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Abstract

The fate and risk identification of cyantraniliprole (CYA) and lufenuron (LUF) in pak choi
were systematically analyzed through an investigation comprising field trials, dissipa-
tion kinetics, and dietary risk assessment. Initially, field experiments across ten Chinese
provinces revealed half-lives of 3.04-5.41 d for CYA and 2.02-5.13 d for LUF, with dissi-
pation following single first-order (SFO) kinetics or double first-order in parallel (DFOP)
kinetics. Terminal residues (<limit of quantification (LOQ) to 0.29 mg/kg) were below
maximum residue limits. Dissipation rates were significantly influenced by temperature,
climate, and crop growth stage. Additionally, the multidimensional dietary assessment
using deterministic and probabilistic models revealed acceptable long-term risk levels
for CYA and LUF among consumer groups (risk quotients < 28.4%). Overall, this first
comprehensive study from cultivation to consumption provides crucial insights for rational
pesticide use in pak choi.
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1. Introduction

Pak choi (Brassica rapa L. subsp. chinensis) is extensively cultivated as a nutrient-dense
vegetable crop throughout Asia, with China dominating global production [1]. In 2023, pak
choi had a harvested area of 1.01 million hectares and achieved a total production yield of
36.17 million tonnes, according to FAO data. However, pak choi is frequently attacked by
various pests. In particular, the diamondback moth (Plutella xylostella L.) is regarded as one
of the most destructive pests worldwide, with global economic losses currently estimated
at US $4-5 billion annually [2]. Consequently, to prevent or minimize crop losses, 162 com-
mercial pesticides have been registered for pak choi cultivation in China. Although detection
methods have been established for multiple pesticides in pak choi and their fate has been
investigated during cultivation [3,4], risk assessments have been conducted for only three
pesticides (fenpropathrin, bitertanol, and chlorothalonil) [5-7]. Notably, chlorothalonil has
been shown to pose unacceptable health risks through long-term dietary exposure seven days
post-application. Considering the extensive consumption of pak choi and the indispensable
role of pesticides in crop protection, urgent comprehensive risk evaluations for other registered
pesticides are essential to safeguard food security and public health.

Agronomy 2025, 15, 2289

https://doi.org/10.3390/agronomy15102289


https://doi.org/10.3390/agronomy15102289
https://doi.org/10.3390/agronomy15102289
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy15102289
https://www.mdpi.com/article/10.3390/agronomy15102289?type=check_update&version=1

Agronomy 2025, 15, 2289

2 of 14

CYA and LUF (Figure 1) have been registered to control the diamondback moth on
pak choi. CYA, an anthranilic diamide insecticide, exerts its effect through ryanodine
receptor activation, resulting in rapid calcium ion release [8]. LUF, a benzoylurea insect
growth regulator, inhibits chitin synthesis in target insects [9]. However, these pesticides
pose significant human and ecological safety risks, as confirmed by existing studies. For
instance, adverse sub-chronic exposure effects were observed in earthworms and zebrafish
exposed to CYA [10,11]. In mammalian studies, CYA can harm the female reproductive
system of pubertal and adult offspring [12]. LUF causes severe toxic effects in free-living
terrestrial fauna [13]. Additionally, while LUF is used to treat animal parasites and infec-
tions in veterinary medicine, recent studies indicate it causes genetic and reproductive
harm in pregnant rats [14]. Notably, these compounds have been detected in environmental
matrices, vegetables, fruits, and tea, raising significant safety concerns [15-20]. The safety
of these pesticides has been investigated in tomatoes [21], chili peppers [22], rice [23], and
other crops. Nevertheless, comprehensive studies on pak choi remain limited. Moreover,
in-depth investigations into dissipation mechanisms and probabilistic risk assessment
models are lacking.
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Figure 1. The structures of CYA (A) and LUF (B).
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As an important vegetable crop, pak choi suffers from the diamondback moth. While
CYA and LUF are registered to control this pest, concerns exist about their occurrence and
health risks. Despite extensive research on these pesticides in other crops, comprehensive
studies on their fate and risk in pak choi remain lacking. Therefore, to address this crit-
ical knowledge gap, a multifaceted investigation was conducted encompassing method
development, field cultivation, dissipation kinetics analysis, and risk assessment. First, an ac-
curate and reliable ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) method was developed to detect and quantify CYA and LUF in pak choi.
Subsequently, through large-scale field experiments, the occurrence, half-lives, and final levels
of CYA and LUF in pak choi were systematically investigated, considering multiple factors
including growth period, climatic zones, temperature, and rainfall. Finally, multidimensional
dietary risks for populations were assessed using both deterministic and probabilistic mod-
eling approaches, with exposed populations being categorized by age, region, and gender.
Consequently, this study represents the first comprehensive investigation revealing the fate
and risk of these pesticides from cultivation to consumption, thereby providing a theoretical
foundation for rational pesticide application in pak choi production systems.

