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Abstract

Owing to the excessive use of pesticides in greenhouses, soils and vegetables herein are more heavily contaminated than
those in non-facility cultivation. Based on a developed QUEChERS (quick, easy, cheap, effective, rugged, and safe)
method, four methods of sample pretreatment were compared for the monitoring of six pesticides (bifenthrin, chlorfenapyr,
lambda-cyhalothrin, pyridaben, pyrimethanil, and pyriproxyfen) commonly used in greenhouses of Hubei Province. Using
different extraction strategies and purification methods with different solid phases and eluent mixtures, an optimised
method for residual analysis in soil and plant samples via gas chromatography—mass spectrometry was determined. The
detection limits of the method for the six pesticides ranged from 0.1 to 0.8 pg/kg in three spiked matrixes and average
recovery rates of 80.6—118.3% were achieved for single target pesticides at spiked concentrations of 0.1, 1.0, and 10 mg/kg
with standard deviations of 2.4-8.4%. Health risk assessment was conducted through the analysis of greenhouse soil and
vegetable samples at Pengdun, a typical agricultural greenhouse facility in Jingmen, Hubei Province, central China. Based
on the quantification of the six target compounds in four vegetable types, only pyriproxyfen in tomato exceeded the
Canadian and WHO/FAO maximum residue limits. No chronic, acute, non-carcinogenic, or carcinogenic health risks to
farmers working in the greenhouses or consumers of the vegetables were observed for all age groups in the study area.
Residual results showed that pyridaben is the most often quantified pesticide in all greenhouses of the study area. Pesticide
combinations, including bifenthrin, chlorfenapyr, and pyridaben, were similar for cucumbers and eggplants. Nevertheless,
simultaneous detection of multiple contaminants and health risk assessment are required because combined contamination
may lead to much higher toxicity to both workers and consumers with the emergence of pesticide resistance and the
development of new pesticide products. The quantification limits of the developed method for the simultaneous analysis of
the six target pesticides showed high reliability, accuracy, effectiveness, and applicability.

Keywords Carcinogenesis - Combined contamination - Greenhouse vegetables - Residual risk - Solid-phase
microextraction

1 Introduction

Pesticides are often composed of heterogeneous chemical
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productivity (Cayir et al. 2019). Biological control is a
more sustainable option but the incidence of pests and
diseases in greenhouses is very high under particular cli-
matic conditions and high crop densities, making chemical
control more feasible for growing high-quality agricultural
products (Rincén et al. 2018). However, foliar-sprayed
pesticides can adhere to the leaves of target plants or
infiltrate the soil and accumulate in vegetables via soil and/
or foliar absorption and therefore lead to concerns about
food safety (Razzaghi et al. 2018). The current Chinese
annual usage of pesticides in agriculture is 1.75 million
tonnes and the quantity of pesticides used per hectare is 2.5
times the world average (Sun et al. 2016). Given the dis-
advantageous conventional pesticide formulation, more
than 90% of pesticides are released into the environment
and reside in agricultural products (Zhao et al. 2017). In
2015, new control measures of pollution from non-point
agricultural sources were introduced in China to reduce the
application rates of pesticides (Guo and Wang 2018). The
contamination levels, distribution, and risk evaluation of
organochlorine pesticides have been of concern to the
public for many years (Tang et al. 2015; Fang et al. 2017),
but the application strategies and risks of common pesti-
cides used in greenhouses still need more attention. A
policy banning highly toxic and restricting conventional
pesticide use was implemented at the start of the year 2000;
however, pesticide toxicity incidents are still reported,
especially in intensive greenhouse systems (Li et al. 2018).
Residual pesticides are known carcinogens and toxins, and
monitoring of residual pesticide levels is important to
ensure the maintenance of food safety and good agricul-
tural practices (Saidi et al. 2017).

Based on sales data collected in Jingmen and our pre-
liminary experiment, the following six pesticides, bifen-
thrin, chlorfenapyr, lambda-cyhalothrin, pyridaben,
pyrimethanil, and pyriproxyfen, were selected as the tar-
gets for greenhouses in this area. Bifenthrin kills a broad
spectrum of foliar pests in aubergine (eggplant), tomato,
and other vegetables (Gupta et al. 2008). The application of
bifenthrin has been supported by the Chinese government
since 2002 as a substitute for more toxic compounds such
as carbofuran, phorate, and isofenphos-methyl (MOA
China 2007). Chlorfenapyr is a long-lasting insecticidal net
that was recently recommended by the WHO Pesticide
Evaluation Scheme, and it is applied to vegetables such as
Chinese cabbage, pak choi, and cauliflower in China (Ca-
mara et al. 2018). Acting on the insect nervous system,
lambda-cyhalothrin is especially used in tomato cultivation
(Mathirajan et al. 2000). Pyridaben has been used effec-
tively against several groups of phytophagous mites and
piercing-sucking insect pests on vegetables and fruits (Inak
et al. 2019). Pyrimethanil is very efficient against resistant
fungal strains and has therefore been used extensively for
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pre- and post-harvest protection of crops such as apple,
banana, carrot, citrus, grape, melon, onion, potato, straw-
berry, and tomato (Aradjo et al. 2014). It was in the rec-
ommended list of highly effective and low-toxicity
pesticides of the Ministry of Agriculture of the People’s
Republic of China in 2017. Pyriproxyfen is an insect
growth regulator with juvenile hormone analogue proper-
ties against a range of arthropods, and it has been in use
since its introduction to the agrochemical market in the
early 1990s (Sihuincha et al. 2005). The application of
these six pesticides in conjunction with each other in many
large greenhouse facilities may lead to multiple sources of
residues and combined contamination problems in both the
environment and vegetables. However, thus far, most
studies have focused on individual qualitative source
identification but less on health risks (Ren et al. 2019). In
this context, the method described as quick, easy, cheap,
effective, rugged, and safe (QUEChERS) has the advan-
tages of excellent capacities of recovery, enrichment and
extraction of the analyte of interest compared with tradi-
tional methods (Shahrbabki et al. 2018; Zainudin and
Salleh 2017). Although a few studies have focused on the
determination of individual target pesticides in the soil or
in vegetable plants (Sun et al. 2016; Chen et al. 2010;
Lozowicka et al. 2015; Du et al. 2018), and some used the
QuEChERS method combined with gas chromatography,
no attempt has been made to determine the levels of these
six hazardous compounds simultaneously (Chen et al.
2017; Kurz et al. 2018).

