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Introduction

Strawberries (Fragaria × ananassa Duch.) are fruits pro-
duced and appreciated in various regions of the world. 
They have great economic impact, high nutritional val-
ues and very important functional properties such as anti-
inflammatory, antioxidant, anti-neurodegenerative and anti-
carcinogenic activities [1–3].

Since 2002, strawberry crops have led the ranking of the 
foods most contaminated with pesticide residues in Brazil, 
because they have high incidences of pests and diseases 
that affect the various stages of the production [4, 5]. This 
contamination is highly troublesome because the safety 
interval, the period from harvest to sale, is usually less than 
5 days and there is high consumption, especially in natura, 
by people of all ages [6].

Pesticides are substances that belong to many different 
chemical groups and are widely used in agriculture to increase 
productivity, improve quality and prolong the storage life of 
food crops [7]. Unfortunately, not all farmers follow good 
agricultural practices, leading to an increasing concern about 
food safety and environmental contamination [8]. Thus, regu-
lations have been established in most countries worldwide to 
set maximum residue limits (MRLs) of pesticides in foods. 
In order to observe these requirements, an efficient method to 
monitor multiresidue pesticides is of upmost importance.

Nowadays, many pesticides are more polar and less vol-
atile and/or thermally labile, consequently, LC–MS/MS is 
replacing GC methodologies as the method of choice for 
pesticide residue analyses [7, 9].

Abstract  A comparison of sample preparation based on 
the quick, easy, cheap, effective, rugged and safe (QuECh-
ERS) method for analysis of pesticide residues in straw-
berries by LC–MS/MS was made using different sorb-
ents in the clean-up by dispersive solid-phase extraction 
(d-SPE). Some sorbents were laboratory-made, prepared 
by depositing poly(methyloctadecylsiloxane) (PMODS), 
poly(methyloctylsiloxane) (PMOS), aminopropyl-terminated 
poly(dimethylsiloxane) (APPS) and copolymer of (52–48 %)
dimethyl-(48–52  %)methylphenyl-siloxane (DMMPS) onto 
silica supports. The commercial sorbent primary–secondary 
amine (PSA) and mixtures of two sorbents, primary–second-
ary amine and poly(methyloctadecylsiloxane), were also used 
in the experiments. The performances of the sorbents were 
evaluated by parameters such as color of the final extract, 
gravimetric measurement, recovery and matrix effect at the 
fortification level of 100 ng g−1 of the pesticide mixture in 
strawberries. The recoveries were in the range 70–120 %, and 
the RSD values were lower than 20 % for most of the pesti-
cides using the modified QuEChERS method with different 
sorbents in the clean-up step. The strawberry extracts were 
cleaned more efficiently with the use of primary–secondary 
amine sorbent, which has the function of removing sugars, 
organic acids and especially pigments. The sample prepara-
tion method was efficient, and LC–MS/MS determination 
was optimal because of high selectivity and good detectivity 
for the multiresidue analyses.
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Most traditional methods for determination of pesticides 
in foods are time-consuming, expensive, restricted to a sin-
gle class of pesticides, need large amounts of sample, have 
high LOQ and low percent recoveries [10, 11]. Anastas-
siades et al. [12] developed the QuEChERS method for the 
determination of different pesticides in foods that involve 
extraction followed by liquid–liquid partitioning and a 
clean-up step using d-SPE. The main advantages of this 
methodology are speed, simplicity, good recoveries for pes-
ticides having different physicochemical properties that are 
present in low concentrations in complex matrices, besides 
the significant reduction of volume of organic solvents, not 
including chlorinated ones, thus contribute favorably to 
Green Chemistry.

The QuEChERS method has undergone various modi-
fications and enhancements over the years, most of them 
aimed at improving recovery and stability of some pesti-
cides. These modifications are versions of the original, 
unbuffered method, first published in 2003, or the AOAC 
Official Method from 2007, which uses acetate buffering, 
or the European Committee for Standardization (CEN) 
Standard Method EN 15662 from 2008, which uses citrate 
buffering [13, 14].

The clean-up step in d-SPE, introduced by Anastassia-
des et  al. [12], uses only PSA sorbent. Currently, diverse 
sorbents as octadecylsiloxane (C18), graphitized carbon 
black (GCB), graphene, multi-walled carbon nanotubes 
(MWCNTs) and others have been evaluated in the QuECh-
ERS method, to improve clean-up and recovery during in 
analysis of pesticides [15–18].

