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Abstract
The supervised �eld trials were conducted in maize crops using nano-microemulsion (NM) and a
commercial formulation of indoxacarb and lufenuron to evaluate the effect of nano-formulation on the
dissipation pattern. A modi�ed QuEChERS-UPLC-MS/MS method was utilized for sample analysis. Results
showed that the initial deposits of indoxacarb and lufenuron in plants using nano-microemulsion were
0.98 mg/kg and 8.18 mg/kg at recommended dosage while using the commercial formulation, they were
0.85 mg/kg and 5.53 mg/kg, respectively. Moreover, half-life (t1/2) values of using nano-microemulsion
were 1.25 d and 2.51 d, which were 33.16% and 16.33% shorter than indoxacarb lufenuron from the
commercial formulation, suggesting that pesticide formulations have a moderate impact on the initial
deposit and dissipation rate. The terminal residue test showed that indoxacarb and lufenuron residues in
maize grain and maize straw were below the available maximum residue limit (MRL), suggesting 2%
indoxacarb NM and 5% lufenuron NM are safe to use under the recommended dosage. The risk quotient
value also revealed an acceptable risk for human consumption. These �ndings provide scienti�c evidence
of the proper application of 2% indoxacarb NM and 5% lufenuron NM on maize crops.

Introduction
Maize (Zea mays L.) is a major annual cereal crop for humans and livestock consumption, accounting for
11% of the global cropland area (Linquist et al. 2012). China is one of the top three maize production and
consumption countries, with approximately 42 million hectares of cultivated area (Wang et al. 2020).
However, maize production suffers yield losses of more than 30 kinds of diseases and insect infestations,
especially for the fall armyworm Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) (Goergen et
al. 2016; Jiao et al. 2019). These harmful non-native species that originate in the Americas have become a
major agricultural pest globally (Tang et al. 2021). China was �rst invaded by the fall armyworm in 2019,
with more than one million hectares of cropland suffers from this pest.

Meanwhile, the fall armyworm’s multiple generations across the year, their migration, and its potential to
feed on a vast range of host plants make it one of the most challenging pests to control. Currently,
chemical method is the most popular way to control this species, such as indoxacarb and lufenuron
recommended by the Ministry of Agriculture Rural Affairs of the People’s Republic of China (2020). One of
the main problems with pesticide usage is the low effectiveness with less than 42% availability. Pesticide
usage poses a danger to humans and the environment (Nehra et al. 2021).

Due to their differences in the speci�cation of the processing technology for different pesticides, a large
variety of adjuvants and solvents were used. Because of this, the physicochemical features in the foliar
spray dilution vary a lot. These features vary includes dilution’s wetting and spreading ability, deposition,
and dispersibility on the surface of the applied crop (Zheng et al. 2021). With its advantages in prolonged
duration, reduced dosage, and decreased side effects, Nano-formulation is considered a promising
alternative to conventional formulations (Gao et al. 2020; Lowry et al. 2019; Zhao et al. 2018; Nuruzzaman
et al. 2016). As a result, nano-pesticides have attracted broad interests globally and were incorporated into
the Technical Guidelines for Green Development of the Technical Guidelines for Agricultural Green



Page 3/15

Development (2018–2030) (Ministry of Agriculture Rural Affairs of the People's Republic of China, 2018).
Another available nano-enabled pesticide on the market is called microemulsion-type solvent-based
pesticide, as it contains oil droplets with a majority population of less than 100 nm (Gomollón-Bel 2019).
However, nano-formulations may affect the physicochemical properties (solubility, dissociation, and
volatilization) of the active ingredient (Ma et al. 2010; Raliya et al. 2017), which results in different
dissipation behavior and pesticide residues levels before harvest (Agathokleous et al. 2020). These bring
challenges in the application of nano-formulation as its effects on the environment and human health are
still unclear. Until now, relatively little research is available regarding the practicable application of nano-
formulation and its risk assessment in the �eld.

