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Nanotechnology-enabled fertilizers and pesticides, especially those capable of releasing plant nutrients or pesti-
cide active ingredients (Als) in a controlled manner, can effectively enhance crop nutrition and protection while
minimizing the environmental impacts of agricultural activities. Herein, we review the fundamentals and recent
advances in nanofertilizers and nanopesticides with controlled-release properties, enabled by nanocarriers
responsive to environmental and biological stimuli, including pH change, temperature, light, redox conditions,
and the presence of enzymes. For pH-responsive nanocarriers, pH change can induce structural changes or
degradation of the nanocarriers or cleave the bonding between nutrients/pesticide Als and the nanocarriers.
Similarly, temperature response typically involves structural changes in nanocarriers, and higher temperatures
can accelerate the release by diffusion promoting or bond breaking. Photothermal materials enable responses to
infrared light, and photolabile moieties (e.g., o-nitrobenzyl and azobenzene) are required for achieving ultraviolet
light responses. Redox-responsive nanocarriers contain disulfide bonds or ferric iron, whereas enzyme-responsive
nanocarriers typically contain the enzyme’s substrate as a building block. For fabricating nanofertilizers, pH-
responsive nanocarriers have been well explored, but only a few studies have reported temperature- and
enzyme-responsive nanocarriers. In comparison, there have been more reports on nanopesticides, which are
responsive to a range of stimuli, including many with dual- or triple-responsiveness. Nano-enabled controlled-
release fertilizers and pesticides show tremendous potential for enhancing the utilization efficiency of nutrients
and pesticide Als. However, to expand their practical applications, future research should focus on optimizing
their performance under realistic conditions, lowering costs, and addressing regulatory and public concerns over
environmental and safety risks.

1. Introduction

Sustainable development of agriculture, particularly crop production,
is necessary to ensure food security and nutrition for a growing world
population. Over recent decades, the productivity of crop agriculture has
continuously increased, owing to innovations in agricultural technolo-
gies and management [1]. However, this increase in agricultural pro-
ductivity is unsustainable due to factors such as climate change [2] and
the large amounts of agrochemicals (primarily chemical fertilizers and
pesticides) used, which have negative impacts on ecosystems [1,3,4]. It is
estimated that global agricultural production annually requires approx-
imately 120 million tons of nitrogen fertilizers, 50 million tons of
phosphate-based fertilizers, and over 2.6 million tons of pesticides [5].
The utilization efficiencies of traditional fertilizers and pesticides are
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typically low, e.g., 20%-50% for nitrogen, <25% for phosphorus, and
<10% for pesticides [6,7]. Large portions of the nutrients from these
traditional fertilizers are unavailable to crop plants due to leaching,
volatilization, or interaction with soil components (e.g., soil organic
matter, minerals, and enzymes/microbes) via the processes of adsorp-
tion, complexation, precipitation, and catalyzed transformation [8,9].
Likewise, the active ingredients (Als) of traditional pesticides are prone
to losses before reaching the target, through leaching, volatilization,
photolysis, hydrolysis, and biodegradation [10]. The extensive use of
these traditional fertilizers and pesticides has caused serious environ-
mental problems, including the degradation of agricultural soils, the
eutrophication of water bodies, a decrease in biodiversity, and the
enhanced emission of greenhouse gases [1]. Therefore, it is imperative to
develop fertilizers and pesticides with enhanced utilization efficiencies to
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maintain or even further increase the agricultural production yield while
decreasing the environmental impact of agricultural practices.

The rapid development of nanotechnology has opened up new op-
portunities to overcome the bottlenecks in crop agriculture [1,11,12],
e.g., by engineering smart plant sensors [13], enhancing the tolerance of
crop plants to stress (e.g., drought [14] and salt stress [15,16]),
improving soil conditions (e.g., modulating soil enzyme activity [17]),
and achieving targeted delivery of agrochemicals [1]. Among these ap-
proaches, nanotechnology-enabled fertilizers and pesticides have shown
great potential to effectively enhance crop nutrition and protection
[18-21]. Certain nanomaterials, such as nanoscale copper oxide or hy-
droxide [22-24], copper sulfide [25], zero-valent iron [26,27], selenium
(Se) [28], manganese oxides (e.g., MnyO3) [29], hydroxyapatite [30],
and zinc oxide (ZnO) [31], can themselves serve as nanofertilizers,
providing plants with micronutrients, or as nanopesticides, protecting
plants from harmful bacteria, fungi, weeds, and pests [32]. In addition to
the direct use of these nanomaterials as agrochemicals, there has been
enormous interest in developing nano-formulations of traditional fertil-
izer nutrients and pesticide Als to minimize losses and improve utiliza-
tion efficiency. In particular, a variety of nanocarriers have been
designed for fabricating nanofertilizers and nanopesticides with slow- or
controlled-release properties, which have the potential to release plant
nutrients and pesticide Als in accordance with the needs of crops and in
response to changes in environmental conditions (e.g., pH, temperature,
light, and redox potential) or biological stimuli (e.g., the presence of
enzymes or other biomolecules) [33]. These nanocarriers include both
nanomaterials with at least one dimension in the size range of 1-100 nm
(or practically up to a few hundred nanometers) and nanostructured bulk
materials with nanoscale building blocks or nanopores [34]. Regarding
their chemical composition, nanocarriers have been fabricated with
organic (both natural and synthetic polymers), inorganic (e.g., nanoclays,
mesoporous silica, and elemental carbon nanoparticles), or organ-
ic-inorganic composite materials in order to meet specific needs.
Although research in agricultural nanotechnology is in its infancy, the
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applications of nanomaterial-based agrochemicals, particularly
controlled-release nanofertilizers and nanopesticides, are anticipated to
significantly decrease the environmental impact of agricultural practices
and promote global eco-environmental health.

The last decade has witnessed a boom in research on controlled-
release agrochemicals, and recently there have been excellent reviews
on this topic detailing the preparation, applications, and prospects of
controlled-release fertilizers [35] or pesticides [33,36-38]. However,
there remains a lack of a systematic summary of the key stimuli-response
mechanisms, which is indispensable for facilitating the rational design of
controlled-release nanofertilizers and nanopesticides. Moreover,
considering the rapid development of nanotechnology for smart agri-
culture, it is desirable to summarize the state-of-the-art research in this
area. Herein, we present a review of the stimuli-response mechanisms
and recent advances in nanofertilizers and nanopesticides with
controlled-release properties. First, we systematically summarize the
major categories of mechanisms underlying controlled release enabled
by “smart” nanocarriers in response to different environmental and
biological stimuli. Second, we summarize recent progress in the design of
controlled-release nanofertilizers and nanopesticides, which are catego-
rized according to the chemical compositions of the nanocarriers (i.e.,
organic, inorganic, and organic-inorganic composites), with significant
advances highlighted. Finally, we discuss future research needs in the
development of controlled-release nanofertilizers and nanopesticides and
identify the key barriers to their practical applications.