2. Materials and Methods
2.1. Chemicals and Reagents

CYA standard (C19H14BrCINgO,, CAS No. 736994-63-1, 95.2% purity) and LUF stan-
dard (C;7HgCl,FgN,O3, CAS No. 103055-07-8, 99.5% purity) were provided by Beijing
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Manhage Biotechnology Company (Beijing, China). All reference standards were dissolved
in acetonitrile and stored at —20 °C until analysis. 20% CYA and LUF (1:1) suspension
concentrate was procured from local retail outlets. High-performance liquid chromatog-
raphy (HPLC) grade acetonitrile and formic acid were sourced from Fisher Scientific
(Geel, Belgium) and Sigma-Aldrich Chemical Co., Ltd. (Darmstadt, Germany), respectively.
Analytical grade sodium chloride (NaCl) and anhydrous magnesium sulfate were obtained
from Sinopharm Chemical Reagent (Shanghai, China). Primary secondary amine (PSA),
and nylon filters (0.22 pm) were acquired from Agilent Technologies (Beijing, China).

2.2. Field Trials and Sample Collection

In accordance with OECD Guidelines for the Testing of Chemicals No. 509 [24],
field experiments were conducted across major pak choi-producing regions spanning ten
provinces (Table 1) throughout China. One treatment plot and one control plot were
established at each area, with each 50 m? plot separated by 2 m buffer zones to prevent
cross-contamination. 20% CYA and LUF suspension concentrate (1:1) was applied via
foliar spray at the recommended dosage of 30 g a.i./ha to diamondback moth-infested pak
choi, following good agricultural practice (GAP) recommendations. For terminal residue
determination, samples were collected at 7- and 10-day pre-harvest intervals (PHI) in ten
planting provinces (Trials #1—#10). Trials #1—#5 were under greenhouse conditions, and the
growing conditions for Trials #6—#10 were under open-field conditions. For dissipation
kinetics assessment, pak choi samples were collected at 0, 5, 7, 10, and 14 days after
application in four selected provinces (#4, #6, #7, and #10). Representative, disease-free pak
choi plants were randomly selected from each plot (ex-cluding edge areas) using a multi-
point sampling method. Three samples were collected per plot; each sample consisted of
at least 12 plants, ensuring a total weight of no less than 1 kg per sample. All collected
samples were chopped into pieces, reduced to subsamples through the quartering method,
and subsequently stored at —20 °C under dark conditions. Detailed information regarding
growth stage and climatic conditions for each trial site is presented in Table 1.

Table 1. Pakchoi cultivars, climate characteristics of trial sites across China.

Climate Factors

Cultivation Trial Growth Stages AT AR
Condition Sites (BBCH) i -1.a -R.
Climate Type €0 (mm)
Trial #1 . .
Greenhouse o 15 Temperate continental climate 6~8 500~700
Liaoning
Trial #2 46 War.m temperate subht.umd 9.8 418-483
Shanxi continental monsoon climate
Trial #3 . .
45 Continental monsoon climate 11.6 602.5
Beijing
Trial #4 43 Temperate monsoon climate 12.8 500
Shandong
Trial #5 Subtropical Monsoon Climate and
Anhui 15 Temperate Monsoon Climate 157 800~930
Open-field ol # 33 Subtropical monsoon humid 455 16,5 1150-1550
Zhejiang climate
Trial #7 41 Subtropical monsoon humid 17 1400
Hunan climate
Tr1.a1 #8 19 Subtropical monsoon humid 16.9 11576
Guizhou climate
Trial #9 34 Alpine climate 152 1236.9
Yunnan
Trial #10 . .
Guang- 45 Subtropical monsoon humid 2 1681.2
climate
dong

a Annual Temperature, b Annual Rainfall.
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2.3. Analytical Procedures

