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a b s t r a c t 

Pesticides are a class of compounds that are used to protect agricultural products. However, the uncontrolled 

use of these chemicals increases the risks associated with their overdosing and rises a significant concern about 

their effect on human health and the ecosystem. Albeit many concerns about their effects, the use of pesticides 

is inevitable due to the incline in population growth and the presence of limited food resources. As a result, 

regulatory control of the use of chemicals is critical and the development of methods that provide a reliable 

determination of pesticide residues in fruits and vegetables is of great importance. 

In the present study, a new method based on thin film microextraction was developed for the extraction of 

pesticides from fruit matrices prior to their gas chromatography-mass spectrometric (GC–MS) determination. As 

a first step, the thin film extractive devices were prepared by immobilization of hydrophilic-lipophilic balanced 

(HLB) particles on the surface of carbon mesh. The samplers were optimized in terms of extraction and desorption 

conditions first in PBS and then in apple juice. The final method was also validated in apple juice samples. Ana- 

lytical figures of merits of the final method showed acceptable precision for intra- and inter-day reproducibility 

with ≤ 20% relative standard deviation (RSD%) and accuracy of ≤ 15% relative error (RE%), except for trifluralin 

at 300.0 ng mL − 1 level. The limits of quantitation (LOQ) for the selected pesticides were found between 1.0 and 

5.0 ng mL − 1 . The samplers developed in this study were also successfully tested in preliminary investigations 

for the extraction of the pesticides from the surface of fruits and vegetables using agarose gel as a model matrix 

with the primary aim of showing the step towards the sampling directly on the field. 
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. Introduction 

Pests are any organisms that are harmful to plants. Insects, plants, ro-

ents, bacteria, and fungi are some examples of pests, and they are con-

rolled by using chemical agents and pesticides. There are different clas-

ifications of pesticides based on the target pest (e.g. herbicide, insec-

icide, fungicide, etc.), hazard (extremely, highly, moderately, slightly,

tc.), and chemical nature (e.g. organochlorine, organophosphate, car-

amate, etc.). 

According to the guidelines published by the World Health Orga-

ization (WHO) for using chemical methods to control pests, 17% of

lobal infectious diseases are caused by pests and vectors, which shows

he importance of the use of pesticides for public health [1] . In addition,

he Food and Agriculture Organization of the United Nations (FAO) re-

orted that 20% to 40% of crops are lost yearly due to pests. Moreover,
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btaining high-yield crops became crucial due to the decline in agri-

ultural areas and the increased world population. United Nations (UN)

stimated the population to reach 9.2 billion people from 8.0 billion

ithin the next 30 years [2] . 

In 2019, it was reported that the annual use of pesticides had reached

 million tons around the world, and it is envisaged to increase further

3] . According to the report of the European Union (EU) published in

022, the global use of pesticides had reached 4 million tons. Also, it was

ound that 3.9% of the analyzed samples exceeded the maximum residue

evel (MRL), which is the highest tolerable concentration of pesticides

n/on the crops. Further, 27% of the analyzed samples were contami-

ated by two or more pesticides [4] . Moreover, another report by EU

eclared that even in organic crops, organic or synthetic pesticides are

ound as a result of their use or as cross-contamination from neighbor-

ood fields [1] . 
arch 2023 

e CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.sampre.2023.100061
http://www.ScienceDirect.com
http://www.elsevier.com/locate/sampre
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sampre.2023.100061&domain=pdf
mailto:ezel@metu.edu.tr
https://doi.org/10.1016/j.sampre.2023.100061
http://creativecommons.org/licenses/by-nc-nd/4.0/


K. Kahremano ğlu, Y. Akp ı nar and E. Boyaci Advances in Sample Preparation 6 (2023) 100061 

 

e  

d  

t  

d  

a  

P  

f

 

s  

c  

S  

M  

d  

e  

S  

m

 

e  

o  

a  

t  

a  

t  

t  

g  

o  

e  

s  

s  

t  

a  

c  

o  

d  

v  

s  

r  

w  

l  

w  

T  

l  

p  

r  

r  

t  

p  

d  

v  

h  

t  

a  

t  

v  

m  

r  

v  

u  

l  

a  

f  

p  

a  

w  

p  

p  

r  

s  

L  

h  

p

 

a  

f  

(  

v  

c  

a  

p

2

2

 

c  

S  

M  

w  

c  

t  

(  

I  

(  

l  

1  

p  

(  

(

 

w  

i  

G  

p  

d  

2  

a

2

 

A  

q  

f  

s  

(  

0  

T  

fl  

i  

a  

5  

8  

i  

n  

T  

m  

1  

p  

s  
The uncontrolled use of pesticides causes severe problems for the

cosystem and human health. Environmental and medical authorities

raw attention to the uncontrolled use of pesticides and their detrimen-

al effects on people in direct or indirect exposure ways. Birth and fetal

iseases, asthma, lymphoma, Parkinson’s disease, and prostate cancer

re some examples of pesticide-induced diseases published by Beyond

esticides, which is a nonprofit organization to prevent the negative ef-

ects of pesticides on public and environmental health [5] . 

Under the current circumstances, the use of pesticides to produce

ufficient and high-quality crops cannot be avoided; however, some spe-

ific regulations for their use are accepted by the EU and European Food

afety Authority (EFSA). For instance, for each pesticide and crop, an

RL is specified by the European Union [6] . Yet, the farmers may mix

ifferent pesticides in lower concentrations as a pesticide blend to not

xceed the MRL or to obtain a stronger effect for controlling the pests.

uch mixtures may result even in a higher risk to public health as it is

ore difficult to perform a realistic risk assessment. 