2. Stimuli-response mechanisms underlying the controlled
release of plant nutrients and pesticide Als

In the past decade, a variety of nanofertilizers and nanopesticides
with stimuli-responsive controlled-release properties have been
developed (Fig. 1). While slow-release fertilizers, also commonly
termed “controlled-release fertilizers,” have been pursued for over half
a century [39,40] and are still actively studied [9,41-44], the
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Fig. 1. Statistics of stimuli-responsive controlled-release nanofertilizers and nanopesticides reported in the last decade, grouped by (a) the year reported and (b) the
type of stimuli-responsiveness. The numbers above the columns in Part a and those in parentheses and in the heat map of Part b represent the numbers of reported
nanofertilizers and nanopesticides. Temp., temperature; Dual, dual stimuli-responsive; Triple, triple stimuli-responsive. (Source: Web of Science, by June 2023).
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stimuli-responsive release of nutrients enabled by “smart” nano-
carriers has only received attention in the last decade. Most studies
have focused on pH-responsiveness, with only a few on temperature-
or enzyme-responsiveness. Meanwhile, there has been tremendous
interest in designing nanopesticides with adjustable release rates in
response to various environmental or biological stimuli (e.g., pH,
temperature, light, redox, and enzymes), including many with dual- or

triple-response properties.

Table 1
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Stimuli-responsive controlled release can be achieved via two general
mechanisms: (1) reversible or irreversible structural change of the
nanocarrier upon external stimulation, triggering the release; and (2) the
breaking of the chemical and/or hydrogen bonds between the nano-
carrier and the nutrient or pesticide Al upon stimulation to release the
nutrient or pesticide Al In the following subsections, we summarize the
main mechanisms underlying the responses to common environmental
and biological stimuli by rationally designed nanocarriers (Table 1).

The main stimuli-response mechanisms of nanocarriers for controlled release of nutrients and pesticide Als.

Response type

Main response
mechanisms

Examples of nanocarriers

pH

Temperature

Light

(1) Structural change of
polymers containing
carboxyl or amino groups
due to (de)protonation of
the groups at different pH
values, which influences
the hydrogen bonding
and electrostatic
interaction within the
nanocarriers

(2) Degradation of the
nanocarriers due to acid-
or base-mediated
decomposition of their
components

(3) pH-induced cleavage
of the chemical or
hydrogen bonds linking
the nutrients or pesticide
Als and the nanocarriers

(1) Structural change of
nanocarriers composed of
temperature-sensitive
polymers with an LCST or
of liposomes with a
suitable phase transition
temperature

(2) Accelerated diffusion
of nutrients or pesticide
Als within the
nanocarrier at higher
temperatures

(3) Bond breaking
between a pesticide Al
and the nanocarrier at
higher temperatures

(1) Near-infrared-induced
temperature increase of a
photothermal material
and subsequent
temperature response

Alginate-grafted anisotropic silica [45], alginate-g-poly(N-isopropyl acrylamide-co-N,N-diethylacrylamide)/semi-coke [46],
alginate-chitosan [47], alginate hydrogel-dopamine-modified attapulgite [48], alginate-g-poly(acrylic
acid-co-acrylamide)-clinoptilolite [49], alginate-g-poly(acrylic acid-co-acrylamide)-montmorillonite [50], aminated-cellulose
nanofiber/poly(acrylamide-co-2-aminoethyl methacrylate) [51], banana peel cellulose-g-poly(acrylic acid)-polyvinyl
alcohol-Mg-Al LDH [52], phosphorylated zein-carboxymethyl cellulose-g-poly(diallyldimethylammonium chloride) [53],
carboxymethyl cellulose/3,3’-dithiobis(propionohydrazide) [54], carboxymethyl chitosan@carbon nanoparticle [55],
carboxylated porous carbon nanoparticle@chitosan [56], carboxymethyl chitosan-amino-functionalized MSN [57], chitosan [58],
chitosan-tripolyphosphate [59], chitosan-lignosulfonate [60], chitosan-diatomite/Fe304 [61], chitosan/carboxymethyl chitosan
[62], chitosan-SS-zein [63], chitosan-sodium lignosulfonate@alkaline lignin-based Pickering emulsion [64], cotton
stalk-g-poly(acrylic acid)-polyvinylpyrrolidone-bentonite [65], 3,4-dihydroxyhydrocinnamic acid, N-hydroxysuccinimide ester
modified chitosan [66], GO-carboxymethyl chitosan [67], GO@polydopamine [68], HMS-SS-chitosan oligosaccharide [69],
HMS@1-tetradecanol@polydopamine [70], isolated soy protein/carboxymethyl chitosan [71],
lignosulfonate-chitosan-polydopamine [72], lignosulfonate/dodecyl dimethyl benzyl ammonium chloride/Fe(III) [73], maize
bran-g-poly(acrylic acid-co-acrylamide)-montmorillonite [74], mesoporous nano-selenium@polyacrylic acid [75],
MoS,@MSN@cyclodextrin polymer [76], O-carboxymethyl chitosan [77], polydopamine-poly(N,N-dimethylaminoethyl
methacrylate) [78], porous porphyrinic MOFs@pectin@chitosan [79], poly(acrylic acid)-b-poly(N-isopropyl acrylamide) [80],
poly[2-(2-bromoisobutyryloxy)-ethyl methacrylate-g-poly(acrylic acid)-b-poly(N-isopropyl acrylamide)] [81],
poly(p-cyclodextrin)-adamantane-grafted poly(acrylic acid) [82], poly(glycidyl methacrylate-co-acrylic acid)-HMS [83],
polyethyleneimine-grafted lignin [84], polyacrylamide/methylcellulose/calcic montmorillonite [85], polyethylenimine modified
hollow/mesoporous carbon nanoparticle [86], polydopamine-attapulgite-calcium alginate [87], rGO-Cu,_,Se@chitosan [88],
sulfonated-carboxymethyl cellulose-g-poly(acrylic acid)-polyvinylpyrrolidone-silica nanoparticle [89], salep-g-poly(acrylic
acid)/montmorillonite [90], subabul stem lignin [91], UiO-66-NH,-carboxymethyl cellulose [92]

Alginate-Mg-Al LDH [93], bovine serum albumin nanoparticle [94], carboxymethyl chitosan-allyl glycidyl ether-trisiloxane
surfactant [95], a-cyclodextrin-HMS [96], a-cyclodextrin/ZIF-8 [97], 2,4-dinitrobenzaldehyde @ZIF-8 [98], Fe-doped MSN/tannic
acid [99], y-FeOOH@biochar [100], glycine methyl ester-conjugated polysuccinimide nanoparticle [101], halloysite
nanotube/Ca®*/EDTA?" /calcium alginate [102], 3-mercaptopropyl trimethoxysilane and poly(ethylene glycol) diacrylate
functionalized boron nitride nanoplatelet [103], methoxypolyethylene glycol-o-nitrobenzyl [104], Mg-Al LDH [105],
MSN-polydopamine-Cu2+ [106], MSN/B-glucan [107], MIL-101(Fe)@silica [108], MIL-101(Fe)-carboxymethyl starch [109],
MIL-101(Fe)-polydopamine [110], MIL-101(Fe)-tannic acid [111], MIL-101 @carboxymethyl chitosan [112],
polydopamine@NH,-MIL-101(Fe) [113], soybean protein isolate-carboxymethyl cellulose [114], trimethylammoniumpillar[5],
arene-methyl orange-functionalized mesoporous selenium [115], UiO-66@hydroxypropyl cellulose [116], ZIF-8 [117-119],
ZnO@ZIF-8 [120]

