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Abstract 

Neonicotinoid pesticides have recently drawn attention worldwide owing to their 

potential adverse effects on non-target organisms and ecosystems. Exposure to 

imidacloprid, the most widely used neonicotinoid insecticide, is of particular concern 

among rural populations because of its ubiquitous use in agriculture. Hence, 

biological monitoring of urinary imidacloprid and its major metabolite 

6-chloronicotinic acid (6-CNA) was performed using Polar Enhanced Polymer 

solid-phase extraction by LC-MS/MS with mean recoveries of 78.3–109.8% and 

limits of quantitation at 0.029–0.038 ng/mL. Imidacloprid was detected in 100% of 

urine samples from rural applicators at concentrations of 0.21–8.91 ng/mL (0.06–9.60 

μg/g creatinine) and 0.11–24.58 ng/mL (0.66–57.40 μg/g creatinine) before and after 

pesticide application, respectively. Significant increase in urine concentration (3.52- 

to 3.77-fold) of imidacloprid and 6-CNA was observed after local imidacloprid field 

application (p ≤ 0.001). The estimated absorbed daily dose (ADD) for imidacloprid 

was 0.52–248.05 μg/kg/d, indicating that attention should be paid to potential health 

risks for applicators because of increased imidacloprid exposure at level of 

significance (p < 0.05). This study is the first to report ADD estimation for 

imidacloprid, thereby providing an important reference for further human health risk 

evaluation. 

Keywords: neonicotinoid; imidacloprid; metabolite; 6-chloronicotinic acid; urine; 

absorbed daily dose

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

3 
 

1. Introduction 

Neonicotinoids were initially considered harmless to mammals and served as a 

promising alternative to highly toxic organophosphate and carbamate insecticides. 

They are currently the most widely used class of insecticides worldwide (Ead et al., 

2017). However, the frequent use of neonicotinoids has resulted in their ubiquitous 

detection in environmental samples (Song et al., 2018; Sousa et al., 2019; Sultana et 

al., 2018; Zhou et al., 2018) and organisms (Haroune et al., 2015; 

Taliansky-Chamudis et al., 2017). Alarmingly, increasing evidence has linked 

neonicotinoid exposure to global pollinator decline (Rundlöf et al., 2015; Stanley et 

al., 2015; Whitehorn et al., 2012) and may pose a potential threat to aquatic and 

terrestrial invertebrates and vertebrates (Gibbons et al., 2015; Hallmann et al., 2014; 

Pisa et al., 2015; Raby et al., 2018; Vijver et al., 2014), including humans (Wang et al., 

2015; Zhang et al., 2018). 

Imidacloprid [(2E)-1-((6-chloro-3-pyridinyl) methyl)-N-nitro-2-imidazolidinimine], 

was the first commercially used neonicotinoid pesticide. It has gained worldwide 

popularity with an increasing share in the insecticide market since its introduction in 

1991. Imidacloprid has been extensively produced and used in China with an annual 

capacity of 25 000 tons (100% a.i.) and a domestic demand of 3000 to 4000 tons/year 

(China Agrochemicals, 2012; Wang et al., 2015). The tremendous application and 

environmental accumulation of imidacloprid residue inevitably results in high human 

exposure (Lonare et al., 2016). Rural farmers are exposed more to imidacloprid owing 

to their proximity to agricultural land. Potential exposure is even higher for operators 
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who are directly involved in pesticide application activities. United States 

Environmental Protection Agency classifies imidacloprid as moderately toxic if 

ingested (Label Review Manual). A previous study reported disorientation, agitation, 

incoherence, sweating, and breathlessness as symptoms in a 24-year-old man who 

accidentally inhaled a pesticide containing 17.8% imidacloprid (Agarwal et al., 2007). 

In addition, dermatitis was reported in pet owners following the use of veterinary 

products containing imidacloprid on their pets (WHO). These findings indicated that 

imidacloprid exposure may cause adverse health effects in humans through even a 

certain single route in case of high-dose exposure. Pesticide applicators are highly 

exposed to imidacloprid via ingestion, inhalation, and dermal contact. Thus, the health 

risks associated with imidacloprid exposure in this population is a high priority. 