Due to the significant number of new studies evidencing the adverse

ffect of pesticides, there is a need for more sensitive and reliable meth-

ds that are suitable to determine these agrochemicals in a multi-residue

pproach. Several sample preparation methods using classical extrac-

ion techniques (liquid-liquid extraction, LLE), and Soxhlet extraction

re accepted by Environmental Protection Agency (EPA) for the pes-

icides. However, these methods are developed long ago, and usually,

hey do not fulfill the current analytical methods requirements for being

reen. For instance, in Soxhlet extraction, several hundreds of milliliters

f solvents are required with overnight refluxing of the solvent for the

xtraction of pesticides from solid samples, which makes the method

olvent- and time-consuming as well as labor-intensive [7–10] . Another

ample preparation technique that is commonly used in pesticide de-

ermination is solid-phase extraction (SPE). The main drawback of this

pproach is requirement of extra sample preparation steps such as pre-

ipitation and or filtration prior to SPE to remove macromolecules and

ther particles from the matrix to avoid the clogging of the SPE cartridge

uring the extraction. Moreover, the breakthrough volume of SPE may

ary from analyte to analyte which limits the sample volume (so the sen-

itivity of more retained analytes) to the breakthrough volume of the less

etained analyte. Additionally, the sorbents used in SPE are single use,

hich makes them economically unfavorable. An alternative and preva-

ent method obtained by the combination of LLE and SPE is QuEChERS

hich stands for quick, easy, cheap, effective, rugged, and safe method.

his approach has gained significant attention as addresses some of the

imitations stated above. However, in this method, even more sample

reparation steps are required, and each step is prone to introduce er-

ors to the analytical method. Still, this technique is labor-intensive, and

elatively large volumes of solvents are consumed. Solid phase microex-

raction (SPME), as a widely used technique for sampling and sample

reparation, provides a platform that can address the need for reliable

etermination of multi-residue in complex matrices with minimal sol-

ent use. Moreover, its thin film microextraction (TFME) geometry en-

ances the sensitivity of analysis by the use of a larger volume of extrac-

ive phase. Because the larger volume of the extractive phase is spread as

 thin film on a relatively large surface, TFME improves the sensitivity of

he method without scarifying the sampling time. Due to the many ad-

antages of SPME over classical extraction techniques, there are various

ethods developed for pesticides involving SPME as a sample prepa-

ation approach in diverse matrices such as water [11–15] , different

egetables and fruits [16–22] , and soil [ 15 , 23 , 24 ]. The most commonly

sed extractive phases in these studies are polypropylene (PP), polyacry-

ate (PA), poly(dimethylsiloxane)–divinylbenzene (PDMS/DVB), PDMS,

nd molecularly imprinted polymers (MIPs). Recently, covalent organic

ramework (COF) and carbon nanomaterial-based coatings have gained

opularity as well. Among various extractive phases, when multiresidue

nalysis is essential, hydrophilic-lipophilic balanced (HLB) particles

hich enable the extraction of a wide range of analytes with different

hysicochemical properties become imperative. Moreover, when HLB
2 
articles were immobilized in polytetrafluoroethylene amorphous fluo-

opolymer (PTFE-AF) in a fiber geometry, the resulting sampler became

uitable for direct thermal desorption in GC and solvent desorption for

C analyses [25] . Although this coating has significant advantages, it

as not been tested yet in TFME format for sensitive determination of

esticide. 

In this study, HLB/PTFE AF coated TFME devices were prepared,

nd an analytical method was optimized for the extraction of pesticides

rom apple juice followed by gas chromatography-mass spectrometric

GC–MS) analysis. Based on the limit of quantitation (LOQ) of the de-

eloped TFME-GC–MS method (between 1.0 and 5.0 ng mL − 1 ), it can be

oncluded that the final method is capable to monitor the pesticides at

n order of magnitude lower concentration levels than their maximum

ermissible levels. 

. Material and methods 

.1. Chemicals and apparatus 

Analyte standards, trifluralin, methyl-parathion, carbaryl,

hlorpyrifos-methyl, malathion, and diazinon were purchased from

igma-Aldrich (Germany). LC-grade methanol was obtained from

erck (Germany). A stock solution of each pesticide (1.0 mg mL − 1 )

as prepared in methanol and stored at 4 °C in the fridge. Working and

alibration solutions were prepared before each analysis freshly from

he stock solution of each pesticide. pH 7.4 phosphate-buffered saline

PBS) salts; including KCl, NaCl, and KH 2 PO 4, were purchased from

solab (Germany), while Na 2 HPO 4 was purchased from Sigma-Aldrich

Germany). Two different brands of apple juices were obtained from a

ocal market, apple drink (which contains at least 10% apple juice) and

00% apple juice. PTFE AF 2400 used as a polymeric binder during the

reparation of TFME devices and it was obtained from Sigma-Aldrich

Germany). For the dissolution of PFTE AF 2400, perfluorohexane

FC-72) was used and purchased from ABCR (Germany). 

Ultra-pure water (18.2 M Ω .cm at 25 °C) was obtained from a Milli-Q

ater purification system from Millipore (USA). Samples were agitated

n a mechanical shaker CAT AEK-SH10 PAS Technology Deutschland

mbH. The pH of the buffers was measured using HANNA HI 2002 Edge

H meter. Conductivity of solutions were measured using AZ8361 con-

uctivity meter. Apple juice samples were centrifugated using Nuve NF

00 bench-top centrifuge. Isolab blue band filter with 110 mm diameter

nd 2.5 μm pore size was used for sample filtration. 