Aldehyde-functionalized ZnO quantum dot [121], carboxyl cellulose-attapulgite [122],
polydopamine-isocyanatopropyltriethoxysilane-polyethyleneimine [123], sulfonate-functionalized MSN [124],
trimethylammonium-functionalized MSN [125]

Alginate-g-poly(N-isopropyl acrylamide-co-N,N-diethylacrylamide)/semi-coke [46], ASO-ethylene oxide/propylene oxide block
copolymer-ferroferric oxide-palygorskite [126], carboxymethyl cellulose/poly(N-vinylcaprolactam-co-acrylamide) [127],
isopropyl myristate@poly(N-isopropylacrylamide-co-butyl methylacrylate) [128], MSN@poly(N-isopropyl acrylamide) [129]
poly(acrylic acid)-b-poly(N-isopropyl acrylamide) [80], poly[2-(2-bromoisobutyryloxy)-ethyl methacrylate-g-poly(acrylic
acid)-b-poly(N-isopropyl acrylamide)] [81], poly(s-cyclodextrin)-adamantane-grafted poly(acrylic acid) [82],
polydopamine-poly(N-isopropyl acrylamide) [10], polydopamine-poly(N,N-dimethylaminoethyl methacrylate) [78], polyether
polyol/polycaprolactone [130], poly(N-isopropyl acrylamide-co-methacrylic acid)-HMS [131], poly(N-isopropyl acrylamide)-GO
[132], poly(propylene oxide-co-carbon dioxide-co-allyl glycidyl ether)-poly(N-isopropylacrylamide)-polyethylene glycol
monomethyl ether [133], yolk lecithin-cholesterol [134]

Calcium alginate [135], chitosan [58,75], chitosan-gum Arabic [136], n-hexadecane/nanofibrillated cellulose [137], poly(vinyl
alcohol)-ASO-attapulgite [138], trimethylammonium-functionalized MSN [125]

Aldehyde-functionalized ZnO quantum dot [121], carboxylated porous carbon nanoparticle@chitosan [56]

Alginate-g-poly(N-isopropyl acrylamide-co-N,N-diethylacrylamide)/semi-coke [46], biochar@soybean oil-polysulfide [139],
Cuy.,Se-rGO [140], GO@polydopamine [68], HMS@1-tetradecanol@polydopamine [70], hollow carbon
microsphere@polyethylene glycol/a-cyclodextrin [141], MIL-101(Fe)-tannic acid [111], MoS,@MSN@cyclodextrin polymer
[76], polydopamine-poly(N-isopropyl acrylamide) [10], polydopamine-TizCoTy [142]

(continued on next page)
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Table 1 (continued)
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Response type

Main response
mechanisms

Examples of nanocarriers

Redox

Enzyme

(2) Structural change of
polymers containing
photolabile moieties
under UV irradiation

(3) Light-induced bond
breaking between a
pesticide Al and the
nanocarrier

Structural change of
nanocarriers containing
redox moieties [e.g.,
disulfide bonds, Fe(II)]

Enzyme-catalyzed
degradation of
nanocarriers containing
enzyme substrates

Biochar-azobenzene-ASO-attapulgite [143], cucurbit[8]uril/azobenzene derivative [144], 2,4-dinitrobenzaldehyde@ZIF-8 [98],
methoxypolyethylene glycol-o-nitrobenzyl [104], 2-nitrobenzyl succinate-carboxymethyl chitosan [145]

Poly(ethylene glycol)-o-nitrobenzyl [146], thioacetal o-nitrobenzaldehyde [147]

Carboxymethyl cellulose/3,3'-dithiobis(propionohydrazide) [54], chitosan-SS-zein [63], disulfide bond-linked and starch-coated
MSN [148], HMS-didecyl disulfide [149], HMS-SS-chitosan oligosaccharide [69], iron(III)-based MOFs-pectin [150],
MIL-101(Fe)-carboxymethyl starch [109], MIL-101(Fe)-tannic acid [111]

Cellulose acetate/chitosan/zein/starch/polycaprolactone [151], chitosan-lignosulfonate [60], chitosan-sodium
lignosulfonate@alkaline lignin-based Pickering emulsion [64], a-cyclodextrin-HMS [96], a-cyclodextrin/ZIF-8 [97],
a-cyclodextrin-phenylamine-functionalized HMS [152], disulfide bond-linked and starch-coated MSN [148], HMS-hydroxypropyl
cellulose [153], iron(III)-based MOFs-pectin [150], lignin [154], lignin/polysaccharide/Fe(IIl) [155], lignosulfonate/dodecyl
dimethyl benzyl ammonium chloride/Fe(III) [73], MIL-101(Fe)-carboxymethyl starch [109], MoS,@MSN@cyclodextrin polymer

[76], MSN-chitosan [156], MSN/B-glucan [107], MSN-pectin [157], N-succinyl chitosan [158],
poly(p-cyclodextrin)-adamantane-grafted poly(acrylic acid) [82], polydopamine-isocyanatopropyl
triethoxysilane-polyethyleneimine [123], porous porphyrinic MOFs@pectin@chitosan [79], UiO-66@hydroxypropyl cellulose
[116], zein nanocapsule [159], zein nanoparticle [160]

Al active ingredient; ASO, amino silicon oil; HMS, hollow mesoporous silica; LCST, lower critical solution temperature; LDH, layered double hydroxides; MIL-101,
Materials Institute Lavoisier-101; MOFs, metal-organic frameworks; MSN, mesoporous silica nanoparticle; (r)GO, (reduced) graphene oxide; UiO-66, University of

Oslo-66; UV, ultraviolet; ZIF-8, zeolitic imidazolate framework-8.

2.1. pH response

Soil pH affects a range of abiotic and biotic processes in croplands,
thus influencing the fate and efficacy of nutrients and pesticide Als. For
example, pH has a significant influence on the volatilization of ammonia
formed from urea applied to agricultural soil [161], and an ammonia- or
urea-based fertilizer capable of slow release at a relatively high pH (e.g.,
pH > 7.0) is expected to reduce nitrogen loss due to volatilization.
Pesticide Al release triggered by a specific pH condition corresponding to
the digestive organs of pests [162] or infected crop plants [75,120] can
improve the efficacy of pesticides. Thus, it is desirable to design fertil-
izers and pesticides with pH-response properties, from which the release
of nutrients and pesticide Als can be triggered by a change in pH.

The most common types of pH-responsive (nano)fertilizers and
(nano)pesticides consist of polymers containing acidic (e.g., carboxyl) or
basic (e.g., amino or, less commonly, pyridyl) [163] functional groups
with acid dissociation constants (i.e., pK,) falling within environmentally
or biologically relevant pH ranges. Various natural (e.g., alginate), syn-
thetic [e.g., poly(acrylic acid) (PAA) and poly(methacrylic acid)
(PMAA)], and modified natural polymers (e.g., carboxymethyl cellulose)
contain carboxyl groups. At a pH lower than its pK,, the carboxyl group is
predominantly protonated (i.e., as -COOH), and hydrogen bonds form
between ~COOH groups or between -COOH and other groups (e.g., hy-
droxyl groups) in the polymer, hindering the release of loaded nutrients
or pesticide AL At a pH higher than the pK,, the carboxyl group is pre-
dominantly deprotonated (i.e., as —~COO"), and electrostatic repulsion
between the -COO™ groups changes the conformation of the polymer
(observed as “swelling™), providing pore channels for accelerated release.
However, this acceleration effect may be partially counteracted by a
longer diffusion pathway in a “swollen” nanocarrier. It is noted that the
presence of cations (especially multivalent cations such as Ca®* and
Fe3") can screen the electrostatic repulsion between the -COO~ groups,
thus inhibiting the “swelling” of the polymer and attenuating the pH
response [74]. Other natural or synthetic polymers, such as chitosan,
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA), and poly(N,
N-diethyl aminoethyl methacrylate), contain abundant amino groups
[59,61]. Nanocarriers based on these polymers swell at lower pH due to
electrostatic repulsion between amino groups that are predominantly
protonated (i.e., as -NHs"), leading to a higher release rate of loaded

nutrients or pesticide Als. For polymers containing both carboxyl and
amino groups (e.g., carboxymethyl chitosan), the pH response also fol-
lows the above mechanisms, but the overall effect may be controlled by
the (de)protonation of one type of functional group (e.g., carboxyl group)
in a specific pH range [57].

