with crown and root rot diseases
(CRDs) caused by Fusarium spp., pose severe threats to wheat growth and yield. The appli-
cation of bioselenium nanoparticles (BioSeNPs) synthesized using Lactobacillus acidophilus
ML14 not only suppressed Fusarium diseases but also enhanced wheat resilience to drought
and heat stress, ultimately improving yield [173].

Heat stress combined with thrips infestation significantly inhibited soybean growth
and yield, manifesting as stunted growth, leaf damage, reduced biomass, and decreased
nodulation. Wang et al. investigated the effects of three carbon-based NMs (CNMs), carbon
nanotubes (CNTs), graphene nanoplatelets (GNPs), and industrial carbon black (CB), on
soybean growth, nodulation, and leaf health under such combined stress. While the CNMs
showed limited influence on overall growth and yield, GNPs increased the chlorophyll a/b
ratio, whereas CNTs exacerbated oxidative damage [174]. These findings indicate that the
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negative impacts of combined heat and thrips stress substantially outweigh the potential
mitigating effects of CNMs on soybean growth and health.

5.4. Summary and Discussion

The involvement of nanotechnology can induce defense mechanisms in crops, promote

growth and development, or enhance the operation of crop defense systems, significantly

improving crop resilience under stress (Table 4). Current research predominantly focuses

on experimental studies involving single crop species under single stress conditions, which

limits practical applicability. Future research should aim to: (1) develop NMs applicable

to multiple crop species or effective against multiple types of stress, in alignment with

real-world agricultural conditions; (2) deepen the understanding of the specific effects

of stress on plants to enable accurate and effective stress resistance; (3) investigate the

mechanisms through which NMs enhance crop stress tolerance.

Table 4. Application of nanomaterials in stress resistance (1 is increase and | is decrease).
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6. Challenges and Prospects for Sustainable Implementation of
Nanotechnology in Agriculture

While nanotechnology holds immense potential in detection, delivery, and stress resis-
tance, concerns remain regarding its application in agriculture and food safety. This section
discusses the environmental, regulatory, and socio-economic obstacles of nanotechnology,
providing a roadmap for future development.

6.1. Environmental Risks and Biosafety Concerns

NMs possess excellent functional properties such as small size, high reactivity, and
strong permeability, but they may also pose environmental and health risks. On one hand,
the long-term behavior patterns of NMs in the environment remain poorly understood.
Factors such as transformation, transport, and bioavailability determine the persistence,
mobility, and biological availability of NMs [175]. On the other hand, at high doses or under
specific conditions, NMs can exhibit toxicity to plants [176]. For instance, CuO-NPs have
been shown to induce oxidative stress in wheat, disrupt nitrogen metabolism, and lead
to approximately 15% growth reduction [102]. The primary toxicity mechanisms of NMs
include oxidative stress, which generates reactive oxygen species (ROS), resulting in lipid
peroxidation, cell membrane damage, and impairment of critical metabolic processes [177].
Furthermore, NMs entering animals and humans through the food chain pose biosafety
risks. Studies have demonstrated that various NMs can cause developmental defects,
altered gene expression, and multiple toxic effects in zebrafish [178]. Additionally, reports
have documented the harmful impacts of NMs on human and living systems [179-181].
However, the toxic and genotoxic effects of nanoparticles on plants and environmen-
tal microorganisms remain unclear, and their implications for human health are not yet
fully understood.

6.2. Requlatory Frameworks and Standardization

The rapid advancement of nano-agriculture has outpaced the establishment of specific
regulatory frameworks and standards, posing obstacles to the commercialization of NMs.
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In the European Union, regulations such as REACH (Registration, Evaluation, Authori-
sation and Restriction of Chemicals) and CLP (Classification, Labelling and Packaging)
govern their use [182]. In the United States, the Environmental Protection Agency regulates
nanopesticides under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and
the Toxic Substances Control Act (TSCA) [183]. The Food and Agriculture Organization
of the United Nations/World Health Organization (FAO/WHO) provides general prin-
ciples for risk analysis. However, specific standards for NMs intended for agricultural
and food applications have not yet been established, and testing protocols for material
characterization, toxicity, and safety remain ununified [184].

6.3. Technical, Economic, and Social Implementation Barriers

From a technical perspective, several challenges persist. Firstly, the impact of certain
NMs on metabolic pathways after their uptake into plant cells remains unclear [185].
Secondly, functional limitations are evident, as a single nanomaterial is often applicable
to only one crop or capable of performing only a single function. Thirdly, research is
predominantly confined to laboratory settings, lacking validation of efficacy under real-
world field conditions. Moreover, the high cost of nanoparticles places them beyond the
reach of most farmers [186]. The large-scale production of NMs remains expensive, and
synthesis efficiency and product yield—often overlooked in research—hinder extensive
agricultural application. Additionally, social acceptance and ethical considerations are
imperative, as “nano-agricultural products” may raise public safety concerns and trigger
consumer resistance [187].

6.4. Future Perspectives

Future efforts should focus on developing non-toxic or low-toxicity, bio-friendly,
biodegradable, and affordable NMs. The green synthesis of NMs using agricultural waste
or plant extracts typically offers lower costs compared to engineered metal or carbon-based
nanoparticles, representing an economically viable and environmentally sustainable alter-
native [186]. Integrating these with technologies such as the Internet of Things (IoT) and
artificial intelligence (AI) will further advance precision agriculture. Multi-omics analyses
should be employed to gain deeper insights into the mechanisms of NMs in plants and
environmental microorganisms. A systematic evaluation of nanomaterial behavior in the
soil-plant system and long-term biotoxicity effects is essential. Long-term studies on the
fate and impact of NMs, combined with full life cycle assessment, will provide reliable
support for understanding their toxic effects and mechanisms of action. Concurrently, regu-
latory frameworks for NMs should be strengthened, with urgent clarification of definitions
for agricultural NMs and standardization of testing protocols and toxicity indicators. Fur-
thermore, public education initiatives can help reduce resistance to agricultural products
involving NMs.

In conclusion, realizing the potential of nanotechnology in agriculture depends not
only on continuous innovation but also on proactively addressing associated risks and
societal concerns, as sustainable and safe food production is of paramount importance.

7. Conclusions

The application of nanotechnology has significantly enhanced agricultural sustainabil-
ity. NMs are capable of penetrating plant cells and interacting with cellular membranes
or organelles, thereby activating specific metabolic pathways and influencing phytohor-
mone synthesis, as well as the expression of DNA, proteins, and enzymes [138]. This
review highlights applications of nanotechnology in agriculture, including biosensors,
nano-agrochemicals, and stress-resistant NMs. It elucidates the mechanisms of nano-
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material-plant and nano-material-soil-plant interactions across physiological, cellular,
and ecological scales. Current research gaps and challenges are discussed, and future
development directions are emphasized (Figure 4).
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Figure 4. Technological challenges, ethical security and future prospect of nanotechnology in agricul-
tural applications. (In the figure, 1 means foliar spraying, 2 means soil application.)
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