Pengdun Wisdom Agriculture Company is the largest
comprehensive agricultural production unit in Jingmen
city, Hubei Province, China. It has 0.27 km? of veg-
etable production greenhouses that are engaged mainly in
off-season and for cultivating specialty vegetables such as
chilis and tomatoes. Their most famous business feature is
that they offer city people the chance to pick their own
vegetables during sightseeing and to experience farm life.
They declare that their produced vegetables do not contain
any pesticides residue and that the vegetables, including
cucumbers, tomatoes, and so on, can be picked and eaten
directly. Aiming at proving the safety of the vegetables,
they developed and achieved an accurate and reliable
method for analysis, which is used in the present study
focused on the optimisation of extraction, purification, and
simultaneous analysis of the six target pesticides (bifen-
thrin, chlorfenapyr, lambda-cyhalothrin, pyridaben, pyr-
imethanil and pyriproxyfen) in soil and vegetable samples
in conjunction with commonly equipped gas chromatog-
raphy—mass spectrometry (GC-MS). Based on the modi-
fied QuEChERS method, the optimised method for
pretreatment was screened by the comparison of four
methods. The instrument test condition was also optimised
before real vegetable and soil samples from the study area
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were analysed. Contamination by the six target pesticides
in the study area (Jingmen) was determined and health risk
assessment based on the determined pesticide levels was
conducted to verify the safety of working in the agricultural
production areas and consuming the vegetables.

2 Materials and methods
2.1 Sampling collection

Blank soil and greenhouse soil and vegetable samples were
collected on 8 March 2019. Blank soils were collected
from non-planted field soil outside the greenhouses inves-
tigated that were not sprayed with pesticides. The vegeta-
bles not subjected to pesticides (hereafter termed blank
vegetables), chili, the prior chosen vegetable blank due to
short growth cycle and its representativeness, were planted
in pots in quintuplicate on the blank soils in the laboratory
without pesticides throughout the growth period. All the
contaminated soil (16, 0-15 cm depth) and vegetable (16
foliar and 16 vegetable fruit) samples were from 16
greenhouses out of a total of 74 greenhouses (4/16 for chili,
4/22 for cucumber, 4/12 for eggplant and 4/24 for tomato).
Each of the 48 samples was collected as a composite of five
individual samples in a quincunx pattern from the 16
greenhouses screened, giving a total 240 samples for
analysis.

Soils were collected using a soil corer. The veg-
etable leaf and fruit samples were selected and cut ran-
domly from non-adjacent and non-marginal plants and
analysed separately in triplicate. Vegetable samples were
frozen for 68 h before freeze-drying in a Free Zone 2.5-L
Freeze Dry System (Labconco Corporation, Kansas City,
MO). Contaminated soil samples were freeze-dried after
freezing before determination after transfer to the labora-
tory in linen sampling bags. The pH value, electrical con-
ductivity (EC), organic matter content (SOM), and
mechanical properties of the contaminated soils were
determined following the methods of Lu (1999) and are
listed in Table S1. Blank soils were used directly in pot
experiments for chili cultivation after adjustment of the soil
water content to ~ 60% of the maximum water-holding
capacity. Chili seeds were obtained from local farmers.
Before sowing, the seeds were surface sterilised by
immersion in 10% (v/v) sodium hypochlorite solution for
15 min, rinsing three times with deionised water, and
soaking in deionised water overnight. Forty days after
sowing (28 March to 7 May, 2019) at 28 &£ 0.2 °C under a
light regime of 12-h days (4500 1x) with an air humidity of
80%, chili fruits and leaves were harvested and freeze-
dried before use as blank.

2.2 Reagents and standard solutions

Certified standards of the six target pesticides bifenthrin
(99.7%), chlorfenapyr (99.5%), lambda-cyhalothrin
(99.8%), pyridaben (99.5%), pyrimethanil (99.8%) and
pyriproxyfen (99.5%) and the internal standard (IS)
chlorpyrifos D10 (99.5%) (Fig. 1) were purchased from Dr
Ehrenstorfer (Augsburg, Germany). Acetone, acetonitrile,
dichloromethane, hexane, toluene, and other solvents were
of chromatographic grade and were purchased from Tedia
Company (Fairfield, OH). Primary secondary amine (PSA)
and graphitised carbon black (GCB) were obtained from
Bonna-Agela Technologies, Inc. (Newark, DE). Anhydrous
sodium sulfate, sodium chloride, anhydrous magnesium
sulfate, and other reagents of analytical grade were pur-
chased from the National Pharmaceutical Group Chemical
Reagent Co., Ltd., Shanghai, China.

Standard stock solutions of the individual target pesti-
cides and the internal standard were prepared in hexane at a
concentration of 1000 pg/mL and stored at — 20 °C before
use. Calibration curves were constructed by diluting stock
standard solutions with hexane before use. Stock standard
solutions were stored at — 20 °C for less than one month.
A chromatogram of a mixture of the six pesticides and the
internal standard solution at 1000 pg/L each, soil blank
matrix, and cucumber leaf sample are shown in Fig. S1 a,
b, and c, respectively.