It is generally known that pesticides-use in crop production is administrated by the Guidelines of the Good
Agricultural Practices (Zhang et al. 2011). However, it is common that during the pre-harvest intervals (PHI),
plant protection products may be improperly used in a high-frequency high-dosage fashion (Song et al.
2020; Gong et al. 2020). Unregistered pesticides usage also takes place sometimes in this interval (Malhat
et al. 2020). Hence, monitoring residues from the �eld and determining the appropriate period for
harvesting is essential for guaranteeing food quality and safety. Research indicated that the dissipation
behavior of the pesticide depends mainly on the physicochemical factors of the dilutions of various
formulations (Farha et al. 2016). For instance, Saini et al. (2015) reported that though for the commercial
formulation, nano-pyridalyl in tomato fruit has a half-life (t1/2) of 3.2 days, the half-life decreases to 2.6
days when double the recommended dose was applied (Saini et al. 2015). Similar results can also be
observed in the average degradation half-life of prothioconazole with 480 g/L suspension concentrate (SC;
5.21 d), 250 g/L emulsi�able concentrate (EC; 4.78 d), 75% water dispersible granule (WG; 6.30 d), and 8%
ME (4.78 d) in wheat, respectively (Gao et al. 2020). In addition, Lichiheb et al. (2015) observed that the
formulated epoxiconazole has a two times higher penetration rate constant (0.47 ± 0.20) when compared
to the pure epoxiconazole (0.17 ± 0.07), suggesting a strong effect of formulation on leaf penetration
(Lichiheb et al. 2015). Angioni et al. (2011) suggested that although the initial deposit difference in tomato
fruit and orange are negligible, the residues deposit in peach fruits is higher when applied with emulsi�able
concentrates than microencapsulates wettable granules formulations (Angioni et al. 2011). All the
observations suggested that the PHI and application doses recommended for other formulations are
unsuitable for the nano-formulation. Thus, understanding the dissipation patterns and health risks of
nano-formulation has become more and more important for establishing the guidelines for the safe use of
nano-pesticides.

A nano-microemulsion (NM) of indoxacarb (2% of active ingredient) and lufenuron (5% of active
ingredient) were developed by the Nanjing Scienx Ecological Technology Co., Ltd, which enhanced
supposedly insecticidal activity against S. frugiperda compared to their water-dispersible granule (7.73%)
and emulsi�able concentrate (20.80%), respectively (unpublished data). The current study studied the
residues levels of indoxacarb and dissipation and lufenuron from the nano-microemulsion were studied in
maize �elds. The associated health risks of individual pesticides were subsequently determined after
application in maize. The purpose of this research is to provide fundamental physicochemical behaviors
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for developing the guidelines for the safe use of 2% indoxacarb NM and 5% lufenuron NM in the maize
�eld.

Materials And Methods

Chemicals
Standard solutions of indoxacarb (99% purity) and lufenuron (98% purity) were acquired from the ANPEL
(ANPEL Laboratory Technologies, China) and were used as external standards for the correct
quanti�cation. 2% indoxacarb NM and 5% lufenuron NM were prepared by the Nanjing ScienX Ecology
Technology Co., Ltd. Commercial pesticide formulations of 30% indoxacarb water-dispersible granule (WG)
and 50 g/L lufenuron emulsi�able concentrate (EC) were applied to compare the dissipation behavior
pesticide residues. For the application of the QuEChERS (quick, easy, cheap, effective, rugged, and safe)
method, anhydrous magnesium sulfate (anhydrous MgSO4), C18 sorbents (50 mm, 60 Å), sodium acetate
trihydrate, and primary secondary amine (PSA, 40-60 mm, 60 Å) were used. All the chemicals used in the
experiment were analytical reagent (AR) or better.

Standard solution preparation
Individual standard solution (~100 mg/L) was prepared by dissolving methanol. A10 mg/L stock multi-
standard solution was prepared for each pesticide by dissolving the standard solution in methanol. By
proper dilution of the stock multi-standard solution using methanol or blank matrix extracts, matrix-
matched calibration standards, spike solutions for solvent-only calibration standards, and intermediate
solutions were prepared. Before use, all the mentioned standard solutions were stored in dark �asks at
-20°C prior to use.

Sample extraction and puri�cation
A modi�ed QuEChERS based on European Standard EN 15662:2018 was used to extract and purify
analytes (Biziuk and Stocka 2015). 2 g of homogenized acquired pesticide residues sample was extracted
by adding 20 mL of cyanomethane with 1% ethanoic acid to the extraction funnel. Five minutes of
vigorous shaking was performed. After the extraction, 4 g of sodium chloride was added to the solution.
The solution was then centrifuged for 5 minutes at the setting of 4000 × g. A clean-up was applied by
adding 0.10 g C18, 0.15 g MgSO4, and 0.10 g PSA to the solution. 1.5 mL of the supernatant from the
solution was undergone evaporation to remove the solvent. The solute was then dissolved in 1 mL of
chromatography-grade methanol. Finally, the solution was �ltered using a 0.22-µm syringe nylon �lter and
refrigerated at -20°C.

UPLC-MS/MS analysis
Processed pesticide residues sample was analyzed using a XEVO Triple Quad mass spectrometry system
(Waters Co., Milford, MA, USA) with a UPLC® BEH C18 column (2.1×50mm, 1.7 µm; Waters). The isocratic
elution pro�le of water was set at a �ow rate of 0.2 mL/min containing cyanomethane (15/85, v/v) and
0.1% methanoic acid. The column oven temperature was set to 50°C with the injection volume at 50 µL.
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The operating mode of the system was set to multiple reaction monitoring (MRM) using electrospray
positive ionization (ESI+, 3.0 kV), values were m/z 528.10 > 293.15 (quantitative ion) and m/z 528.10 >
249.10 for indoxacarb, as well as m/z 509.10 > 339.10 (quantitative ion) and m/z 509.10 > 326.10 for
lufenuron. For the parameters of the ionization source, desolvation temperature was at 500°C; source
temperature was at 150°C; cone voltage was set to 50 volts; the cone gas �ow was 150 L/h; desolvation
gas �ow is at 1000 L/h.

