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Abstract 1 

The increased production and use of nanopesticides will increase the likelihood of their exposure 2 

to humans and the environment. In order to properly evaluate their risk, it will be necessary to 3 

rigorously quantify their concentrations in major environmental compartments including water, 4 

soil and food. Due to major differences in the characteristics of their formulation, it is unclear 5 

whether analytical techniques that have been developed for conventional pesticides will allow 6 

quantification of the nano-forms. Therefore, it is necessary to develop and validate analytical 7 

techniques for the quantification of nanopesticides in foods and the environment. The goal of this 8 

study was to validate a method for analyzing the active ingredients of two pesticides with 9 

different physicochemical properties: azoxystrobin (AZOX, a fungicide, log Kow 3.7) and 10 

bifenthrin (BFT, an insecticide, log Kow 6.6) that were applied to agricultural soils, either as a 11 

conventional formulation or encapsulated in nanoparticles (either Allosperse® or porous hollow 12 

nSiO2). Pesticide-free strawberry plants (Fragaria × ananassa) and three different agricultural 13 

soils were spiked with the active ingredients (azoxystrobin and bifenthrin), in either conventional 14 

or nano formulations. A modified QuEChERS approach was used to extract the pesticides from 15 

the strawberry plants (roots, leaves and fruits) and a solvent extraction (1:2 acetonitrile) was 16 

employed for the soils. Samples were analyzed by liquid chromatography-hybrid quadrupole 17 

time-of-flight mass spectrometry in order to determine method detection limits, recoveries, 18 

precision and matrix effects for both the “conventional” and nanoencapsulated pesticides. 19 

Results for the modified method indicated good recoveries and precision for the analysis of the 20 

nanoencapsulated pesticides from strawberries and agricultural soils, with recoveries ranging 21 

from 85-127% (AZOX) and 68-138% (BFT). The results indicated that the presence of the 22 

nanoencapsulants had significant effects on the efficiency of extraction and the quantification of 23 



3 
 

the active ingredients. The modified analytical methods were successfully used to measure 1 

strawberry and soil samples from a field experiment, providing the means to explore the fate of 2 

nanoencapsulated pesticides in food and environmental matrices.  3 

 4 

Keywords: Nanoencapsulated pesticides; Azoxystrobin; Bifenthrin; Soil; Strawberry, Liquid 5 

chromatography–mass spectrometry. 6 
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1. Introduction 1 

Sustainable agricultural practices, potentially implicating nanotechnology, are required to 2 

meet the demand of a rapidly increasing global population (Rodrigues et al., 2017; Hofmann et al., 3 

2020). Nanopesticides, particles with at least one dimension in the 1-100 nm size range (Iavicoli, 4 

Leso, Beezhold & Shvedova, 2017), have been developed with the promise of a higher efficacy of 5 

the active ingredients, minimal environmental impacts and reduced undesirable consequences as 6 

compared to conventional pesticides (Rodrigues et al., 2013; Camara et al., 2019). Although 7 

nanopesticides have great potential to increase crop productivity, their potential risks have also 8 

raised concerns (Adisa et al., 2019), especially with respect to their toxicity or changes to the fate 9 

(aging, mobility, etc.) of the active ingredients in the environment (Hofmann et al., 2020; Singh et 10 

al., 2020). Since some nanopesticides have been shown to be systemic for plants (Melissa et al., 11 

2013; Zhao et al., 2017; Zhao et al., 2018; Dong et al., 2020; Mathur & Roy, 2020), there is a need 12 

to investigate if nanoencapsulation could modify the fate of active ingredients. In previous 13 

pesticide residual experiments, nanoencapsulated pesticides were analyzed by methods developed 14 

for conventional formulations (Liang et al., 2017; Zhao et al., 2017; Zhao et al., 2018). The 15 

efficiency of those analytical methods for pesticides capsuled in nanocarriers has not been 16 

validated.  17 

Among the most promising nanopesticides are those where the active ingredient is 18 

encapsulated within nanomaterials comprised of lipid and polymer carriers (e.g. polyacrylates), 19 

inorganic nanoparticles such as SiO2 or carbon nanotubes (Chhipa, 2017; Kumar et al., 2019). Due 20 

to interactions of the pesticides with the nanocarriers, modifications to the solubility of the active 21 

ingredients and analytical difficulties associated with their extraction, the analytical approach 22 

required for the quantification of nanopesticides is likely to differ from the ones that have been 23 



5 
 

developed for conventional pesticides (Mohd Firdaus et al., 2018; Adisa et al., 2019). There is 1 

presently little information in the literature on the extraction and quantification of nanopesticides 2 

in plants and soils.  3 

Azoxystrobin (AZOX, log Kow 3.7) and bifenthrin (BFT, log Kow 6.6) are among the active 4 

ingredients currently being incorporated into nanocarriers for commercialization for crop 5 

protection (Vive Crop Protection, 2021). AZOX is a major strobilurin fungicide, with annual 6 

global sales reaching 1.2 billion in 2014 (Cao et al., 2016). AZOX inhibits mitochondrial 7 

respiration via a blockage of the electron transfer between cytochromes b and c1, leading to an 8 

oxidative stress in the target fungus (Zhang et al., 2020). BFT is a pyrethroid insecticide, which is 9 

neurotoxic to insects by interfering with the nerve cells’ ability to transfer signals (Yang & Li, 10 

2015). Both AZOX and BFT have been applied to strawberry crops in order to increase their yield 11 

(Abrol & Anil, 2009; Pandey, Shankar & Sharma, 2012). 12 

The extraction of pesticides from plants and soils can be challenging due to their affinity with 13 

organic matter (Harrison, Bull & Michaelides, 2013). Among the various extraction methods 14 

reported for conventional pesticide analysis in food, QuEChERS (quick, easy, cheap, effective, 15 

rugged, and safe) has emerged as a popular method (Lehotay, 2007). Nonetheless, methodologies 16 

for the simultaneous extraction and analysis of the nano-based pesticides still need development 17 

(Singh et al., 2014). Since extraction shaking time and solvent volumes are known to affect the 18 

recovery of the pesticides from fruit matrices (Jia et al., 2010), these parameters need to be 19 

optimized. Furthermore, BFT is relatively hydrophobic (log Kow = 6.6), so its affinity with plastic 20 

materials may be relatively high (Guo et al., 2020), implying that the type of materials used for 21 

sample preparation may impact the recoveries of the target analytes. 22 
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The goal of this paper is to develop and validate a method for the extraction and quantification 1 

of AZOX and BFT from agricultural soils and strawberry plants (roots, leaves and fruits), for 2 

compounds that are either present in their conventional form or encapsulated with two important 3 

types of nanoparticles: polyacrylic acid nanoparticles (Allosperse®) and porous hollow nano-sized 4 