The pH-responsive controlled release can also be achieved using
nanocarriers consisting of materials prone to acid- or base-catalyzed
decomposition (e.g., via hydrolysis or dissolution) [103,164]. For
example, some organic materials containing ester [103], Si—-O-Si [95], or
metal-N [117] bonds can undergo extensive hydrolysis under acidic or
basic conditions, whereas some minerals, such as Mg-Al layered double
hydroxides (LDH), can partially dissolve at lower pH, resulting in faster
release of loaded nutrients [93,105].

In addition to pH-induced structural changes of nanocarriers, pH-
controlled release can be realized by cleavage of the chemical or
hydrogen bonds linking the nutrients or pesticide Als and nanocarriers
with acidic or basic functional groups. For example, in an oxidized
cellulose-loaded ferrous iron [Fe(II)] fertilizer, the Fe(II) ions are
chelated by carboxyl groups, and the chelation is weakened at lower pH
(e.g., pH 4-5), resulting in enhanced release of Fe(II) [122]. In addition,
the surface microstructure [122] and hydrophobicity [75,78] of nano-
carriers can change with pH, which may enable pH-dependent adhesion
properties of (nano)fertilizers and (nano)pesticides, further increasing
their utilization efficiency.

2.2. Temperature response

Developing temperature-responsive nanofertilizers and nanopesticides
is desirable because temperature can have both direct and indirect effects
on the efficiency of fertilizers and pesticides. For example, it is expected
that losses of volatile nutrients and pesticide Als are accelerated at higher
temperatures (e.g., during the daytime), and nanofertilizers and nano-
pesticides that exhibit faster release at lower temperatures may thus reduce
their losses and enhance their utilization efficiency.

The temperature response is primarily achieved by incorporating
temperature-sensitive polymers into the carrier, such as poly(N-isopropyl
acrylamide) (PNIPAm) [10,80,129,131,132], ethylene oxide/propylene
oxide block copolymer (F-127) [126], and PDMAEMA [78]. A
temperature-sensitive polymer has one (or, in some cases, more than one)
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[165,166] critical solution temperature at which the polymer undergoes
a phase transition, leading to a drastic change in its miscibility/solubility
in a solvent (e.g., water) [78,163]. Temperature-sensitive polymers may
have a lower critical solution temperature (LCST), below which they
become miscible/soluble in a solvent, or an upper critical solution tem-
perature (UCST), above which they become miscible/soluble [163].
Typically, temperature-sensitive polymers with an LCST are used for
fabricating temperature-responsive nanocarriers, which shrink or
collapse at a temperature above the LCST, rendering either enhancement
[10,80,131] (Fig. 2a) or inhibition [78] (Fig. 2b) of release with
increasing temperature. Temperature-sensitive polymers with a UCST or
with both an LCST and a UCST have rarely been explored for fabricating
temperature-responsive nanofertilizers and nanopesticides, though their
unique temperature-response behaviors may be useful in some scenarios.
Although the critical solution temperature(s) of a polymer depends on
the type and properties of the matrix (e.g., alcohol versus water and the
pH of an aqueous solution) [78,165,166], it is feasible to rationally
design polymers with desired critical solution temperature(s) and
correspondingly tailored temperature-response properties by controlling
the type and content of temperature-sensitive monomers during the
copolymerization process [163,167]. Similarly, liposome nanovesicles
composed of lipids with a suitable phase transition temperature can also
exhibit temperature-response behavior [134].

Temperature-dependent release has also been observed for nano-
carriers made of other types of materials, since higher temperatures can
typically increase the diffusivity of a nutrient or pesticide AI within a
nanocarrier and in the aqueous medium. For example, even for polymers
without a critical solution temperature, such as chitosan/gum Arabic
composite nanoparticles [136], a higher temperature can induce relax-
ation of the polymer chains and increase the diffusivity of the loaded
chemicals. In addition, temperature-dependent controlled release can be
achieved through temperature-induced bond breaking and consequent
uncoupling of the nutrient or pesticide Al from the nanocarrier [56,121].

2.3. Light response

Light can affect the behaviors (e.g., feeding) of insects [168], and thus
light-responsive controlled-release nanopesticides can enhance the utili-
zation efficiency of pesticide Als. Nanopesticides capable of faster release
under light irradiation are expected to be more effective in controlling
diurnal pests, whereas those exhibiting faster release in the dark may
control nocturnal pests more efficiently. Light-responsive (or photo-
responsive) controlled release can be achieved by constructing nano-
carriers with (1) photothermal materials that induce a temperature
increase under light irradiation, such as polydopamine (PDA) [10,68,70,
142], graphene oxide (GO) and other carbon-based nanomaterials [68,
140,141], and certain metal-based semiconductors (e.g., Cuy,Se, MoS,,
and TizCyT,) [76,140,142] or (2) polymers containing photolabile

fast release

slow release
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moieties (e.g., o-nitrobenzyl group [98,104,145-147] and azobenzene
[143,144]) that undergo photolysis or conformational change under light
irradiation. For the first type, a notable example is the PDA-PNIPAm
nanocomposite, which exhibits near-infrared (NIR) and temperature dual
response [10]. For the second type, the photolabile moiety can either be
part of a core-shell nanocarrier to encapsulate the pesticide Al [98,104,
143-145] or serve as a linker to conjugate the pesticide Al with the
nanocarrier [146,147]. For instance, the o-nitrobenzyl group can undergo
photolysis under ultraviolet (UV) irradiation, changing the structure of the
nanocarrier [145] or breaking the linkage between the polymeric nano-
carrier and the pesticide AI [146,147]. Azobenzene can undergo trans-cis
and cis-trans isomerization simultaneously under UV-visible light irradia-
tion, serving as light-motivated “stirrers” to promote the release of loaded
pesticide Als [143]. Note that some pesticide Als are vulnerable to
photolysis, and nanocarriers that can prevent their decomposition under
UV irradiation are desired [103,112,169]. Light-responsive fertilizers have
rarely been reported. In a ferric iron-polysaccharide hydrogel-loaded
phosphate fertilizer, the photochemical reaction between ferric iron and
the carboxyl group can lead to degradation of the hydrogel and the
light-responsive release of phosphate [170].