Quality assurance and quality control (QA/QC)
Five critical aspects of pesticide analysis QA/QC process were performed: accuracy, linearity, precision,
sensitivity, and recovery. For the precision and accuracy aspect, the analysis was examined by
reproducibility and recovery experiments. Five repeated spiked samples at different concentration levels
(0.05, 0.2, 1 mg/kg) have experimented, and the relative standard deviations (RSDs) were calculated. For
linearity assessment, an array of standard solutions at different concentration levels (2, 10, 20, 50, 100,
500 µg/L) were evaluated, and the result data were analyzed using statistical method. For the sensitivity
and precision aspects, the control group was prepared with the same extraction process using veri�ed
pesticide-free samples. In addition, the matrix effect (ME) of the target analytes were also evaluated, as the
combined interference of components in the extract can lead to an inaccurate result of the target analytes
in both qualitative and quantitative forms.

Field experiment
Field trials of the pesticide residues were executed in Linquan county (33°06′ N, 115°25′ E) of Anhui
province, China, including terminal residue and dissipation behavior experiments. The experiments were
designed according to the Guideline on Pesticide Residue Trials issued by the Institute for the Control of
Agrochemicals, Ministry of Agriculture (ICAMA), People’s Republic of China. Selected �eld trial plots were
30 square meters in area with no indoxacarb or lufenuron application history. Four plots were arranged for
each treatment, with three duplicated experiment plots and one control plot. To avoid cross-contamination,
each plot was separated at a 1-m distance from the other.

The dissipation experiments in maize (Zea mays Linn.) crop was carried out on different plots with a
recommended dosage (45 g a.i./hm2 for 2% indoxacarb NM and 90 g a.i./hm2 for 5% lufenuron NM,
respectively) by spraying on the surface of plants. In addition, the commercial formulations of 30%
indoxacarb WG and 50 g/L lufenuron EC were compared with the corresponding nano-microemulsion,
respectively. The process was repeated for each treatment and on each triplicate experiment plot. After two
h and 1, 3, 5, 7, 10, 14, 21, and 28 d of spraying, a 2.0 kg plant sample was collected for each experiment
plot.

The terminal residues experiments were taken place in separate matrices. One dose of treatment was
applied to both the maize straw and full-grown maize grain. 2 kg of full-maize grain and 2 kg of maize
strew were collected randomly from the matrices after 45 d for the terminal residues experiments. Collected
samples were divided into quarters and stored at −20°C.

Chronic dietary intake risk assessment
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For the safe application of 2% indoxacarb NM and 5% lufenuron NM on maize crop, risk assessment
compared to pesticide toxicity was performed by calculating the risk quotient (RQ) by dividing the national
estimated daily intake (NEDI, mg) with the acceptable daily intake (ADI, mg/kg bw). The NEDI of the target
analytes and the corresponding RQ were calculated as follows:

NEDI = ∑STMRi × FiRQ =
NEDI

ADI × bw × 100%

Where STMRi (mg/kg) is the median residue data from supervised trials.

The corresponding maximum residue limits (MRLs) were taken for intake calculations in the absence of
relevant STMRi.

F i is the average daily consumption of certain foods in the general population (kg/d). bw was a
bodyweight (the average weight of a Chinese adult is 63 kg). ADI is obtained from the Joint FAO/WHO
Meeting on Pesticide Residues (JMPR). RQ values < 1 are considered safe for human health, while higher
than 1 indicates unacceptable risk for humans.

Statistical analysis
The experiments mentioned were repeated more than three times, and the results were collected and
shown in average and error represented by the relative standard deviation (RSD). ANOVA and t-test were
used provided by IBM SPSS Statistics 22.0 (SPSS, Inc., Chicago, IL, USA). Results with a p-value less than
0.05 were considered signi�cant. GraphPad Prism 7 (GraphPad Software, Inc., USA) was used to generate
the �gures.

Matrix effects (ME) was calculated based on the following equation:

ME = (
dMMS

dSS − 1) × 100%

Where dMMS represents the slope of the matrix-matched standard and dSS represents the slope of the
solvent standard. If |ME| < 20%, effects on enhancing or suppressing signal remain low. 20% < |ME| <50%
stands for moderate effects, |ME| > 50% stands for severe effects on the signal (Zhang et al. 2015).