SiO2. Precision, matrix effects and recoveries of the methods were determined. The methods were 5 

then applied to field samples for further validation. 6 

 7 

2. Methods 8 

2.1 Chemicals and reagents 9 

Analytical standards of the pure compounds, azoxystrobin (AZOX) (≥98%, CAS#131860-33-10 

8) and bifenthrin (BFT) (≥98.0%, CAS#82657-04-3) were purchased from Sigma-Aldrich (St. 11 

Louis, MO, USA). Deuterated internal standards (D4-azoxystrobin and D5-bifenthin) were 12 

purchased from Toronto Research Chemicals (North York, ON, Canada). HPLC grade solvents 13 

(water, acetonitrile (ACN), and methanol), anhydrous magnesium sulphate, sodium acetate, 14 

LC/MS grade formic acid and ammonium acetate (NH4Ac) were obtained from Fisher Chemicals 15 

(Pittsburgh, PA, USA). Primary and secondary amine (PSA) salts were purchased from Agilent 16 

(Santa Clara, CA, USA). Allosperse® is a polymeric nanoparticle, comprised of polyacrylic acid, 17 

that is used as a nanocarrier for the pesticides (AZOX, BFT). Allosperse®-AZOX and 18 

Allosperse®-BFT were prepared and supplied by Vive Crop Protection Inc. (Toronto, Canada). 19 

Porous hollow silica nanoparticles (nSiO2) were synthesized as reported in an earlier study (Bueno 20 

& Ghoshal, 2020). The feasibility of loading dissolved solutes into the nSiO2 were also evaluated 21 

in that study. For the experiments conducted in this study, the nSiO2 was loaded with the analytical 22 
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standards to produce nSiO2–AZOX and nSiO2–BFT as described above for the Allosperse®. Stock 1 

solutions of the nanopesticides used for method validation were prepared in methanol.  2 

 3 

2.2 Field samples  4 

A controlled field experiment was carried at the Macdonald Campus of McGill University, 5 

Sainte-Anne-de-Bellevue, QC, Canada. Strawberry plants (Fragaria x ananassa Duch. 6 

“Seascape”), were cultivated under field conditions (n = 5) and exposed to seven different 7 

treatments: (i) control (“pesticide-free” soil); (ii) BFT; (iii) AZOX; (iv) Allosperse® containing 8 

BFT; (v) Allosperse® containing AZOX; (vi) nSiO2 containing BFT; (vii) nSiO2 containing 9 

AZOX (0.22 mg.kg-1 of the active ingredient). Treatments with AZOX all contained 7.6 mg active 10 

ingredient / pot; treatments with BFT all contained 7.98 mg active ingredient / pot based on the 11 

US EPA guidelines (2015a; 2015b). Strawberry plants without fruit (Pépinière Lareault, Canada) 12 

were planted in the first week of June and the treatments was applied twice: 15 and 30 days after 13 

planting, following the instructions for commercial pesticides. In summary, 200 mL of the 14 

different formulations were diluted to 1 L using irrigation water, which was then used to drench 15 

on the soils of each pot (n = 5), avoiding the direct contact of the solutions with the plants. 16 

Strawberry plants and the corresponding soil samples were collected 30 days after the first 17 

exposition prior to treatment using the methodology described in 2.3 and 2.4. 18 

 19 

2.3 Extraction of the pesticides from the strawberry plants 20 

Initial tests to adapt the extraction method for nanoencapsulated pesticides in plant tissues and 21 

the subsequent method validation tests were conducted on strawberry tissues from plants grown in 22 

pesticide-free soils (See section 2.2). Fruits were homogenized in a stainless-steel blender. Leaves 23 
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and roots were freeze dried and homogenized. All field samples were stored in at -20 °C until 1 

analysis.  2 

Pesticide extraction for the strawberry plants was adapted from a method based on the original 3 

QuEChERS approach (AOAC, 2007). The method was scaled to a smaller sample size (2 g) in 4 

order to accommodate field samples that may be available in limited amounts on some harvest 5 

days. In the present study, pesticide recovery was assessed for strawberry samples (spiked at 10 6 

μg kg-1 for AZOX or BFT) for several shaking times (1, 5, 15 and 30 min) and solvent volumes (2 7 

and 4 mL). Two types of centrifuge tubes (glass and plastic) were tested for the extraction of 8 

conventional and Allosperse®-BFT, spiked at 10 μg kg-1 and 1000 μg kg-1 (concentration 9 

corresponds to the active ingredient). The mass-labeled standards D4-AZOX and D5-BFT were 10 

spiked in the strawberry plant samples at 40 and 60 μg kg-1, respectively. For the extraction, 2 g 11 

of homogenized fruit or 0.2 g of homogenized dried leaves and roots (n = 3) were weighed in a 15 12 

mL plastic centrifuge tube to which 4 mL of 1% acetic acid in acetonitrile, 0.8 g of magnesium 13 

sulphate and 0.2 g of sodium acetate were added. Solutions were vortexed for 15 minutes then 14 

centrifuged at 2240 × g (5 min, 20 °C). One mL of the supernatant was transferred to centrifuge 15 

tubes containing 50 mg PSA and 150 mg of MgSO4. Solutions were then vortexed for 1 min, 16 

centrifuged (2240 × g, 5 min, 20 °C), and filtered through a 0.22 µm polytetrafluoroethylene 17 

(PTFE, Chrom4; Thuringen, Germany) filter into HPLC vials.  18 

 19 

2.4 Extraction of the pesticides from the soil samples 20 

Method validation was performed on three different types of soils collected in Quebec, Canada 21 

(Table 1), including a clay soil (relatively rich in organic matter – OM; 6.1%), a loamy sand soil 22 

(intermediate OM content; 4.7%), and a loam soil (lower OM content; 3.6%) (Table 1).  Soil 1 23 
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corresponded to the soil used for the strawberry crop described in 2.2. Soils were dried at room 1 

temperature until constant weight, sieved through a 2 mm nylon mesh, then ground to a fine 2 

powder. Prior to the extraction, soils (n = 3) were spiked with 10 μg kg-1 or 1000 μg kg-1 of the 3 

different treatments (AZOX, BFT, Allosperse®, Allosperse®-AZOX, Allosperse®-BFT, nSiO2, 4 

nSiO2-AZOX and nSiO2–BFT) and with deuterated standards (40 ug kg-1 of D4-AZOX and 60 ug 5 

kg-1 of D5-BFT). Samples were then vortexed for 1 min and left to equilibrate for at least one hour 6 

prior to extraction. The extraction method was adapted from Kah et al. (2016) and consisted in 7 

shaking 1 g of dried and sieved (2 mm) soil in 2 mL of ACN for 1 hour at 20 rpm on a vertical 8 

shaker at room temperature; followed by centrifugation (1882 × g; 5 min, 20 °C) and filtration of 9 

the supernatant through 0.22 μm filters into HPLC glass vials. 10 

 11 

Table 1. Characteristics of the three agricultural soils used for method validation. 12 