2.4. Redox and enzyme responses

The presence of a particular redox condition or an enzyme in an or-
ganism or the rhizosphere of plants can be utilized in the development of
pesticides or fertilizers with targeted delivery to specific pests, weeds, or
crops. In recent years, there has been increasing interest in developing
redox- and enzyme-responsive controlled-release nanoagrochemicals
(primarily nanopesticides) (Fig. 1 and Table 1).

The redox-responsive nanocarriers typically contain disulfide bonds
(-SS-) and can respond to reducing conditions [54,63,69,148,149], as
indicated by elevated concentrations of reduced glutathione in an or-
ganism [148]. Alternatively, nanocarriers composed of Fe(Ill)-based
metal-organic frameworks (MOFs), such as Materials Institute
Lavoisier-101 (MIL-101), undergo reductive decomposition at high
reduced glutathione concentrations [109,150] or degradation via
Fenton-like reactions in the presence of hydrogen peroxide [111],
enabling redox-responsive controlled release of pesticide Als.

Nanocarriers that can respond to a certain enzyme typically contain
the enzyme’s substrate as a building block. For example, pesticides
loaded in (hollow) mesoporous silica nanoparticles (MSNs) modified
with biodegradable carbohydrates (e.g., a-cyclodextrin [76,96,152],
starch [148], p-glucan [107], functionalized cellulose [153], or chito-
san [156]) as “gatekeepers” can exhibit controlled release upon expo-
sure to enzymes such as a-amylase [76,96,148,152], B-glucanase [107],
cellulase [153], or esterase [156], due to enzymatic hydrolysis of these
carbohydrates/polysaccharides. Similarly, nanocarriers composed of
zein proteins can be decomposed by enzymes (e.g., trypsin) in the gut of

T > LCST

T < LCST

o

fast release slow release

Fig. 2. Schematic diagram of temperature-responsive controlled release of nutrients or pesticides Als enabled by nanocarriers consisting of temperature-sensitive polymers
with a lower critical solution temperature (LCST). (a) In this case, the nutrient or pesticide Al is loaded into the network of the polymeric nanocarrier. At a temperature
below the LCST, the swollen network hinders the release of nutrient/pesticide Als; at a temperature above the LCST, the polymer chains collapse, resulting in faster release.
(b) In this case, the nutrient or pesticide Al is encapsulated by the temperature-sensitive polymer coating. At a temperature above the LCST, the compactly coated polymers
hinder the release of the nutrient/pesticide Al, whereas at a temperature below the LCST, the unfolded polymer chains allow faster release.
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certain insects, thus enabling the controlled release of Als upon inges-
tion by these insects [160]. Most recently, MOFs modified with bio-
molecules have also been extensively investigated as nanocarriers for
enzyme-responsive controlled-release pesticides [79,97,109,116,150].

3. Recent advances in stimuli-responsive controlled-release
nanofertilizers

Due to advances in nanotechnology, various organic and organ-
ic-inorganic composite nanocarriers with stimuli-response properties
(primarily pH-responsive) have been explored for preparing controlled-
release fertilizers (Tables S1 and S2), whereas few inorganic nano-
carriers have been reported [105], primarily due to the structural ri-
gidity of inorganic materials, which is generally unfavorable for
achieving stimuli-responsiveness. A majority of the studies have
focused on macronutrients, such as ammonium, urea, phosphate, and
nitrogen-phosphorus-potassium (NPK) compound fertilizer, and there
is a smaller but growing number of studies on micronutrients, such as
boron (B) [93], copper (Cu) [151], iron (Fe) [122,126], zinc (Zn) [72,
78], and Se [86], as well as on plant biostimulants [118]. In the
following subsections, we highlight significant advances in
stimuli-responsive controlled-release fertilizers with different types of
nanocarriers (i.e., organic and organic-inorganic composite
nanocarriers).

3.1. Controlled-release fertilizers with organic nanocarriers

Organic nanocarriers for controlled-release fertilizers are copolymers
or composites of synthetic polymers (e.g., PDMAEMA [78] and poly-
caprolactone), natural polymers (e.g., chitosan [72], PDA [72,78], zein,
and starch [151]), and modified natural polymers (e.g., lignosulfonate
[72] and cellulose acetate [151]). Recently, MOFs, such as zeolitic imi-
dazolate framework-8 (ZIF-8), have also been explored as nanocarriers
(Table S1) [117,118].

All the polymeric nanocarriers exhibit pH-response characteristics,
except for a recently reported nanostructured hydrogel composed of
carboxymethyl cellulose/poly(N-vinylcaprolactam-co-acrylamide) that
exhibited temperature-responsive release of urea [127]. Notably, a pH
and temperature dual-responsive nanofertilizer was prepared by grafting
PDMAEMA onto PDA-coated zinc ammonium phosphate via atom
transfer radical polymerization [78]. At a given temperature (i.e., 25 or
40 °C), the nutrient release rate increased with lower pH due to a reduced
hindrance to mass transfer by the stretched PDMAEMA chains with an
amino group (following mechanisms described in Section 2.1). Moreover,
the nanofertilizer exhibited pH-dependent temperature responses. Under
alkaline conditions (at pH 10), the nutrient release rates were accelerated
at a lower temperature (25 °C) compared to a higher temperature
(40 °C). Under acidic and neutral conditions (at pH 4 and 7), the release
rates were slightly higher at 40 °C than at 25 °C. This difference can be
explained by the fact that the LCST of PDMAEMA is pH-dependent, which
is 70, 55, and 35 °C at pH 3, 7, and 10, respectively. Thus, only at pH 10
does the pH response of the nanocarrier follow the mechanisms illus-
trated in Fig. 2b. This example shows that there is an opportunity to
construct “smart” nanofertilizers that can adapt to complex environ-
mental conditions by utilizing multi-responsive composite materials as
the nanocarrier.

Another notable example is a biopolymer-based core-shell-structured
nanocarrier with pH and enzyme dual-responsiveness for the controlled
release of both macronutrients (NPK) and micronutrients (Cu). Pot ex-
periments demonstrated that the controlled-release nanofertilizer
enhanced the photosynthesis of two model crop plants (i.e., soybean and
wheat) compared to conventional ionic fertilizers applied at much higher
concentrations [151]. Moreover, the nutrient release kinetics can be
fine-tuned by changing the polymer composition and distribution of the
nutrients within the nanostructures, thereby exhibiting potential for
meeting the needs of different crop species.
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3.2. Controlled-release fertilizers with organic—inorganic composite
nanocarriers

Compared with the use of organic material alone as the nanocarrier, it
is more common to use organic-inorganic composites for preparing
controlled-release fertilizers (Table S2). The main organic components
used are alginate [49,50,93], cellulose derivatives [52,65,74,85,90,122],
and PAA [52,65,74,90] and its derivatives (e.g., poly(methacrylic acid)
and polyacrylamide [85]), whereas the most frequently used inorganic
components are nanoclays and Mg-Al LDH. The incorporation of natural
polymers (e.g., alginate, salep, and cellulose) as an ingredient is a com-
mon practice due to their environmental compatibility and safety,
especially considering that the nanocarriers may be translocated or even
directly applied to edible parts of crop plants. The incorporation of
inorganic components not only lowers the cost of nanofertilizers [49,50,
90], but can also increase the loading capacity of nutrients, owing to the
porous structure and large specific surface area of nanoclay materials
such as palygorskite [126] and montmorillonite [85]. Moreover, the
introduction of inorganic materials can improve the thermal stability
[126,171], mechanical strength [52,85], and durability [172] of the
composite nanocarriers. Most composite nanocarriers are hydrogels,
which have good prospects for application in arid areas because they not
only have controlled-release capabilities but can also improve the water
retention of soil.