Results And Discussion

Method validation
Methods were validated with matrix effect (ME), recovery, method quanti�cation limits (MQLs), method
detection limits (MDLs), and linearity. Results are shown in Table 1. The indoxacarb and lufenuron
separation process was done in less than 2 mins. From the matrices, no interference was observed. For the
veri�cation of linearity, calibration curves were established by a gradient of diluted, mixed stock solution
with the range from 0.05 to 1.00 mg/L. Good linear regression coe�cients (r > 0.9982) were obtained for
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the target analytes. The de�nition of the MDL is set to three times the background noise signal produced
by the control sample. MQL is de�ned by spiking the control sample at the lowest concentration for each
enantiomer with all validation criteria were met (Tong et al. 2014). MDL was from 1.02 to 5.08 µg/kg, and
MQL was from 2.00 to 10.00 µg/kg, respectively. Matrix effects showed that combined interferences from
the environment remain low to moderate. Method recovery test was performed by spiking mixed stock
solution at the concentration levels of 0.05, 0.2, and 1 mg/kg into substrate blank (in quintuplicate). The
average recoveries for indoxacarb lie between 68.72% and 95.61%, with RSD < 9.62%. Meanwhile, the RSD
values for lufenuron were lower than 8.27%, with satisfactory recoveries over the range of 76.52-119.55%,
proving excellent reproducibility. All the results suggested that the designed method for the experiment was
reliable for detecting and quantifying indoxacarb and lufenuron in maize plant, maize grain, and maize
straw at the same time.

Table 1
Validation results for indoxacarb and lufenuron in maize at three concentration levels (n=5)

Analytes Matrix r MDL/MQL

(µg/kg)

Average recovery ± RSD (%) ME

(%)0.05 mg/kg 0.2 mg/kg 1 mg/kg

Indoxacarb maize
plant

0.9995 1.11/2.00 86.00±6.29 79.70±1.87 86.33±3.48 2.84

maize
grain

0.9999 1.02/2.00 73.30±9.62 77.89±3.58 90.92±3.22 16.19

maize
straw

0.9985 1.08/2.00 87.81±6.18 70.72±1.60 95.61±2.20 23.78

Lufenuron maize
plant

0.9982 4.19/10.00 106.00±6.65 105.68±4.89 119.55±2.14 34.28

maize
grain

0.9992 5.08/10.00 112.85±8.27 97.96±2.97 100.28±5.59 20.55

maize
straw

0.9992 4.06/10.00 101.60±2.67 76.52±3.00 90.38±4.03 15.40

Effect of formulations on pesticide dissipation in maize
plant
The permitted safe interval from harvest to last pesticide application is in�uenced by various biotic and
abiotic factors such as pesticide formulations. One critical step to the pesticide application is to estimate
the dissipation of pesticides in agricultural products. In the present study, dissipation residues of
indoxacarb and lufenuron NM in maize plants were investigated under �eld conditions. As shown in Figure
1, a fast decrease in persistence was observed within the �rst seven days after application followed by
gradual dissipation at a slower rate. The initial deposits of the active ingredient of 2% indoxacarb NM and
5% lufenuron NM in the maize plant were found to be 0.98 mg/kg and 8.18 mg/kg, respectively, and the
residues were gradually reduced over time. After application of 21 days, almost 99% of the residues had
dissipated from the indoxacarb and lufenuron treated with the recommended dosage, respectively, and the
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value is below MQLs on 28 days after application. A notable exception is 50 g/L lufenuron EC, in which
residue of 0.31 mg/kg was detected at the same harvesting time. The rate kinetics of indoxacarb and
lufenuron in maize plant followed �rst-order kinetics, with Ct= 0.9673e−0.5588t (R2 = 0.9955) and Ct=

7.823e−0.2772t (R2 = 0.9837). The corresponding half-lives (t1/2) were 1.25 days and 2.51 days, suggesting
that the 2% indoxacarb NM and 5% lufenuron NM can be dissipated rapidly in the maize plant after �eld
application which indicates appropriate stability and safety.

By comparison, two active ingredients of commercial formulation had lower initial deposits and longer
half-lives than that of the nano-microemulsion formulation. Brie�y, the initial deposits of commercial
formulation of indoxacarb and lufenuron were 0.85 mg/kg and 5.53 mg/kg, respectively, which was
14.84% and 48.01% lower in residue levels compared with the in the case of the nano-microemulsion
formulation. The degradation trends of commercial formulation of indoxacarb and lufenuron in maize
plants also followed �rst-order kinetics, with half-lives of 1.87 days and 3.00 days, suggesting that the
nano-microemulsion formulation can increase the speed of pesticide dissipation. However, no signi�cant
differences were observed for the dissipation rates after 21 days of application. Higher droplet density and
coverage for nano-microemulsion formulation could be the reason for the high deposition and shorter t1/2
11. The data collected are consistent with the results of Yu et al. (2019) and Cui et al. (2018), who reported
that the retention rates of abamectin nano pesticides on the foliage were remarkably enhanced by more
than 50%, compared with unmodi�ed nano pesticides (Yu et al. 2019; Cui et al. 2018). Studies of 2%
indoxacarb NM and 5% lufenuron NM application are thus crucial for improving its effectiveness.