.2. GC–MS analysis 

The separation and quantitation of pesticides were performed in

gilent 6890A gas chromatography system equipped with a 5973

uadrupole mass selective detector (Agilent Technologies, USA). The

ragments of analytes were obtained using an electron impact (EI) ion

ource with 70 eV. For the separation of six pesticides, an ultra-inert

5%-phenyl)-methylpolysiloxane (HP-5MS) column with 30 m length,

.25 mm inner diameter, and 0.25 μm film thickness was used (Agilent

echnologies, USA). Helium was used as a carrier gas at a 1.2 mL/min

ow rate. The injection volume was 1.0 𝜇L, while during the injection

njector port was kept at 250 °C (with a split ratio of 1:1). The temper-

ture gradient used during the separation was as follows. For the first

 min the column was kept at 60 °C and then heated up to 200 °C at

0 °C/min rate and kept at 200 °C for 2 min. Then, with 20 °C/min rate

t was increased to 220 °C and kept for 1 min at this temperature. Fi-

ally, with 20 °C/min rate was increased to 240 °C and kept for 1 min.

he total analysis time was 10.75 min. A selected ion monitoring (SIM)

ethod was used for quantifications with m/z of 93 (173), 109 (155),

37 (179), 144 (115), 286 (288), and 306 (355) for malathion, methyl-

arathion, diazinon, carbaryl, chlorpyrifos-methyl, and trifluralin, re-

pectively. The qualification ions used in the method are given in the
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arenthesis. The physicochemical properties of the selected pesticides

re summarized in Table S1 (Supporting Information Section) 

.3. Preparation of TFME devices 

For the preparation of TFME devices first, a coating slurry consisting

f homemade HLB particles in PTFE AF 2400 solution was prepared

s described by Gionfriddo et al. [25] . The slurry was spread on the

urface of carbon mesh as a film using a thin film applicator with a gap

f 30 μm. The resulting extractive phase was measured using a digital

aliper from different points of the thin film and was found as 28 ± 2 μm.

he resulting material was dried at 80 °C in an oven overnight and then

ut with bistoury to have TFME samplers with 1.5 cm length and 0.5 cm

idth. Another set of TFME samplers was prepared with 0.5 cm x 0.5 cm

imensions. 

.4. Optimization of TFME procedure 

The TFME protocol consisted of several steps including precondition-

ng of the TFME device, rinsing, extraction, second rinsing, and desorp-

ion. In a typical study, as a first step, the TFME samplers were precon-

itioned in methanol. As a second step, the excess methanol present on

he surface of the sampler was removed by dipping it into distilled wa-

er for 3 s. Then, the residual water on the TFME device was removed

ently with a paper towel. As a next step extraction was performed.

ollowing the extraction, the TFME devices were washed quickly with

ater to remove any matrix components and dried gently with a paper

owel. As the final step, desorption was performed. All experiments were

onducted at 20 °C and the agitation rate for the extraction and desorp-

ion was set to 1000 rpm. Experimental details used in each investigated

xtraction parameter are given below. 

To ensure the complete desorption of extracted pesticides from TFME

lms, desorption time was investigated as the first parameter. For this

urpose, PBS (pH 7.4) buffer was spiked with a pesticide mixture and ex-

ractions were performed from this matrix using 0.5 cm x 0.5 cm TFME

amplers. The experimental parameters used during the extraction were

s follows; sample volume: 4.0 mL, analyte concentration: 250.0 ng

L − 1 , extraction time: 60 min. The experimental parameters used dur-

ng the desorption were as follows; desorption solvent: methanol, des-

rption volume: 1.5 mL, desorption time: 5, 15, 30, 60, and 120 min. 

Following the desorption studies, the extraction time profile of each

nalyte was investigated. For this purpose, PBS buffer was spiked with a

esticide mixture, and extractions were performed using 0.5 cm x 0.5 cm

FME samplers. The experimental parameters used during the extrac-

ion were as follows; sample volume: 4.0 mL, analyte concentration:

50.0 ng mL − 1 , extraction time: 5, 15, 30, 60, 120 min. The exper-

mental parameters used during the desorption were as follows; des-

rption solvent: methanol, desorption volume: 1.5 mL, desorption time:

0 min. 

The effect of sample pH on extracted amount of pesticides was also

nvestigated. To show the effect of pH, phosphate buffer solutions with

H of 3.0, 5.0, 7.0, 10.0, and 12.0 were prepared and spiked with pes-

icides and then equilibrated for 1 hour. Extractions were performed

sing 0.5 cm x 0.5 cm TFME samplers. The experimental parameters

sed during the extraction were as follows; sample volume: 4.0 mL, an-

lyte concentration: 250.0 ng mL − 1 , extraction time: 60 min. The ex-

erimental parameters used during the desorption were as follows; des-

rption solvent: methanol, desorption volume: 1.5 mL, desorption time:

0 min. 

.5. Evaluations in real samples 

The effect of salt addition on extraction performance of the TFME

evices was studied in detail in the real samples as the real matrix is

ore complex (high dissolved solid, ions, presence of binding compo-

ents, etc.) compared to water. For this purpose, apple juices with differ-
3 
nt juice contents (commercial 10% apple juice, commercial 100% ap-

le juice, and commercial 100% apple juice diluted with water (50/50)

v/v)) were used. 