A majority of the organic-inorganic composite nanocarriers exhibit
pH responsiveness due to their abundant acid/base functional groups in
the organic component and/or the pH-sensitive structure of the inor-
ganic component, whereas only a few composite nanocarriers exhibit
temperature- [126] or anion-response [86] properties. Notably, a
composite nanocarrier comprised of a palygorskite/Fe304 core and a
porous shell of amino silicon oil (ASO)/F-127 enabled the
temperature-dependent controlled release of Fe(II) [126]. As shown in
Fig. 3, at temperatures below 25 °C or above 35 °C, the F-127 chains
collapse and cover a majority of the pores in the ASO shell, thus
inhibiting Fe(II) release. At temperatures between 25 and 35 °C, the
polymer chains of F-127 stretch, uncovering the pores and allowing for
the fast release of Fe(II). Moreover, pot experiments demonstrated that
the controlled-release nanofertilizer promoted Fe(II) uptake and the
growth of maize in a temperature-dependent manner.
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Fig. 3. (a) Scanning electron microscopy image of temperature-responsive
controlled-release iron fertilizer (TCIF). (b) Temperature-response mechanism
of TCIF enabled by temperature-sensitive polymer F-127 grafted on the surface
of porous amino silicon oil (ASO) shell. The TCIF exhibited (c) temperature-
dependent controlled release of Fe(II) and led to (d) increased Fe content in
maize shoots as compared to control (CK) in a temperature-dependent manner.
Panels a-d adapted with permission from ref. [126]. Copyright (2018) Elsevier.
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4. Recent advances in stimuli-responsive controlled-release
nanopesticides

Compared to nanofertilizers, there have been a considerably larger
number of studies on stimuli-responsive controlled-release nano-
pesticides (Fig. 1 and Tables S3-S5). Moreover, organic materials are
more frequently used alone as nanocarriers, possibly because most
pesticide Als are organic compounds that can be more easily loaded into
organic carriers in a controlled manner and at a higher loading efficiency.
Most of these studies have focused on synthetic pesticides as the Als, but
there are also explorations of plant-derived pesticides, e.g., limonene and
carvacrol [160], eugenol [173], eupatorium adenophorum extract [174],
and rotenone [175].

4.1. Controlled-release pesticides with organic nanocarriers

Organic nanocarriers for controlled-release pesticides are primarily
composed of polymeric materials with good biocompatibility and/or
biodegradability, such as PDA [10,123], alginate [47,135], chitosan
[59,75,112,145] and its derivatives [95], zein [53,63,160], poly-
saccharides (e.g., gum Arabic) [136], and bovine serum albumin [94]
(Table S3). In the last few years, MOFs [including MIL-101(Fe), Uni-
versity of Oslo-66 (UiO-66), and ZIF-8] have also been explored for
fabricating stimuli-responsive nanocarriers. Unlike polymeric nano-
carriers for nanofertilizers, which are often prepared in the form of
hydrogels, those for nanopesticides are mostly in the form of core-shell
structures, nanocapsules, nanomicelles, and nanoethosomes. These
core-shell-structured nanocarriers can effectively inhibit the degrada-
tion of pesticide Als (e.g., photolysis under UV irradiation) [53].
Moreover, nanocapsules or nanomicelles composed of amphiphilic
polymers are especially suitable for the encapsulation of lipophilic
pesticides, achieving both high loading and good dispersity in aqueous
media [95].

The use of organic materials containing carboxyl or amino groups as
nanocarriers can achieve the pH-responsive release of pesticide Als. For
example, a pH-responsive nanoformulation of imidacloprid was prepared

Eco-Environment & Health 2 (2023) 161-175

by encapsulating this insecticide into poly(citric acid)-poly(ethylene
glycol)-poly(citric acid) triblock linear dendritic copolymers, which
exhibited a higher release rate at pH 10 than at pH 7 [162]. This nano-
pesticide demonstrated superior efficacy in controlling the lesser mul-
berry pyralid (Glyphodes pyloalis), primarily because the alkaline
environment (pH 10) in the gut of G. pyloalis can trigger controlled
release and thus increase the utilization efficiency of imidacloprid. As
another notable example, accelerated release of avermectin encapsulated
in trisiloxane-carboxymethyl chitosan nanocomposites was observed at
pH 5 and 9 as compared to pH 7 due to the acid- or base-catalyzed
cleavage of the Si-O-Si bond and consequential disintegration of the
nanocomposite [95].

In addition, nanopesticides with other types of responses can be
obtained using organic carriers. Recently, a temperature- and pH-
responsive nanocarrier was developed using PAA-b-PNIPAm co-
polymers with different block length ratios, allowing the release of
pesticide Als to plant compartments with different pH values and
temperatures (Fig. 4) [80]. The controlled release behavior of crystal
violet (CV), a model antimicrobial agent, from the nanocarrier depen-
ded not only on pH (4.5, 6.0, and 7.5) and temperature (20 and 40 °C)
but also on the chain composition. Under the same temperature and pH
conditions, the longer the chain of PNIPAm, the slower the release rate
of CV. It is worth noting that the nanocarriers have shown good foliar
uptake and translocation abilities in tomato plants, indicating good
application potential in the treatment of plant root diseases with
foliar-applied pesticides. In addition, this synthesis strategy has been
utilized to prepare bottlebrush-like polymeric nanocarriers, enabling
the temperature-responsive release of spermidine, a stress-regulating
agent that protects crop plants from heat stress [81].

Organic nanocarriers responsive to both infrared and UV light have
been developed for the controlled release of pesticide Als. For example, a
controlled-release nanopesticide with NIR and temperature responses
was prepared by encapsulating imidacloprid into core-shell PDA@PNI-
PAm nanocomposites [10]. The response mechanism was as follows:
under NIR irradiation, PDA, a photothermal material, can raise the
temperature above the LCST of PNIPAm (i.e., 32-33 °C), leading to the
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Fig. 4. (a) Schematic diagram of the crystal violet (CV) loading process and release mechanism of PAA-b-PNIPAm copolymers, and the cumulative release of CV in
copolymers with different PNIPAm chain lengths, i.e., (b) PAA5y-b-PNIPAms, and (c) PAAs-b-PNIPAmyso, at different pH (4.5, 6.0, and 7.5) and temperature (20 and
40 °C). Panels a-c are reprinted in part with permission from ref. [80]. Copyright (2020) American Chemical Society. PAA-b-PNIPAm, poly(acrylic acid)-

block-poly(N-isopropyl acrylamide).
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collapse of the PNIPAm polymer chains and the release of the imida-
cloprid molecules encapsulated in the cross-linking networks of PNIPAm.
As another notable example, a photoresponsive controlled-release
nanoherbicide was facilely prepared by the self-assembly of amphi-
philic ternary host-guest complexes between cucurbit[8]uril, paraquat,
and the trans-isomer of an azobenzene derivative (trans-G) in the pres-
ence of excess paraquat [144]. Under UV irradiation, the supramolecular
vesicles were disintegrated via the trans-to-cis isomerization of G,
releasing the herbicide Al paraquat (Fig. 5). Moreover, the nanopesticide
exhibited excellent biosafety, as demonstrated by both in vitro cytotox-
icity tests with mammalian cell lines and in vivo tests with zebrafish and
mouse models. Such effective and safe controlled-release nanopesticides
hold great promise for applications in green agriculture.

