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ABSTRACT: Pest control effectiveness and residues of pesticides are contradictory concerns in agriculture and environmental
conservation. On the premise of not affecting the insecticidal effect, the pesticide residues in the later stage should be degraded as
fast as possible. In the present study, composite nanoparticles in a double-layer structure, consisting of imidacloprid (IMI) in the
outer layer and plant hormone 24-epibrassinolide (24-EBL) in the inner layer, were prepared by the W/O/W solvent evaporation
method using Eudragit RL/RS and polyhydroxyalkanoate as wall materials. The release of IMI in the outer layer was faster and
reached the maximum within 24 h, while the release of 24-EBL in the inner layer was slower and reached the maximum within 96 h.
The contact angle of the composite nanoparticles was half that of the 5% IMI emulsifiable concentrate (EC), and the deposition of
composite nanoparticles on rice was twice that of 5% IMI EC, which increased the pesticide utilization efficiency. Compared with
the common pesticide, 5% IMI EC, the insecticidal effect of the composite nanoparticles was stronger than that of planthoppers,
with a much lower final residue amount on rice after 21 days. The composite nanoparticles prepared in this study to achieve
sustained release of pesticides and, meanwhile, accelerate the degradation of pesticide residues have a strong application potential in
agriculture for controlling pests and promoting crop growth.

1. INTRODUCTION
Pesticides, as chemical agents for controlling pests and
promoting plant growth, play a major role in meeting the
food demand of the world’s growing population.1,2 However,
the toxicity of pesticides leads to enormous adverse effects on
human health and the environment.3,4 Numerous studies have
shown that during applications, less than 0.1% of the
conventional pesticide active ingredients are effective on the
target pests, and a large proportion of pesticides lead to serious
residue problems.5,6

Plenty of biotic and abiotic degradation technologies have
been developed to degrade pesticide residues.7 Biodegradation
includes direct and indirect strategies. Direct biodegradation is
mainly through the decomposition and utilization of pesticides
by pesticide-degrading microorganisms.8 Indirect biodegrada-
tion uses certain hormones or endophytes to induce the

activity of plant detoxification enzymes.9 Abiotic degradation
includes photolysis and hydrolysis.7 At present, these
degradation techniques are often used when pesticide residues
occur, making it difficult for the degradation agent to interact
with the pesticide.
Some new sustained-release pesticide formulations have

been introduced to agricultural application to increase the
effective period of pesticides.10 However, these sustained-
release pesticide formulations also enhance the risk of pesticide
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residues in agricultural products. At present, there have been a
large number of studies on pesticide sustained-release agents to
improve the effect of pest control. Kumar et al.11 synthesized
imidacloprid-loaded sodium alginate nanoparticles. The
insecticidal activity of the nanoparticles against leafhoppers is
more effective than that of normal pesticides. Memarizadeh et
al.12 used poly(citric acid) (PCA) as A block and poly-
(ethylene glycol) (PEG) as B block to prepare nano-
imidacloprid by direct encapsulation of the ABA triblock
linear dendrimer, which improved the insecticidal efficiency of
imidacloprid. Shang et al.13 synthesized N-acylated emamectin
benzoate by bonding emamectin benzoate with acrylamide.
The laboratory toxicity test showed that the efficacy of the new
emamectin benzoate preparation against Helicorvapa armigera
was better than that of emamectin benzoate EC. However, the
previous sustained-release pesticide formulations have never
been studied on pesticide residues. With the development of
the controlled release technique, substances that are conducive
to pesticide degradation can be encapsulated in pesticides.
Thus, once pesticides complete their mission of pest control,
these encapsulated substances will be released to accelerate
pesticide degradation and to eliminate the occurrence of
pesticide residues from the source. Since the direct degradation
agent continuously degrades the pesticide and it is difficult to
realize the zero release of the degradation agent before effective
pest control, indirect degradation agents are more ideal in the
sustained-release formulations to promote pesticide degrada-
tion.
Thus, the main objective of the present study was to prepare