 % sand % silt % clay Soil texture class pH % OM1 

Soil 1 30 31 38 clay 7.2 6.1 

Soil 2 81 14 5 loamy sand 6.9 4.7 

Soil 3 53 32 15 loam 7.2 3.6 

1. OM is Organic material. 13 

 14 

2.5 Instrumental analysis 15 

Extracts were analyzed with an Agilent 1290 Infinity II liquid chromatograph (LC) coupled 16 

to a 6545 QTOF mass spectrometer (Agilent Technologies, Santa Clara, USA) operating in 17 

positive electrospray ionization mode. The LC separation was conducted on a Poroshell 120 18 

phenyl hexyl column (Agilent Technologies; 2.7 μm × 3.0 mm × 100 mm) fitted with a Poroshell 19 

120 EC-C18 (2.7  µm × 3.0 mm × 5 mm) guard column. Elution was performed in gradient mode 20 
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(0.4 mL min-1) using A = water and B = Acetonitrile: Methanol (1:1), both containing 0.1% formic 1 

acid and 5 mM NH4Ac (0 min: 70% A; 0-3 min: B increased from 30 to 100%; 3-6 min: 100% B; 2 

6-8 min: B decreased from 100% to 30%). The injection volume was 10 µL and the column 3 

temperature was maintained at 30°C. Nitrogen was used as the drying gas (110°C, 12 L min-1). 4 

Samples were run in the All Ions MS/MS mode. The fragmentor voltage was 110 V and MS data 5 

was acquired in the 50-750 m/z range. The following m/z were extracted from total ion 6 

chromatogram (TIC) (±10 ppm) for quantification: 404.1247 for AZOX and 440.1604 for BFT. 7 

The m/z of the qualifier ions were 372.0971 and 181.1009 for AZOX and BFT, respectively. 8 

 9 

2.6 Linearity, IDLs, MDLs and MQLs 10 

Calibration curve linearity was evaluated from the coefficient of determination (r2) using 11 

injections of the standards prepared in acetonitrile at 1, 5, 10, 25, 50, and 100 ng mL-1. Instrument 12 

detection limits (IDLs) were calculated as the amount of analyte injected that resulted in a signal-13 

to-noise ratio (S/N) of 3, as determined from the lowest standard of the calibration curve in pure 14 

solvent (Indrayanto, 2018). Method detection limits (MDLs) were assessed as 3σ of the response 15 

obtained for procedural blanks. Method quantification limits (MQLs) were determined from 10σ 16 

of the procedural blanks. 17 

 18 

2.7 Recoveries, matrix effects and precision 19 

Recoveries, matrix effects and precision were assessed for conventional AZOX and BFT 20 

(AZOX and BFT spiked together), Allosperse®-AZOX, Allosperse®-BFT, nSiO2–AZOX and 21 

nSiO2–BFT, for all plant and soil samples. As of 2021, maximum residue limits (MRLs) for AZOX 22 

and BFT in strawberry fruits in Canada are 10 and 3 mg kg-1, respectively (Government of Canada, 23 
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2016, 2018). For soils, spiking concentrations were set according to residue levels commonly 1 

reported in agricultural soils: AZOX in the range of 30 - 250 μg kg-1 (Silva et al., 2019); and BFT 2 

in the range of 2.28 to 112.9 μg kg-1 (Leyva-Morales et al., 2015). Recovery was determined by 3 

spiking the homogenized samples prior to extraction with both pesticides and their mass-labeled 4 

surrogates. For each treatment (AZOX, BFT, Allosperse®, Allosperse®-AZOX, Allosperse®-5 

BFT, nSiO2, nSiO2-AZOX and nSiO2–BFT), samples (n = 3) were spiked at two levels: 6 

strawberries and soils (10 μg kg-1 and 1000 μg kg-1); leaves and roots (20 μg kg-1 and 1000 μg kg-7 

1). Recoveries of the pesticides were considered acceptable when in the 70-120% range 8 

(Rutkowska, Lozowicka & Kaczynski, 2018).  9 

Matrix effects were studied by comparing the slope of a matrix-matched calibration curve 10 

with the slope of the calibration curve in pure solvent. Four different concentrations (10, 25, 50, 11 

and 100 μg kg-1, n = 3) were added to each matrix in order to assess matrix effects according to:  12 

Matrix effect (%) = (1-B/A) × 100       (1) 13 

where A is the average peak area obtained for a given concentration of standard in the pure solvent 14 

and B is the average peak area obtained for the sample extracts (Chambers et al., 2007). Intraday 15 

and interday precision were determined from the analysis of samples (n = 5) spiked at a level of 16 

100 μg kg-1 spike for each pesticide.  17 

 18 

2.8 Statistical analysis 19 

Analysis of variance (one-way ANOVA, Microsoft Excel) was used to identify differences 20 

among results obtained for different pesticide formulations and different types of samples, by 21 

applying a confidence range of 95% (α = 0.05, n = 3). When differences were identified, 22 
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Tukey's test was then used to determine which pairs of means were statistically different 1 

(p<0.05).  In the figures, error bars represent standard deviations (n = 3).   2 

 3 

3. Results and Discussion  4 

3.1 Instrument validation 5 

Instrument validation was performed for the LC-MS analysis (Table 2). Good instrumental 6 

linearity was achieved (r2 > 0.999) in the range of 10-1000 pg injected for AZOX and 50-1000 pg 7 

for BFT. Low IDLs for AZOX and BFT were obtained (0.3 pg and 2.2 pg). Mass measurement 8 

errors were generally below 2.5 ppm among the various formulations (Table S3 and S4). As can 9 

be seen in Figs. S2 and S3, m/z and retention times were similar for the target compounds when 10 

they were prepared in extracts or when they were present as pure active ingredients or encapsulated 11 

into the different nanocarriers. The relative intensities of the qualifier and quantifier ions for both 12 

AZOX and BFT in acetonitrile and samples (Table S5) were acceptable according to the 13 

SANCO/12495/2011 guideline (European Commission, 2012).   14 

Table 2. Instrument validation for the LC-MS analysis of AZOX and BFT 15 

Target analytes 
RT 

(min) 
Formulation 

Quantifier 

ion (m/z) 

Qualifier ion 

(m/z) 

IDLsa  

(pg) 
r2 b 

AZOX 3.72 C22H17N3O5 404.1247 372.0971 0.3 0.9997 

BFT 4.97 C23H22ClF3O2 440.1604 181.1009 2.2 0.9981 

a. IDLs are the instrument detection limits. b. r2 is the coefficient of variation of calibration curve 16 