Prior to analysis, pak choi samples were homogenized using a commercial food
processor to ensure uniform distribution. Sample pretreatment was performed using a
modified QUEChERS method, which referenced established methods for CYA in chilli
fruits [22] and LUF in cabbage [25]. For analytical preparation, pak choi samples were
accurately weighed (10.0 £ 0.01 g) and placed into individual 50 mL capped centrifuge
tubes. Each sample was treated with 25 mL of acetonitrile (MeCN). The samples were
vigorously oscillated for 10 min. Following homogenization, 1 g of NaCl and 4 g of MgSOy
were added to each tube. The mixture was subsequently vortexed for 5 min and then
centrifuged at 4000 rpm for 5 min. Then, 1.5 mL aliquots of the clarified supernatant
were transferred to 2 mL tubes containing PSA (50 mg) and MgSOy (150 mg). The tubes
were vortex-mixed for 1 min, followed by centrifugation at 9000 rpm for 5 min. The
final extracts were filtered through 0.22-pm nylon membrane syringe filters directly into
autosampler vials for subsequent ultra-high-performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS) analysis. Each sample was analyzed in triplicate.

Sample analysis was conducted using an ACQUITY UHPLC system coupled with
an XEVO TQD quadrupole mass spectrometer equipped with an electrospray ionization
source (ESI) (Waters, Milford, MA, USA). Chromatographic separation of CYA and LUF
was achieved using a BEH C18 column (2.1 mm x 50 mm, 1.7 pm particle size, Waters
Corporation, Milford, MA, USA). The mobile phases comprised acetonitrile (phase A)
and water with 5 mmol/L ammonium acetate (phase B). Gradient elution was conducted
as follows (0.3 mL/min): 0-0.5 min, 30% A; 0.5-2.5 min, 90% A; 2.5-3.0 min, 30% A;
3.0-5.0 min, 30% A. The chromatographic conditions were optimized with a column
temperature of 40 °C and injection volume of 5 pL.

Mass spectrometric detection of CYA and LUF was optimized in positive/negative ion-
ization modes with the following parameters: capillary voltage of 2.5 kV, source temperature
of 150 °C, and desolvation temperature of 350 °C. Cone and desolvation gas flows (Ny) were
maintained at 50 and 650 L/h, respectively. Multiple reaction monitoring (MRM) transitions
were established for CYA at m/z 473.2 — 204.2 and m/z 473.2 — 201.9 under negative ioniza-
tion mode for qualitative and quantitative analysis, respectively, with both collision energies
at 12 V. For LUF determination, MRM transitions of m/z 385.33 — 197.66 and m/z 385.33 —
146.4 were selected under positive ionization mode for quantitative and qualitative analysis,
respectively, with collision energies optimized at 24 and 32 V. Chromatographic retention
times were 2.19 min for CYA and 2.87 min for LUF. Dwell times for both target analytes were
maintained at 71 ms.

2.4. Dietary Risk Assessment

The dietary risk assessments of the pesticides across different age groups encom-
passed chronic and acute exposure assessments, following recommendations from the Joint
FAO/WHO Meeting on Pesticide Residues (JMPR). The short-term intake of residues of
CYA and LUF, when used according to the evaluation process by JMPR, is unlikely to
present a public health concern [26,27]. Therefore, an acute dietary risk assessment for CYA
and LUF was not conducted because ARfD values were not deemed necessary.

_ y (STMR; x Fi)
NEDI = ) o (1)
NEDI X

The deterministic method constitutes a commonly utilized technique for dietary
risk assessment, being extensively applied due to its ease of implementation, calculation
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efficiency, and requirement for limited datasets. According to Formulas (1) and (2): NEDI
denotes the national estimated exposure intake (mg/kg bw), while STMRIi refers to the
upervised trial median residue concentration of CYA and LUF in pak choi (mg/kg). Based
on the principle of risk maximization, the Maximum Residue Limits (MRLs) established for
registered crops (except for pak choi) were used as the STMR values for CYA and LUF. Fi
indicates the average daily intake of a specific food item in China. Both bw and Fi datasets
were obtained from Chinese National Nutrition and Health Survey. RQ represents the
risk quotient of chronic dietary risk (% ADI). The acceptable daily intake (ADI) values
established by JMPR were 0.03 mg/kg bw for CYA and 0.02 mg/kg bw for LUE. Risk
quotients are considered acceptable when RQ < 100%, while values exceeding 100% suggest
potential long-term health risks [28].