a new formulation of composite nanoparticles that can enhance
pest control efficiency and minimize the residues of the
pesticide. Imidacloprid (IMI), a neonicotinoid insecticide, was
selected as the studied pesticide, given its high efficiency in
piercing−sucking the mouthparts of pests14 and its low
toxicity. As a systemic pesticide, IMI accumulates rapidly in
plants, causing toxic symptoms to Sogatella furcifera and other
insects.15 24-Epibrassinolide (24-EBL) accelerates the degra-
dation of residual pesticides by regulating the detoxification
system of plants.15−17 When the 24-EBL content in plants
increases, the protease synthesized under the guidance of many
genes (such as P450 and GST) can gradually transform
pesticides into water-soluble substances or low toxic and

nontoxic substances, or even directly exclude them from the
body.18,19 In our proposed composite nanoparticles, 24-EBL
was encapsulated in the inner layer, and IMI interacted with
the outer-layer wall material of the nanoparticles. We
hypothesize that the outer-layer insecticide IMI will be
released first to control the S. furcifera, and then the internal
24-EBL will be released in the later stage to promote rice
growth and degrade the pesticide residues, thus eliminating the
occurrence of pesticide residues from the source.

2. MATERIALS AND METHODS
2.1. Materials. IMI (purity 96.2%) was purchased from

Jiangsu Fengshan Group Co., Ltd. (Jiangsu, China). 24-EBL
(purity 91.6%) was purchased from Zhejiang Shijia Technol-
ogy Co., Ltd. (Zhejiang, China). Polyhydroxyalkanoate (PHA)
was supplied by Changsha Jingkang New Material Technology
Co., Ltd. (Changsha, China). Eudragit RS and RL (acrylic
resins) (hereafter named as RS/RL) were provided by
Shanghai Changwei Pharmaceutical Accessories Technology
Co., Ltd. (Shanghai, China). Poly(vinyl alcohol) (PVA-1788,
alcoholysis degree: 87.0−89.0% mol/mol) was purchased from
Aladdin Industrial Corporation (Shanghai, China). All other
reagents were supplied by Sinopharm Chemical Reagent Co.,
Ltd. Chromatographic methanol and acetonitrile for high-
performance liquid chromatography (HPLC) were purchased
from Sigma Aloich (Shanghai, China). All chemicals used in
the experiments were of analytical grade and used as received
without further purification.
2.2. Preparation of IMI and 24-EBL Composite

Nanoparticles. The schematic diagram of the preparation
process of the proposed composite nanoparticles is shown in
Figure 1. The composite nanoparticles were prepared using the
W/O/W solvent evaporation technique.20,21 The 24-EBL (28
mg) was dissolved in acetone (4 mL) and water (3 mL) as the
internal water phase. Polymers (RS 32.5 mg/RL 7.5 mg and
PHA 112.5 mg) and IMI (150 mg) were dissolved in 5 mL of
dichloromethane to form a polymer solution as the oil phase.
The 1% (w/V) PVA 1788 solution was the external water
phase. One milliliter of the internal water phase was added to 5
mL of the oil phase and sonicated at 67.5 W for 1 min to
obtain a primary emulsion (O/W). The primary emulsion was
then poured into the external water phase (50 mL) and

Figure 1. Schematic diagram of the composite nanoparticles preparation process.
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sonicated at 195 W for 3 min to obtain a multiple emulsion
(W/O/W). Then, the multiple emulsion was placed in a water
bath at 40 °C for 30 min for rotary evaporation to remove the
solvent dichloromethane and acetone. The nanoparticles
dispersion was centrifuged at 10 000 rpm for 10 min, washed
with deionized water 3 times, and then freeze dried.
2.3. Extraction and Determination of 24-EBL on