Organic nanocarriers constructed with natural polymers can be
degraded by specific enzymes, thus enabling enzyme-responsive,
controlled release of pesticide Als. For preparing controlled-release
nanofungicides, the natural polymers employed are typical substrates
of lignin-degrading enzymes [154], cellulase [116], and pectinase [79,
1501, and these enzymes excreted by common pathogenic fungi serve as
proper triggers for the release of fungicide Als. In contrast, nanocarriers
for controlled-release insecticides are typically designed to respond to
laccase [60,64,73,155], a-amylase [97,109], and proteases [159,160],
which are common in the digestive organs of phytophagous insects.
Notably, many polymeric nanocarriers contain acidic or basic functional
groups and thereby exhibit dual responses to pH and enzymes. For
instance, a dual-responsive nanopesticide was prepared by layer-by-layer
assembly of chitosan and sodium lignosulfonate onto an alkali
lignin-based Pickering emulsion, which achieved the controlled release
of avermectin in response to both pH and laccase [64]. Alternatively,
nanocarriers composed of enzyme substrates and MOFs that are labile to
acid- or base-mediated decomposition also exhibit pH and enzyme dual
responsiveness [79,97,116].
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4.2. Controlled-release pesticides with inorganic nanocarriers

There are only a few examples of stimuli-responsive controlled-
release nanopesticides with inorganic nanocarriers, and all were re-
ported prior to 2020 (Table S4). A NIR and pH dual-responsive nano-
pesticide was prepared by loading chlorpyrifos, an insecticide, onto a
nanocomposite of reduced GO (rGO) and Cu,.,Se [140]. Both the
Cuy.,Se nanocrystals and rGO have a photothermal effect in the NIR
range, which can weaken the interaction between chlorpyrifos and the
nanocarrier, leading to faster release under NIR irradiation. Moreover,
the chlorpyrifos release rate from the rGO-Cuy.,Se nanocomposite was
higher under acidic and basic conditions (e.g., pH 4 and 10) than at
neutral pH, due to changes in the strength of the hydrogen bonds be-
tween chlorpyrifos and rGO [121]. As another example, a nanopesticide
prepared by conjugating kasugamycin onto surface-functionalized ZnO
quantum dots via a benzoic-imine covalent bond showed a significantly
increased release rate of kasugamycin as pH decreased from 7.4 to 4.5
because the benzoic-imine bond was easily cleaved under acidic con-
ditions [121]. Moreover, the ZnO quantum dots can effectively inhibit
the photolysis of kasugamycin under UV irradiation, prolonging its
effective lifetime.

4.3. Controlled-release pesticides with organic-inorganic composite
nanocarriers

A variety of organic-inorganic composite nanocarriers have been
investigated for preparing controlled-release pesticides (Table S5).
Although organic materials alone are expected to enable the efficient
loading of pesticide molecules, it is possible to further increase the
loading capacity by incorporating an appropriate amount of inorganic
materials with high specific surface areas or hollow structures [83,131,
152]. Mesoporous silica nanoparticles with or without a hollow structure
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Fig. 5. (a) Schematics of the preparation of the paraquat-loaded vesicles and the photoresponsive controlled release of the pesticide AI paraquat upon UV irradiation.
(b) The supramolecular vesicles were spherically shaped, and (c) they collapsed and aggregated after UV irradiation. (d) The nanopesticide exhibited a faster release of
paraquat under UV light or simulated sunlight than in the dark. Panels a-d were adapted with permission from ref. [144]. Copyright (2018) Springer Nature.

168



M. Shen et al.

are the most commonly used inorganic components for fabricating
organic-inorganic composite nanocarriers, owing to their good physical
and chemical stability, biocompatibility, and amenability to surface
functionalization [via the abundant surface silanol (=Si-OH) groups]. A
range of stimuli-responsive controlled-release characteristics have been
achieved using organic-inorganic composite nanocarriers, primarily due
to the function of stimuli-responsive polymers [45,57,61,83,103,112,
131], though, in some cases, other mechanisms are also involved.

Nanopesticides that are responsive to pH changes have been obtained
using various organic-inorganic composite nanocarriers, such as chitosan-
diatomite/Fe304 [61], alginate-silica nanoparticles [45], carboxymethyl
chitosan-MSNs [55,57], poly(glycidylmethacrylate-co-acrylic acid)-hollow
mesoporous silica (HMS) [83], polydopamine-attapulgite-calcium alginate
[87], and PAA-mesoporous nanoselenium [75]. Moreover, pH-sensitive
chelation of metal ions can also be used to design nanopesticides with
pH responsiveness. For example, copper ion (Cu") chelation treatment
endowed pH-dependent release patterns of azoxystrobin, a fungicide, from
PDA-mesoporous silica nanocomposites. The release rate was higher under
weakly acidic (pH 5.8) and alkaline (pH 8.6) conditions than at a neutral
pH of 7.2, which was due to the breaking of the Cu?’-PDA and
Cu?*—azoxystrobin coordination bonds under weakly acidic and alkaline
conditions, respectively [131].

Temperature response can be achieved by using composite nano-
carriers containing temperature-sensitive polymers, and examples
include poly(N-isopropyl acrylamide-methacrylic acid)-MSN [129],
PNIPAm-graphene oxide [132], and poly(N-isopropyl acrylamide-
co-methacrylic acid)-HMS [131]. Alternatively, a novel strategy using
a pore-forming agent was employed to achieve the temperature-
responsive controlled release of glyphosate, a common herbicide
[138]. Glyphosate was loaded in attapulgite@ASO@poly(vinyl alcohol)
core—shell nanocomposites together with ammonium bicarbonate, and
the as-obtained nanoherbicide exhibited temperature-responsive
release behavior. At higher temperatures, ammonium bicarbonate de-
composes into carbon dioxide and ammonia gases, producing numerous
micro-nanopores in the ASO-poly(vinyl alcohol) shell. Both pore for-
mation and the dissolution of poly(vinyl alcohol) contributed to the
accelerated release of glyphosate at a higher temperature.

Enzyme and redox responses can be achieved by nanocarriers con-
taining enzyme substrates or redox-active moieties, respectively (see
Section 2.4). For example, an enzyme-responsive controlled-release
nanopesticide was prepared by loading avermectin in a-cyclodextrin-
anchored HMS [152]. The a-cyclodextrin component can be hydrolyzed
in the presence of a-amylase, opening channels for the release of the
encapsulated insecticide. This enzyme-responsive controlled-release
nanopesticide proved more effective in controlling a target pest, the
diamondback moth (Plutella xylostella), than a commercial formulation of
avermectin. As another example, a redox/enzyme dual-responsive con-
trolled-release avermectin nanopesticide was prepared using disulfide
bond-linked and starch-coated MSNs as the nanocarriers [148], which
could realize controlled release of avermectin in response to glutathione
and a-amylase secreted by the insect (P. xylostella) through the cleavage
of disulfide bonds under reducing conditions and a-amylase-catalyzed
degradation of starch.