Y1 (Xijk X Cijk)
Yij =

©)

le'

Yij
ADI

Monte Carlo simulations were employed to evaluate the posterior distribution of CYA

RQ = x 100% (4)

and LUF concentrations, thereby minimizing uncertainty in intake assessments. A total
of 1,000,000 simulations were performed by setting the iteration number (n) to 10,000 and
conducting 100 simulation procedures to ensure the reliability of results [29]. A probabilistic
approach represents an established methodology for determining the occurrence, variability,
and uncertainty associated with dietary risks through Formulas (3) and (4). In these
equations, y;; denotes the compound intake by Group i on Day j, while p represents the
total count of examined food items. The parameter x;j indicates pak choi consumption by
Group i on Day j, and c;j signifies the CYA and LUF concentration in pak choi ingested by
Group i on Day j. bw; represents the body weight of Group i. Data sampling and model
fitting were performed using @Risk software version 7.6 [28].

2.5. Data Analysis

The matrix effect (ME) refers to the impact of co-eluting substances from pak choi on
the detector response and was computed according to the formula below:

ME% = <K1 - 1) x 100% )
Ky
where ME is the matrix effect, k; indicates the slope of the matrix-based standard curve,
and ky represents the slope of the solvent-based standard curve. Values of ME% > 10%
signify pronounced matrix signal enhancement, whereas ME% < —10% indicates marked
matrix signal suppression. The matrix influence becomes insignificant within the range of
—10% < ME% < 10% [30].

Due to inconsistent dissipation rates observed at various time intervals, different
formulas (SFO model (Formulas (6) and (7)), DFOP model (Formula (8))) were utilized to
determine the corresponding half-life values.

C=Cyxe ™ (6)

2 0.693

T1/2 = T R (7)
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where Cy and C correspond to the initial concentration and the concentration at time
t post-application, respectively. The half-life was defined as the time required for the
disappearance of 50% of the pesticide after application [31].

Ct = Cp x (g x e kixt (1 — g)eszx") (8)

In Formula (8), g denotes the proportion of Cy present in the solution phase, whereas k; and
k; correspond to the kinetic constants for the rapid and gradual sub-reactions, respectively [31].

Data analyses were performed using Origin 2022 and IBM SPSS Statistics 26. Data
were analyzed by the analysis of variance (ANOVA) method followed by the least signifi-
cant difference (LSD) test to evaluate statistical significance of factors such as trial location,
cultivation condition, and pre-harvest interval (PHI) on the residue concentrations and half-
lives, as well as % RQ values between different population groups. Statistical significance
was defined as p < 0.05. The optimal kinetic models were determined by evaluating the
chi-square error (x%%) and the correlation coefficient (R?).

3. Results and Discussion
3.1. Quality Assurance/Quality Control

The method was validated in terms of linearity, ME, limit of quantitation (LOQ), accu-
racy and precision in accordance with European guideline document SANTE/11312/2021
(v2) [32]. The absence of detectable interference at the retention times of CYA (2.21 min)
and LUF (2.88 min) was confirmed by blank pak choi matrix analysis (Figure S1). Linearity
was verified using solvent- and matrix-matched standard calibration curves across con-
centrations of 0.01-1 mg/L. As shown in Table 2, excellent linearity was achieved for all
analytes, with correlation coefficients (R?) ranging from 0.9906 to 0.9988. A slight matrix
enhancement effect was observed for CYA (ME% = 8.5%) and LUF (ME% = 2.2%) in pak
choi. The LOQ was defined as the minimum validated spiked concentration in pak choi,
established as 0.04 mg/kg for both CYA and LUE Spiking levels were set based on the
respective Maximum Residue Limits (MRLs): CYA in pak choi (MRL =7 mg/kg) and LUF
in cabbage (MRL = 1 mg/kg). Accuracy and precision were evaluated using the mean
recoveries and relative standard deviations (RSDs) with five replicates at three concentra-
tions for each analyte: 0.04, 0.1, and 7 mg/kg for CYA and 0.04, 0.1, and 1 mg/kg for LUF.
Mean recoveries for CYA in pak choi ranged from 80% to 100% with RSDs of 1.7-4.7%,
while recoveries for LUF ranged from 86% to 97% with RSDs of 3.8-4.5%. The stability of
CYA and LUF in working and matrix-matched solutions was evaluated weekly throughout
the study, with no significant degradation observed. All validation criteria—specificity,
linearity, ME, LOD, LOQ, repeatability, reproducibility, and stability—met the satisfactory
requirements outlined in SANTE/11312/2021 (v2).