Animal experiments showed that in vivo metabolism of imidacloprid occurred 

mainly in the liver through two pathways: (i) oxidation cleavage of parent 

imidacloprid yielding 6-chloronicotinic acid (6-CNA) and (ii) hydroxylation of the 

imidazoline ring (Solecki R., 2001). The following metabolites may be of 

toxicological significance: 6-CNA, imidazolidine 4- and 5- hydroxy compounds, 

olefinic imidacloprid, desnitro-imidacloprid, and the nitrosoimine compound (DPR 

Medical Toxicology, 2013). While the major urinary metabolites were 6-CNA and its 

glycine conjugate (Solecki R., 2001). Therefore, parent imidacloprid and the major 

metabolite 6-CNA were frequently selected for detection in the analysis of biological 

samples. The commonly used pretreatment methods for biological samples (blood and 

urine) include liquid-liquid extraction (LLE) (Escrivá et al., 2017; Kavvalakis et al., 
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2013; Wang et al., 2015; Yuan et al., 2018), modified QuEChERS (Quick, Easy, 

Cheap, Effective, Rugged, and Safe) methods (Plassmann et al., 2015; Provatas et al., 

2015; Taliansky-Chamudis et al., 2017), solid-phase extraction (SPE) (de Oliveira et 

al., 2013; Hovelmann et al., 2016; Pan et al., 2016; Silveira et al., 2018; Zhang et al., 

2018), and dispersive liquid-liquid microextraction (DLLME) (Cunha et al., 2011). 

Biological monitoring has frequently detected imidacloprid in urine samples (Harada 

et al., 2016; Kabata et al., 2016; López-García et al., 2017; Ueyama et al., 2015; 

Ueyama et al., 2014; Yamamuro et al., 2014; Zhang et al., 2018); however, few 

studies have investigated its metabolites (Nomura et al., 2013; Uroz et al., 2001). 

Simultaneous determination for imidacloprid and its metabolite in biological sample 

has been reported only in two studies (Kavvalakis et al., 2013; Wang et al., 2015), and 

LLE extraction was used for urine matrix in both studies. LLE requires significant 

volumes of organic solvents to fully extract the target analytes from aqueous-phase 

layer, and typically entails evaporation for pre-concentration to ensure trace-level 

detection from biological matrices. Therefore, a greener, high-throughput extraction 

method is needed for batch analysis of biological samples. 

Biological monitoring of imidacloprid and its major metabolite 6-CNA could 

reflect in vivo exposure levels; on that basis, further dose estimation would be helpful 

in ascertaining the risk according to urinary concentrations of analytes (Curwin et al., 

2007). Mage et al. (2004) and Curwin et al. (2007) adopted an approach to estimate 

the absorbed daily dose (ADD) of pesticides based on the measurement of parent 

compound or metabolites in urine. Study on dose estimation of imidacloprid in 
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biological samples is scarce, and this may decelerate the process of further risk 

assessment. Therefore, we attempted to preliminarily reveal the potential risks by 

means of ADD estimation for imidacloprid. 

  In this study, we established a robust and rapid method for simultaneously 

measuring imidacloprid and 6-CNA in urine. The commonly used extraction methods 

were compared to optimize results. The optimized method was then used to analyze 

86 urine samples from rural pesticide applicators. The objectives of this study were to 

1) detect the concentrations of urinary imidacloprid and its metabolite 6-CNA in the 

rural population of applicators; 2) compare the exposure level before and after a 

pesticide application event; and 3) preliminarily conduct dose estimation and risk 

assessment for imidacloprid exposure. This study is hoping to provide an important 

reference for further human health risk evaluation. 

2. Materials and Methods 

2.1 Chemicals and Reagents 

Standard solutions of imidacloprid (99.6% purity) and its metabolite 6-CNA (98.7% 

purity) were obtained from China Standard Material Center (Beijing, China). The 

internal standard (IS) D4-imidacloprid (98.0% purity) was purchased from Dr. 

Ehrenstorfer (Augsburg, Germany). β-glucuronidase from Helix pomatia (125255 

units/mL β-glucuronidase and 1095 units/mL sulfatase) was purchased from 

Sigma-Aldrich (Steinheim, Germany). High performance liquid chromatography 

(HPLC) grade methanol (MeOH), acetonitrile (ACN), and formic acid (FA) were 

purchased from Sigma-Aldrich (Steinheim). Analytical grade methanol, ACN, 
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trichloromethane, glacial acetic acid, ammonium acetate, aqueous ammonia solution, 

sodium chloride, and anhydrous magnesium sulfate were purchased from Beihua 

Fine-chemicals Co. (Beijing, China). Ultra-pure water was prepared by a Milli-Q 

system (Bedford, MA, USA). The clean-up sorbents, primary secondary amine (PSA), 

octadecylsilane (C18), and 0.22-μm nylon syringe filters were purchased from Agela 

Technologies Inc. (Agela, Tianjin, China) along with 60mg/3mL Polar Enhanced 

Polymer (PEP), Polymer Cation eXchange (PCX), and Polymer Weak Cation 

eXchange (PWCX) cartridges. 