Initially, the effect of salt was investigated with a commercial ap-

le drink for which the label indicates that 10% apple juice is present

n it. For this experiment, the apple drink was spiked with pesticides

nd samples were equilibrated for 1 hour. Then, NaCl was added to

ave 0%, 5%, 10%, and 20% NaCl in final solutions. TFME samplers

ere preconditioned and washed as described in Section 2.4 . Extrac-

ions were performed using 1.5 cm x 0.5 cm TFME samplers. The exper-

mental parameters used during the extraction were as follows; sample

olume: 1.5 mL, analyte concentration: 250.0 ng mL − 1 , extraction time:

0 min. The experimental parameters used during the desorption were

s follows; desorption solvent: methanol, desorption volume: 1.0 mL,

esorption time: 60 min. 

In a separate experiment, the salt effect was investigated using 100%

pple juice as a sample matrix. For this purpose, the apple juice was

piked with pesticides and samples were equilibrated for 3 h. Follow-

ng the equilibration, NaCl was added to the samples to have 0%, 5%,

0%, and 20% NaCl in final solutions. Extractions were performed using

.5 cm x 0.5 cm TFME samplers. TFME samplers were preconditioned

nd washed as described in Section 2.4 . The experimental parameters

sed during the extraction were as follows; sample volume: 40.0 mL,

nalyte concentration: 250.0 ng mL − 1 , extraction time: 60 min. The ex-

erimental parameters used during the desorption were as follows; des-

rption solvent: methanol, desorption volume: 0.6 mL, desorption time:

0 min. 

Also, the effect of dilution with water in the presence of salt was

nvestigated. Extractions were performed using 1.5 cm x 0.5 cm TFME

amplers. For this experiment, first, 100% apple juice was spiked with

esticides to contain 250.0 ng mL − 1 of each pesticide in the final sam-

les, and samples were equilibrated for 3 h. Then samples were diluted

ith water in half. Finally, NaCl was added to diluted samples to have

%, 5%, 10%, and 20% NaCl solutions in the final samples. The extrac-

ion conditions described for 100% apple juice was used for the evalu-

tions. 

Finally, the effect of sample centrifugation and filtration on extracted

mounts of pesticides from apple juice was investigated. For this ex-

eriment, pesticides were spiked to the apple juice before or after the

entrifugation and filtration steps. Experimental details and schematic

epresentation of the performed experiment (Figure S1) are provided in

upplementary Information Section. 

.6. Extraction from agarose gel as solid matrix representative 

This study was performed as a preliminary investigation to show the

ossibility of using the samplers for on-site sampling directly from the

urface of the fruit and vegetables. 

.6.1. Investigation of extraction time profile 

To mimic solid samples, agarose gel was prepared and spiked to con-

ain the selected pesticides at 250.0 ng mL − 1 final concentration. For

his purpose, first 2% agarose (w/v) solution was prepared by bringing

o boil. Then the solution was cooled to approximately 60 0 C and the

elected pesticide were added to the solution. Before solidification of

he solution to a gel, 50.0 mL of mixture was poured in separate Petry

ishes and cooled to room temperature. Before the extraction, TFME

amplers (1.5 cm x 0.5 cm) were preconditioned and washed as de-

cribed in Section 2.4 . The experimental parameters used during the

xtraction were as follows; sample volume: 50.0 mL, analyte concen-

ration: 250.0 ng mL − 1 , extraction time: 5, 15, 30, 60 min, agitation:

tatic. The experimental parameters used during the desorption were as

ollows; desorption solvent: methanol, desorption volume: 1.5 mL, des-

rption time: 60 min. Desorption solvents were kept at − 20 °C untill

heir analysis in GC–MS. 
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.6.2. Pesticide distribution analysis 

For this purpose, firstly the pesticide mixture was spiked to 2%

garose solution as described above to have gels with 0.0, 10.0, 25.0,

0.0, 100.0, 250.0, 500.0, and 750.0 ng mL − 1 analyte concentrations. In

 96-well plate, 2.0 mL of each gel was randomly placed in the different

ells and a pesticide distribution map was generated. These gels were

sed for extractions with the samplers to show the spatial resolution

bility of the TFME sampler on the solid surface. For this study, TFME

amplers with 0.5 cm x 0.5 cm dimensions were used. The experimen-

al parameters utilized during the extraction were as follows; extraction

ime: 60 min, agitation: static, extraction temperature: 20 °C. The ex-

erimental parameters used during the desorption were as follows; des-

rption solvent: methanol, desorption volume: 0.6 mL, desorption time:

0 min. Desorption solvents were kept at − 20 °C untill their analysis. 

.7. Validation of analytical method 

The developed analytical method was validated to show its reliabil-

ty, reproducibility, and sensitivity using apple juice as a sample. During

alidation, linear dynamic range (LDR), the limit of quantitation (LOQ),

ccuracy, and reproducibility (intra- and inter-day precision), were de-

ermined using matrix-matched external standard calibration. 

For the determination of LDR, 100% apple juice (with pulp) was

piked with pesticides to have 0.1, 0.25, 0.50. 1.0, 5.0, 10.0, 50.0, 100.0,

50.0, and 500.0 ng mL − 1 of each pesticide in the final samples and

quilibrated for 3 h. Each sample was diluted with water in half. Be-

ore extraction, the required amount of NaCl was added to the samples

o have 10% NaCl (w/v) in the final samples. Prior to the extraction,

FME samplers (0.5 cm x 0.5 cm) were preconditioned and washed as

escribed in Section 2.4 . The experimental parameters used during the

xtraction were as follows; sample volume: 40.0 mL (50/50 diluted sam-

le), extraction time: 60 min. The experimental parameters used during

he desorption were as follows; desorption solvent: methanol, desorp-

ion volume: 1.5 mL, desorption time: 60 min. Desorption solvents were

ept at − 20 °C untill their analysis. 