2.3 Instruments

For sample pretreatment the following instruments were
used: Free Zone 2.5-Litre Freeze Dry System (Labconco
Corporation, Kansas City, MO), constant temperature cul-
ture shaker XY-ZDP-200 (Xin Yi Instruments and Meters
Co., Ltd., Shanghai, China), vortex mixer VORTEX 4
(Brave Construction Development Co., Ltd., Shanghai,
China), rotary evaporator R-215 with a vacuum controller
V8-50 and a vacuum pump V-700 (Biichi Labortechnik
AG, Flawil, Switzerland), tabletop high-speed micro cen-
trifuge CT15RE (Hitachi Koki Co., Ltd., Tokyo, Japan),
and a solid phase extraction (SPE) instrument LC-CQ-12F
(Lichen Instrument Technology Co., Ltd., Shanghai,
China).

2.4 Comparison of sample pretreatment
methods

For the analysis of the six target pesticides in both soil and
vegetable samples, extraction, purification, enrichment,
and determination were performed. Procedures used in
previous investigations (Goncalves et al. 2005; Mukherjee
et al. 2007) were modified and four methods were
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Fig. 1 Chemical structures of six target pesticides and the internal standard (chlorpyrifos D10)

compared using different extraction solvents, extraction
techniques (dispersive solid-phase extraction and liquid—
liquid partition extraction), purification methods with dif-
ferent solid phases (anhydrous magnesium sulfate, PSA,

(acetonitrile:toluene and hexane:acetone) (Fig. 2). The
spiked concentrations of the six target pesticides and the
internal standard in both soil and vegetable samples were
1000 pg/kg with blank samples, respectively for four
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Fig. 2 Procedures of four pretreatment methods for six target pesticides. PSA, primary secondary amine; GCB, graphitised carbon black; A:T,

acetonitrile: toluene mixture; H:A, hexane:acetone mixture
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(SDs) of bifenthrin, chlorfenapyr, lambda-cyhalothrin,
pyridaben, pyrimethanil, and pyriproxyfen were used to
identify the best of the four methods. Real samples were
treated with the developed optimised method (Method 3).

Details for four methods are presented in Fig. 2. Five
grams of freeze-dried, ground and sieved (60 mesh) soil or
vegetable samples were weighed into a 250-mL flask,
mixed with 100 mL of acetonitrile and 4 g of sodium
chloride on a constant temperature culture shaker for 1 h
for extraction (25 °C) for Methods 1, 2, and 3. After vortex
mixing for 1 min, the extractions were centrifuged at
3800 rpm for 5 min (25 °C). For Method 1, SPE columns
filled with 150 mg anhydrous magnesium sulfate, 40 mg
PSA, and 30 mg GCB were prepared before the addition of
supernatant extractions (1 mL/min). Then, the elution was
centrifuged at 3800 rpm for 5 min (25 °C) and filtered
through a 0.22 pm microfiltration membrane before
determination via GC-MS. For Methods 2 and 3, the entire
supernatant was evaporated to dryness in a round-bottom
flask under vacuum on a rotary evaporator in a water bath
at 40 °C before different strategies were applied for SPE.
The filling materials in Method 2 were the same as those in
Method 1, but the column was pre-washed with 2 mL of an
acetonitrile:toluene mixture (3:1 v:v), and the dried sample
was dissolved in 1 mL of the mixture. Finally, 5 mL of the
acetonitrile:toluene mixture (3:1 v:v) was added for elu-
tion. All the collected liquid was dried under gentle
nitrogen stream in a water bath at 40 °C and then dissolved
in 1 mL of hexane before determination via GC-MS. For
Method 3, 1 mL of hexane was added to dissolve the
residual target compounds before SPE. In the clean-up
step, 1 mL of the extract was passed through a florisil
column preconditioned with 5 mL hexane and 5 mL hex-
ane:acetone (3:1 v:v). After the addition of the extract,
5 mL of hexane:acetone (3:1 v:v) was added for elution.
The eluate was condensed to dryness under gentle nitrogen
stream as described above. The extract was dissolved in
1 mL of hexane:acetone (3:1 v:v) and transferred to vials
for GC-MS analysis. For Method 4, 5 g of grounded
sample was weighted into a 25-mL glass tube and mixed
with 10 mL of 1% acetic acid in an acetonitrile solution,
before vortex mixing for 1 min and centrifuging for 5 min
at 3000 rpm under 20 °C. The extraction was dried under
gentle nitrogen stream as described earlier and then dis-
solved in 1 mL of hexane before SPE following the same
procedure as Method 3. Each sample was prepared and
analysed in triplicate.

2.5 Instrument and determination parameters
An Agilent 7890BGC-5977A MSD gas chromatograph-

mass spectrometer (Agilent Technologies, Santa Clara,
CA) with a Chemstation workstation was used. The MS

operating parameters were as follows: ionisation under
electron impact (EI) mode at 230 °C with detector voltage
at 1.012 kV and transfer line at 280 °C. A DB-5 (5%
phenyl-95% polydimethylsiloxane; 30 m x 0.25 mm,
0.25 um ID) fused silica capillary column from J&W
Scientific, Inc. (Folsom, CA) with helium (pu-
rity > 99.999%) as carrier gas at 1.5 mL/min was used to
separate the compounds. The injector temperature was set
at 250 °C with a volume of 1 pL in the split-less mode, and
non-pulse injection. The GC oven temperature was pro-
grammed as follows: initial temperature of 140 °C held for
1 min, increased at a rate of 15 °C/min to 200 °C, held for
1 min, then heated at a rate of 8 °C/min to 240 °C, then
held for 1 min, then increased at a rate of 8 °C/min to
280 °C, then held for 2 min. Post-run was at 290 °C for
1 min. The selected ion monitoring (SIM) mode was used
and the characteristic ions are listed in Table S2.