Table 2. Linearity, matrix effects (MEs), average recoveries (%) and relative standard deviations
(RSDs, %) for CYA and LUF in pak choi.

Compounds

Matrix

0, 0,
Regression Equation R? ME (%) Average Recovery, % (RSD, %)

0.04 mg/kg 0.1 mg/kg 1 mg/kg

CYA acetonitrile Y =30,305.0 X + 725.82 0.9988 - - - -
pak choi Y =32,873.5 X + 455.629 0.9956 8.5% 8022 90+ 4.7 100 £ 1.7

LUF acetonitrile Y =34,541.3 X + 259.292 0.9923 - - - -
pak choi Y =35,303.8 X +282.159 0.9906 2.2% 97 £ 4.4 86 £ 4.5 94+ 3.8

3.2. Dissipation Characteristics of CYA and LUF in Pak Choi

The initial deposition of CYA and LUF ranged from 0.55 to 1.2 mg/kg in pak choi across
Trials #4, #6, #7, and #10 (Figure 2A), with greenhouse conditions (#4) showing the highest levels,
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confirming that elevated pesticide deposition typically occurs in enclosed environments [33].
The concentrations of both pesticides peaked at 2 h after application and subsequently degraded
steadily over time. Notably, rapid dissipation exceeding 50% (54.5-90.0%) was observed after
7 d, with concentrations reaching minimum levels at 14 d and achieving dissipation rates of
82.7-95.2%, demonstrating distinct rapid and slow dissipation phases. Therefore, both SFO and
DFOP equations were employed to fit the dissipation of the two pesticides in pak choi samples,
with the most suitable equation selected based on the highest R? values and smallest chi-square
(x?) values [34]. The DFOP model was superior to the SFO model for biphasic dissipation
patterns, involving rapid initial processes (e.g., photolysis, surface hydrolysis) followed by
slower ones (e.g., metabolism, bound residue release) [35]. DFOP provides a better statistical fit
when SFO fails to describe these complexities, as demonstrated in prior studies on dimethachlon
and difenoconazole degradation in tomatoes [34,36]. For LUF in Trial #10 (Table 3), the DFOP
model demonstrated superior fitting (R? = 0.9999; x? error = 1.09%) compared to the SFO model
(R? = 0.9961; x? error = 1.7%). Similarly, CYA dissipation in Trial #4 was better fitted by the
DFOP (R? = 0.9997; x? error = 1.85%) than the SFO model (R? = 0.9992; x? error = 2.49%). In
the other three regions, both CYA and LUF exhibited satisfactory correlation coefficients and
lower errors when fitted with the SFO model. The half-lives of CYA and LUF in pak choi were
3.04-5.41 d and 2.02-5.13 d, respectively. Considering climatic factors and pak choi growth
stage, significant variations in dissipation rates were observed among trials despite similar
original deposition levels in Trials #6, #7, and #10. Trial #10 exhibited higher temperatures
compared to the other two regions, resulting in shorter dissipation half-lives (2.02 d for LUF,
and 3.26 d for CYA) due to enhanced evaporation, co-distillation, and thermal dissipation of
both compounds under high temperatures [37]. Meanwhile, different biological growth stages
also contributed to variations in the dissipation rates. In Trial #6 (BBCH, 33), the half-lives of
LUF (5.13 d) and CYA (5.14 d) were 2.4 and 1.62 times (p < 0.05) longer than those in Trial #10
(BBCH, 45), respectively. This difference stems from the phenomenon whereby as the main root
development increased along with greater plant spread, these morphological characteristics
tended to accelerate the dissipation of CYA and LUF in pak choi [28]. When comparing across
different crops, varying dissipation half-lives were observed for both pesticides. For CYA,
comparable half-lives were observed in peppers (2.8-3.26 d) [22], watermelon (2.7 d) [38],
peaches (2.5 d) [39], and tomatoes (2.6 d) [40] compared to pak choi, while significantly longer
half-lives occurred in grains and straw (11.3 and 9.4 d, respectively) [41]. Similarly, LUF showed
comparable half-lives in cabbage (1.7-5.0 d) [42] to our experimental results, but exhibited slower
dissipation in kumquat (9.12-12.6 d) [43]. In conclusion, the dissipation of pesticides resulted
from the combined influence of various environmental and agricultural parameters, including
crop varieties, deposition concentration, environmental conditions, and growth period.