Individual standard stock solutions (100 mg/L) of imidacloprid, 6-CNA, and 

D4-imidacloprid were prepared in HPLC-grade ACN. Further serial dilutions of the 

stock solutions were prepared with pure ACN to obtain final working solutions at 

concentrations of 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, and 100.0 ng/mL for imidacloprid and 

6-CNA. The working IS solutions were serially diluted to 1 mg/L for D4-imidacloprid. 

All solutions were stored in the dark at -20ºC before use. 

2.2 Field Experiment Design 

The study participants comprised rural farmers living in a village adjacent to ten 

thousand acres of orchard farm in Henan Province, China. The orchard operation uses 

a smallholder planting model with applicators managing different-sized plots 

individually. One member who was long occupied in pesticide spraying from each 

smallholder and would not be absent from the sample collection was nominated as 

one targeted pesticide applicator. The study participants carried out their tasks as 

normal. The spray equipment consisted of pressurized knapsack sprayers without 
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uniform specifications. The spraying time and labor intensity depended on individual 

management requirements (Table S1), providing an accurate representation of the 

current application and exposure scenarios for imidacloprid in rural agricultural 

orchards in Henan Province. 

Spot urine samples (n=86) from 43 randomly selected pesticide applicators 

(age:24–74 years old; 31 males and 12 females) were collected in March 2017 (before 

imidacloprid spraying) and in May 2017 (after 3–4 imidacloprid spraying events 

depending on the degree of insect infestation). The participants were required to 

donate fasting midstream urine samples in the morning. The single spot urine was 

transferred to a 50-mL high-density polypropylene centrifuge tube. All collected urine 

samples were immediately stored at -20ºC, cold shipped on ice to the laboratory, and 

stored at -80ºC until further analysis. Meanwhile, personal information (Table S3), 

including age, gender, height, weight, and spraying frequency of neonicotinoid 

insecticides was obtained by face-to-face farmer interviews. All the study participants 

provided written informed consent before participation. 

2.3 Sample Preparation 

The flowchart of the procedure for detecting urinary imidacloprid and 6-CNA is 

presented in Fig. 1. Briefly, a 1-mL aliquot of each urine subsample was pipetted into 

a 5-mL centrifugal tube and spiked with 100 μL of prepared β-glucuronidase 

(equivalent to 125 units of activity/mL) and 10 μL of IS solution (1 

mg/L).β-glucuronidase was prepared in advance as follows: 100 μL of the initial 

enzyme (125255 units/mL β-glucuronidase and 1095 units/mL sulfatase) was 
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dissolved in 2 M acetate buffer. The acetate buffer was prepared by dissolution of 9.7 

g of sodium acetate into deionized water, followed by the addition of glacial acetic 

acid to adjust the pH to 4.5 in a total volume of 100 mL. The samples were incubated 

at 37 ºC and shaken on a rotary disk shaker at 160 r/min for 12 h for deconjugation. 

2.4 Sample Extraction 

In this study, three different pretreatment methods (LLE, QuEChERS, and SPE) 

were evaluated and compared in terms of extraction efficiency for the target analytes. 

LLE. The extraction method was performed as follows: a 1-mL aliquot of blank 

urine was pipetted into a 15-mL centrifuge tube and spiked with 10 μL of analyte 

standard mixture comprising 1 mg/L imidacloprid and 6-CNA and 10 μL of IS 

solution (1mg/L) (five replicates). Then, enzyme-assisted deconjugation was 

conducted as described above. The resulting urine solution was extracted twice with 5 

mL of trichloromethane. For each extraction, the mixtures were vortexed vigorously 

for 10 min and centrifuged at 2400 × g for 5 min. Afterward, the combined 

supernatant was transferred into a 50-mL glass bottle for rotary evaporation to dryness 

under vacuum. Finally, the residues were reconstituted in 1 mL of ACN. 

QuEChERS. The modified QuEChERS method was adapted from a previous 

report (Taliansky-Chamudis et al., 2017) for the extraction of target analytes. Briefly, 

0.5 mL of blank urine (five replicates) was pipetted into a 5-mL centrifuge tube, 

spiked with 10 μg/L analyte standard mixture and 10 μg/L IS solution, and then 

vortexed for 30 s before equilibration at 25 ºC for 2 h. Extraction was conducted by 

adding 1.5 mL of glacial acetic acid/ACN (v: v=1:99) into the tube, followed by 
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vortexing for 1 min. Next, 0.1g sodium chloride was added and the solution was 

vortexed for another 1 min prior to centrifugation at 2400 × g for 5 min. The resulting 

supernatant was transferred to a 2-mL tube containing 50 mg of anhydrous MgSO4, 

30 mg of PSA, and 20 mg of C18, vortexed for 1 min, and then centrifuged for 5 min 

at 2811 × g. The decanted liquid was passed through a 0.22-μm nylon syringe filter 

prior to instrumental analysis.  