2.6 Quality assurance and quality control (QA/
QQ)

Chili cultivated in blank soil and blank soil were used after
freeze-drying for QA/QC confirmation of the optimised
pretreatment method and instrumental measurement pro-
cedure. Soils and vegetable samples collected from
greenhouses were also analysed.

Standard mixture solutions of the six target compounds
(bifenthrin, chlorfenapyr, lambda-cyhalothrin, pyridaben,
pyrimethanil, and pyriproxyfen) at seven different con-
centrations (20, 50, 100, 200, 500, 1000 and 2000 pg/L)
and the internal standard chlorpyrifos D10 (at 1000 pg/L)
dissolved in hexane were used to build calibration curve
equations (Table S2) and test for linearity. Samples with
concentrations higher than 2000 pg/L were linearly diluted
before analysis for accuracy. The six pesticides were
quantified using the daily calculated response factor of the
internal standard. The relative standard deviations (RSD)
of the relative response factors (RRF) of each target pes-
ticide based on the internal standard at different concen-
trations must be < 25% (Table S2).

The instrumental detection limit (IDL) is defined as the
quantity corresponding to 3 times the instrument back-
ground signal generated by the substrate blank, while the
instrumental quantification limit (IQL) is defined as quan-
tity corresponding to 10 times the instrument background
signal generated by the substrate blank (USEPA 2000).
IDLs and IQLs for individual pesticides were calculated as
follows:

IDL =30 x N/I (1)
I0L = 10Q x N/I (2)
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where Q is the lowest concentration of standard solution to
develop the calibration curve, 20 pg/L; and N/I is the noise
to signal ratio of the instrument; IDLs and IQLs of the six
target pesticides are listed in Table S3.

At the spiked concentrations of 5 times the calculated
IQL values (Ma et al. 2013), three matrixes (blank soil,
blank chili leaf and chili fruits) were spiked and analysed in
septuplicate to calculate the practical detection limits of
method (MDL) and the practical quantification limits of
method (MQL) of the six target pesticides as follows:

MDL = § X t(n_1,0.99) (3)
MOQL =3 x MDL (4)

where S is the standard deviation (SD) of the three blank
matrixes at the three spiked concentrations, n = 1 degree of
freedom; 0.99 is the confidence interval of 99%. MDLs,
MQLs, and recovery rates are presented in Table S3.

Matrix blanks (blank soil, chili and chili leaves) were
determined and the level of residual target pesticides were
all below the IDLs. The recovery rates at gradient con-
centrations of 0.1, 1.0, and 10 mg/kg for each of the six
target pesticides were conducted to ensure accuracy of the
method (Table S3). Determined concentrations higher than
10 mg/kg were diluted to less than 10 mg/kg. During the
analysis of every 24 samples, two whole procedure blanks
(reagent blanks) and two matrix blanks were analysed and
the QA/QC of sample recovery and SD of parallel samples
are reported. Instrument analysis of three injections of
standard solutions consisting of the six target pesticides
and the internal standard at 1000 pg/L was also performed
daily to ensure QA/QC.

2.7 Risk assessment

The concentrations of the six target pesticides determined
in the edible fruit of vegetable samples collected, i.e. chili,
cucumber, eggplant, and tomato, were compared with the
maximum residue limits (MRLs) of the target compounds
(listed in Table 1) from different countries or international
organisations.

Health risks have been evaluated by numerous methods
but risk to human health is most commonly computed in
terms of target hazard quotients (HQs) (Schleier et al.
2008; Islam et al. 2015). Dietary exposure evaluation is a
relevant criterion for risk assessment. Exposure is not the
same because of different levels of contamination and
dietary habits in various parts of the world (Ramirez-
Bustos et al. 2019; USEPA 2003). Based on the accept-
able daily intake reference dose (ADI) and acute reference
dose (ARfD) values derived by the World Health Organi-
zation (WHO) in the context of the Food and Agriculture
Organization of the United Nations (FAO)/WHO Joint
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Meeting on Pesticide Residues (JMPR) (2018) and the
European Food Safety Authority (EFSA) (2019), health
risk assessment was performed by comparing the deter-
mined residue concentrations of the target pesticides and
the established values. Residue levels greater than the
MQL were considered as MQL values in the calculation.

2.7.1 Short-term (acute) health risks

The short-term/acute consumer health risk was calculated
based on the Pesticide Residue Intake Model- EFSA
PRIMo revision 3.1 calculation model (2019), National
estimated short-term intake (NESTI), and ARfD. Relevant
formulas for acute intake risk assessment are as follows
(FAO 2016). Pesticide residual concentrations were below
their MQLs for chili and cucumber, and thus only eggplant
and tomato were taken into account of this assessment. For
food products with a Ugac (Unit weight of raw agricultural
commodity) greater than 25 g, where the meal sized por-
tion is < Ugp, the acute intake risk of pesticide residues
could be calculated as follows:

Uy X HR X v
BW x ARfD

NESTI
ARD

where U, is Unit weight of edible portion, which is
0.268 kg for eggplants and 0.1206 kg for tomatoes
(GEMS/food 2015); HR is the highest residue according to
residue definition for enforcement in composite sample
(mg/kg), which is 0.276 mg/kg for eggplants and
0.919 mg/kg for tomatoes; v is the variability factor of
individual vegetables, which is usually 3 (Lin et al. 2019);
LP is large portion reported (kg/day) (97.5th percentile of
eaters), which is 0.3379 for young children (0-6 years old)
and 0.4489 for older children and adults (7-70 years old)
for eggplants, 0.2793 for young children and 0.4576 for
older children and adults for tomatoes (GEMS/food 2015);
BW means body weight for the subgroup of the population
related to LP or mean consumption (kg). BW is 24.5 kg for
the 0-6 age group and 61.75 kg for the 7-70 age group in
China (Ma et al. 2019). %ARfD is the acute intake risk of
pesticide residues and ARfD is the acute reference dose
(mg/kg BW). When NESTI is less than ARfD, the acute
risk is considered acceptable, and when the NESTI exceeds
ARTD, the acute risk is considered unacceptable.