Table 3. Dissipation rates (%) and half-lives of CYA and LUF in pak choi. based on SFO and DFOP models.

Dissipation P #10 # #7 #6
arameters

Patterns LUF CYA LUF CYA LUF CYA LUF CYA
DT50 (d) 2.02 3.26 2.59 3.04 435 5.3 5.13 5.41

SFO R2 0.9961 0.9631 0.9971 0.9992 0.9873 0.9883 0.9680 0.9636
x2 error (%) 8.09 15.6 5.13 2.49 6.75 5.34 10.3 10.4
DT50 (d) 1.7 3.26 2.54 2.93 4 4.85 5.13 5.41

DFOP R? 0.9999 0.9631 0.9972 0.9997 0.9911 0.9933 0.9678 0.9636
x2 error (%) 1.09 22.3 7.1 1.85 7.9 5.66 14.7 14.8

7-day dissipation rate 90.0 88.2 87.5 80.9 73.2 63.5 54.5 50.8
14-day dissipation rate 92.6 93.4 95.2 89.1 87.0 82.7 92.7 91.5




Agronomy 2025, 15, 2289

8 of 14

2)

1

Concentration(mg

0.7 4

0.6 4

0.5

B China: CYA MRL=7 mgkg

Japan: LUF MRL = | mgkg

CYA
LUF

*— PHI=7T/CYA
PHI=10/CYA

o PHI=7/LUF
PHI=10/LUF

Concentration(mg/kg)

3 # 2 g
Region Region

Figure 2. The initial deposition of CYA and LUF in pak choi (A), and terminal levels of eCYA and
LUF in pak choi with PHI of 7 d and 10 d (B).

3.3. Terminal Levels of CYA and LUF in Pak Choi

Terminal residue concentrations of CYA and LUF in pak choi ranged from <LOQ to
0.285 mg/kg (Figure 2B), as demonstrated by one-year field experiments conducted across 10
locations. The concentrations of both CYA and LUF decreased significantly with extended
preharvest intervals (PHIs) in nine field trials (p = 3.4 x 10~ for CYA, p = 2.9 x 1078 for
LUEF). Notably, both compounds were undetectable in Trial #9, characterized by an alpine
climate, likely due to enhanced photodegradation resulting from intense solar radiation at
high altitudes [44]. In addition to altitude effects, regional climatic variations significantly in-
fluenced residue dissipation at 10-day PHI. Terminal residue levels were lowest in subtropical
monsoon climate regions (CYA: 0.067 mg/kg; LUF: 0.054 mg/kg), suggesting that elevated
temperature and humidity accelerate compound dissipation [33,34,37]. Furthermore, the final
levels of CYA and LUF in pak choi from greenhouse cultivation (0.062-0.18 mg/kg) were
higher than those from open-field cultivation (0.053-0.17 mg/kg) (p < 0.05). This result is con-
sistent with findings for tolfenpyrad in cabbage [28], which may be attributed to both higher
initial deposition in enclosed environments and the closed environment favoring compound
retention in brassica vegetables [45]. This is strongly supported by the compound-specific
degradation mechanisms reported by JMPR. CYA can undergo various biochemical pathways
in crops and the environment through hydrolysis, oxidation, and other processes, generating
up to 20 metabolites. The primary metabolite IN-J9Z38 is produced through environmental
factors and plant degradation processes, with photolysis and hydrolysis being the main fac-
tors [26]. In contrast, LUF exhibits high stability in plant tissues, with its dissipation mainly
relying on abiotic pathways such as photolysis on plant surfaces. This finding is consistent
with our observed results regarding environmental influences on terminal residue levels [27].
Considering economic factors and terminal levels, a 7-day PHI is recommended for practical
application. The highest residues (HR) were 0.29 mg/kg for CYA and 0.25 mg/kg for LUF at
7-day PHI (Table 4), which are both well below established maximum residue limit (MRL)
values. The MRL for CYA in pak choi is 7 mg/kg in China, which is less stringent than the
standards of the Codex Alimentarius Commission (CAC, 2 mg/kg) and Japan (3 mg/kg),
but more stringent than the limit in the United States (30 mg/kg). In contrast, LUF in pak
choi currently lacks established MRLs in China and other countries or regions, with only
Japan having set an MRL of 1 mg/kg. Given that China is positioned as a major exporter
of Brassica vegetables, strict monitoring of pesticide concentration changes in agricultural
products is essential to prevent trade barriers caused by excessive pesticide residues. However,
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the current absence of internationally harmonized MRL standards, particularly for LUF in
pak choi (where only Japan has a standard), poses potential export challenges. Therefore,
accelerating the development of MRL standards for LUF in pak choi is essential to mitigate
exposure risks and ensure international trade. This research provides an important theoretical
foundation and scientific reference for MRL formulation, ultimately recommending 1 mg/kg
as the residue limit for LUF in pak choi.