HPLC. Because of its unique structure, determination of 24-
EBL by HPLC requires a derivatization pretreatment.22 In this
study, phenylboronic acid (PBA) was used for the derivatiza-
tion of 24-EBL.23 PBA and 24-EBL, in a certain mass ratio,
were dissolved in 20 mL of methanol in a 50 mL volumetric
flask and reacted in a water bath at 80 °C until the methanol
volatilized completely. Methanol was then added to reach the
total volume of 50 mL, followed by sufficient shaking. The
experimental designs, including the derivatization strategy of
24-EBL for HPLC analysis and levels of the molar ratio of 24-
EBL to PBA, are shown in Supporting Information Part 1.
24-EBL was extracted from the nanoparticles in water and

concentrated, since its concentration is below the detection
limit. At each concentration, 2.0 mL of 24-EBL was extracted
with 3 mL of dichloromethane, followed by removal of the
upper aqueous solution. The extracted 24-EBL was dried with
N2 (NDK200-2, Hangzhou Mio Instrument Co., Ltd.) and
dissolved in 2 mL of methanol. Then a certain amount of PBA
was added for derivatization, under sufficient vortex and
mixing. The derivatized 24-EBL was heated in a water bath at
80 °C until the methanol was completely evaporated, and then
dissolved in 0.2 mL of methanol. Each treatment was repeated
3 times (see the Supporting Information Part 2 for the details
of the HPLC method).
2.4. Characterization of the Composite Nanopar-

ticles. The morphology and size distribution of the composite
nanoparticles were observed using a scanning electron
microscope (SEM; JSM-6380LV, JEOL, Tokyo, Japan) and
transmission electron microscope (TEM; FEI Talos F200S,
United States). The material structure analysis was determined
using a Fourier transform infrared spectrometer (FTIR;
Nicolet-IS 5, United States) and X-ray diffraction (XRD-
6000, Shimadzli, Japan). The thermal stability of the
nanoparticles was evaluated by thermogravimetric analysis
(TGA2, Mettler Toledo, Switzerland).
2.5. In Vitro Release of the Composite Nanoparticles.

In order to investigate the release behavior of the composite
nanoparticles at different pH and temperatures, freeze-dried
nanoparticles (50 mg) were placed in 100 mL of ultrapure
water and left to stand for the release process. At pH = 7, the
temperature was set to 15, 25, and 35 °C, and the reactors
were placed in a temperature-controlled shaking table to allow
static release. Then, similar static release experiments were
conducted at 25 °C, with the pH set to to 5, 7, and 9. At each
specified time interval, 2.5 mL of the supernatant was collected
and the same volume of fresh solution was added. From each
sample, 2.0 mL was used for the determination of 24-EBL (see
section 2.3 for the extraction and derivation of 24-EBL) and
0.5 mL was used to directly determine the content of IMI. The
cumulative release rate is calculated as follows

cumulative release rate(%)
amount of pesticide released

theoretical pesticide amount in nanoparticles
100%= ×

(1)

Several mathematical models were used to evaluate the release
mechanism, including zero-order,24 first-order,25 Higuchi,26

and Ritger−Peppas models.27Zero-order release equation

Q at bt = + (2)

First-order kinetic equation

Q a e(1 )t
bt= (3)

Higuchi equation

Q at bt
1/2= + (4)

Ritger−Peppas equation

Q att
n= (5)

where Qt is the cumulative release rate at time t, and a, b, and n
are the release rate constants. The diffusion mechanism of the
pesticides can be judged according to the value of n. When n ≤
0.45, the diffusion of the pesticides follows mainly Fickian
diffusion.27

2.6. Stability of the Composite Nanoparticles in
Light. The stability of the composite nanoparticles was
investigated following the method in Xiao et al.28 Composite
nanoparticles (5 mg) were suspended in 10 mL of methanol by
ultrasonication. The initial concentration of IMI was 150 mg/L
and that of 24-EBL was 2.5 mg/L. IMI and 24-EBL technical
with the same concentrations were prepared as controls. Three
milliliters of the solution was added into each 10 mL centrifuge
tube and a 500 W UV high-pressure mercury lamp was placed
30 cm away from the liquid surface. An independent parallel
method was employed in the experiment. One centrifuge tube
was removed at each time interval, ten in total. All experiments
were repeated 3 times. IMI was directly detected, and 24-EBL
was derivatized using PBA and then quantified on HPLC.
2.7. Dissipation of IMI in the Composite Nano-