%ARfD = x 100% = x 100%  (5)

2.7.2 Long-term (chronic) health risks

The chronic/long-term consumer health risk was calculated
based on the International Estimated Daily Intake (IEDI)
and ADI. The relevant formulas for chronic intake risk
assessment are as follows.
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" STMR; x MC;
IEDI = _— 6
IEDI
ADI = 1 7
% X 100% (7)

where STMR,; is the Supervised Trials Median Residue for
RAC concerned (mg/kg); MC; is the mean consumption for a
given RAC calculated for the whole survey/subgroup of the
survey, including processed products (recalculated to the
unprocessed RAC) (kg/day), which is 0.0343 kg/day for
young children (0-6 years old) and 0.0382 kg/day for older
children and adults (7-70 years old) for eggplants, and
0.1628 kg/day for young children and 0.2843 kg/day for
older children and adults for tomatoes (GEMS/food 2015).

2.7.3 Carcinogenic risks

Carcinogenicity is a chronic effect from long-term expo-
sure. Acute exposure leads to adverse effects from a single
high dose (e.g. neurotox). In principle, genotoxic modes of
actions may also cause cancer after a single dose, but it is
still assessed in terms of life-time risk. Therefore, the
chronic toxicity effect should be compared to the chronic
exposure. In this study, cancer risk was assessed using the
same exposure estimates as discussed in Unit IV.B.L.ii., i.e.
chronic exposure.

2.7.4 Non-carcinogenic risks

Non-carcinogenic risks of the six target pesticides were
evaluated according to the risk assessment guidelines rec-
ommended by EPA following the description of Ma et al.
(2019) The hazard index (HI) value was used to quantify
the non-carcinogenic risk posed by the six pesticides. An
HI < 1 indicates no significant risk of non-carcinogenic
effects and an HI > 1 indicates that non-carcinogenic
effects may occur (IARC 2018). Vegetable intake, soil
ingestion, dermal absorption, and inhalation were calcu-
lated as follows. Dermal absorption, inhalation, and prob-
ably soil ingestion are relevant to workers in the
greenhouse, but not consumers, who buy foods.

Chegetable X IRF X EF X ED x CF

Htniate = BW x AT x RfD ®)
HOmgesion — C,oit X IRS X EF x ED x CF (9)
BW x AT x RfD
HOuormat = Csoit X SA X AF X ABS X EF x ED x CF
' BW x AT x RfD
(10)
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C,pit X EF x ED x 1000

HO: — 11
Qintae PEF x AT x RfD (11)

HI = Z (HQintake + HQingexlion + HQdermal + HQinhale)
i—6

= Z (HQimake + HQsoil)
i=6

(12)

where Cyegeranie 18 the average pesticide concentration in
vegetable fruits (ng/kg); IRF is the (non-leafy) daily veg-
etable intake rate, which is 0.125 for young children and
0.054 for older children and adults [g dry weight (kg
BW/day)]; Cs.; is the pesticide concentration in soil sam-
ples (mg/kg DW); IRS is the soil ingestion rate (mg/d),
which is 200 mg/d for young children and 100 mg/d for
older children and adults; EF is the exposure frequency of
each year, which is working days in one year (334/3 d for
young children and 334 d for older children and adults) (d/
a); ED is the exposure duration, which is the number of
years of greenhouse exposure (a); CF is a conversion factor
(107° kg/mg); AT is the average time of life, which is
365 x ED for HQ calculation (d); SA is the soil surface
area, which was 5700 (cmz/d); AF is the soil adherence
factor, which was 0.07 (mg/cm); ABS is the fraction of
contaminant absorbed dermally from the soil, which was
0.1; PEF is the particle emission factor, which was
1.36 x 10° (m’/kg) (Ma et al. 2019). The values of HQ
were calculated individually, and the sums of the HQ were
calculated for the HI to estimate total risk of multiple
pesticides (USEPA 2000). When the HI value is less than
1, there are no non-carcinogenic effects to the target pop-
ulation, but when the HI is higher than 1, non-carcinogenic
effects are considered to exist (USEPA 2001).

2.8 Statistical analysis

All data were processed with Microsoft Excel 2013 and the
Origin 2017 software package. Pesticide concentrations are
listed as the average values (quintuplicate in each green-
house) =+ the standard deviations (SD) of quintuplicates for
that particular greenhouse.