Additionally, pesticide property (Zhu et al. 2018), application methods (Xiao et al. 2020), crop
characteristics (Yang et al. 2012), and various complex environmental factors may affect pesticide
deposition and persistence (Kumar et al. 2019). Further study of these parameters could help provide a
scienti�c basis for setting a safe application mode and proper PHIs.

Terminal residue of pesticides in maize grain and straw
The maximum residue limit (MRL) of both indoxacarb and lufenuron in maize was set to 0.01 mg/kg by
the European Union standard to ensure food consumption safety. The terminal residues of indoxacarb and
lufenuron in maize grain and maize straw on days 45 after the last application are shown in Table 2. In this
work, the residue levels of lufenuron at harvest time in the maize grain and straw samples were
undetectable (below LOD), signi�cantly lower than the MRL. For indoxacarb, the terminal residues of
commercial formulation in maize grain and maize straw were below the MQL (0.002 mg/kg), whereas the
corresponding residues of NM in maize grain were at 0.01 mg/kg and in maize straw at 0.0098 mg/kg.
Despite a relatively high residue level of 2% indoxacarb NM, it didn’t exceed the MRL (0.01 mg/kg).
According to the experiment result, applying the formulation at the recommended dosage would be
considered acceptable. The experiment result gave us the quantitative information for applying the nano-
microemulsion formulation of indoxacarb and lufenuron to maize crops.
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Table 2
Terminal residues of indoxacarb and lufenuron from applications of nano-

microemulsion and commercial formulations in maize grain and maize straw
pesticide Application doses

(g a.i./ha)

matrix Residues(mg/kg)

2% indoxacarb NM 45 maize grain 0.01

maize straw 0.0098

30% indoxacarb WG 45 maize grain <0.002

maize straw <0.002

5% lufenuron NM 90 maize grain <0.01

maize straw <0.01

50 g/L lufenuron EC 90 maize grain <0.01

maize straw <0.01

Dietary intake risk assessment on maize
Various agricultural foods can cause humans to be exposed to pesticide residues (Li et al. 2021).3

Currently, the dietary risk of pesticides in the crop has been thoroughly studied, while studies of risk from
other food sources were still lacking (Damalas et al. 2011). In this study, the risk probability of the dietary
intake was calculated using risk quotients (RQ) based on the Chinese dietary pattern. From the Chinese
national nutrition and health survey in 2002, Fi of ordinary healthy Chinese people was obtained shown in
Tables 3. The reference residue limits were based on the supervised trials median residue (STMR) of food
classi�cations. MRL value was used if the STMR was missing. As MRL standards are different in each
country, a priority order was set for choosing the MRL, which was China > CAC > the USA > Australia >
Korea > European Union > Japan (Details in Table S1). Maize is classi�ed as other grains in China; thus,
the value of Fi was 0.0233 kg. Experiments showed that the STMR of indoxacarb and lufenuron in maize
grain was 0.002 mg /kg, respectively. After calculation, the total NEDI of indoxacarb and lufenuron for an
average Chinese person was 0.1118 mg and 0.0297 mg, respectively. The ADI of indoxacarb and lufenuron
were 0.01 and 0.02 mg/kg bw, with the RQ equal to 17.7% and 2.4%, according to the JMPR report. These
results suggest that the application of the formulation at the recommended dosage would be considered
acceptable. Thus, maize crops treated with 2% indoxacarb NM and 5% lufenuron NM at the dosage of 45 g
a.i./ha and 90 g a.i./ha with spray once and PHI at harvest time was recommended.



Page 10/15

Table 3
Dietary exposure assessment of indoxacarb and lufenuron in maize

Food
classi�cation

Fi (kg) Indoxacarb Lufenuron

Reference
residue limits
(mg/kg)

and their sources

NEDI
(mg)

RQ
(%)

Reference
residue limits
(mg/kg) and
their sources

NEDI
(mg)

RQ
(%)

Rice and its
products

0.299 0.01(MRL, Rice,
EU)

0.002399 17.7 0.01(MRL,
Rice, EU)

0.002399 2.4

Flour and its
products

0.1385 0.01(MRL, Wheat
,EU)

0.001385 0.01(MRL,
Wheat, EU)

0.001385

Other grains 0.0233 0.01 0.000233 0.002 0.000047

Tubers 0.0495 0.01(STMR,
Potato, JMPR-
Evaulation 2005)

0.000495 0.01(STMR,
Potato, JMPR-
Evaulation
2015)

0.000495

Dried beans
and their
products

0.016 0.02(STMR,
Mung bean (dry),
JMPR-Evaulation
2005)

0.000320 0.01(MRL,
Soybean,
JMPR-
Evaulation
2015)

0.000160

Dark
vegetables

0.0915 0.11(STMR,
Tomato, JMPR-
Evaulation 2005)

0.010065 0.08(STMR,
Tomato,
JMPR-
Evaulation
2015)

0.007320

Light
vegetable

0.1837 0.435(STMR,
Cabbages
(Head), JMPR-
Evaulation 2005)