SPE. Three types of cation exchange columns (PEP, PCX, and PWCX) were 

evaluated for their extraction efficiency according to the operation manual with minor 

modifications (the details are shown in Supporting Information). 

2.5 LC-MS/MS  

Chromatographic separation and detection were performed on a Waters ACQUITY 

UPLC (Milford, MA, USA) system interfaced with a triple-quadrupole mass 

spectrometer (Xevo TQ-S, Waters Corp., USA). The column heater was equipped 

with an ACQUITY BEH C18 analytical column (2.1 mm × 50 mm, 1.7 μm particle 

size, Waters, Milford, MA, USA) with an injection volume of 5 μL. The column and 

sample manager were maintained at 40ºC and 25ºC, respectively. The mobile phases 

comprised methanol (A) and Milli-Q water (B) acidified with 0.2% formic acid. 

Gradient elution was at a flow rate of 0.3 mL/min with of the conditions: 0 min, 10% 

A; 1.6 min, 90% A; 3.1 min, 10% A; 4.0 min, 10% A. The run time was 4 min for 

each injection. A triple-quadrupole mass spectrometer (Xevo TQ-S, Waters Corp. 

USA) with an electrospray ionization source was operated in the positive ion mode 

(ESI+). The optimal MRM transitions and source conditions are listed in Table 1. 
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Masslynx NT v.4.2 (Waters) software was used for data analysis. 

2.6 Urinary Creatinine Measurement 

Creatinine, a by-product of muscle tissue, is produced in an amount proportional to 

the muscle mass of an individual. The excretion rate of creatinine in an individual is 

maintained at a relatively constant level in the absence of renal disease. In this study, 

the concentrations of imidacloprid and 6-CNA were adjusted using creatinine 

concentration (represented as μg/g creatinine) to correct for variable dilutions (i.e. 

hydration differences) in spot urine samples. Urinary creatinine was measured for 

each sample using a creatinine (urinary) colorimetric assay kit based on a modified 

Jaffe reaction (Cayman chemical). The absorbance of creatinine was read at 490 nm 

in a microplate reader. Each urine sample was subjected to 10-fold dilution with 

deionized water before measurement. 

2.7 Absorbed Daily Dose Estimation 

Mage et al. (2004) and Curwin et al. (2007) reported an approach for ADD 

estimation from urinary metabolite concentration. The ADD of pesticide in 

microgram per kilogram body weight per day (μg/kg/d) was calculated according to 

equation (1): 

𝐴𝐷𝐷(𝜇𝑔/𝑘𝑔/𝑑) =
𝐶ⅹ𝐶𝑛ⅹ𝐶𝐹ⅹ𝑅𝑚𝑤

𝐵𝑊
                                (1)  

where C is the creatinine-adjusted concentration of the pesticide or metabolite (unit: 

μg/g creatinine); Cn is the calculated mass of creatinine excreted per day (unit: g/day); 

CF is the correction factor of imidacloprid; Rmw is the ratio of molecular weights 

between parent compound and pesticide metabolite; and BW is the body weight (kg). 
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The mass of creatinine excreted per day Cn (g/day) was calculated using equation 

(2) (Ogna et al., 2015): 

𝐶𝑛 = (266.16 − 47.71ⅹ𝑠𝑒𝑥 − 2.33ⅹ𝐵𝑀𝐼 + 0.66ⅹ𝑎𝑔𝑒 − 0.017ⅹ𝑎𝑔𝑒2) ⅹ𝐵𝑊ⅹ1.13𝑒−4(2) 

where sex=0 for male and sex=1 for female; BMI is the Body Mass Index (kg/m2); 

age is the age of an individual participant; BW is the body weight (kg); and 1.13𝑒−4 

represents the mass of creatinine per micro mole (g/μmol). 

CF is used for incomplete excretion of pesticide via urine (Curwin et al., 2007). 

Approximately 75% of imidacloprid is excreted via renal clearance (urine) (DPR 

Medical Toxicology, 2013), with 6-CNA and its glycine-combined conjugate 

constituting most of the excreted metabolites (>50%) (Solecki, 2001). In radiolabeled 

imidacloprid tests, the glycine conjugate of 6-Cl-nicotinic acid and other metabolites 

have been shown to account for 82% of the total radioactivity in urine (< 82%) (DPR 

Medical Toxicology, 2013). The exact fraction of the metabolite 6-CNA in urine is 

unknown, and this might limit further exposure estimation of imidacloprid. Therefore, 

we chose two extrema (50% and 82%) to evaluate total exposure, resulting in a 

maximum CF = (1/0.75)/0.5=2.667 and a minimum CF = (1/0.75)/0.82=1.626. 