The LOQ of each pesticide was calculated from the back calculation

f nominal concentration using the linear regression equation of matrix

atched TFME calibration. In these studies, the LOQ was defined as the

owest concentration that provides maximum of 20% relative error in

ack calculations. 

To show the accuracy of the developed TFME-GC–MS method, three

ifferent concentrations of pesticides representing quality control (QC)

oints over LDR of the matrix matched calibration were spiked (blind

o analyst) to apple juice. The spike levels were 5.0 ng mL − 1 , 30.0 ng

L − 1 , and 300.0 ng mL − 1 as low, medium and high concentrations,

espectively. Following the extraction/desorption conditions described

bove the unknown concentrations of pesticides were determined by

atrix-matched external standard calibration and then their relative er-

ors (RE%) were calculated. 

For intra-day reproducibility, three different sets of extractions were

erformed three times a day while for inter-day reproducibility, three

ifferent sets of extractions were performed on three consecutive days.

ach experiment was performed in triplicate. The same QC levels de-

cribed for method’s accuracy were used in repeatability studies. Fol-

owing the extraction/desorption conditions described above the un-

nown concentrations of pesticides were determined by matrix-matched

xternal standard calibration and then the relative standard deviations

RSD%) were calculated. 

. Results and discussion 

.1. Optimization of SPME parameters 

.1.1. Desorption time profiles 

Because complete desorption of analytes is required for the quantita-

ive analysis with high sensitivity, as a first experiment, the desorption
4 
ime profile was investigated. The results of this experiment are shown

n Supplementary Information Section in Figure S3. As can be seen from

he figure, methyl-parathion, trifluralin, carbaryl, malathion, and diazi-

on were completely desorbed within 15 min, but the desorption of

hlorpyrifos-methyl required 30 min. A second desorption was also per-

ormed under the same desorption conditions with the same TFME sam-

lers to investigate if there is a carryover of analytes on the sampler or

ot. No analytes were found in the second desorption, indicating that

0 min of desorption time using methanol as a desorption solvent re-

ult in quantitative desorption conditions and can be used for further

xperiment. 

.1.2. Extraction time profile 

The extraction time profiles of the pesticides were investigated to

nd the shortest time that provides the best sensitivity for the final

ethod. The Student’s t -test at 95% confidence level (CL) was used for

he comparison of two means to decide if there is a significant difference

n extracted amounts between two extraction time points. The extrac-

ion results are depicted in Fig. 1 . As can be seen from the figure, there

s significant increase in extracted amounts of all pesticides when 5 min

ampling was compared to 15 min sampling. Moreover, under studied

onditions all the analytes except methyl-parathion reached equilibrium

xtraction in 30 min. On the other hand, the extracted amount of methyl-

arathion at 120 min was still significantly different than 60 min. For

urther studies 60 min was selected as extraction time as provides rea-

onable balance for method sensitivity versus sampling time. 

.1.3. Effect of sample pH on the extraction 

As stated in several studies [ 13 , 17 , 26 ], pesticides are more stable

n weakly acidic media while degrade in alkali media. Therefore, it is

ritical to study the sample where the analytes of interest are stable and

epresent the real state of the system under investigation. Besides, one of

he ways to enhance the method’s sensitivity is to find extraction condi-

ions where the extraction is maximum. Moreover, it is critical to know

f the sample pH has a significant effect on the sorption amount as ex-

ernal TFME calibration is applied in a different matrix than the sample

tself, albeit of matching the matrix. For these reasons, the effect of the

ample pH on extracted amount of analytes was evaluated using pH 3.0,

.0, 7.0, 10.0 and 12.0 buffers as sample matrices. The results obtained

rom this study are shown in Fig. 2 . The extraction profile obtained for

ifferent pHs was almost the same for all analytes showing better ex-

ractions under acidic conditions. As the pH of solution increased the

xtraction of the selected analytes gradually decreased. These findings

re in agreement with the results obtained in different studies [ 17 , 27–

9 ]. The pH of the apple juice used in this study was 4.5. Because suf-

cient method sensitivity was obtained at this pH, no pH adjustment

as performed in further experiments. However, for the analysis of real

amples with a pH value higher than 5.0, especially when better sen-

itivity is required, pH adjustment to 5.0 can be performed to enhance

he extraction efficiency. 

.2. Evaluations in real samples 

The effect of salt addition on extraction was investigated in real sam-

les. For this purpose, a commercial drink that contains 10% apple juice

apple drink) and 100% apple juice were bought from the supermarket

nd used in the investigations. The pH and conductivity of matrices used

n the study are summarized in Table S2 (Supporting Information Sec-

ion). 

The effect of salt addition on extraction of pesticides from apple

rink (10% apple juice) is shown in Supplementary Information Sec-

ion in Figure S4. As can be seen from the figure the extracted amounts

f pesticides are affected significantly from the presence of salt in the

ample and reached to their maximum value around 5% NaCl. When

he salt concentration exceeds 10% NaCl (w/v), the extracted amount

f analytes started to decrease for all compounds. However, statistically
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Fig. 1. Extraction time profiles of pesticides with TFME 

devices from PBS ( n = 3). Extraction conditions: 4.0 mL 

sample volume, 250.0 ng mL − 1 analyte concentration, 

1000 rpm agitation rate. Desorption conditions: 1.5 mL 

methanol, 60 min desorption at 1000 rpm agitation rate. 