particles on Rice. The composite nanoparticles were made
into a suspending agent (see the Supporting Information Part
3 for details). An indoor pot experiment was carried out with
the rice seed “Lingliangyou 211” as the test variety. The
recommended dosage (30 mL per acre) of 5% imidacloprid
emulsifiable concentrate (IMI EC) was applied and the water
consumption was 50 L at the rice seedling stage. 5% IMI EC
was taken as control, and 30 mL of each pot was sprayed by
the walking spray tower (type 3WP-2000, Nanjing Institute of
Agricultural Mechanization, Ministry of Agriculture). The
samples and residue testing results were collected at 2 h, 1, 3,
5, 7, 10, 14, and 21 days. The whole plant that grows normally
above the soil surface was taken and cut into pieces. After
extraction and purification, IMI was detected on HPLC
according to the method given in the Supporting Information
Part 4 and 5. The dissipation laws were studied according to
the dissipation dynamic eq 6 and half-life formulas 7

C C eT
kt

0= × (6)

T
k

In 2
0.5 =

(7)

where k is the degradation rate constant, C0 is the initial
concentration of the pesticide, and CT is the concentration of
the pesticide at time t.
At the same time, the effect of 24-EBL in the composite

nanoparticles on the growth of rice was studied.29 Twelve rice
seeds with the same bud length were selected and planted in a
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nutrient bowl, with 5% IMI EC application as the control
group. At 7, 14, and 21 days, the plant height, root length, and
fresh weight of rice were measured. Each treatment was carried
out in triplicate.
2.8. Determination of the Retention and Contact

Angle of Composite Nanoparticles on Rice Leaves. The
foliar soaking and weighing method was used to determine the
foliar retention of composite nanoparticles and 5% IMI EC on
rice. Each treatment was conducted 5 times. Pesticide solution
was sprayed at the recommended dosage in the field. The
leaves were cut into small segments of the same size with a
length of 1 cm, and the length and width are measured to
calculate the leaf area S (cm2). A pair of tweezers were put in
the experimental pesticide solution in a beaker that was placed
on a micro-precision electronic balance, tared to zero. The
leaves were thoroughly immersed in the pesticide solution
(record the weight W1). The leaves were taken out and
weighed (W2) after the pesticide droplets of the leaves were
found not dripping. The retention ratio (Rr) of the composite
nanoparticle suspension and 5% IMI EC on the leaves was
calculated according to formula (8).

R
W W

S
(mg/cm )

1 2
r

2 =
(8)

Contact angle (CAs) is an important evaluation index to
determine the utilization efficiency of the pesticides.30 Fresh
rice leaves were collected without damaging the leaf structure
and fixed flat on the stage of the CAs measuring instrument
(LAUDA Scientific GmbH, LSA-100). Then, 10 μL droplets of
the composite nanoparticle suspension, 5% IMI EC, and water
were injected into the rice leaf with a microsyringe. Pictures of
the droplets on the leaves were taken at 0, 25, 50, 75, and 100 s
to calculate the CAs of the drug solution on the rice.

2.9. Laboratory Toxicity Test. S. furcifera was selected as
the experimental insect and 5% IMI EC as the control to study
the insecticidal activity of composite nanoparticles in the
laboratory. Planthoppers were cultured in an artificial climate
incubator at a temperature of 27 ± 1 °C and photoperiod
light/darkness (L/D) ratio of 14:10. Because the composite
nanoparticles in this study have a subsequential process of
release and degradation, this experiment will simulate the
method of field application rather than the commonly used
laboratory toxicity determination method�the rice seedling
impregnation method.31 The sprayed dose was the same as the
dissipation of the IMI experiment. In order to verify the
duration of the insecticidal activity of the composite nano-
particles 2 h and 7 days after the application of the
recommended dose, 20 third instar larvae were placed on
each pot of rice, in triplicates. The mortality rate was recorded
on the 1st, 2nd, 3rd, and 4th days after the application.