 17 

3.2 Development and validation of the methods 18 

 In the initial tests, the performances of the solvent extraction methods for AZOX and 19 

BFT in soil samples were acceptable. For strawberries, initial tests conducted with the original 20 



13 
 

approach (AOAC, 2007) gave acceptable recoveries for the three forms of AZOX pesticides. On 1 

the other hand, BFT (conventional and Allosperse®) was not detectable in samples spiked at 10 2 

μg kg-1 (Fig. S1). In order to increase the recovery of the BFT (conventional and Allosperse®) to 3 

acceptable levels, several conditions were tested, including the use of different tube materials 4 

(glass, plastic), variable extraction solvent volumes, and shaking times. The developed extraction 5 

method was then applied to all strawberry plant matrices (strawberry, leaves and roots). 6 

3.2.1 Development of an extraction method for the strawberries 7 

Initially, when using plastic centrifuge tubes, only 23 ± 32% of the conventional BFT was 8 

recovered from the spiked strawberry samples (10 μg kg-1) and no signal was detected in the 9 

Allosperse®-BFT treatment. By increasing the extraction solvent volumes from 2 to 4 mL (Fig. 10 

S1), recoveries for Allosperse®-BFT increased to 61 ± 4%. For both BFT formulations, recoveries 11 

were improved further when switching to glass centrifuge tubes: 78 ± 17% for the conventional 12 

BFT and 60 ± 4% for the Allosperse®-BFT (Fig. S1). Note that when using the longer extraction 13 

times (15 min), acceptable recoveries for plastic centrifuge tubes were also obtained (80 ± 12% 14 

for conventional BFT and 98 ± 4% for Allosperse®-BFT). Considering the efficiency, cost and 15 

labor-consumption, the final conditions for the extraction combined the plastic tube, 4 mL of 16 

solvent and 15 min of shaking time. Given our initial observation that 15 minutes of shaking 17 

improved the extraction efficiency, a subsequent optimization below examined the role of shaking 18 

time (1, 5, 15 and 30 minutes). This point is important given that the two nanocarriers provide 19 

slow release of the loaded pesticides (Walker et al., 2017).  20 

Shaking time had no perceptible influence on the extraction of AZOX, for any of the 21 

formulations and recoveries were already acceptable when using 1 min shaking (Fig. 1). 22 

Furthermore, there were no significant differences observed when comparing the extraction of the 23 
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conventional AZOX with respect to the two nanocarriers (Allosperse® and porous hollow nano-1 

silica).  2 

On the other hand, for BFT, recoveries were improved (p < 0.05) for Allosperse® and the 3 

conventional formulations of the longer shaking times (5, 15 or 30 min). For BFT, the 4 

nanoencapsulated pesticides generally had better recoveries than the conventional ones (Fig. 1). 5 

This may be linked to a faster release rate of the pesticides from those nanoparticles compared 6 

with conventional pesticides, which is controlled by many factors, including shell thickness, pore 7 

size, inner polarity and the solubility of the active ingredient (Botterhuis, Sun, Magusin, Van 8 

Santen & Sommerdijk, 2006; Yao, Shi, Jin, Li & Zhang, 2010). Pesticide encapsulation has also 9 

been shown to modify the hydrophobic partitioning of pesticides (Slattery et al., 2019). Although 10 

the basic AOAC QuEChERS method was efficient and accurate with respect to the extraction of 11 

the AZOX and the silica nanopesticides, the increased extraction times clearly improved the 12 

efficiency of the Allosperse® encapsulated and conventional pesticide formulations.  13 

 14 
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 1 

Fig. 1 –The recovery of AZOX and BFT pesticide (conventional and nanoencapsulated, 10 μg kg-2 

1) from strawberries using QuEChERS with different extraction time (extraction solvent volume: 3 

4 mL; plastic centrifuge tubes; n = 3). Δ indicates a significantly higher recovery with respect to 4 

the 1 min extraction time for a given formulation; * indicates a significantly different recovery 5 

when compared to results for the conventional pesticides for an identical extraction time. 6 

 7 

3.2.2 Validation of the developed extraction method for strawberry plant matrices 8 

Recoveries, matrix effects, precisions and MDLs were assessed using the above method for 9 

both the conventional pesticide formulation and the nanopesticides (Table 3). MDLs ranged from 10 
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0.02 to 0.65 µg kg-1 among the various plant matrices for azoxystrobin, and from 0.03 to 0.36 µg 1 

kg-1 for bifenthrin. These MDLs were comparable or lower than those reported in the literature 2 

(Chauhan, Monga & Kumari, 2012; Vera et al., 2013; Bhattacharyya & Roy, 2014). For the lowest 3 

spiking level, recoveries ranged from 80 ± 12% to 125 ± 2% for the conventional formulations; 4 

from 87 ± 10% to 126 ± 6% for the Allosperse® and from 103 ± 13% to 126 ± 4% for the nSiO2-5 

based nanopesticides. Recoveries were also satisfactory when plant samples were spiked with the 6 

higher concentration of conventional pesticides (between 88 ± 6% and 111 ± 12%); Allosperse® 7 

(83 ± 4% to 138 ± 14%) and nSiO2 (68 ± 3% to 118 ± 6%). There was an important improvement 8 

in the recovery of BFT from no detection to 80% (Fig. S1), when using the modified method. For 9 

strawberries spiked with 10 μg kg-1 (lower spiked level), recoveries (87 ± 10%-126 ± 6%) were 10 

higher than those at the higher spiked level. These lower pesticide concentrations correspond to 11 

levels that were found in the strawberries taken from the experimental field (Fig. S4), and 2–98 ug 12 

kg-1 of AZOX residue levels and 2-85 ug kg-1 of BFT residue levels reported by the U.S. Dept. of 13 

Agriculture (USDA, 2019). Furthermore, the precision (RSD%) was in the range of 1.99-16.71% 14 

(Table 3, Table S2) for both AZOX and BFT in the plant samples. This confirms the good 15 

performance of the modified method.  16 

Note that the above recovery values were obtained after correction for matrix effects. In LC-17 

ESI-MS, matrix effects are commonly caused by coeluting compounds, including endogenous 18 

metabolites, impurities or degradation products found in the extract (Chambers et al., 2007). These 19 

substances can promote or compete with the target analyte for the available charges in the ion 20 

source, which may either cause an increase (enhancement) or decrease (suppression) in the 21 

detector response as compared to the analyte in pure solvent. When the average matrix effect 22 
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exceeds ± 20%, the matrix is considered to have a significant effect on quantitative determinations 1 

(European Commission, 2017).  2 

For AZOX, matrix effects were not significant (<±20%). For BFT, matrix effects were below 3 