Fig. 2. Effect of sample pH on extraction of pesticides 

with TFME samplers ( n = 3). Extraction conditions: 4.0 mL 

sample volume, 250.0 ng mL − 1 analyte concentration, 

1000 rpm agitation rate. Desorption conditions: 1.5 mL 

methanol, 60 min desorption at 1000 rpm agitation rate. 
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Fig. 3. Effect of salt addition on extraction of pesticides from 100% apple juice 

( n = 3). Extraction conditions: 40.0 mL sample volume, 250.0 ng mL − 1 an- 

alyte concentration, 1000 rpm agitation rate. Desorption conditions: 0.6 mL 

methanol, 60 min desorption at 1000 rpm agitation rate. 
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j  
ignificant difference for this decrease (at 95% CL) was observed only

or trifluralin, malathion, diazinon and chlorpyrifos-methyl. This phe-

omenon can be explained by the decrease of the diffusion coefficients

which results in lower extracted amounts) as sample viscosity increases

y added salt [18] . Similar findings were reported in literature for diazi-

on, in a study conducted by Maddah et al. for the extraction of diazinon

rom environmental water and they concluded that the extraction re-

overy of diazinon increases up to 10% NaCl and then starts to decrease

30] . This decrease was explained by Schelling et al. as the formation of

 layer around the extractive phase which was preventing the sorption

f analytes by the extractive phase [26] . 

The results obtained in 100% apple juice are shown in Fig. 3 . As can

e seen from these results the amounts of pesticides extracted from this

atrix is significantly less compared to 10% apple juice. Similarly to

revious case, the first addition of salt enhanced the extracted amounts.

ontrary to our results for 10% apple juice for which 5% added salt en-

anced the extraction directly to a peak value for all compounds, in this

tudy a gradual increase of extracted amount was observed by increase

n amount of salt added. For methyl-parathion, carbaryl and diazinon

he maximum sorption was obtained at 10% NaCl while for malathion

as 5%. In the case of trifluralin and chlorpyrifos methyl, a gradual

ncrease was observed up to 20% of salt which was the highest con-

entration tested. Moreover, for the extraction of trifluralin (Log P 5.3)

nd chlorpyrifos-methyl (Log P 4.3), the overall effect of salt addition

n extracted amount was less significant. In fact, it has been reported

hat the effect of salt addition becomes critical for the compounds with

 Log P value lower than 3 as the presence of ions decreases the solu-

ility of compounds in their aqueous matrix, thus enhancing their affin-
 c  

5 
ty towards the extractive phase [31] . Therefore, the minimal effect of

alt addition on the extraction of the most lipophilic compounds ob-

erved here is reasonable behavior. However, the results obtained in

pple drink containing 10% apple juice did not have the same trend,

ndicating that other phenomena are also critically involved Two ma-

or reasons might have contributed to this observation. The first one is

he presence of higher amount of binding components in the pure apple

uice which decreases the concentration of free form of the lipophilic

ompounds, thus the extraction. The second reason could be associated
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Fig. 4. Effect of salt addition on extraction of pesticides in diluted apple juice 

(50:50) ( n = 3). Extraction conditions: 40.0 mL sample volume, 250.0 ng mL − 1 

analyte concentration, 1000 rpm agitation rate. Desorption conditions: 0.6 mL 

methanol, 60 min desorption at 1000 rpm agitation rate. 
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Fig. 5. Effect of sample centrifugation and filtration on the extraction of pes- 

ticides with TFME samplers ( n = 3). Extraction conditions: 40.0 mL sample 

volume (diluted apple juice (50:50)), 250.0 ng mL − 1 analyte concentration, 

1000 rpm agitation rate. Desorption conditions: 0.6 mL methanol, 60 min des- 

orption at 1000 rpm agitation rate. 
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ith the decrease in the solubility of the lipophilic compounds by added

alt to a level at which analyte precipitation from the sample starts. 

To eliminate the negative effect of the pulpy and dense nature of ap-

le juice, the effect of salt addition was studied by diluting the samples

ith water in half. The results of this experiment are shown in Fig. 4 .

uring the assessment of the results, it should be kept in mind that the

olume of juice samples before dilution was 20.0 mL; therefore, they had

0% less absolute amount of pesticides compared to 40.0 mL pure apple

uice samples. As can be seen from the results, similar to pure apple juice

amples, a gradual increase of analyte extraction with increase of added

alt is present. However, the gradual decrease of sorption at 20% salt

as not observed for all analytes. Yet, the best sorption was obtained in

amples containing 10% NaCl which was in agreement with pure apple

uice and apple drink results. The comparison of the sorption amounts of

hlorpyrifos-methyl and trifluralin from pure and diluted apple juice at

0% NaCl concentrations, revealed that the absolute extracted amounts

pproximately were doubled in diluted samples, albeit of less amount

f analyte present. This indicates the advantage of sample dilution to

ecrease the matrix effect and increase the absolute recoveries. Inter-

stingly, no significant difference was observed for extracted absolute

mounts of malathion and diazinon in pure and diluted samples. Still

ndicating the advantage of the dilution of the sample. Contrary to the

ther four compounds, carbaryl and methyl-parathion, the compounds

ith the lowest molecular weights, were extracted in higher absolute

mounts from pure juice compared to diluted juice. This further proves

hat for very polar analytes viscosity of the sample and presence of bind-

ng molecules is less critical compared to the most nonpolar analytes. 