3. RESULTS AND DISCUSSION
3.1. Morphology and Size Distribution of the

Composite Nanoparticles. The composite nanoparticles
prepared in this study had a uniform spherical shape in the
SEM images (Figure 2a,b) and a double-layer structure in the
TEM images (Figure 2c). The SEM images also showed
adhesion between nanoparticles, which might be due to the
agglomeration of nanoparticles caused by intermolecular
force.32 The particle size distribution (Figure 2d) conforms
to the normal distribution, with an average particle size of
502.03 ± 114.85 nm. Compared with IMI-controlled release
formulation11,12,20,33 and 24-EBL-controlled release formula-
tion,34,35 the size of the composite nanoparticles was even
smaller than that of some single pesticide nanoparticles.

Figure 2. Morphology under SEM (a,b) and TEM (c), and size distributions (d) of the composite nanoparticles.
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3.2. Characterization of the Composite Nanopar-
ticles. The chemical interactions between blank nanoparticles,
composite nanoparticles, IMI, and 24-EBL were investigated
using FTIR spectroscopy (Figure 3a). For IMI, the -N-H
stretching vibration at 3354 cm−1 was the characteristic
vibration peak. The absorption peak at 1563 cm−1 was the
result of the -NO2 stretching vibration. The absorption peaks
at 1299 and 1242 cm−1 were responsible for the stretching
vibration of N−O and C�N, respectively. The FTIR spectra
of IMI were consistent with those of Chen et al.36 and Lim et
al.37 According to the structural formula of 24-EBL, the most
important functional group in 24-EBL was -OH, which
corresponded to the absorption peak at 3404 cm−1 in the
FTIR spectrum. The absorption peak at 2959 cm−1 was the
stretching vibration of −CH3. The absorption peaks of the C−
H plane bending vibration at 1388 cm−1 and C-O stretching
vibration at 1275 cm−1 were also observed in the spectrum.
The O−H and −CH3 of the 24-EBL may react with the
−CO− or R group in the PHA of the wall material. These
characteristic absorption peaks of IMI and 24-EBL showed up
in the infrared spectrum of the composite nanoparticles, except
peaks for the O−H and −CH3 of 24-EBL, which may be the
result of the interaction between 24-EBL and the wall material.
FTIR analysis indicated that IMI and 24-EBL were successfully
loaded.
Besides, X-ray diffraction (XRD) was utilized to analyze the

crystal structure of the composite nanoparticles (Figure 3b).
For IMI, its characteristic diffraction peaks were at 2θ = 13.68,
14.88, 16.4, 18.46, 23.52, 26.1, 29.56, and 33.98°. The highest
peak point (18.46°) was applied in the Scherrer equation to

calculate the crystal size, which was 13 nm. This indicated that
IMI exists in the crystal structure.36 The characteristic
diffraction peaks of 24-EBL were at 2θ = 9.52, 12.74, 14.9,
16.56, 18.08, 18.88, 20.18, 21.32, 23.82, and 39.66°. 24-EBL
had several independent peaks, indicating a high crystallinity.
Its highest peak point (14.9°) was applied in the Scherrer
equation to calculate the crystal size, which was 0.41 nm. The
characteristic diffraction peaks of IMI and 24-EBL were not
observed in the nanoparticles, which might indicate that IMI
and 24-EBL existed as amorphous structures after interaction
with the wall material.36,38 The crystal size of the composite
nanoparticles calculated from the Scherrer equation using the
highest peak point (19.56°) was 0.38 nm.
The thermal stability of IMI, 24-EBL, and composite

nanoparticles was analyzed through thermogravimetric analysis
(TGA) (Figure 3c) and derivative thermogravimetry (DTG)
(Figure 3d) in the temperature range of 50−800 °C. For IMI,
there were two weight loss stages, which reached the weight
loss peaks at 303 and 333 °C, respectively, and IMI began to
decompose at 240 °C. When the temperature was increased to
800 °C, the weight loss rate reached 92.91%. The two weight
loss stages of 24-EBL were 50−100 and 350−500 °C,
respectively. The 2.9% weight loss at the start of the TGA
curve of 24-EBL might be due to the evaporation and
dehydration of the absorbed and surface water from the
material. In the derivative curve, we could easily see that the
peak value of weight loss was reached at 433 °C. When the
temperature was increased to 487 °C, the weightlessness rate
reached 100%. For composite nanoparticles, the first weight
loss of 57.16% from 100 to 330 °C, the gradient of which