Recently, a multi-stimuli-responsive nanopesticide was developed
using cyclodextrin polymer-valved benzimidazole-functionalized MoSa-
embedded MSN as the nanocarrier, which was responsive to pH, enzyme,
and NIR to achieve controlled release of tebuconazole, a fungicide
(Fig. 6) [76]. The multivalent supramolecular nanovalves between the
cyclodextrin polymer and the benzimidazole moieties were activated at a
low pH or in the presence of a-amylase, while MoS; induced the release
of tebuconazole under sunlight irradiation via the photothermal effect.
Moreover, components of the epicuticular waxes (e.g., ursolic acid and
decanoic acid) on the leaves of certain plants triggered the detachment of
the cyclodextrin polymer, enabling the release of tebuconazole. It is
noted that in designing multi-stimuli-responsive controlled-release
nanopesticides, the responses to the individual stimuli should work
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MoO, MoS,  MoS,@MSN

MSN: mesoporous silica nanoparticle

CDP: cyclodextrin polymer

Decanoic acid
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Fig. 6. Multi-stimuli-responsive nanopesticide with cyclodextrin polymer-
valved benzimidazole-functionalized MoS,-embedded mesoporous silica nano-
particles as the nanocarrier, which was responsive to pH, enzyme, near-infrared
(NIR), and components of epicuticular waxes (e.g., ursolic acid and decanoic
acid) to achieve controlled release of encapsulated pesticide Al. Adapted with
permission from ref. [76]. Copyright (2021) Elsevier.

synergistically or at least not counteract each other [111]; otherwise, an
improperly designed nanopesticide may not exhibit the expected
controlled release upon multiple stimuli.

5. Conclusions and perspectives

Lately, a variety of nanofertilizers and nanopesticides with
controlled-release properties have been developed by employing nano-
carriers with diverse compositions, structures, and stimuli-response
characteristics. A majority of the nanocarriers are composed of organic
or organic-inorganic composite materials, whereas inorganic nano-
carriers are less common. Most studies on nanofertilizers have focused on
pH-responsive nanocarriers, with only a few on temperature- and
enzyme-responsive nanocarriers. Compared with nanofertilizers, there
are more reports on nanopesticides, which are responsive to a range of
environmental or biological stimuli, and many exhibit dual- or triple-
responsiveness. These nano-enabled controlled-release fertilizers and
pesticides show tremendous potential for enhancing the utilization effi-
ciency of nutrients and pesticide Als. Despite the fast-growing number of
studies on nano-enabled controlled-release fertilizers and pesticides,
there are several barriers to their practical applications.

First, future studies should demonstrate the stimuli-responsive
controlled-release properties of nanoagrochemicals and their perfor-
mance for plant growth promotion or pest control under realistic con-
ditions. A majority of the reviewed studies have reported on the release
properties in aqueous matrices or methanol/ethanol-water mixtures
instead of in soils or other more relevant test media. While release tests in
simplified media are efficient for the high-throughput selection of
candidate nanocarriers, release tests under realistic conditions are
indispensable for accurately correlating the release characteristics of the
nanoagrochemicals to their performances. At a minimum, the tested
stimulus range must be environmentally relevant. For example, release
tests for pH-responsive controlled-release nanofertilizers should be per-
formed within a pH range representative of agricultural soil (e.g., from 5
to 8, or even narrower) or of the crop plant tissues where the nano-
fertilizers are applied. Only half of the 20 papers on stimuli-responsive
nanofertilizers summarized herein (Tables S1 and S2) reported the
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efficacy of the nanofertilizers in pot experiments, but it is encouraging to
observe that data from pot experiments are presented in 6 of the 9 studies
published since 2019. It is anticipated that future studies will routinely
include pot experiment data, and the results of performance under field
conditions are also highly desirable. Moreover, to design nano-
agrochemicals with high performance under agriculturally realistic
conditions, studies should not only aim at optimizing the controlled-
release properties but also take a holistic approach that considers other
key characteristics of nanoagrochemicals, such as their adhesion to plant
surfaces, dispersity in water, and capability to protect pesticide Als from
photolysis [83,88,112,121,176,177]. Such investigations, which will
likely involve processing large datasets with multi-dimensional infor-
mation and high variability, could be facilitated by emerging data science
tools such as machine learning [70,178]. It is noted that pesticides are
often applied in mixtures [4], and recently there has been increasing
interest in developing controlled-release nanopesticides with more than
one Al [56,70,110,147]. The simultaneous loading and coordinated
release of multiple pesticide molecules with different structures and
properties (e.g., molecular size, hydrophobicity, and water solubility)
can be challenging, and techniques capable of real-time monitoring of
multiple compounds released from nanomaterials will be instrumental in
accelerating such research efforts [179].

Second, unproven economic viability is another major barrier [34].
Although controlled-release nanoagrochemicals are expected to drasti-
cally increase the utilization efficiency of nutrients and pesticide Als, thus
reducing their application amounts, the unit costs per mass of nano-
agrochemicals are much higher than those of their traditional counter-
parts, offsetting their potential economic advantage. Stimuli-responsive
controlled-release nanocarriers have been extensively studied for
biomedical applications (e.g., precision drug delivery) [180-183], where
efficacy is a far more important factor for consideration than cost.
However, with a much smaller profit margin in agriculture, the cost is a
major concern in developing nanoagrochemicals. The cost is expected to
decrease after scale-up production, but cost-effectiveness should be
considered in the initial research and design stages by selecting suitable
raw materials and procedures.

Finally, regulatory and public concerns constitute barriers that must
be lifted before these nanoagrochemicals can be applied to agricultural
lands on a large scale [1,11,184-186]. Considering that nanofertilizers
and nanopesticides may be applied or translocated to the edible parts of
crop plants [187], it is desirable to use non-toxic and biodegradable
materials for constructing the nanocarriers. Moreover, it is necessary to
ensure that nanofertilizers and nanopesticides, as potential emerging
contaminants, have negligible adverse effects on non-target organisms at
doses required for agricultural production [188-190]. So far, only 21 of
the studies summarized herein, among which 19 were published between
2021 and 2023, have tested the ecotoxicity of the nanoagrochemicals to
non-target organisms, including zebrafish [64,69,73,99,102,104,119,
128,134,137,139,144,150], water fleas [107,116], honeybees [77], la-
dybugs [155], earthworms [82,97], nematodes [143], and other soil
microorganisms [107,116]. Notably, novel materials such as MOFs have
been actively investigated as stimuli-responsive nanocarriers for
controlled-release nanopesticides. However, their environmental health
implications as potential emerging contaminants remain largely un-
known. Although the MOFs that have been explored for fabricating
nanopesticides so far contain non-toxic metals (e.g., Fe, Zn, and Zr), the
toxicities of the MOFs as chemical entities as well as the organic linkers
released after decomposition of the MOFs require careful evaluation.
Similarly, other emerging materials should also be subjected to this
scrutiny if they are to be explored for preparing nanoagrochemicals.

In summary, to obtain high-efficiency and safe nanofertilizers and
nanopesticides, it is advisable to adopt a comprehensive design strategy
that not only optimizes the controlled-release properties and lowers the
costs but also considers other critical factors, including their interaction
mechanisms with crop plants [191-193], pests, and non-target organisms
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[188,189], as well as their transformation and fate in the agricultural
environment [194].
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