20% except for two observed matrix effect values linked to the nSiO2 formulation: 27 ± 1% in the 4 

strawberries (fruit) and 43 ± 6% in the strawberry roots (Table 3). When comparing the 5 

conventional-BFT and the nanopesticides, several significant (p < 0.05) matrix effects were 6 

observed for both the Allosperse®-BFT and nSiO2-BFT (Table S1). These results again 7 

demonstrate that impact of nanoencapsulation on the extraction of BFT from the strawberry 8 

samples. 9 

Mass-labeled surrogates can be added prior to extraction to correct for matrix effects (Niessen, 10 

Manini & Andreoli, 2006). In the present study, the use of AZOX-D4 and BFT-D5 indeed reduced 11 

the effect of the matrix on the quantification. The combination of longer extraction times and 12 

higher solvent volumes and the use of labeled pesticides allowed us to attain the higher recoveries 13 

discussed above for the nanopesticides in the strawberries. Similar recoveries of 90.6-116.2% have 14 

been reported for the extraction of a nanoformulation of pyridalyl from tomatoes using a different 15 

QuEChERS protocol (Saini, Gopal, Kumar, Gogoi, & Srivastava, 2015). 16 

  17 
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Table 3.  Recoveries (%) and matrix effect (%) of the pesticides in the conventional and nano formulations for samples of strawberry, 

leaves, roots and soils (n = 3).  

Azoxystrobin 

Matrix Treatment Recovery % (n = 3) Matrix Effect % 
(n = 3) 

Precision % 
(n = 5) 

MDLs1 µg kg-1 

(n = 5) Spiked @0.01mg kg-1 (wet wt.) Spiked @1 mg kg-1 (wet wt.) 

Soil 1 Conventional 105 ± 3 109 ± 19 -2.3 ± 7 

1.27 0.65 

Allosperse® 85 ± 2 110 ± 1 -8.5 ± 5.3 

nSiO2 108 ± 3 127 ± 1 -4.9 ± 5.6 

Soil 2 Conventional 120 ± 2 122 ± 1 -29 ± 6 

Allosperse® 87 ± 4 104 ± 1 -11 ± 3 

nSiO2 117 ± 2 125 ± 1 -12 ± 1 

Soil 3 Conventional 126 ± 1 125 ± 1 -14 ± 1 

Allosperse® 126 ± 4 102 ± 2 36.5 ± 5 

nSiO2 107 ± 3 122 ± 5 -12 ± 9 

Strawberry Conventional 102 ± 1 97 ± 6 -19 ± 2 3.90 0.14 

Allosperse® 99 ± 1 88 ± 3 -15 ± 1 

nSiO2 109 ± 1 111 ± 5 -9 ± 3 
  

Spiked @0.02 mg kg-1 (dry wt.) Spiked @1 mg kg-1 (dry wt.) 
   

Leaves Conventional 93 ± 3 91 ± 1 -3 ± 6 4.33 0.02 

Allosperse® 114 ± 26 115 ± 5 -13 ± 3 

nSiO2 108 ± 13 116 ± 5 -10 ± 2 

Roots Conventional 125 ± 2 94 ± 1 -11 ± 8 1.99 0.07 

Allosperse® 115 ± 16 114 ± 8 -15 ± 8 

nSiO2 113 ± 15 118 ± 6 -13 ± 2 
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Bifenthrin 

Matrix Treatment Recovery % (n = 3) Matrix Effect % 
(n = 3) 

Precision % 
(n = 5) 

MDLs a µg 
kg-1 

(n = 5) Spiked @0.01 mg kg-1 (wet wt.) Spiked @1 mg kg-1 (wet wt.) 

Soil 1 Conventional 92 ± 9 104 ± 4 66 ± 3 

2.36 0.36 

Allosperse® 84 ± 3 92 ± 3 57 ± 9 

nSiO2 91 ± 6 106 ± 5 33 ± 10 

Soil 2 Conventional 91 ± 1 93 ± 2 -80 ± 8 

Allosperse® 78 ± 3 81 ± 2 -60 ± 8 

nSiO2 83 ± 5 95 ± 2 -72 ± 9 

Soil 3 Conventional 86 ± 3 98 ± 2 -51 ± 4 

Allosperse® 71 ± 1 78 ± 5 -73 ± 15 

nSiO2 86 ± 2 101 ± 1 -71 ± 11 

Strawberry Conventional 80 ± 12 88 ± 6 0.1 ± 2 16.71 0.03 

Allosperse® 98 ± 4 87 ± 4 15 ± 5 

nSiO2 126 ± 4 68 ± 3 27 ± 1 
  

Spiked @0.02 mg kg-1  (dry wt.) Spiked @1 mg kg-1 (dry wt.) 
   

Leaves Conventional 107 ± 8 111 ± 12 7 ± 8 8.72 0.08 

Allosperse® 126 ± 6 138 ± 14 20 ± 7 

nSiO2 103 ± 13 98 ± 8 18 ± 5 

Roots Conventional 115 ± 3 99 ± 1 20 ± 19 2.97 0.25 

Allosperse® 87 ± 10 114 ± 15 4 ± 21 

nSiO2 107 ± 9 79 ± 4 43 ± 6 
a. MDLs are method detection limits
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3.2.3 Validation of the developed extraction method for soil 1 

Recoveries were also assessed for three types of agricultural soils. For the lowest spiking level, 2 

recoveries ranged from 86-126% for the conventional formulations; from 71-126% for the 3 

Allosperse® and from 83-117% for the nSiO2-based nanopesticides. Recoveries were also 4 

satisfactory when the soils were spiked with the higher concentration of conventional pesticides 5 

(98-122%); Allosperse® (78-110%) and nSiO2 (95-127%). These recoveries were thus 6 

comparable to those reported using a QuEChERS approach for the multi-pesticide extraction of 7 

several conventional formulations in soils (range of 70 to 120%, MQL for AZOX = 0.01 mg kg-1; 8 

Silva et al., 2019). Furthermore, results were similar to those obtained by an accelerated solvent 9 

extraction (dichloromethane:acetone, 50:50, v/v) and analysis by GC coupled to selective detectors 10 

(reported recoveries for conventional AZOX ranged from 78-130%, MQL = 6.432 µg kg-1; BFT 11 

ranged from 71-126%, MQL = 4.779 µg kg-1) (Leyva-Morales et al., 2015). Overall, the extraction 12 

procedure proposed here was appropriate for the fast quantification of the different formulations 13 

of the two different pesticides in the soils, with a MQL lower than previously reported. 14 