Figure 3. FTIR spectra (a), XRD pattern (b), TGA curve (c), and DTG curve (d) of the composite nanoparticles, IMI, and 24-EBL.
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peaked at 310 °C, was owing to the decomposition of IMI.
The second weight loss of 33.62% from 330 to 550 °C, the
gradient of which peaked at 395 °C, was owing to the
decomposition of 24-EBL. In composite nanoparticles, the
initial maximum decomposition temperature of IMI was
delayed from 303 to 310 °C. In addition, the weight loss
rate of 24-EBL decreased from 100 to 92.57%. By comparing
the TGA and DTG curves, it is reasonable to conclude that
composite nanoparticles have better thermal stability.
The structure and stability of the composite nanoparticles

determine their effect in practical application. Therefore,
composite nanoparticles should have a stable performance to
prevent the active ingredient from losing before reaching the
target organism.39 Compared with the traditional formulation,
composite nanoparticles can protect the internal effective
ingredient and exert efficacy in a specific environment due to
the wrapping of the outer wall material.
3.3. Release Behavior of the Composite Nano-

particles. The maximum release rates of the composite
nanoparticles at different pH values and temperatures are not
significantly different, thus ensuring the wide implication of the
composite nanoparticles. At different pH conditions, the
maximum release rate of IMI was 90−100% at 24 h and that
of 24-EBL was 60% at 96 h (Figure 4a,b). At different
temperature conditions, IMI release reached 91% in 72 h at 15
°C, and reached the maximum release of 69−77% in 24 h at 25
and 35 °C; the maximum release rate of 24-EBL was 43−50%

within 96 h at 15−35 °C (Figure 4c,d). The composite
nanoparticles showed different release amounts under different
conditions, but they all showed a similar trend in that IMI was
released first and then 24-EBL. Because of its presence on the
outer layer of the nanoparticles, IMI was released first, with the
maximum release being within 70−100% at 24 h. The release
of 24-EBL from the inner layer was slower, and its maximum
release was 43−55% at 96 h. Therefore, IMI could be released
first to kill insects, and then 24-EBL was released to degrade
the pesticide residues of IMI in the later stage.
The encapsulation efficiency (EE) and loading capacity

(LC) of IMI and 24-EBL are shown in Table S3. According to
the release kinetics equation (Tables S7 and S8), most release
equations were in line with the Ritger−Peppas equation, and n
≤ 0.45, indicating that the release of nanoparticles depended
on Fick diffusion. This means that when the pesticide is
released in water, it will gradually absorb water and burst to
release the pesticide depending on its own permeability.40 In
better control of pests and achieving a good insecticidal effect,
the rapid initial release of active ingredients played an
important role. It was necessary to have a rapid insecticidal
effect to achieve the purpose of long-term pest control.41

Therefore, the release behavior of the composite nanoparticles
will benefit early pest control. Compared with ordinary
pesticide microcapsules or nanoparticles, the release was
slow42 or synchronous,43 and the release of composite
nanoparticles in this paper follows the law of sequential

Figure 4. Release behavior of IMI (a) and 24-EBL (b) in water at pH = 5, 7, and 9, and the temporal change of release rate of IMI (c) and 24-EBL
(d) at 15, 25, and 35 °C.
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Figure 5. Residual amount of IMI (a) and 24-EBL technical (b), compared with that of composite nanoparticles, under ultraviolet light irradiation.
Data are presented as mean±standard deviation (n = 3) and fitted using dissipation dynamic equations.