For some years, our research laboratory has developed 
new materials for analytical purposes, such as stationary 
phases for LC [19–21] and SPE sorbents [22–25] with good 
results. The latter have been used successfully in the extrac-
tion of pesticides from food, biological and environmental 
samples. These new materials are based on polymer immo-
bilization onto pure silica or metalized silica supports.

In this work, the aim was to evaluate different sorbents made 
in our laboratory, including poly(methyloctadecylsiloxane) 
(PMODS), poly(methyloctylsiloxane) (PMOS), aminopro-
pyl-terminated poly(dimethylsiloxane) (APPS) and (52–
48 %)dimethyl-(48–52 %) methylphenyl-siloxane (DMMPS) 
immobilized onto silica, comparing them with commercial 
primary–secondary amine (PSA), alone or as a mixture of 
PMODS and PSA, for use in clean-up by d-SPE in a modi-
fied QuEChERS method for analysis of pesticide residues in 
strawberries. The target analytes were selected based on the 
maximum residue limits established by ANVISA (Agên-
cia Nacional de Vigilância Sanitária) also were included 
non-authorized pesticides found with great frequency in 
strawberry samples analyzed in Brazil [4]. Some of these 
pesticides have limits established by other regulatory agen-
cies such as the Codex Alimentarius and the EU Pesticides 

database. These pesticide multiresidues were determined by 
LC–MS/MS at 100 ng g−1 level of fortification by evaluat-
ing some parameters such as color, gravimetric measurement, 
recovery and matrix effect.

Experimental

Chemicals and Materials

The reagents and solvents were of analytical grade or 
HPLC grade, respectively. Acetonitrile, chloroform, 
dichloromethane, methanol, n-hexane and n-pentane were 
from Tedia (Fairfield, NJ, USA), toluene from J.T. Baker 
(Ecatepec, Mexico), formic acid from Synth (Diadema, 
Brazil), Bondesil PSA (40  µm) from Varian (Palo Alto, 
CA, USA), anhydrous magnesium sulfate from Vetec (Rio 
de Janeiro, Brazil), sodium citrate tribasic dihydrate and 
sodium hydrogencitrate sesquihydrate from Sigma-Aldrich 
(St. Louis, MO, USA) and sodium chloride from Ecibra 
(São Paulo, Brazil). Ultrapure water was obtained from a 
Milli-Q system from Millipore (Bedford, MA, USA) with 
18.2 MΩ cm−1 conductivity.

The silica as support for preparing of the d-SPE materi-
als was from Acros Organics (Pittsburgh, PA, USA) with 
particle size 0.035–0.070  mm with 60  Å pore size. The 
polymers PMODS, PMOS and APPS were from United 
Chemical Technologies (Bristol, PA, USA), DMMPS was 
from Aldrich (St. Louis, MO, USA). The schematic struc-
tures of the polymers are represented in Fig. 1.

The pesticide standards used in this work (Supporting 
Information Table S1) were obtained from Pestanal (Stein-
heim, Germany), Fluka (Steinheim, Germany), Chem Ser-
vice (West Chester, PA, USA) or Dr. Ehrenstorfer Gmbh. 
(Augsburg, Germany). All 29 pesticide standards presented 
purities higher than 97  %. The individual stock solutions 
were prepared at 1.0  mg  mL−1, except for carbendazim 
and simazine (0.2 mg mL−1) because of their low solubil-
ity, by dissolution in methanol. All solutions were stored at 
−18 °C.

The pesticide-free strawberries produced through 
organic agriculture were purchased from a market of 
organic products in Campinas, Brazil.