According to the review published by Shalini et al., apple pulp con-

ains about 3.6% sugars, 4.0% proteins, and 9.5 to 22.0% carbohydrates

32] . The presence of macromolecules in the sample affects the diffusion

f analytes; therefore, it may affect the extraction process. Moreover,

he analytes might bind to macromolecules and their free concentration

ithin the matrix may decrease, resulting in lower recoveries. In order

o further investigate the effect of the matrix components on extraction

f the pesticides, the effect of sample centrifugation and filtration on

xtracted amounts was evaluated. For this purpose, five experimental

onditions were tested. In Case I the apple juice was centrifuged, and

he supernatant was spiked with the pesticides. In Case II the apple juice

as centrifuged and then filtered, and the filtrate was spiked with pesti-

ides. In Case III, the apple juice was spiked with the pesticides without

nvolving any filtration and centrifugation steps. In Cases IV and V, the

pple juice was spiked with the pesticides and then the matrix removal

ethods described in Case I and Case II (respectively) were applied and

hen the extractions were performed under the same conditions. The

esults of this experiment are given in Fig. 5 . As can be seen from the

esults, except for carbaryl, there is significant effect of the matrix. Com-

arison of Case I and Case II, which only differs by addition of filtration
6 
tep, suggest no significant difference between the extracted amounts.

owever, comparison of Case I and II to Case III in which matrix com-

onents were not separated, shows a clear effect of the matrix. Yet, it

s not clear if this is because of sample viscosity or binding to macro-

olecules. Comparison of Case I and II (post-spiked) to Case IV and V

pre-spiked), clearly shows that there is enhancement in the extracted

mount from the samples which were post spiked, albeit the matrix vis-

osity is the same in both groups. This observation suggests that some

ortions of the analytes are retained by macromolecules. Interestingly,

nly carbaryl did not show difference for extracted amounts between

our cases (Case I, II, IV and V), suggesting that this compound does not

how significant binding to matrix components. Yet, the comparison of

ase III to the other cases suggests a slight effect of the sample viscosity

n the extracted amount of carbaryl. 

Consequently, no filtration or centrifugation step was implemented

o the final method as dilution of the apple juice with water in half then

ddition of NaCl to have a 10% concentration (w/v) in the final samples

rovides reasonable balance for the sensitivity of all analytes. 

.3. Extraction from agarose gel as solid matrix representative 

To show the suitability of the developed TFME samplers for the on-

ite multi-residue analysis of pesticides, preliminary studies were con-

ucted on agarose gel. 

.3.1. Extraction time profile 

To show the suitability of the developed thin films for potential on-

ite sampling directly from the surface of fruit and vegetables, agarose

el was used as surrogate matrix spiked with the analytes. Although the

esticides were distributed homogeneously through the gel layer, the

xtractions were performed from the surface of the gel. Therefore, the

ampling does not only represent the surface of the potential crop but

lso extraction from a semi solid (fruit/vegetable puree) sample. The

xtraction time profile obtained in the gel model under static extrac-

ion conditions are illustrated in Fig. 6 . Although none of the analytes

eached equilibrium under the tested sampling times, they were quan-

itatively determined even with 5 min sampling. It should be noted that

he extractions were performed under static conditions for which the

oundary layer between the extractive phase and sample is thick and

as its largest value for this system. Since the analytes reach the ex-

ractive phase via passive diffusion through this boundary layer, the

orption of analytes is slowed under static extraction condition. In fact,

ccording to Fick’s law, the diffusion of an analyte in a certain system

an be predicted. The-mean squared displacement of a molecule can be

stimated using the equation given below. Where D denotes diffusion
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Fig. 6. Extraction time profile of pesticides in 2% agarose gel ( n = 3). Extraction 

conditions: 50.0 mL gel volume, 250.0 ng mL − 1 analyte concentration, sample 

agitation is static. Desorption conditions: 1.0 mL methanol, 60 min desorption 

at 1000 rpm agitation rate. 
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Table 2 

Intra-day precision of the TFME-GC–MS method. 

RSD% ( n = 3) 

5.0 ng mL − 1 30.0 ng mL − 1 300.0 ng mL − 1 

Trifluralin 19 18 21 

Chlorpyrifos-methyl 18 14 17 

Malathion 18 10 8 

Methyl-parathion 15 8 10 

Diazinon 17 12 6 

Carbaryl 3 6 6 
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onstant of the molecule and has an average value of 5 . 8 𝑥 10 −6 𝑐 𝑚 

2 ∕ 𝑠 for

mall molecules in aqueous systems and decreases only by 5% in the 2%

garose gel [33] . The term d in the equation is the dimensionality of the

ystem, and t is time, which in this case is the extraction time [34] . 

𝑥 2 
⟩

= 2 𝑑𝐷𝑡 

Based on the calculations, for 60 min of sampling which was the

ongest extraction time (so the contact time between the agarose gel

nd the extractive phase) in this study, the molecular displacement was

nly 2 mm. This indicates that only the analytes present within 2 mm

istance from the TFME device were extracted on the extractive phase

nd the extraction was restricted almost to the surface of the gel. This

learly explains why the extraction did not reach to equilibrium condi-

ions. As sufficient sensitivity was obtained for all analytes, the optimum

xtraction time was chosen as 60 min for further experiments. 

.3.2. Pesticide distribution analysis 

In view of the fact that pesticide concentration may vary through

he crop surface, space-resolved sampling becomes critical to decide

hether the level of pesticides exceed certain levels. Therefore, devel-

ped TFME samplers (with surface area of 0.25 cm 

2 ) were evaluated

n terms of their applicability for sampling from smaller surface area

approximately 1 cm 

2 ) of agarose gel with varying concentrations (0.0,

0.0, 25.0, and 50.0, 100.0, 250.0, 500.0, and 750.0 ng mL − 1 ) of pes-

icides. The obtained results from this study are shown in Figure S5. As

an be seen from the figure, even at 10.0 ng mL − 1 all pesticides could

e detected from the gel surface. The only exception was for methyl-

arathion which was quantified at minimum of 25.0 ng mL − 1 . 