Figure 6. Temporal changes of the death rate of planthoppers 2 h (a) and 7 days (b) after application, (c) IMI residual amount in rice, (d)
bioassay, and (e) growth of rice after application of composite nanoparticles versus 5% IMI EC. * Represents a significant difference at 95%
confidence level. ** Represents a significant difference at 99% confidence level.
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release. The research showed that in practical application, the
sustained-release preparation could not play a good role,
because, in the outbreak period of the pests, the insecticide
should achieve the effect of killing the insects quickly, and
ensure the validity period to prevent the recurrence of pests.
The release of the composite nanoparticles prepared in this
study met the different needs of pesticides and plant hormones
at the same time. The rapid release of pesticides can ensure the
insecticidal rate, while the slow release of plant hormones can
promote plant growth and accelerate the degradation of
pesticide residues in the later stage, without affecting the
efficacy of the insecticides.
3.4. Photodegradation of the Composite Nano-

particles. Improving the photostability of the pesticides was
conducive to improving the utilization rate of pesticides and
prolonging the duration of effective components.13 The
residual amount of 24-EBL technical increased rapidly with
time and only remained 7.72% after 30 min (Figure 5). The
24-EBL degradation ratio of the composite nanoparticles
increased slowly and remained 87.8% after 30 min, which
indicated that the composite nanoparticles have a higher
stability in light. The degradation dynamic equations of IMI,

24-EBL technical, and composite nanoparticles are shown in
Table S4. The photolysis half-life of IMI was 13.26 min, and
that of IMI in the composite nanoparticles was 14.43 min. The
photolysis half-life of 24-EBL was 10.84 min, and that of 24-
EBL in the composite nanoparticles was 251.14 min. Under
the protection of the wall material, the photodegradation half-
lives of IMI and 24-EBL were extended, which was conducive
to prolonging the duration of 24-EBL and IMI in light and
improving their utilization rate.
3.5. Laboratory Toxicity of IMI to Planthoppers and

the Residue on Rice. The laboratory toxicity of the
composite nanoparticles is shown in Figure 6a,b. After 7
days, the insecticidal activity of 5% IMI EC decreased, while
the composite nanoparticles still maintained the same
insecticidal activity as that at 2 h. The toxicity of the
composite nanoparticles was higher than that of 5% IMI EC.
The mortality of the composite nanoparticles was 81% on the
4th and 10th days, while the mortality of 5% IMI EC was 73
and 70% on the 4th and 10th days, respectively. The
insecticidal rates of 5% IMI EC at 1 and 7 days were only
35 and 25%, while the insecticidal rates of composite
nanoparticles at 1 and 7 days were 50 and 46%. From day 7,

Figure 7. Contact angles against rice (a) and corresponding values (b) within 100 s, and the retention ratio (c) of 5% IMI EC and composite
nanoparticles on rice. Error bars indicate standard deviations of replicates (n = 5). * represents a significant difference at 95% confidence level.
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the insecticidal rate of the composite nanoparticles was
significantly higher than that of 5% IMI EC at 95% confidence
interval. It showed that the composite nanoparticles had a
longer insecticidal duration than 5% IMI EC.
The recoveries and relative standard deviations of IMI on

rice are shown in Table S5. Degradation of different
concentrations of 24-EBL on the IMI residue in rice was
tested (Figure S3 and Table S6). According to the degradation
curve (Figure 6c), the amount of composite nanoparticles
residue increased at 24 h and 3 days compared to 2 h,
indicating a release process of the composite nanoparticles on
rice. The degradation rate of composite nanoparticles was
lower than that of 5% IMI EC within the initial 10 days, but
was faster than EC from 14 days, indicating that the slow-
release brassinolide accelerated IMI degradation. Until 21 d,
the final residual amount of the composite nanoparticles was
equivalent to that of 5% IMI EC. The degradation equation of
5% IMI EC was y = 1.11e−0.056t R2 = 0.9615, with a half-life of
T0.5 = 12.37 days, and that of the composite nanoparticles was
y = 2.79e−0.090t R2 = 0.9312, with a half-life of T0.5 = 7.67 days.
The overall degradation half-life was shortened due to the high
initial deposition of composite nanoparticles and the faster
degradation rate after 14 days. 24-EBL accelerates the
degradation of pesticide residues by regulating the detox-
ification system in plants.15 Therefore, composite nanoparticles
can shorten their half-life and reduce the final residue of the
pesticides.
Taking 5% IMI EC as the control, fresh weights were