Instrumental and Chromatographic Conditions

Pesticide residue determinations were performed with 
a Micromass Quattro micro™ API Mass Spectrom-
eter (Waters, Wythenshawe, UK) coupled to an Alliance 
2690 LC (Waters, Milford, MA, USA). The chromato-
graphic separations were carried out with a Nova-Pak C18 
(150 mm × 3.9 mm i.d., 4 µm) analytical column coupled 
to a Nova-Pak C18 (20  mm ×  3.9  mm i.d., 4  µm) guard 
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column, both from Waters, that were maintained at 30 °C. 
The mobile phase consisted of 0.1  % of formic acid in 
water (solvent A) and methanol (solvent B). Gradient elu-
tion was applied at a flow rate of 0.4 mL min−1 as follows: 
initial conditions of 30 % B, increased linearly to 95 % B, 
returning to the initial conditions at 30 min with re-equili-
bration to the initial conditions in 5 min. The injection vol-
ume was 20 µL.

For MS/MS detection, the mass spectrometer was 
equipped with an ESI source operated in both positive- 
and negative-ionization modes. The acquisition mode was 
multiple reaction monitoring (MRM). The conditions of 
source were capillary voltage set at 3.5  kV, the tempera-
ture was kept at 130 °C, while the desolvation temperature 
was held at 450 °C, nitrogen was used as cone and desol-
vation gas at flow rates of 60 and 750 L h−1, respectively. 
The collision gas (argon) pressure was set at approximately 
2.5 × 10−3 mbar. Instrument control and data analysis were 
performed using MassLynx 4.0 software from Waters. The 
retention times, precursor and product ions, cone voltages 
and collision energies for each analyte are presented in 
Table S1 (supplementary material).

Preparation of Laboratory‑Made Sorbents

A quantity of polymer dissolved in an appropriate organic 
solvent was added to the silica utilized as support, previ-
ously dried at 120 °C for 24 h. This mixture was stirred at 
room temperature and then placed in a fume hood for slow 
evaporation of the solvent at room temperature over several 
days. The sorbents were then placed in stainless steel tubes 
(150  mm  ×  10  mm i.d.) fitted with frits and connectors 

and submitted to different conditions for immobilization 
using thermal treatments. Next, the stainless steel tubes 
were connected to 510  pump (Waters) for the extraction 
of non-immobilized polymer by passing organic solvent at 
0.5 mL min−1. The sorbents were removed from the tubes 
and dried with flowing nitrogen for use in d-SPE in the 
modified QuEChERS method.

For PMODS and APPS loadings of 40 % (w/w) of the 
polymers were deposited onto the silica surface and immo-
bilized by thermal treatment at atmospheric pressure, as 
described by Pozzebon et al. [22] and Melo et al. [23, 26], 
respectively. For PMOS, the loading was 35 % (w/w) and 
thermal immobilization was under flowing nitrogen, as 
described by Vigna et al. [24]. The DMMPS was prepared 
with a loading of 50 % (w/w) and immobilized with ther-
mal treatment at atmospheric pressure, according to Jardim 
et al. [20].

The laboratory-made and commercial sorbents were 
submitted to elemental analysis for determination of the 
percentage of carbon and nitrogen on a CHN-2400 Ana-
lyser (Perkin-Elmer, USA).

Sample Preparation

Pesticides were extracted from strawberries using a 
modified QuEChERS method, based on a version of 
CEN 15662 with acidification of the final extract [13, 
27]. A representative 10 g portion of homogenized sam-
ple of strawberries was placed in a polypropylene cen-
trifuge tube (50  mL), and 10  mL acetonitrile was added 
to the tube. The mixture was stirred (Phoenix, model 
AP-56, Araraquara, Brazil) for 1 min. Afterwards, 4 g of 

Fig. 1   Structures of sorbents a PMODS, b PMOS, c APPS, d DMMPS and e PSA-bonded silica
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anhydrous magnesium sulfate, 1  g sodium chloride, 1  g 
sodium citrate tribasic dihydrate and 0.5 g sodium hydro-
gencitrate sesquihydrate were added to this mixture and 
the tube was vigorously shaken for 1 min. After centrifu-
gation (Hettich Zentrifugen, model Rotofix 32A, Tuttlin-
gen, Germany) at 5,000  g for 15  min, the organic layer 
was transferred into a clean-up tube (15  mL) containing 
150 mg anhydrous magnesium sulfate and 25 mg of one 
of the following sorbents per mL of extract. (1) PMODS; 
(2) PMOS; (3) APPS; (4) DMMPS; (5) PSA; (6) 25 mg 
PMODS and 25  mg PSA (mixture 1) and (7) 12.5  mg 
PMODS and 12.5 mg PSA (mixture 2). The mixture was 
shaken for 1 min and centrifuged for 5 min.