Matrix effects (Table 3) were significant (>±20%) for all three of the BFT formulations, for 15 

all of the tested soils and for conventional AZOX (Soil 2) and Allosperse®-AZOX (Soil 3). Matrix 16 

effects were generally less important for the AZOX formulations as compared to the BFT 17 

formulations, although some different tendencies were observed based upon the type of soil 18 

examined (Table S1, p < 0.05). For Soil 1, which was the most OM rich soil, an enhancement of 19 

the signal was observed for BFT, whereas for Soil 2 and Soil 3, the signal was suppressed. For 20 

example, it was possible to observe a slightly higher recovery for BFT-SiO2 extracted from Soil 1 21 

when compared to the other soils (Table 3; Table S1, p < 0.05). Matrix effects appeared to be 22 

related to the soil, the pesticide type and to the nature of the formulation. Clearly, the addition of 23 
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the internal standards D4-AZOX and D5-BFT was necessary to compensate for matrix effects and 1 

to improve the precision and robustness of the analytical method (Tan and Awaiye 2013; Stachniuk 2 

and Fornal 2016; Hu et al., 2016). Overall, the recoveries (Table 3) and precision (Table S2) were 3 

consistent with an accurate, simultaneous extraction of these two pesticides in their formulations, 4 

from different soils. 5 

   6 

3.3 Application to real samples  7 

Chromatograms obtained for strawberries, leaves, roots and soils that were exposed to the 8 

different pesticide formulations showed clear, symmetrical peaks at 3.7 min for AZOX and 5.0 9 

min for BFT (Fig. 2). The chromatograms for AZOX and BFT standards in ACN solvent were 10 

also shown in Fig. 2 (Panels 4, 8, 12, 16, 20, 24, 28, and 32), and were used to quantify the target 11 

compounds in sample extracts. AZOX could be detected in all treated plant matrices and in soil 12 

samples. BFT was detected in leaves, roots and soils, but not in the fruit (strawberries).  13 

Before widespread the application of those nano herbicides, a reliable and comprehensive risk 14 

assessment will be necessary to ensure environmental safety and protect the human health (Kah et 15 

al., 2016). Because the standard guidelines for pesticide characterization in environmental and 16 

food samples have been established for conventional formulations, the adjusted analytical 17 

techniques presented here will be required in order to quantify the nanoformulations and therefore 18 

allow a reliable and comprehensive risk assessment, prior to the registration, commercialization 19 

and widespread the application of those nano pesticides (Kah et al., 2016; Li et al., 2019). 20 
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Fig. 2. Extracted ion chromatograms at m/z 404.1250 for conventional, Allosperse®, nSiO2 and 

ACN standard - AZOX (Treated strawberry extract: Panel 1-4; Leaf extract: Panel 9-12; Root 

extract: Panel 17-20; Soil extract: Panel 25-28).  Extracted ion chromatograms at m/z 440.1604 

for conventional, Allosperse®, nSiO2 and ACN standard - AZOX (Treated strawberry extract: 

Panel 5-8; Leaf extract: Panel 13-16; Root extract: Panel 21-24; Soil extract: Panel 29-32). 
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4. Conclusion  

This paper described rapid and accurate analytical techniques for analyzing nano-based 

pesticides in strawberry plants and agricultural soils with different characteristics. For the 

strawberries, a QuEChERS technique was modified, followed by LC-QToF-MS. Extraction time 

and solvent volume were successfully optimized. For the extraction of the fungicide AZOX in 

strawberries, plastic extraction tubes were shown to have minimal impact on the recovery of the 

conventional and nano formulations of the pesticide. When extracting BFT from the fruits, the use 

of doubling extraction solvent and longer extraction time were shown to give improved recoveries. 

For 3 different agricultural soils, acceptable recovery and precision could be obtained when using 

the modified extraction. Given the significant matrix effects that were observed, the use of stable 

isotopes (AZOX-D4 and BFT-D5) as internal standards was necessary to properly quantify these 

emerging products. Because BFT and AZOX are major pesticides from different classes, the 

modified procedures may be useful for rapid and efficient extractions of other nanopesticides from 

similar samples, increasing the possibilities for research on nano enabled pesticides and facilitating 

a more complete understanding of the effects of the nanopesticides on these systems. 

 

  



24 
 

Acknowledgements 

This work was supported by a Natural Sciences and Engineering Research Council of Canada 

(NSERC) Strategic Project grant (Engineered particles at the start of the food chain – quantifying 

their effects on pesticide targeting and contaminant mobility in soils, PI: K.J. Wilkinson). We wish 

to acknowledge the financial support from the Canada Foundation for Innovation/John R. Evans 

Leaders Fund grant (Project #35318) research grants to SB. Fonds de Recherche du Québec - 

Nature et Technologies (FRQNT) is also acknowledged for the scholarship granted to JAG. VB 

was funded in part by a McGill Engineering Doctoral Fellowship. Vive Crop Protection Inc. is 

thanked for providing the pesticide formulations. 

 

5. References 

Abrol, D., & Anil, K. (2009). Foraging activity of Apis species on strawberry blossoms as 

influenced by pesticides. Pakistan Entomologist, 31(1), 57-65.  

Adisa, I. O., Pullagurala, V. L. R., Peralta-Videa, J. R., Dimkpa, C. O., Elmer, W. H., Gardea-

Torresdey, J. L., & White, J. C. (2019). Recent advances in nano-enabled fertilizers and 

pesticides: a critical review of mechanisms of action. Environmental Science: Nano, 6(7), 

2002-2030. 

Bhattacharyya, A., & Roy, S. (2014). Fate and behaviour of azoxystrobin in chilli by using liquid 

chromatography with mass spectroscopy. Journal of Crop and Weed, 10(2), 441-444. 

Botterhuis, N. E., Sun, Q., Magusin, P. C., Van Santen, R. A., & Sommerdijk, N. A. (2006). 

Hollow silica spheres with an ordered pore structure and their application in controlled release 

studies. Chemistry–A European Journal, 12(5), 1448-1456. 



25 
 

Bueno, V., & Ghoshal, S. (2020). Self-Assembled Surfactant-Templated Synthesis of Porous 

Hollow Silica Nanoparticles: Mechanism of Formation and Feasibility of Post-Synthesis 

Nanoencapsulation. Langmuir, 36(48), 14633-14643.  

Camara, M. C., Campos, E. V. R., Monteiro, R. A., Santo Pereira, A. D. E., de Freitas Proença, P. 

L., & Fraceto, L. F. (2019). Development of stimuli-responsive nano-based pesticides: 

emerging opportunities for agriculture.  Journal of nanobiotechnology, 17(1), 1-19.  

Cao, F., Zhu, L., Li, H., Yu, S., Wang, C., & Qiu, L. (2016). Reproductive toxicity of azoxystrobin 

to adult zebrafish (Danio rerio). Environmental pollution, 219, 1109-1121. 