The ratio of molecular weights was determined as 

Rmw=Mimidacloprid/M6-CNA=255.7/157.56=1.62. 

2.8 Assay Validation 

The performance of the method was validated according to the following 

parameters: accuracy, precision, linearity, limit of quantification (LOQ), matrix effect, 

and stability (the details are shown in Supporting Information). 
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3. Results and Discussion 

3.1 Method Optimization and Performance Validation 

The chromatography conditions were optimized (the details are shown in 

Supporting Information), and methanol/0.2% FA aqueous solution was selected as the 

mobile phase for imidacloprid and 6-CNA. 

  The extraction efficiency of three different pretreatment methods was compared for 

imidacloprid, 6-CNA and D4-imidacloprid (Fig. 2) (the details are shown in 

Supporting Information). PEP column with pure ACN as elution solvent was selected. 

In this study, isotope-labeled 6-CNA was not commercially available. As 

imidacloprid and 6-CNA possess structurally similar groups, D4-imidacloprid was 

used as the joint IS for further calibration and quantification. The recoveries of 

imidacloprid and 6-CNA were calculated based on two methods: the conventional 

external standard method and the IS method (in Table 2). The peak area ratios of 

imidacloprid to D4-imidacloprid were not affected by elution solvents (Fig. 3). 

Therefore, the IS calibration curves prepared in pure ACN were adopted for further 

quantification. 

The developed method was further validated according to the following parameters: 

accuracy and precision, linearities, LODs and LOQs, matrix effects and stability (the 

details are shown in Supporting Information). 

3.2 Occurrence of Imidacloprid and 6-CNA in Urine Samples 

  The developed method was used to analyze 86 urine samples from 43 pesticide 

applicators. Target analytes were detected in 100% of collected urine samples. 
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Imidacloprid residue is defined as the sum of imidacloprid and its metabolites 

containing the 6-chloropyridinyl moiety (JMPR report), which was suitable for 

analyzing imidacloprid residue in products of animal and plant origin. This definition 

results in a conservative estimate of total imidacloprid concentrations and has been 

applied for both compliance with maximum residues limits and the estimation of 

dietary intake. However, no definite provision of this kind is made in biological 

samples. Moreover, the amount of imidacloprid residue in urine reflects the sum of all 

exposure pathways and not just exposure through diet. Based on the above 

considerations, we mainly described the concentrations of imidacloprid and the major 

metabolite 6-CNA to reflect their level of presence in urine. Urinary imidacloprid and 

6-CNA were quantified at 0.57–8.91 ng/mL (0.20–9.60; GM: 2.79 μg/g creatinine) 

and 0.21–2.92 ng/mL (0.06-3.65; geomean (GM): 1.37 μg/g creatinine), respectively, 

before pesticide application. The concentration of imidacloprid and 6-CNA after 

application was 0.38–24.58 ng/mL (1.21–57.40; GM: 10.52 μg/g creatinine) and 

0.11–6.88 ng/mL (0.66–16.06; GM: 4.83 μg/g creatinine), respectively (Fig. 4). 

Almost the same trend was observed for urinary concentrations of imidacloprid and 

6-CNA before and after application using creatinine-correction (Fig. 4A) and without 

creatinine-correction (Fig. 4B). The results of paired t-test indicated that the 

concentrations of both analytes significantly increased (3.52- to 3.77-fold) after 

pesticide spraying compared to samples taken before spraying (p < 0.001 for 6-CNA 

and p = 0.001 for imidacloprid). Previous studies have shown that imidacloprid could 

be detected in biological samples from humans (Osaka et al., 2016; Ueyama et al., 
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2015; Wang et al., 2015); however, the urinary exposure levels reported were almost 

always lower than that in the current study. This demonstrates that pesticide 

applicators at the Henan site were subjected to higher risk of imidacloprid exposure. 

Higher usage of imidacloprid for pest control (Agrochemical Market Trends) and 

paucity of proper protective measures in developing countries may inevitably lead to 

higher exposure of pesticide applicators after pesticide spraying activity. In addition, 

some other factors such as lifestyle, including smoking and food ingestion, might 

potentially contribute to the differences in urinary pesticide concentrations of 

applicators before and after pesticide application. Tan et al. conducted research on 

food intake pathway by monitoring neonicotinoid residues in 49 kinds of vegetables 

and 24 kinds of fruits in China and found that the detection rate of imidacloprid was 

100% (Tan et al., 2016). Lu et al. reported that imidacloprid was the most commonly 

detected neonicotinoid in vegetables and fruits, with 66% detection in Chinese dietary 

exposure assessment, thus, imidacloprid has become part of the dietary staple, with 

possible health implications for individuals (Lu et al., 2018). Ingestion of 

imidacloprid from food sources may play a crucial role in contributing to the high 

concentration in urine. Further research is warranted to make certain the extent of 

contribution of these factors to urinary imidacloprid concentration. 