After the clean-up step, 10 µL 5 % formic acid in ace-
tonitrile was added per mL of supernatant, to protect any 
sensitive pesticides from degradation at high pH [12, 13, 
27]. Finally, the solvent was evaporated under a nitrogen 
stream. The residue was redissolved in 1 mL methanol and 
a volume of 20 µL was injected in the LC–MS/MS system.

Recovery Tests

The recoveries of the extractions were determined using 
samples spiked at 100 ng g−1 with the pesticides, based on 
analysis of three replicates with each sorbent type.

Gravimetric Measurements

The co-extracted matrix components or clean-up efficien-
cies can be evaluated by gravimetric measurements [13, 
28].

The sample extracts were divided into two equal parts, 
one for testing without the clean-up step and the other after 
d-SPE clean-up of the modified QuEChERS method. The 
extracts were dried by a nitrogen stream, and the tubes 
were then heated at 110 °C for 1 h, where the weight dif-
ference between the evaporated extracts without and with 
clean-up was recorded to estimate the co-extracted matrix 
components (%).

Matrix Effect

The matrix effect (ME) has been used to demonstrate the 
ionization efficiency of the analytes, which is represented 
by the detector responses of the post-extraction spiked 
samples compared with solutions of the same pesticides 
in pure solvent. This phenomenon can be represented by 
increased, decreased or no signal values that show signal 
enhancement, signal suppression or no ME, respectively 
[29, 30]. In the current study, the ME was evaluated using 
the matrix extract with each sorbent type used in the 
d-SPE step.

Results and Discussion

The QuEChERS method has been successfully applied for 
many types of matrices, and one of the reasons for this ver-
satility is the use of different sorbents in the clean-up step, 
which has the function of minimizing the interferences. 
The d-SPE has some advantages such as saving time, sol-
vent and sorbent and has more reproducible recoveries in 
comparison with cartridge SPE clean-up [10].

Sorbent Types

In multiresidue analysis, there are pesticides with hydro-
phobic or hydrophilic characteristics in a complex matrix. 
Therefore, the combination with one or more sorbents hav-
ing different interactions could be more effective for clean-
up relative to a single sorbent.

The sorbent PSA is a silica-based material with a bonded 
ethylenediamine-N-propyl phase containing both primary 
and secondary amine groups. Its bidentate structure has a 
high chelation effect and weak anion exchange character. 
As a result, this sorbent removes many organic acids, sug-
ars, fatty acids, pigments and some other matrix co-extrac-
tives that form hydrogen bonds [10, 12, 31]. Strawberries 
have many compounds with these characteristics in their 
composition.

The polymers PMODS and PMOS are both polysilox-
anes, but PMODS has stronger apolar character, causing 
stronger interaction with non-polar compounds, resulting in 
good extractions for these types of interferences.

The phenyl sorbent has a potential orthogonal chromato-
graphic selectivity compared to traditional alkyl phases due 
to its capacity to undergo π–π interactions with aromatic 
compounds. This interaction is a type of electron donor–
acceptor interaction, originating from π-electron systems 
in two unsaturated functional groups through either inter-
molecular or intramolecular interactions. The π–π interac-
tion is important when the phase is electron rich and the 
analyte is electron poor [32]. In practice, no studies have 
evaluated the role of phenyl ligand density in interaction 
processes, but according to some papers, the retention pro-
cess of phenyl type phases is very complex and involves a 
combination of lipophilic, π–π and dipole–dipole interac-
tions [33, 34].

The APPS polymer has functions as a mixed-
mode sorbent with apolar characteristics due to the 
poly(dimethylsiloxane) chains and polar characteristics 
because of the aminopropyl termination, allowing it to act 
as a reversed phase, a weak anion exchanger and a normal 
phase [23, 26].

The elemental analysis for C  (%) evaluates the degree 
of effective coverage of polymer on the support that is 
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available to perform interactions, while the amount of 
N (%) indicates the presence of amino groups, which have 
polar character and may act as a weak anion exchanger. 
The percentages ranged from 6.51 to 21.06 for carbon and 
0.08 to 2.72 for nitrogen. From analysis of these sorbents, 
PMODS is the most non-polar and PSA is the most polar.