Chambers, E., Wagrowski-Diehl, D. M., Lu, Z., & Mazzeo, J. R. (2007). Systematic and 

comprehensive strategy for reducing matrix effects in LC/MS/MS analyses. Journal of 

Chromatography B, 852(1-2), 22-34.. 

Chauhan, R., Monga, S., & Kumari, B. (2012). Dissipation and decontamination of bifenthrin 

residues in tomato (Lycopersicon esculentum Mill). Bulletin of environmental contamination 

and toxicology, 89(1), 181-186. 

Chhipa, H. (2017). Nanofertilizers and nanopesticides for agriculture. Environmental chemistry 

letters, 15(1), 15-22. 

Deng, C., Wang, Y., Cota-Ruiz, K., Reyes, A., Sun, Y., Peralta-Videa, J., Hernandex-Viezcas, J. 

A., Turley, R. S., Niu, G., Li, C., & Gardea-Torresdey, J. (2020). Bok choy (Brassica rapa) 

grown in copper oxide nanoparticles-amended soils exhibits toxicity in a phenotype-

dependent manner: Translocation, biodistribution and nutritional disturbance. Journal of 

Hazardous Materials, 398, 122978. 

European Commission (2012). Document No. SANCO/12495/2011: Method validation and 

quality control procedures for pesticide residues analysis in food and feed. 



26 
 

European commission. (2017). Guidance document on analytical quality control and method 

validation procedures for pesticide residues and analysis in food and feed. N. 2017 (Ed.). 

Government of Canada. (2016). Proposed Maximum Residue Limit PMRL2016-10, 

Azoxystrobin. Retrieved from https://www.canada.ca/en/health-canada/services/consumer-

product-safety/pesticides-pest-management/public/consultations/proposed-maximum-

residue-limit/2016/azoxystrobin-2/document.html 

Government of Canada. (2018). Proposed Maximum Residue Limit PMRL2018-39, Bifenthrin. 

Retrieved from https://www.canada.ca/en/health-canada/services/consumer-product-

safety/pesticides-pest-management/public/consultations/proposed-maximum-residue-

limit/2018/bifenthrin/document.html 

Guo, B., Meng, J., Wang, X., Yin, C., Hao, W., Ma, B., & Tao, Z. (2020). Quantification of 

pesticide residues on plastic mulching films in typical farmlands of the North China. Frontiers 

of Environmental Science & Engineering, 14(1), 2.  

Harrison, R., Bull, I., & Michaelides, K. (2013). A method for the simultaneous extraction of seven 

pesticides from soil and sediment. Analytical Methods, 5(8), 2053-2058.  

Hofmann, T., Lowry, G. V., Ghoshal, S., Tufenkji, N., Brambilla, D., Dutcher, J. R., ... & 

Wilkinson, K. J. (2020). Technology readiness and overcoming barriers to sustainably 

implement nanotechnology-enabled plant agriculture. Nature Food, 1(7), 416-425. 

Hu, Y. L., Chen, Z. P., Chen, Y., Shi, C. X., & Yu, R. Q. (2016). Generalized multiple internal 

standard method for quantitative liquid chromatography mass spectrometry. Journal of 

Chromatography A, 1445, 112-117. 



27 
 

Iavicoli, I., Leso, V., Beezhold, D. H., & Shvedova, A. A. (2017). Nanotechnology in agriculture: 

Opportunities, toxicological implications, and occupational risks. Toxicology and applied 

pharmacology, 329, 96-111. 

Indrayanto, G. (2018). Validation of chromatographic methods of analysis: application for drugs 

that derived from herbs. Profiles of Drug Substances, Excipients and Related 

Methodology, 43, 359-392. 

Jia, C., Zhu, X., Wang, J., Zhao, E., He, M., Chen, L., & Yu, P. (2010). Extraction of pesticides in 

water samples using vortex-assisted liquid–liquid microextraction. Journal of 

Chromatography A, 1217(37), 5868-5871. 

Kah, M., Weniger, A. K., & Hofmann, T. (2016). Impacts of (Nano) formulations on the Fate of 

an Insecticide in Soil and Consequences for Environmental Exposure 

Assessment. Environmental Science & Technology, 50(20), 10960-10967.  

Kumar, S., Nehra, M., Dilbaghi, N., Marrazza, G., Hassan, A. A., & Kim, K. H. (2019). Nano-

based smart pesticide formulations: Emerging opportunities for agriculture. Journal of 

Controlled Release, 294, 131-153. 

Leyva-Morales, J. B., Valdez-Torres, J. B., Bastidas-Bastidas, P. J., & Betancourt-Lozano, M. 

(2015). Validation and application of a multi-residue method, using accelerated solvent 

extraction followed by gas chromatography, for pesticides quantification in soil. Journal of 

chromatographic science, 53(10), 1623-1630. 

Lehotay, S. (2007). AOAC official method 2007.01 pesticide residues in foods by acetonitrile 

extraction and partitioning with Magnesium Sulfate. Journal of AOAC International, 90(2), 

485-520. 



28 
 

Li, L., Xu, Z., Kah, M., Lin, D., & Filser, J. (2019). Nanopesticides: a comprehensive assessment 

of environmental risk is needed before widespread agricultural application. 

Liang, J., Yu, M., Guo, L., Cui, B., Zhao, X., Sun, C., Wang, Y., Liu, G., Cui, H., & Zeng, Z. 

(2017). Bioinspired development of P (St–MAA)–avermectin nanoparticles with high affinity 

for foliage to enhance folia retention. Journal of agricultural and food chemistry, 66(26), 

6578-6584. 

Maurer-Jones, M. A., Gunsolus, I. L., Murphy, C. J., & Haynes, C. L. (2013). Toxicity of 

engineered nanoparticles in the environment. Analytical chemistry, 85(6), 3036-3049. 

Mathur, P., & Roy, S. (2020). Nanosilica facilitates silica uptake, growth and stress tolerance in 

plants. Plant Physiology and Biochemistry. 157, 114-127. 

Mohd Firdaus, M. A., Agatz, A., Hodson, M. E., Al‐Khazrajy, O. S., & Boxall, A. B. (2018). Fate, 

uptake, and distribution of nanoencapsulated pesticides in soil–earthworm systems and 

implications for environmental risk assessment. Environmental toxicology and 

chemistry, 37(5), 1420-1429.  

Niessen, W. T. T., Manini, P., & Andreoli, R. (2006). Matrix effects in quantitative pesticide 

analysis using liquid chromatography–mass spectrometry. Mass spectrometry reviews, 25(6), 

881-899.  

Pandey, M. K., SHANKAR, U., & Sharma, R. M. (2012). Sustainable strawberry production in 

sub-tropical plains. Ecologically Based Integrated Pest Management, New India Publishing 

Agency, New Delhi, India, 787-820. 