3 Results and discussion
3.1 Optimisation of pretreatment methods

QuEChERS has been well established for the simultaneous
analysis of multiple pesticides up to several hundred in
number. However, the recovery rate of each analyte is
usually not that satisfactory. Recovery rates approaching
100% could promise a better accuracy. To obtain the most
accurate results, recovery rates of the modified QUEChERS
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method were compared in this study. The compared
recovery rates of the four pretreatment methods in blank
soil and chili fruits at 1000 pg/kg are shown in Fig. 3. For
soil samples (Fig. 3a), the recovery rates of six target

compounds ranged from about 93.1% £ 2.0% to
98.9% + 1.7% for bifenthrin; 90.8% £ 1.3% to
95.5% £+ 2.1% for chlorfenapyr; 96.7% + 2.0% to

99.8% =+ 3.3% for lambda-cyhalothrin; 83.6% + 2.8% to
95.8% £ 1.4% for pyridaben; 90.5% £+ 2.8% to
98.2% £ 1.6% for pyrimethanil; and 92.6% =+ 3.2% to
99.6% + 4.3% for pyriproxyfen. For plant samples
(Fig. 3b), the recovery rates of the six target compounds

a # Bifenthrin & Chlorfenapyr
110

# Lambda-cyhalothrin

ranged from about 93.2% =4 2.0% to 97.7% + 2.1% for
bifenthrin; 91.8% + 2.1% to 95.6% =+ 2.0% for chlorfe-
napyr; 95.5% =+ 2.6% to 98.2% =+ 2.0% for lambda-cy-
halothrin; 81.9% =+ 3.3% to 92.1% =+ 3.1% for pyridaben;
88.3% £ 3.2% to 93.6% =+ 2.1% for pyrimethanil; and
90.5% £+ 3.0% to 94.8% + 2.2% for pyriproxyfen. In
terms of the different methods, the recovery rates of the six

target compounds in soils ranged from about
83.6% £2.8% to 99.6% + 43% for Method 1;
88.1% £ 2.7% to 96.7% £ 2.0% for Method 2;

94.1% + 1.3% to 989% + 1.7% for Method 3; and
86.2% =+ 3.2% to 99.8% =+ 3.3% for Method 4 (Fig. 3a).

Pyridaben % Pyrimethanil & Pyriproxyfen

100

Recovery rate in soil (%)
\O
o

o ]
S

70 - - :
Method 1 Method 2 Method 3 Method 4
b i Bifenthrin % Chlorfenapyr @ Lambda-cyhalothrin = Pyridaben & Pyrimethanil # Pyriproxyfen
110
100

90

Recovery rate in chili (%)

80

70

Method 1

Method 2

Fig. 3 Comparison of recovery rates using four pretreatment methods

Method 3 Method 4
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The recovery rates of the six target compounds in plants
ranged from about 81.9% =+ 3.3% to 95.5% =+ 2.6% for
Method 1; 88.3% =+ 3.2% to 95.9% =+ 2.3% for Method 2;
92.1% £+ 2.0% to 98.2% + 2.0% for Method 3; and
83.5% =+ 3.8% to 96.9% =+ 4.0% for Method 4 (Fig. 3b).

In general, the average recovery rates of the six target
pesticides were more stable and closer to 100% in Method
3. The recovery rates ranged from about 94-99% with
SDs < 2% (Fig. 3a). Method 2 was also acceptable with
recovery rates of 88—97% and SDs < 3%. Methods 1 and 4
were less satisfactory. Figure 3b shows that Method 3 also
gave better recovery rates near 100% and smaller SDs,
< 2.5% compared with the other three methods. Thus,
Method 3 was selected as the optimised pretreatment
method and used in the following QA/QC procedures.

Methods 1 and 2 differed in the processes of column
pre-washing, sample loading, and elution. The results of
recovery rates indicated that Method 2 with more compli-
cated washing steps achieved better results. Methods 3 and
4 differed in the extraction process, with the original
QuEChERS used in Method 4 and modified QuEChERS in
Method 3. After the modification of the extraction step, the
total recovery rates became more satisfactory, which
proved the success of the modification for target compound
detection in both soil and plant samples. As a result,
Method 3 was selected as the optimised method for sample
pretreatment.

3.2 QA/QC comparison of the optimised method

Calibration equations of the six individual target pesticides
based on the internal standard chlorpyrifos D10 at standard
mixture solutions of the seven concentrations (20, 50, 100,
200, 500, 1000, and 2000 pg/L) are presented in Table S2.
The correlation coefficients (R2) were all > 0.996. Over-
all, the calculated MDLs of the individual pesticides in the
three blank matrixes ranged from 0.1 to 0.8 pg/kg
(Table S3)—0.1 to 0.2 pg/kg for blank soil and 0.2 to
0.8 pg/kg for chili leaves and chili fruits. All the blank
soils and blank vegetables were spiked at three concen-
trations of the target pesticide mixture at 100, 1000, and
10,000 pg/kg. The average recovery rates of the six target
compounds were between 80.6 and 118.3% with SD values
between 2.4 and 8.4%. Soil matrix and vegetable matrix
samples were both carefully collected or planted to min-
imise any background contamination of the six target
pesticides. With Method 3 (and all the other three meth-
ods), none of the six pesticides was detected in the matrix
soils or vegetables (Table S3), verifying the reliability of
spike matrixes.