The median level of imidacloprid in urine samples was calculated as 4.66 ng/mL 

(10.44 μg/g creatinine), and the GM concentration was 4.47 ng/mL (10.52 μg/g 

creatinine) (calculated from IBM SPSS Statistics 23.0) after pesticide application. For 

6-CNA, the median and GM values were 2.24 ng/mL (4.43 μg/g creatinine) and 2.05 
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ng/mL (4.83 μg/g creatinine), respectively. The values were much higher than those 

reported in the study by Wang et al. (2015), in which the GM concentration of 

imidacloprid in rural adults engaged in pesticide spraying increased from 0.18 ng/mL 

(before spraying) to 0.54 ng/mL (after spraying) in a village in the Shandong Province 

in China. Notably, no evident change in concentration level was observed for urinary 

6-CNA after pesticide spraying (GM value at 0.08 ng/mL) in that study. Several 

factors contribute to the concentration differences observed in these studies. In the 

current study, the estimated application rate was 105–525 g/day (Table S1), which in 

many cases was higher than 200–300 g/day reported by Wang et al. (2015). In 

addition, lack of proper protective measures is a common problem contributing to 

agro-chemical exposure in developing countries (China included). Differences in 

professional practices with regards to imidacloprid application also likely contributed 

to the differences in urine concentrations across provinces.  

3.3 Imidacloprid ADD Estimation  

  As summarized in Table 3, prior to pesticide spraying, the minimum imidacloprid 

ADD values for applicators ranged from 0.52–37.59 μg/kg/d, with a mean of 15.93 

μg/kg/d (median:15.82 μg/kg/d; GM:13.80 μg/kg/d), and the maximum ADD values 

were 0.85-61.66 μg/kg/d with a mean of 26.13 μg/kg/d (median:25.94 μg/kg/d; 

GM:22.64 μg/kg/d). The acceptable daily intake (ADI) value was set as 0.06 mg/kg 

per day (expressed as 60 μg/kg/d) and the acute reference dose (ARfD) was 400 

μg/kg/d for imidacloprid (WHO/FAO). The ADD values before pesticide spraying 

were lower than the chronic guidelines suggested by the above international agency 
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except for one case (61.66 μg/kg/d) exceeding 60 μg/kg/d. This indicated that limited 

health risk of imidacloprid exposure was observed for the tested population before 

spraying with imidacloprid with Hazard Quotients (HQs) of <1 (calculated as shown 

in Table 4). 

After pesticide spraying, the minimum imidacloprid ADD values ranged from 

7.65–151.23 μg/kg/d (mean:57.86 μg/kg/d; median:47.73 μg/kg/d; GM:48.60 

μg/kg/d), and the maximum ADD values were 12.56–248.05 μg/kg/d (mean:94.91 

μg/kg/d; median:78.23 μg/kg/d; GM:79.71 μg/kg/d). The results showed that the 

minimum imidacloprid ADD derived from stoichiometric estimates based on the 

measurement of 6-CNA exceeded the ADI value in 14 of 43 urine samples (32.6%), 

and none of the 43 urine samples exceeded the ARfD value. The maximum 

imidacloprid ADD estimated based on the measurement of 6-CNA in 32 of 43 urine 

samples (74.4%) was higher than the ADI value, and none of the 43 urine samples 

exceeded the ARfD value. The HQs of imidacloprid after pesticide application are 

presented in Table 4. By referring to the ARfD value, the HQs ranged within 0.02–

0.62 (< 1), indicating almost no acute health effects caused by imidacloprid exposure. 

While the 50th and 75th percentiles HQs were 0.80–2.09, indicating that some 

exposure values exceeded the corresponding ADI guideline. The maximum HQs were 

2.52–4.13, indicating higher exposure risk based on the chronic guidelines 

recommended by the international agency. These results showed that exposure to 

imidacloprid had the potential to cause increased health risks, especially following 

pesticide application.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

18 
 

Usually, the ADI value is established based on long-term (lifetime period) exposure, 

and the ARfD value is set based on short-term (certain day) exposure; however, broad 

toxicological thresholds existed in these two guidelines. In the present study, the 

estimated ADD values at the sampling day after pesticide application seem to not 

accurately represent the acute (application-day) or chronic (lifetime) status for 

imidacloprid exposure. Nevertheless, comparison with guideline values better 

reflected the degree of imidacloprid exposure and potential risks and significantly 