Table 4. The STMR and HR of CYA and LUE.

Compounds STMR (mg/kg) HR (mg/kg)
CYA 0.18 0.29
LUF 0.16 0.25

3.4. Dietary Risk Assessment of Pesticides in Pak Choi

Dietary exposure assessment for pesticides has evolved from deterministic assessments
based on single-point estimates (such as STMR values) to comprehensive probabilistic assess-
ments based on Monte Carlo simulations. Probabilistic models have been widely adopted
as the primary tool for pesticide exposure assessment, as they effectively address the inci-
dence, variability, and uncertainty of dietary risks. The probabilistic model utilizes lognormal
distribution and Monte Carlo resampling methods to assign more precise values to pesti-
cide data, thereby improving risk-fitting precision and compensating for the limitations of
deterministic approaches [29]. The STMR values for CYA and LUF in pak choi were de-
termined as 0.18 mg/kg and 0.16 mg/kg (Table 4), respectively, through large-scale field
trials conducted across China. According to the 2015-2017 Chinese National Nutrition and
Health Survey, dietary consumption varies by gender, age, and region. Regarding CYA, the
deterministic model estimated % RQ values ranging from 2.2% to 4.1%. The probabilistic
model yielded results of 1.7-3.2%, 2.1-3.9%, 2.8-4.5%, 4.3-6.7%, and 5.2-9.6% at the 50th,
60th, 75th, 95th, and 99.9th percentiles, respectively (Table S1). The 60th percentile values
showed the closest correspondence to deterministic results (Figure 3A). Regarding LUF, the
deterministic model estimated % ADI values ranging from 2.9% to 4.7%. Probabilistic results
were 3.3-6.1%, 5.7-10.6%, 6.7-10.6%, 6.9-10.9%, and 7.0-13.0% at the 30th, 50th, 70th, 95th,
and 99.9th percentiles, respectively (Table S2). The 30th percentile values demonstrated the
best agreement with deterministic results (Figure 3B). These comparisons demonstrate that
the deterministic model overestimated or underestimated risk quotients through point value
assessment, despite its operational simplicity [46]. Even when the 99.9th percentile exposure
value was selected for long-term exposure assessment endpoints, all % RQ remained below
100%, indicating that prolonged exposure to CYA and LUF through pak choi consumption
would not pose public health concerns. Therefore, probabilistic models are recommended
to provide a comprehensive and precise risk assessment across multiple probability levels
while minimizing variability and uncertainty in the evaluation process.

Furthermore, the health risks associated with consumption of multiple foods were much
greater than those associated with single dietary crops. Therefore, the total chronic dietary
risk of CYA and LUF in all registered crops in China was assessed. Following the risk
maximization principle, the Maximum Residue Limit (MRL) value of registered crops was
selected for assessment. The dietary classification and MRL summary of registered crops are
summarized in Table 5. The deterministic assessment method was employed for evaluation.
The total % RQs of all registered crops ranged from 10.7% to 28.4% for CYA (Figure 4A) and
from 6.43% to 23.0% for LUF (Figure 4B). A clear decreasing trend in risk was observed from
children to adults (p < 0.05). The 3-5 years age group exhibited the highest risk for CYA
and LUE, with risk quotients of 22.2-28.4% and 18.1-23.0%, respectively. This elevated risk
was primarily attributed to higher per-unit body weight intake and greater sensitivity to
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contaminants in children. Indeed, the same phenomenon has been observed in many studies:
procymidone in Chinese leek, cowpea and celery poses the greatest risk to children aged
2-6 years [47], and 15 common pesticides in chrysanthemum pose the highest dietary risk
to children aged 2-3 years [48]. Regarding CYA, dietary risks in rural areas were generally
higher than those in urban areas. Cooking salt and cooking oil contributed 64.4% of the total
NEDI (Figure 4C), with higher consumption of salt and oil observed in rural areas compared
to urban areas. In contrast, urban areas demonstrated elevated LUF risks relative to rural areas
due to higher fruit and vegetable consumption, which accounted for 86.2% of the total NEDI
(Figure 4D). The risk levels are closely related to the dietary habits of these populations [49].
Collectively, CYA and LUF exhibited acceptable exposure risks in their registered crops.
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Figure 3. Long-term dietary risk of CYA (A) and LUF (B) in pak choi by deterministic and probabilistic
models for people of different ages, genders, and regions.
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Table 5. Dietary risk assessment crop classification for registered crops and MRLs designated by
different countries.