Previous studies often applied QuEChERS to validate
multiresidue analysis of pesticides. For example, residues
of 20 pesticides, such as bifenthrin, lambda-cyhalothrin,
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and pyriproxyfen, in commercialised maize flour samples
were investigated (Milhome et al. 2019). The LOQs of the
three common target pesticides were 0.0016, 0.0165 and
0.0016, respectively, whereas the MQLs in our study were
0.0005-0.0017, 0.0002-0.0024, and 0.0003-0.0017 for soil
and vegetable matrixes, respectively. Compared with the
recovery rates at 0.1 mg/kg, which were 97.2%, 77.3%,
and 119.1% for bifenthrin, lambda-cyhalothrin, and
pyriproxyfen, respectively, the recovery rates were
80.6-108.3%, 82.2-117.4%, and 82.7-116.7%, respec-
tively, in our study. The optimised method presented better
recovery rates and lower MQLs. Badawy et al. (2020)
extracted and cleaned abamectin, chlorfenapyr, and
pyridaben in pods of green beans (Phaseolus vulgaris L.)
using QUEChERS and analysed them via HPLC. The LOD
and LOQ of chlorfenapyr and pyridaben determined via
HPLC were 0.0022 and 0.0072, and 0.0089 and 0.0296 mg/
L, respectively, whereas the values determined via GC-MS
in our study were 0.0002 and 0.0004, and 0.0005 and
0.0008, respectively. Secondly, the recovery rates at 1 mg/
kg (85.54 £ 2.47 for chlorfenapyr and 84.66 £+ 1.78 for
pyridaben) and 10 mg/kg (91.39 £ 1.64 for chlorfenapyr
and 88.83 £ 0.63 for pyridaben) were not as good as those
of our study (95.0 & 7.3 for chlorfenapyr and 94.4 + 5.2
for pyridaben at 1 mg/kg; 93.0 & 4.9 for chlorfenapyr and
93.8 £ 5.7 for pyridaben at 10 mg/kg). Although SDs were
higher for Method 3, the mean values of the recovery rates
were much closer to 100%. In another study of pesticide
residues in pepper, chili peppers, and sauce products,
bifenthrin, lambda-cyhalothrin, pyrimethanil, and pyrid-
aben were analysed via GC-MS/MS and LC-MS/MS
(Song et al. 2018). The LOQs of the four common target
pesticides were 0.01 mg/kg and the recovery rates at
0.1 mg/kg were 100-111% for bifenthrin, 98-114% for
lambda-cyhalothrin, 38-84% for pyrimethanil, and
93-116% for pyridaben, whereas their values were
80.6-108.3%, 82.2-117.4%, 81.3-109.9%, and
80.9-118.3%, respectively, in our study. The recovery rates
of our optimised method were more stable and closer to
100%. In China, the modified QuEChERS has been applied
more in the determination of toxins, pesticides, and their
metabolites from open field soils, vegetables, fruits, and
other food items, but rarely applied to pesticides in
greenhouses (Feng et al. 2020a, b; Xing et al. 2019). Guo
et al. (2020) used QUEChERS and HPLC monitoring to
quantify pesticide residues on plastic mulching films in
typical farmlands of Shandong, Tianjin, and Hebei, north
China. Bifenthrin, chlorfenapyr, and pyridaben were
among the 35 detected pesticides and the general LOD of
the 35 pesticides ranged from 0.01 to 2.0 pg/kg and the
LOQ ranged from 0.05 to 5.0 pg/kg (Guo et al. 2020). In
our present study, MDL and MQL results of bifenthrin,
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Fig. 4 Residual concentrations of six target pesticides in soil and plant samples from Pengdun

chlorfenapyr, and pyridaben in soil ranged from 0.1 to
0.2 pg/kg and 0.3 to 0.5 pg/kg, showing better results.

A single target pesticide or two of these six target pes-
ticides have been considered in the determination process
in other investigations. In the case of a single bifenthrin
determined in wheat residue (You et al. 2013) the MQL
ranged from 0.4 to 30 pg/kg, a value much lower than that
of our present study (0.2 to 2.5 ng/kg for the six pesti-
cides). In combined determinations of bifenthrin and
lambda-cyhalothrin in green beans the MDLs calculated
were 6 and 10 pg/kg, respectively (Bouri et al. 2012),
whereas our MDL values ranged from 0.2 to 0.8 ng/kg for
the six pesticides. Although SPE was developed to replace
liquid-liquid extraction for the convenience of saving time
and reagents, it may also be combined for higher efficiency
(Sobhanzadeh et al. 2013). Simultaneous analysis of

multiple pesticide residues might become routine and
deserve further investigation in view of the deteriorating
environmental and food pollution problems (Yang et al.
2018).

3.3 Target pesticide residues in soil
and vegetable samples

The results of the contaminated soils and vegetables are
shown in Fig. 4 and Table S4. The six target pesticides
were detected mostly in the leaves in all plant samples.
Despite the production of different vegetables in different
greenhouses and the application of different pesticides, the
leaves consistently showed the highest contamination fol-
lowed by the soils and fruits. The highest average total
concentration of the six target pesticides was almost

@ Springer
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20,000 pg/kg in eggplant leaves, < 10,000 png/kg in both
cucumber and tomato leaves, and < 5000 pg/kg in chili
leaves. All the pesticides were sprayed on leaves but some
landed on the soil or on the fruits. Pesticides remaining in
the soil may be degraded more by soil microorganisms and
less by photolysis due to the shade of leaves, but those on
the leaves may be more subject to photolysis, resulting in
differences in pesticide residues in soil and leaves.

In all the greenhouses sampled, pyridaben showed the
highest values above MQL, with the highest residue levels
in the leaves of chili, followed by chlorfenapyr with even
higher residue concentrations in the leaves of eggplant
(8370 £ 279.8 pg/kg) and cucumber (2156 + 14.4 pg/
kg). Aphids and thrips are the most commonly found
piercing-sucking insect pests in almost all greenhouse
vegetables. Therefore, pyridaben, targeting mitochondrial
respiration, is the most commonly used pesticide in
greenhouses (Inak et al. 2019). Chlorfenapyr is a recom-
mended pesticide in Chinese greenhouses because it is
effective against thrips, caterpillars, mites, leaf miners, and
aphids and thus it is also commonly detected (Ahmad et al.
2018). Pyrimethanil and pyriproxyfen were only detected
in eggplant and tomato, respectively, ranging from 446 to
919 pg/kg with an SD of 3.8-315.3 and from 138-276 pg/
kg with an SD of 30.7-139.4, respectively. Although the
total pesticide residues in cucumber leaves were high, no
pesticide residues were detected in the soil or cucumber
fruits. City dwellers are offered the opportunity to pick
their own fruits and vegetables in many villages such as
Pengdun and the mini-cucumbers grown in Pengdun are
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very popular in this regard. The cucumbers are often eaten
fresh after rinsing with tap water and our results might help
the consumers gain more confidence in food safety. The
yellow small round tomatoes grown in this area are also a
popular specialty. The health risk assessment of vegeta-
bles produced in Pengdun needs to reconsider the pick-
your-own marketing scheme because conventionally home-
cooked vegetables may have lower health risks because of
the cooking process (Hamilton et al. 2017).