Since the pesticides concentrations were randomly distributed in the

6 well plate, a heat map (Figure S6) showing a color palette for each

oncentration was generated from the extraction results. As can be seen

rom the heat maps, random distribution of concentrations on the 96

ell plate could be differentiated correctly by 0.5 × 0.5 cm HLB/PTFE

F devices, indicating the capability of TFME for monitoring the spatial

esolution of chemical changes on a surface. 
Table 1 

The LOQ and the accuracy of the developed m

Analyte LOQ (ng mL − 1 ) Relati

5.0 ng

Trifluralin 1.0 0.3% 

Chlorpyrifos-methyl 5.0 1.4% 

Malathion 1.0 5.7% 

Methyl-parathion 5.0 6.0% 

Diazinon 5.0 1.4% 

Carbaryl 5.0 7.3% 

7 
.4. Validation of analytical method 

For the validation of the method in 100% apple juice, analytical fig-

res of merits were determined using matrix-matched external standard

alibrations. For this purpose, the apple juice free of targeted pesticides

as spiked in a range of 0.10–500.0 ng mL − 1 concentrations of pesti-

ides. Then the developed method was used for the extraction, desorp-

ion and GC–MS analysis. The representative matrix-matched TFME cal-

bration curves are given in Supplementary Information Section as Fig-

re S7. The linear dynamic range (LDR) was between 1.0–500.0 ng mL − 1 

or trifluralin and malathion, and 5.0–500.0 ng mL − 1 for chlorpyrifos-

ethyl, methyl-parathion, carbaryl, and diazinon. The limit of quanti-

ation (LOQ) was 1.0 ng mL − 1 for trifluralin and malathion while for

hlorpyrifos-methyl, malathion, methyl-parathion, carbaryl, and diazi-

on was 5.0 ng mL − 1 . It should be mentioned that the LOQ obtained

n this study are mainly restricted by the solvent volume used to des-

rb the analytes as only 1.0 μL of 600.0 μL of desorption solution was

njected to the GC–MS system. In the presence of large volume thermal

esorbed, direct thermal desorption from the TFME device to GC–MS

ould be feasible which could further improve the method’s LOQs. The

ccuracy of the TFME-GC–MS method was evaluated as an analyst blind

est by spiking three concentrations from the linear range to apple juice

ree of pesticides. The relative error (RE%) for each analysis is given

n Table 1 . As can be seen from the table the methods accuracy is ac-

eptable as provides less than 15% RE for all of the analytes at all tested

evels. Only for trifluralin at 300.0 ng mL − 1 level more than 20% of RE%

as observed. 

The intra-day reproducibility of the developed TFME-GC–MS method

as evaluated by repeating three times in a day the protocol in spiked

amples with low (5.0 ng mL − 1 ), mid (30.0 ng mL − 1 ), and high (300.0 ng

L − 1 ) concentrations. Besides, inter-day reproducibility was evaluated

or three consecutive days with the same spike levels used in intra-day

valuations. The percent relative standard deviation (RSD%) for intra-

ay and intra-day reproducibility are shown in Table 2 and Table 3 ,

espectively. The reproducibility of the method varied between 6 and

1% RSD and 3–20% RSD for intra-day and intra-day studies, respec-

ively. Similarly, to methods accuracy only trifluralin was above 20% at

00.0 ng mL − 1 level. 

In overall, the results show acceptable reproducibility and accuracy

or the determination of pesticides in 100% apple juice which could be

urther improved by implementing internal standards in the method. 
ethod ( n = 3). 

ve Error (RE%) 

 mL − 1 30.0 ng mL − 1 300.0 ng mL − 1 

13.8% 24.5% 

3.0% 8.2% 

6.2% 0.8% 

12.9% 5.4% 

0.3% 4.1% 

7.8% 1.6% 
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Table 3 

Inter-day precision of the TFME-GC–MS method. 

RSD% ( n = 3) 

5.0 ng mL − 1 30.0 ng mL − 1 300.0 ng mL − 1 

Trifluralin 13 19 19 

Chlorpyrifos-methyl 17 16 19 

Malathion 15 3 12 

Methyl-parathion 20 9 11 

Diazinon 17 10 7 

Carbaryl 6 4 6 
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. Conclusions 

In the current study, a new, reliable TFME-GC–MS method was pro-

osed for the simultaneous determination of six pesticides, namely, tri-

uralin, methyl-parathion, chlorpyrifos-methyl, diazinon, carbaryl, and

alathion in apple juice and on the surface of fruit/vegetables which

as mimicked with agarose gel. The use of HLB particles ensured the

fficient extraction of pesticides with different physicochemical prop-

rties while thermally stable PTFE AF acted as an ideal immobilizer

or the extractive particles and made the resulting samplers suitable for

oth solvent and direct thermal desorption. Because real samples vary

n terms of their pH, ionic strength, and matrix complexity, these pa-

ameters become critical during the method development in real sam-

les. In this study, it was shown that the sample pH has a significant

ffect on the adsorption of pesticides on the new sampler, and extracted

mount increases under slightly acidic conditions with maximum sorp-

ion at pH 5.0. Besides, the results revealed a strong positive effect of

alt addition on extracted amounts of pesticides. The amount of salt nec-

ssary to reach optimum sorption conditions was also correlated with

ample complexity. The applicability of the samplers for chemical dis-

ribution mapping directly from the surface of fruit/vegetable was also

hown successfully by performing extraction in an agarose gel model.

he results obtained in this study revealed that the samplers can be used

eliably both in collected samples and on field sampling directly on the

ruit/vegetable surface. 
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