0.079910 0.02(STMR,
Melons,
JMPR-
Evaulation
2015)

0.003674

Pickles 0.0103   0.000000 0.05(MRL,
Gherkin,
China)

0.000515

Fruits 0.0457 0.21(STMR,
Apples, JMPR-
Evaulation 2005)

0.009597 0.15(MRL,
Apple, EU)

0.006855

Nuts 0.0039 0.02(MRL,
Pecans, EU)

0.000078 0.01(MRL,
Nut, EU)

0.000039

Livestock
and poultry

0.0795 0.01(STMR,
Meat, JMPR-
Evaulation 2005)

0.000795 0.012(STMR,
Meat, JMPR-
Evaulation
2015)

0.000954

Milk and its
products

0.0263 0.048(STMR,
Milk, JMPR-

0.001262 0.066(STMR,
Milk, JMPR-

0.001736
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Evaulation 2005) Evaulation
2015)

Egg and its
products

0.0236 0.01(STMR,
Eggs, JMPR-
Evaulation 2009)

0.000236 0.01(STMR,
Eggs, JMPR-
Evaulation
2015)

0.000236

Fish and
shrimp

0.0301   0.000000   0.000000

Vegetable oil 0.0327 0.018(STMR,
Soybean re�ned
oil, JMPR-
Evaulation 2005)

0.000589 0.01(MRL,
Oilseeds, EU)

0.000327

Animal oil 0.0087 0.44(STMR,
Mammalian fat,
JMPR-Evaulation
2005)

0.003828 0.3(STMR,
Mammalian
fats, JMPR-
Evaulation
2015)

0.002610

Sugar, starch 0.0044 0.1(MRL, Sugar
beet roots, EU)

0.000440 0.01(MRL,
Sugar canes,
EU)

0.000044

Salt 0.012   0.000000 0.01(MRL,
Teas, EU)

0.000840

Soy sauce 0.009 0.02(MRL, Garlic,
EU)

0.000180 0.01(MRL,
Garlic, EU)

0.000090

Total 1.0286 / 0.111812   0.029726

Currently, food consumption cluster diets in China are still in their early stage with incomplete food
categories. To improve the estimation, more detailed data should be used. In addition, the isomers of chiral
pesticides have different dissipation and toxicity. For example, Zhang et al. (2015) mentioned that the (R)-
�utriafol exhibited 2.17–3.52 times higher acute toxicity to earthworms and Scenedesmus obliquus than
(S)-�utriafol (Zhang et al. 2015). Wang et al.(2021) reported that the S-(−)-pydi�umetofen was degraded
faster in bok choy, but R-(+)-pydi�umetofen preferentially dissipate in soil under �eld conditions (Wang et
al. 2021). A similar phenomenon may occur with chiral pesticide indoxacarb and lufenuron, leading to
increased uncertainty in the risk assessment. Based on the factors mentioned, a more comprehensive risk
assessment should be taken on the 2% indoxacarb NM and 5% lufenuron NM formulation.

Conclusions
This study demonstrated that indoxacarb and lufenuron in maize were rapidly degraded following �rst-
order kinetics models with a shorter dissipation half-life of 1.25-3.00 days. Formulation of nano-
microemulsion could increase droplet deposition and shorten the half-life of indoxacarb and lufenuron
compared to their commercial formulation. The terminal residues of analytes in maize grain and straw
were all below MRL value under the designed dosages with spray once and PHI at harvest time. The risk
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quotient in this experiment suggested that the indoxacarb and lufenuron residues in maize are safe for
human consumption. These results contribute to the residue behavior study of nano pesticides in plants
and thus make practical application of nano pesticides achievable in the future.

Declarations
Funding: This work was supported by the Natural Science Key Research Project of Colleges and
Universities in Anhui Province (KJ2020A0101), Anhui Science and Technology Major Project
(201903a06020027), and National College Student Innovation and Entrepreneurship Training Program
(202110364076).

Data availability: The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Compliance with ethical standards

Ethical approval: Not applicable

Consent to participate: Not applicable

Consent to Publish: Not applicable

Competing interests: The authors declare no con�icts of interest.

Authors Contributions: Haiqun Cao and Jinjing Xiao designed the experiments; Xi Cheng, Yuanhui Liu, Qun
Gao, and Qingkui Fan carried out the experiments; Bing Min Liao, Liang and Zhendi H contributed to
supervision; Xi Cheng and Jinjing Xiao analyzed the experimental data and wrote the manuscript. All
authors read and approved the �nal manuscript.