3.4 Risk assessment
3.4.1 Risk for sale

Pyrimethanil residues in eggplant were between 138 and
276 pg/kg with an SD of 30.7-139.4 ng/kg, while those in
tomato were between 446 and 919 pg/kg with an SD of
3.8-315.3 pg/kg. Although residues of pyrimethanil in
eggplant and pyriproxyfen in tomato fruits were detected,
the concentration of pyrimethanil in eggplants was below
the corresponding MRL of pyrimethanil, which is 1000 pg/
kg according to the EU. For tomato, the MRL of
pyriproxyfen is 1000 pg/kg according to both China and
the EU, but it is 250 pg/kg and 400 pg/kg according to
Canada and FAO/WHO, respectively (Table 1). The results
indicate that sales of these tomatoes are acceptable in the
Chinese market but would not comply with legal limits
established in Canada or with Codex MRLs.
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3.4.2 Short-term (acute) health risks

Based on the Pesticide Residue Intake Model-EFSA
PRIMo revision 3.1 calculation model (2019), the short-
term/acute consumer health risk of consuming the pro-
duced eggplants and tomatoes could be calculated. How-
ever, ARfD values for pyrimethanil and pyriproxyfen were
considered as “Unnecessary” due to their low acute toxi-
city. Therefore, no acute consumer health risk could be
observed in this study.

3.4.3 Long-term (chronic) health risks

The calculated %ADI values for young children (0-6 years
old) and older children and adults (7-70 years old) for
eggplant consumption are 0.1932% and 0.8537%, respec-
tively, while those for tomato consumption are 3.053% and
2.116%, respectively. Based on the calculated results, the
chronic toxicity risk is not major for the consumption of
vegetables produced in the study area.

3.4.4 Carcinogenic and non-carcinogenic risks

Pyrimethanil and pyriproxyfen are the only two above-
MQL target pesticides in the edible vegetable portion.
Nevertheless, their slope factor for oral exposure (SFO) are
not available. Therefore, only non-carcinogenic risks were
assessed here based on vegetable consumption, ingestion of
soil, dermal contact with soil, and soil particle inhalation.

The HQjpare values for eggplant and tomato consump-
tion were 7.73 x 10° (< 1) for young children and
3.32 x 107° (< 1) for older children and adults, indicating
that the non-carcinogenic risks of vegetable consumption
are acceptable. Residual concentrations of the six target
pesticides in soils were used to obtain the HQ associated
with the ingestion of soil, dermal contact with soil, and soil
particle inhalation and HI. In greenhouse soils with planted
chili, eggplant, and tomato, target pesticides were found to
be over their MQLs, and thus HI values could be observed
in these greenhouses. The HI values of all 16 greenhouses
are shown in Fig. 5 and Table S5. None of the HQj,take
values or HQ,.; values reached the value of 1, indicating
that there was no non-carcinogenic risk to greenhouse
vegetable consumers or greenhouse workers in the study
area. Greenhouse workers are more likely than other indoor
workers to encounter pollutants such as pesticides, fer-
tilisers, phthalates, and antibiotics during their work (Li
et al. 2015; Ma et al. 2015). Operators are exposed to
chemical products during pesticide application and dermal
exposure has been reported to be the principal means of
exposure for growers (Rincén et al. 2018). On the other
hand, in most studies on the dietary intake of environ-
mental contaminants, analyses are generally carried out

only for raw food products. However, the majority of food
products are consumed after cooking (Trabalén et al.
2018). Detailed detection of pesticide concentrations
should be conducted in the future for the calculation of
more accurate non-carcinogenic risk rather than only HI
values from soils and the vegetables. The consequences of
simultaneous use of multiple pesticides should also be
considered.

4 Conclusions

This study determined an optimised method for the anal-
ysis of six commonly used pesticides (bifenthrin, chlorfe-
napyr, lambda-cyhalothrin, pyridaben, pyrimethanil and
pyriproxyfen) in greenhouses. Soil and vegetable samples
from intensively managed greenhouses were used for the
simultaneous monitoring of pesticide residues. The optimal
analysis method was found to be the pretreatment proce-
dure comprising shaking extraction with acetonitrile, flor-
isil SPE column clean-up, and hexane:acetone (3:1 v:v)
elution combined with GC-MS determination. The IDLs,
IQLs, MDLs, MQLs, and spiked recovery rates in three
gradient concentrations all verified the accuracy and reli-
ability of this method. Compared with the local MRLs, all
the vegetables produced in greenhouses at Pengdun were
safe to eat or sell. Pyriproxyfen in tomatoes exceeded the
Canadian and Codex MRLs and thus, they may be
restricted for export and sale abroad. According to the
chronic risk, acute risk, and non-carcinogenic risk assess-
ment results, the vegetables produced in these greenhouses
posed no risk to either farmers working in the greenhouse
or consumers of different ages. The results indicate that
chlorfenapyr, bifenthrin, and pyridaben represent the most
popular pesticide combination in eggplant and cucumber
greenhouses. Pyridaben is the most often quantified pesti-
cide. Simultaneous detection of multiple contaminants and
health risk assessment in greenhouses merit further inves-
tigation. The modified QUEChERS followed by GC-MS
showed advantages in terms of accuracy and applicability
to places not equipped with MS—-MS instruments.
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