Rodrigues, E. T., Lopes, I., & Pardal, M. A. (2013). Occurrence, fate and effects of azoxystrobin 

in aquatic ecosystems: a review. Environment international, 53, 18-28.  



29 
 

Rodrigues, S. M., Demokritou, P., Dokoozlian, N., Hendren, C. O., Karn, B., Mauter, M. S., Sadik, 

O. A., Safarpour, M., Unrine, J. M., Viers, J., Welle, P., White, J. C., Miesner, M. R., & 

Lowry, G. V. (2017). Nanotechnology for sustainable food production: promising 

opportunities and scientific challenges. Environmental Science: Nano, 4(4), 767-781. 

Rutkowska, E., Lozowicka, B., & Kaczynski, P. (2018). Modification of multiresidue QuEChERS 

protocol to minimize matrix effect and improve recoveries for determination of pesticide 

residues in dried herbs followed by GC-MS/MS. Food analytical methods, 11(3), 709-724.  

Saini, P., Gopal, M., Kumar, R., Gogoi, R., & Srivastava, C. (2015). Bioefficacy evaluation and 

dissipation pattern of nanoformulation versus commercial formulation of pyridalyl in tomato 

(Solanum lycopersicum). Environmental monitoring and assessment, 187(8), 541.  

Silva, V., Mol, H. G., Zomer, P., Tienstra, M., Ritsema, C. J., & Geissen, V. (2019). Pesticide 

residues in European agricultural soils–A hidden reality unfolded. Science of the Total 

Environment, 653, 1532-1545.  

Singh, A., Dhiman, N., Kar, A. K., Singh, D., Purohit, M. P., Ghosh, D., & Patnaik, S. (2020). 

Advances in controlled release pesticide formulations: Prospects to safer integrated pest 

management and sustainable agriculture. Journal of hazardous materials, 385, 121525.  

Singh, G., Stephan, C., Westerhoff, P., Carlander, D., & Duncan, T. V. (2014). Measurement 

methods to detect, characterize, and quantify engineered nanomaterials in 

foods. Comprehensive Reviews in Food Science and Food Safety, 13(4), 693-704. 

Slattery, M., Harper, B., & Harper, S. (2019). Pesticide encapsulation at the nanoscale drives 

changes to the hydrophobic partitioning and toxicity of an active ingredient. Nanomaterials, 

9(1), 81. 



30 
 

Stachniuk, A., & Fornal, E. (2016). Liquid chromatography-mass spectrometry in the analysis of 

pesticide residues in food. Food Analytical Methods, 9(6), 1654-1665. 

Tan, A., & Awaiye, K. (2013). Use of internal standards in LC–MS bioanalysis. Handbook of LC–

MS bioanalysis. Li W, Zhang J, Tse F (Eds.). Wiley and Sons, Hoboken, NJ, USA, 217-228.  

USDA, United States Department of Agriculture (2019). Pesticide Data Program. Retrieved from 

https://www.ams.usda.gov/sites/default/files/media/2019PDPAnnualSummary.pdf 

US EPA, United States Environmental Protection Agency (2015a). Notice of Pesticide 

Registration. Retrieved from https://www3.epa.gov/pesticides/chem_search/ppls/071532-

00035-20210422.pdf 

US EPA, United States Environmental Protection Agency (2015b). Notice of Pesticide 

Registration. Retrieved from https://www3.epa.gov/pesticides/chem_search/ppls/083529-

00048-20151030.pdf 

Vera, J., Correia-Sa, L., Paiga, P., Bragança, I., Fernandes, V. C., Domingues, V. F., & Delerue-

Matos, C. (2013). QuEChERS and soil analysis. An Overview. Sample Preparation, 1(2013), 

54-77. 

Vive Crop Protection (2021, July 16). Retrieved from https://www.vivecrop.com/ 

Walker, G. W., Kookana, R. S., Smith, N. E., Kah, M., Doolette, C. L., Reeves, P. T., Lovell, W., 

Anderson, D. J., Turney, T. W., & Navarro, D. A. (2017). Ecological risk assessment of nano-

enabled pesticides: a perspective on problem formulation. Journal of Agricultural and Food 

Chemistry, 66(26), 6480-6486. 

Yang, L., & Li, L. (2015). Actions of the pyrethroid insecticide bifenthrin on sodium channels 

expressed in rat cerebral cortical neurons. Toxicology mechanisms and methods, 25(1), 63-69.  

https://www.ams.usda.gov/sites/default/files/media/2019PDPAnnualSummary.pdf
https://www3.epa.gov/pesticides/chem_search/ppls/071532-00035-20210422.pdf
https://www3.epa.gov/pesticides/chem_search/ppls/071532-00035-20210422.pdf


31 
 

Yao, L., Shi, Y., Jin, S, Li, M., & Zhang, L. (2010). The preparation of TiO2/SiO2 composite 

hollow spheres with hydrophobic inner surface and their application in controlled release. 

Materials Research Bulletin, 45(10), 1351-1356.  

Zhang, Y., Sheedy, C., Nilsson, D., & Goss, G. G. (2020). Evaluation of interactive effects of UV 

light and nano encapsulation on the toxicity of azoxystrobin on 

zebrafish. Nanotoxicology, 14(2), 232-249. 

Zhao, P., Cao, L., Ma, D., Zhou, Z., Huang, Q., & Pan, C. (2017). Synthesis of pyrimethanil-loaded 

mesoporous silica nanoparticles and its distribution and dissipation in cucumber 

plants. Molecules, 22(5), 817. 

Zhao, P., Cao, L., Ma, D., Zhou, Z., Huang, Q., & Pan, C. (2018). Translocation, distribution and 

degradation of prochloraz-loaded mesoporous silica nanoparticles in cucumber 

plants. Nanoscale, 10(4), 1798-1806. 

 

 


	Accepted for publication in: Talanta, 2022, 239, 123093; DOI: 10.1016/j.talanta.2021.123093
	1. Introduction
	2. Methods
	2.1 Chemicals and reagents
	2.2 Field samples
	2.3 Extraction of the pesticides from the strawberry plants
	2.4 Extraction of the pesticides from the soil samples
	2.5 Instrumental analysis
	2.6 Linearity, IDLs, MDLs and MQLs
	2.7 Recoveries, matrix effects and precision
	2.8 Statistical analysis

	3. Results and Discussion
	3.1 Instrument validation
	3.2 Development and validation of the methods
	3.2.1 Development of an extraction method for the strawberries
	3.2.2 Validation of the developed extraction method for strawberry plant matrices
	3.2.3 Validation of the developed extraction method for soil

	3.3 Application to real samples

	4. Conclusion
	Acknowledgements
	5. References