increased dose in vivo would be an adverse indicator. Agricultural workers may be 

exposed to imidacloprid once or several times per season via different exposure 

pathways including dermal contact, air inhalation and diet intake, and risk 

assessments based on aggregate exposure are greatly needed. It is likely that this 

population experienced chronic high exposure to the chemical as evidenced from the 

concentrations detected in urine samples collected prior to spraying events. Further 

risk evaluation is urgently needed by monitoring exposure levels over different points 

of time. In this study, we used the extreme value range to conduct ADD estimation 

protocol for risk assessment, and the results indicate that there are exposure risks for 

pesticide applicators. To our knowledge, this is the first ADD estimation for 

imidacloprid. Increased understanding of the metabolism of imidacloprid could help 

improve the accuracy of ADD estimates and eliminate the need for the range of values 

used here. 

4. Conclusion 

This study established a robust and rapid method for simultaneously measuring 
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imidacloprid and its metabolite 6-CNA in urine using UPLC-MS/MS. The 

isotope-labeled IS calibration proved effective in compensating for the matrix effects 

of imidacloprid and 6-CNA in the complex urine matrix. High sensitivity with low 

LOQs was achieved, ensuring the detection frequencies of trace-level analytes in 

urine samples. Exposure data from pesticide applicators indicated that this population 

experiences significant exposure to imidacloprid, especially after a spraying event. 

The results of the ADD range estimation revealed that the potential health risks 

associated with the estimated ADD values exceeded the guidelines for imidacloprid. 

Further exposure assessment studies are warranted to ensure the safe use of 

imidacloprid in agriculture to protect human health. 
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Figure captions 

Fig. 1. Optimized analytical procedure for urinary imidacloprid and 6-CNA. 

Fig. 2. Effects of different pretreatment methods on the recoveries of target analytes. 

Fig. 3. Comparison of different elution solvents on the signal response of target 

analytes. 

Fig. 4. Concentration levels of urinary imidacloprid and 6-CNA without 

creatinine-correction (A) and with creatinine-correction (B). 
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Note: The concentration sum of imidacloprid (ΣIMI) was calculated as: Σ

IMI=CImidacloprid + C6-CNAⅹMimidacloprid/M6-CNA (M-molecular weight) 

* represents p ≤ 0.05; ** represents p ≤ 0.01; *** represents p ≤ 0.001. 
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Table 1 Experimental parameters for Multiple Reaction Monitoring (MRM). 

compound Molecular MW tR Ion CV Quantification CE 1 Confirmatory CE 2 Ion  

 formula  (min) source (V) ion transition (eV) ion transition (eV) ratioa 

imidacloprid C9H10ClN502 255.66 2.20 ESI+ 22 256.1→175.01 17 256.1→209.05 20     1.47 

D4-imidacloprid (IS) C9H6D4ClN502 259.69 2.20 ESI+ 21 260.0→213.01 14 260.0→179.02 17 1.03 

6 CNA C6H4Cl2NO2 157.55 2.24 ESI+ 21 157.8→121.9 20 157.8→78 15 2.45 

MW-molecular weight; tR-retention time; CV-cone voltage; CE-collision energy; a- area of quantification 

ion/area of qualitative ion. 
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Table 2 Accuracy (recovery, %) and precision (RSD, %) for the targeted compounds in urine 

at three spiked levels. 

 

Compound 

Spiked level(ng/mL) 

1 10 100 

Recovery RSDa RSDb Recovery RSDa RSDb Recovery RSDa RSDb 

（%） （%） （%） （%） （%） （%） （%） （%） （%） 

imidacloprid1 94.9 5.9 8.0 89.6 7.3 7.2 78.3 4.9 5.7 

6-CNA1 109.8 3.8 3.4 98.1 3.0 3.5 90.3 2.9 2.7 

imidacloprid/D4

-imidacloprid2 

105.6 2.6 7.5 90.9 2.7 5.0 99.8 4.1 5.3 

6-CNA/D4-imid

acloprid2 

110.6 2.3 2.6 93.9 2.7 3.4 105.2 2.7 5.7 

 

1 (external standard)Recovery=native analyte response from extract/native analyte response from standard

ⅹ100%  

2(internal standard)Recovery= (native analyte response from extract)/(IS response from extract)      

(native analyte response from standard)/(IS response from standard)
ⅹ100% 

 

  

RSD, the relative standard deviations.  
a   Intra-day (n=5). 
b  Inter-day (n=15). 
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Table 3 Imidacloprid Absorbed Daily Dose (ADD) estimated from urinary 6-CNA. 