References
1. Angioni A, Dedola F, Garau A, Sarais G, Cabras P, Caboni P (2011) Chlorpyrifos residues levels in fruits

and vegetables after �eld treatment. J Environ Sci Heal B 46:544–549

2. Agathokleous E, Feng Z, Iavicoli I, Calabrese EJ (2020) Nano-pesticides: A great challenge for
biodiversity? The need for a broader perspective. Nano Today 30:100808

3. Biziuk M, Stocka J (2015) Multiresidue methods for determination of currently used pesticides in fruits
and vegetables using QuEChERS technique. Int J Environ Sci Dev 6:18–22

4. Cui B, Wang CX, Zhao X, Yao JW, Zeng ZH, Wang Y, Sun C, Liu G, Cui H, Amitava M (2018)
Characterization and evaluation of avermectin solid nanodispersion prepared by microprecipitation
and lyophilisation techniques. PLoS ONE 13(1):e0191742

5. Damalas CA, Eleftherohorinos IG (2011) Pesticide exposure, safety issues, and risk assessment
indicators. Int J Env Res Pub He 8:1402–1419



Page 13/15

�. Farha W, Abd El-Aty AM, Rahman MM, Shin HC, Shim JH (2016) An overview on common aspects
in�uencing the dissipation pattern of pesticides: a review. Environ Monit Assess 188(12):1–21

7. Goergen G, Kumar PL, Sankung SB, Togola A, Tamo M (2016) First report of outbreaks of the fall
armyworm spodoptera frugiperda (J E Smith) (Lepidoptera, Noctuidae), a new alien invasive pest in
west and central africa. PLoS ONE 11:e0165632

�. Gao YH, Xiao YN, Mao KK, Qin XY, Zhang Y, Li DL, Zhang YH, Li JH, Wan H, He S (2020)
Thermoresponsive polymer-encapsulated hollow mesoporous silica nanoparticles and their
application in insecticide delivery. Chem Eng J 383:123169

9. Gomollón-Bel F (2019) Ten chemical innovations that will change our world: IUPAC identi�es emerging
technologies in Chemistry with potential to make our planet more sustainable. Chem Int 41:12–17

10. Gong WW, Jiang MY, Zhang TT, Zhang W, Liang G, Li BR, Hu B, Han P (2020) Uptake and dissipation of
metalaxyl-M, �udioxonil, cyantraniliprole and thiamethoxam in greenhouse chrysanthemum. Environ
Pollut 257:113499

11. Gao Q, Ma JJ, Liu Q, Liao M, Xiao JJ, Jiang MH, Shi YH, Cao HQ (2020) Effect of application method
and formulation on prothioconazole residue behavior and mycotoxin contamination in wheat. Sci
Total Environ 729:139019

12. Jiao ZB, Jaworski CC, Lu YH, Ye LF, Wu KM, Desneux N (2019) Maize �elds are a potential sink for an
outbreaking mirid bug pest in Chinese Bt-cotton agricultural landscapes. Agr Ecosyst Environ
279:122–129

13. Kumar S, Nehra M, Dilbaghi N, Marrazza G, Hassan AA, Kim KH (2019) Nano-based smart pesticide
formulations: Emerging opportunities for agriculture. J Control Release 294:131–153

14. Linquist B, Van Groenigen KJ, Adviento-Borbe MA, Pittelkow C, van Kessel C (2012) An agronomic
assessment of greenhouse gas emissions from major cereal crops. Global Change Biol 18:194–209

15. Lowry GV, Avellan A, Gilbertson LM (2019) Opportunities and challenges for nanotechnology in the
agri-tech revolution. Nat Nanotechnol 14:517–522

1�. Lichiheb N, Bedos C, Personne E, Benoit P, Bergheaud V, Fanucci O, Bouhlel J, Barriuso E (2015)
Measuring leaf penetration and volatilization of chlorothalonil and epoxiconazole applied on wheat
leaves in a laboratory-scale experiment. J Environ Qual 44:1782–1790

17. Li CJ, Zhu HM, Li CY, Qian H, Yao WR, Guo YH (2021) The present situation of pesticide residues in
China and their removal and transformation during food processing.Food Chem129552

1�. Ministry of Agriculture Rural Affairs of the People's Republic of China (2020) National prevention and
control plan for Spodoptera litura in 2020.
http://www.moa.gov.cn/xw/bmdt/202002/t20200221_6337551.htm. Accessed 21 February 2020

19. Ministry of Agriculture Rural Affairs of the People's Republic of China (2018) The Technical Guidelines
for Green Agricultural Development (2018-2030).
http://www.moa.gov.cn/govpublic/KJJYS/201807/t20180706_6153629.htm. Accessed 02 July 2018

20. Ma X, Geiser-Lee J, Deng Y, Kolmakov A (2010) Interactions between engineered nanoparticles (ENPs)
and plants: phytotoxicity, uptake and accumulation. Sci Total Environ 408:3053–3061



Page 14/15

21. Malhat F, Saber E, Amin AS, Anagnostopoulos C, Shokr SA (2020) Magnitude of picoxystrobin residues
in strawberry under Egyptian conditions: dissipation pattern and consumer risk assessment. Food
Addit Contam A 37:973–982

22. Nehra M, Dilbaghi N, Marrazza G, Kaushik A, Sonne C, Kim KH, Kumae S (2021) Emerging
nanobiotechnology in agriculture for the management of pesticide residues. J Hazard Mater
401:123369