Evaluation of d‑SPE Clean‑up

Some parameters such as the gravimetric measurements, 
the colors, the chromatographic interferences, the ME, the 
recoveries and others, represent one way to determine the 
degree of clean-up of final extract of samples by different 
methods [12, 13, 28].

Comparison of Color of Strawberry Extracts After 
Clean‑up

The extracts from strawberries showed differences in 
color, ranging from red to orange to yellow, as a function 
of the sorbent used in the clean-up by d-SPE. The adsorp-
tion ability for pigments of strawberries was much stronger 
when PSA alone was used compared to the other sorbents, 
because the extract was light yellow or almost colorless. 
Mixtures 1 or 2, PMODS and PSA sorbents, also would 
be good options for clean-up. PMODS and PMOS are the 
most common types of sorbents, they have non-polar char-
acteristics and preferential interactions with the hydropho-
bic compounds. Consequently, clean-up with these sorbents 
was not as efficient as the PSA sorbent and the colors of 
the extracts were red and orange, respectively. The extracts 
using APPS and DMMPS sorbents showed orange and red 
color, respectively, and also had a turbid aspect that indi-
cated that co-extracts were not removed efficiently during 
the clean-up step.

It is important to emphasize that comparison of the 
colors can suggest clean-up efficiency, but it is not possible 
to determine with accuracy that one extract had, really, less 
co-extracted compounds than another.

Evaluation of the Recoveries of Pesticides

Figure  2 shows the recoveries (%) of the method devel-
oped for the extraction of pesticide residues in strawber-
ries, using laboratory-made and commercial sorbents for 
clean-up in d-SPE. Considering the acceptability criteria 
to be recoveries between 70 and 120 %, with RSD below 
20 %, according to SANCO guidelines [35], all pesticides 
were found in this recommended range, except for abamec-
tin when using PMODS and DMMPS, and methamidophos 
with PSA, but the low RSD values for both pesticides indi-
cate that the method is reproducible.

Commonly, lower recoveries of pesticides may be 
related to factors such as irreversible sorption on sorbents, 
degradation of analytes, high solubility in some component 
of the sample, little or no liquid–liquid partitioning and 
also loss of analyte in the evaporation step.

In the case of the problematic pesticides, methami-
dophos, an organophosphorus pesticide, is extremely water 
soluble and very polar, therefore it may not partition com-
pletely into the organic phase because the strawberries have 
a high water content (>90  %). Abamectin, an avermectin 
pesticide, has high lipophilicity, consequently it may not 
completely partition into the acetonitrile solvent or may 
have been retained on the PMODS and DMMPS sorbents 
that have less polar character than PSA sorbent.

Evaluation of Clean‑up of Extracts by Gravimetric 
Measurements

The effectiveness of the clean-up on the removal of matrix 
components from extracts with different sorbents used in 
d-SPE was evaluated by gravimetric measurements. The 
results are shown in Fig. 3.

The d-SPE clean-up using 25 mg PSA sorbent per mL of 
extract removed 89 % of co-extractives by weight, ensuring 
greater efficiency of clean-up from the strawberry extracts, 
compared to the other sorbents. The two mixtures of sor-
bents can also be considered as good alternatives, but the 
addition of PMODS did not improve the clean-up effi-
ciency and the use only one type of sorbent is easier and 
quicker in sample preparation.

The PMODS, PMOS and DMMPS sorbents showed 
similar clean-up results. The APPS sorbent extracted very 
little co-extracts, consequently providing a low clean-up of 
interferences.

The QuEChERS method is very flexible and adjust-
ments such as different sorbents have little impact on pes-
ticide recoveries in strawberries, but may influence the 
evaluation of the clean-up of extracts by the gravimetric 
measurements. Removal of co-extractives is mainly related 
to the interactions between the sample and the sorbent, 
but extraction solvent, sample composition and pesticides 
also have great influence in the clean-up step. The differ-
ent polarity sorbents have retention mechanisms as hydro-
phobic interactions (van der Waals and London dispersion 
forces), hydrophilic interactions (hydrogen bonding, π–π 
interactions, dipole–dipole interactions and others) or ion 
exchange (electrostatic interactions). The favorable inter-
actions will allow more removal of a broad range of com-
pounds from strawberries, consequently, it results in reduc-
tion of co-extracts that interfere in the analytical method 
(e.g., S/N, LOQ, ME and less chances to have false positive 
results) and affect the equipment maintenance.
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Matrix Effects

In analysis using LC–MS/MS, the ME is a problem due 
to the interactions between analyte and co-extractives of 
matrix that elute at the same time, therefore competing 
with the analyte during the ionization process, causing loss 
of method accuracy, reproducibility and detectivity, leading 
to incorrect analytical determinations [30, 36].