Number Before pesticide spraying After pesticide spraying 

 Urinary 6-CNA 

(μg/g 

creatinine) 

ADDmin 

(μg 

kg-1d-1) 

ADDmax 

(μg kg-1d-1) 

Urinary 

6-CNA (μg/g 

creatinine) 

ADDmin 

(μg kg-1d-1) 

ADDmax 

(μg kg-1d-1) 

A1 1.98 19.60 32.14 8.18 80.89 132.68 

A2 2.33 26.17 42.92 4.13 46.44 76.18 

A3 1.67 18.30 30.02 5.32 58.35 95.71 

A4 0.69 7.30 11.98 3.29 34.81 57.09 

A5 1.81 19.97 32.76 6.97 76.96 126.23 

A6 0.96 11.40 18.70 2.88 34.11 55.95 

A7 1.46 17.45 28.61 12.64 151.23 248.05 

A8 3.65 37.59 61.66 10.10 104.03 170.64 

A9 1.41 16.87 27.68 6.38 76.32 125.18 

A10 2.47 24.19 39.68 8.99 88.21 144.69 

A11 2.21 17.04 27.95 16.06 123.70 202.90 

A12 2.07 22.21 36.43 6.79 72.73 119.30 

A13 2.79 30.02 49.23 7.74 83.28 136.60 

A14 0.06 0.52 0.85 8.98 72.99 119.73 

A15 1.48 12.09 19.83 9.04 73.93 121.26 

A16 1.36 11.62 19.06 6.60 56.41 92.52 

A17 2.05 15.82 25.94 2.98 22.94 37.62 

A18 3.08 25.58 41.95 6.38 52.96 86.87 

A19 2.11 16.30 26.74 15.92 122.76 201.35 

A20 1.19 11.49 18.85 5.94 57.46 94.24 

A21 0.74 8.25 13.52 4.23 47.43 77.79 

A22 0.73 7.96 13.05 4.74 51.35 84.22 

A23 1.59 17.28 28.35 2.30 25.03 41.05 

A24 0.98 9.50 15.59 1.78 17.31 28.39 

A25 1.50 17.07 28.01 10.56 120.51 197.66 

A26 2.65 28.96 47.51 4.34 47.47 77.86 

A27 1.98 14.63 24.00 7.37 54.57 89.50 

A28 1.87 20.86 34.21 3.92 43.72 71.71 

A29 1.29 14.75 24.19 3.68 42.16 69.15 

A30 2.00 21.53 35.31 4.43 47.73 78.28 

A31 1.71 18.95 31.09 4.12 45.64 74.86 

A32 0.96 9.21 15.11 4.33 41.67 68.35 

A33 2.45 26.29 43.12 4.20 45.03 73.86 

A34 1.49 15.83 25.97 4.59 48.70 79.88 

A35 1.59 13.38 21.95 2.14 18.01 29.53 

A36 0.93 9.87 16.18 3.28 34.88 57.21 

A37 1.24 14.48 23.74 0.66 7.65 12.56 

A38 0.82 8.47 13.90 1.19 12.35 20.25 
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A39 0.75 8.70 14.28 9.73 112.88 185.15 

A40 1.15 10.94 17.95 2.05 19.53 32.03 

A41 0.72 8.08 13.25 3.74 41.92 68.76 

A42 0.97 10.12 16.60 4.31 44.93 73.70 

A43 1.03 8.34 13.67 3.34 27.08 44.42 

ADDmax was estimated maximal value for ADD; 

ADDmin was estimated minimal value for ADD.ADD was calculated in Eq. (1) and (2) as described in

“Absorbed Daily Dose Estimation”. 
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Table 4 Hazard Quotient of imidacloprid exposure after pesticide application. 

 Hazard Quotienta Hazard Quotientb 

Guideline Minimum 25th 50th 75th Maximum Minimum 25th 50th 75th Maximum 

60 μg/kg/d 

(ADI, 

WHO/FAO) 

0.13 0.58 0.80 1.27 2.52 0.21 0.95 1.30 2.09 4.13 

400 μg/kg/d 

(ARfD, 

WHO/FAO) 

0.02 0.087 0.12 0.19 0.38 0.03 0.14 0.20 0.31 0.62 

Hazard Quotient (HQ)=ADD/Guideline dose. 

a HQ was calculated according to the values of ADDminimum in Table 4; 

b HQ was calculated according to the values of ADDmaximum in Table 4. 
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Highlights 

Optimization was conducted for imidacloprid and 6-CNA in urine using IS calibration    

Imidacloprid and 6-CNA was detected in 100% of urine samples from rural applicators 

Urinary concentration of imidacloprid increased significantly after spraying event 

The ADD range estimation was firstly reported for imidacloprid 
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