measured at 7, 14, and 21 days after treatment to explore the
promoting effect of the composite nanoparticles on rice growth
(Figure 6d,e). The plant height and root length are shown in
Figure S4. Ten rice plants were collected from each pot for
measurement, with 3 repetitions under each treatment. The
results showed that composite nanoparticles could promote
the growth of rice. There was no significant difference in plant
height and root length, but there was a significant difference in
fresh weight at 95% confidence level. After 21 days, the
composite nanoparticles significantly promoted the increase of
fresh weight of rice, whose average value increased from 371 to
472 mg.
3.6. Contact Angle and Adhesion of Composite

Nanoparticles on Rice. Rice has hydrophobic leaves,44 and
most pesticides at the recommended dosage levels are difficult
to adhere to the rice plant, resulting in the loss of the pesticide
and further environmental pollution. Therefore, an enhanced
adhesion and wetting ability of the solution on rice can
contribute to an improved deposition efficiency of pesticides
on rice plants.45 The contact angles (CAs) of water and 5%
IMI EC on rice were 143.8 and 146° at 0 s, respectively, and
that of the composite nanoparticles was 107.1° (Figure 7a,b).
The CAs of water and emulsion basically did not change at 100
s, while that of the composite nanoparticles gradually
decreased to 78.7° at 100 s. The CAs of the composite
nanoparticles were about half that of 5% IMI EC, and the
initial amount in the pesticide residue experiment was also
twice. The contact angle of the composite nanoparticles on rice
was smaller than that of 5% IMI EC and water, allowing a
better adhesion on rice and higher deposition, which were
conducive to the higher efficacy of the pesticides.28 It showed
that the composite nanoparticles can be more absorbed by
crops so that the active ingredient can better reach the target
organisms to exert their efficacy.

The measurement of leaf retention showed that compared
with the commonly used 5% IMI EC (27 mg/cm2), the
deposition amount of composite nanoparticles on rice was
higher (37 mg/cm2), with a significant difference between
them (Figure 7c). The deposition efficiency of composite
nanoparticles on rice is about 1.4 times that of EC, and the
utilization efficiency of pesticides was mentioned to reduce the
loss of pesticides. The ratio of the adhesion amount of
composite nanoparticles to 5% IMI EC on rice leaves was
about 1.4:1, while the initial ratio of pesticide residues was 2:1.
The reason for this difference might be that the adhesion
amount experiment involved fully extending the leaves into the
solution for a few seconds, while in the actual application they
were sprayed as small droplets, resulting in the measured
adhesion amount of rice leaves in 5% IMI EC being higher
than the actual value. Thus, the overall proportional multiple
was small.

4. CONCLUSION AND IMPLICATIONS
In this study, a new formulation of composite nanoparticles
with aspheric morphology and small particle size (502 nm) was
prepared. The continuous release of insecticide IMI in the
outer layer of the composite nanoparticles and the increased
deposition of IMI on the rice leaves elongate the effective
period of pesticides of composite nanoparticles against
planthoppers. The subsequent release of 24-EBL accelerates
the degradation of IMI on rice, resulting in the IMI residue of
the composite nanoparticles at 21 days being equal to that of
5% IMI EC. Common pesticide microcapsules or nanoparticles
can also achieve the purpose of elongating the effective period
of pesticides through sustained release, whereas the composite
nanoparticles in this study further increase the deposition
amount on rice by reducing the contact angle of droplets on
rice leaves.
However, part of 24-EBL is released in the early stage of the

current composite nanoparticles. The wall material of the
composite nanoparticles will be adjusted to control the release
time of the outer pesticides and the internal substances
promoting pesticide degradation to ensure pest control and
reduce pesticide residues according to the growth of the crop
in further study. At present, detailed analysis on the field
application of the controlled release formulation is still
lacking.46 Future research will have to address the behaviors
of these composite nanoparticles in actual field conditions and
improve their practical properties. Therefore, this research
provides a promising way to improve the utilization rate of
pesticides and reduce environmental risks, and the new
composite nanoparticle formulation has potential application
prospects.
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