Compouds Registered Crops Crop Classification China CAC USA Australia South Korea Europe  Japan
Rice Rice and rice 0.2* 0.01 0.02 ~ 0.05 0.01 0.05
products
Corn Other cereals - 0.01* - - - 0.01 0.01
Pakchoi Fresh vegetables 7 - - - - - 3
Pepper Fresh vegetables 1 - 2 - 1.0 - -
Tomato Fresh vegetables 0.2 - 2 - 0.5 1 2
Cabbage Fresh vegetables 0.5 - 3 - - 2 2
CYA Cowpea Fresh vegetables 2 - 1 - - - -
Pumpkin Fresh vegetables - - 0.7 - - 0.4 0.4
Pea Fresh vegetables 2 0.3 0.2 - - - 2
Cucumber Fresh vegetables 0.2 - 0.7 - 0.5 0.4 0.3
Watermelon Fresh fruits 0.05* - 0.7 - 0.3 04 0.3
Cotton Cooking oil 15% 1.5 1.5 0.01 1.5 15 2
Scallion Cooking salt 8* 8 8 - 2.0 8 8
Corn Other cereals - 0.01* - - - 0.01 0.05
Potato Potatoes 0.05* 0.01 - - - 0.01 0.02
Chinese chives Fresh vegetables 3 - - - - 0.02 -
Spinach Fresh vegetables - - - - - 0.01 -
Tomato Fresh vegetables 3 04 - - - 04 0.5
Chinese broccoli Fresh vegetables - - - - - - -
Mustard greens Fresh vegetables - - - - - - -
Turnip Fresh vegetables - - - - - - -
LUF Cabbage Fresh vegetables 1 - - - 0.2 0.01 0.7
Cauliflower Fresh vegetables - - - - - 0.01 -
Green beans Fresh vegetables 1 - - - - - -
Apple Fresh fruits 1* - - - 0.3 1 0.7
Lychee Fresh fruits - - - - - 0.01
Grape Fresh fruits - - - - 2.0 0.01 1
Citrus Fresh fruits 0.5 - - - - - 0.3
Cotton Cooking oil 0.05* - - - - 0.01 -
Scallion Cooking salt - - - - 1.0* 0.01 2

*: MRLs used for long-term dietary risk assessment.

4. Conclusions

Pak choi is extensively cultivated in China, and CYA and LUF play critical roles in pest
control. However, comprehensive studies on the behavior and risks of these pesticides in pak
choi systems remain limited. Therefore, this study conducted a systematic investigation from
cultivation to consumption through the establishment of analytical methods, large-scale field
trials across ten provinces, dissipation kinetics analysis, and dietary risk assessment. Results
demonstrated half-lives of 3.04-5.41 d for CYA and 2.02-5.13 d for LUEF, with dissipation
rates significantly influenced by environmental factors and growth stage. Terminal residue
concentrations ranged from <LOQ to 0.29 mg/kg, which were below MRLs. The dietary risk
assessment demonstrated that exposure levels for all population groups remained within
acceptable safety limits (<100% ADI), though children aged 3-5 years showed the highest
% RQ (22.2-28.4% for CYA and 18.1-23.0% for LUF). Although % RQ values are considered
safe, the elevated risk in children necessitates continued monitoring, particularly given their
higher per-unit body weight intake and greater sensitivity to contaminants. This study fills a
critical knowledge gap for CYA and LUF in pak choi systems; however, several limitations
remain. Focusing on two pesticides alone may not reflect the cumulative risk from multiple
pesticide exposures. Additionally, the impact of culinary practices on residue levels was not
investigated, which could alter actual consumer exposure. Future studies should explore
multi-residue interactions and the effects of food processing on pesticide dissipation. In
summary, this work offers valuable insights into rational pesticide use, ensuring both food
safety and international trade compliance in pak choi production.
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