Sample preparation is essential, but there are other alter-
natives to minimize the ME, such as use of matrix-matched 

calibration standards, sample dilution, reduction of the 
injected volume, appropriate internal standards, improving 
LC separation efficiency and even modification of the mass 
spectrometric conditions [30, 36, 37]. It is important to 
note that these alternatives may also decrease the analytical 
response and this can seriously hamper the determination 
of low concentrations of analytes.

There is no criterion for the percentage of ME in guide-
lines of analysis of pesticide residues in foods, but most 
papers in this area use values greater than ±20  % as a 

Fig. 2   Recoveries of pesticides with different sorbents in d-SPE for clean-up by the QuEChERS method from strawberries at 100  ng  g−1 
(n = 3)
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threshold value for this parameter [29, 38]. Figure 4 shows 
the ME, represented as percentage of the number of pes-
ticides analyzed in this work with the different sorbents, 
expressed by signal enhancement or suppression when 
higher than ±20 % and considered not to have significant 
ME when lower than ±20 %.

Considering the results, signal enhancement was 
not shown in any case. The mixture of sorbents, PSA 
and PMODS, had less ME compared to other sorbents. 
PMODS, PMOS and PSA alone showed similar results 
of distribution of ME. APPS presented signal suppression 
for all pesticides, which indicates that its structure did not 
help as efficiently as the other sorbents in removing inter-
ferences in the clean-up step. DMMPS also showed a high 
percentage of pesticides with signal suppression, and may 
be related to the origin of the turbidity in the extract, due to 
the presence of interferences, which also occurred with the 
APPS sorbent.

For the most polar pesticides, acephate and methami-
dophos, that are eluted first (Table S1 in supplementary 
material), the negative ME is higher, ranging from −92.8 
to −49.9 % and −94.9 to −79.0 %, respectively. The phe-
nomenon causing more ME could be explained by high 
amounts of the matrix interferences from the strawberries 
that co-elute with pesticides at the start of the chromato-
graphic run.

On the other hand, at the end of the chromatographic 
run, ME with low signal was observed because of smaller 
amounts of interferences with longer retention times. The 
ME ranged from −23.3 to +0.2 % for prochloraz and from 
−24.8 to −2.3 % for fenazaquin. Not surprisingly, a good 
chromatographic separation is essential to help minimize 
the ME in any analysis.

Conclusions

The QuEChERS method has great merit in solving many 
problems of traditional methods of pesticide analysis, 
mainly the larger number of analytes extracted with good 
recovery and clean-up.

Although it seems impossible to eliminate the presence 
of interferences of samples completely, it can be minimized, 
mainly by the clean-up step of sample preparation. Some 
parameters such as the color of the extract, recovery, gravi-
metric measurements and ME must be evaluated for the best 
choice of sorbent in clean-up by d-SPE, because the amount 
of co-extracted interferences can affect the performance of 
the analytical method and equipment maintenance.

In this study, PSA presented the best results, when com-
pared to the other sorbents, for almost all of the parame-
ters analyzed, but the use of the mixture of two sorbents, 
PSA and PMODS, also offered good results in determi-
nation of pesticide residues in strawberries. More experi-
ments involving the use of mixtures of sorbents in sample 
preparation with the QuEChERS method should be studied, 
because of its low matrix effect and excellent recovery val-
ues in the range accepted by most guidelines, such studies 
may also aid in understanding the possible interactions that 
occur in the retention mechanism in the clean-up step.
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Fig. 3   Amount of co-extractives determined by weight difference 
using different sorbents in d-SPE for clean-up in the QuEChERS 
method (n = 2)

Fig. 4   Distribution of pesticides in absolute percentage on the matrix 
effect of strawberry samples extracted by different sorbents using the 
QuEChERS method
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