23. Nuruzzaman M, Rahman MM, Liu YJ, Naidu R (2016) Nanoencapsulation, nano-guard for pesticides: a
new window for safe application. J Agr Food Chem 64:1447–1483

24. Raliya R, Saharan V, Dimkpa C, Biswas P (2017) Nanofertilizer for precision and sustainable
agriculture: current state and future perspectives. J Agr Food Chem 66:6487–6503

25. Song L, Zhong ZZ, Han YT, Zheng QL, Qin YH, Wu Q, He X, Pan C (2020) Dissipation of sixteen
pesticide residues from various applications of commercial formulations on strawberry and their risk
assessment under greenhouse conditions. Ecotox Environ Safe 188:109842

2�. Saini P, Gopal M, Kumar R, Gogoi R, Srivastava C (2015) Bioe�cacy evaluation and dissipation pattern
of nanoformulation versus commercial formulation of pyridalyl in tomato (Solanum lycopersicum).
Environ Monit Assess 187(8):1–9

27. Tang YL, Li QY, Xiang L, Gu RC, Wu YY, Zhang YH, Bal XG, Niu XH, Li T, Wei JH, Pan GQ, Zhou ZY
(2021) First Report on Megaselia scalaris Loew (Diptera: Phoridae) Infestation of the Invasive Pest
Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) in China. Insects 12(1):65

2�. Tong HF, Tong YL, Xue J, Liu DJ, Wu XB (2014) Multi-residual pesticide monitoring in commercial
chinese herbal medicines by gas chromatography-triple quadrupole tandem mass spectrometry. Food
Anal Method 7:135–145

29. Wang YF, Afeworki Y, Geng SS, Kanchupati P, Gu MY, Martins C, Rude B, Tefera H, Kim Y, Ge XJ, Auger
D, Chen SX, Yang PZ, Hu TM, Wu YJ (2020) Hydrotropism in the primary roots of maize. New Phytol
226:1796–1808

30. Wang Z, Liu SL, Zhao XJ, Tian BH, Sun XF, Zhang J, Gao YY, Shi HY, Wang MH (2021)
Enantioseparation and stereoselective dissipation of the novel chiral fungicide pydi�umetofen by
ultra-high-performance liquid chromatography tandem mass spectrometry. Ecotox Environ Safe
207:111221

31. Xiao JJ, Chen L, Pan F, Deng YJ, Ding CC, Liao M, Su XY, Cao HQ (2020) Application method affects
pesticide e�ciency and effectiveness in wheat �elds. Pest Manag Sci 76:1256–1264

32. Yu ML, Sun CJ, Xue YM, Liu C, Qiu DW, Cui B, Zhang Y, Cui HX (2019) Tannic acid-based
nanopesticides coating with highly improved foliage adhesion to enhance foliar retention. Rsc Adv
9:27096–27104

33. Yang XW, Dai ML, Song JL, Zhao JK, He XK (2012) Effect of droplet size leaf characteristics and angle
on pesticide deposition. T Chin Soc Agr Eng 28(3):70–73

34. Zheng L, Cao C, Chen Z, Cao L, Huang Q, Song B (2021) E�cient pesticide formulation and regulation
mechanism for improving the deposition of droplets on the leaves of rice (Oryza sativa L.). Pest



Page 15/15

Manag Sci 77:3198–3207

35. Zhao X, Cui HX, Wang Y, Sun CJ, Cui B, Zeng ZH (2018) Development strategies and prospects of
nano-based smart pesticide formulation. J Agr Food Chem 66:6504–6512

3�. Zhang BG, Peng Y, Zhang Z, Liu HT, Qi YD, Liu S, Xiao PG (2011) GAP production of TCM herbs in
China. HortScience 46:S121–S121

37. Zhang ZY, Jiang W, Jian Q, Song WC, Zheng ZT, Wang DL, Liu XJ (2015) Residues and dissipation
kinetics of triazole fungicides difenoconazole and propiconazole in wheat and soil in Chinese �elds.
Food Chem 168:396–403

3�. Zhu L, Ge JR, Qi YY, Chen Q, Hua RM, Luo F, Chen PR (2018) Droplet impingement behavior analysis
on the leaf surface of Shu-ChaZao under different pesticide formulations. Comput Electron Agr
144:16–25

39. Zhang Q, Hua XD, Shi HY, Liu JS, Tian MM, Wang MH (2015) Enantioselective bioactivity, acute
toxicity and dissipation in vegetables of the chiral triazole fungicide �utriafol. J Hazard Mater 284:65–
72

Figures

Figure 1

Average initial residues and residue dynamics of indoxacarb (a) and lufenuron (b) between nano-
formulation and commercial formulation. NM, WG, and EC are the abbreviation of nano-microemulsion,
water-dispersible granule, and emulsi�able concentrate, respectively.
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