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A B S T R A C T

This study introduces a novel silica-graphene oxide@chitosan (SiGO@CS) material as a packed biosorbent for 
microextraction by packed sorbent (MEPS), followed by liquid chromatography-tandem mass spectrometry (LC- 
MS/MS) analysis of pesticides (atrazine and thiamethoxam) and antibiotics (ceftiofur and sulfonamide) in food 
samples. The graphene-based aerogel was modified with varying percentages of silica-graphene oxide/chitosan 
(w/w) and characterized to confirm successful chitosan incorporation. Optimization of the MEPS protocol, using 
24–1 and 23 experimental designs, identified draw/eject and washing cycles as the most influential parameters for 
extraction efficiency. The SiGO@CS biosorbent with 80 % CS/SiGO (w/w) exhibited superior extraction effi
ciency compared to other ratios and commercial sorbents. The method demonstrated excellent linearity for all 
analytes (R2 

> 0.9900), with low limits of detection (LOD) and quantification (LOQ) ranging from 0.020 to 0.045 
µg L-1 and 0.045 to 1.0 µg L-1 for pesticides, respectively, and 5 to 15 µg L-1 and 15 to 20 µg L-1 for antibiotics, 
respectively. Trueness values were within 82 % to 109 %. The method’s green credentials were confirmed using 
AGREEprep and the Green Analytical Procedure Index (GAPI) approach, highlighting sorbent reusability (over 
15 times) and rapid analytical throughput (5 min per sample) with low use of pre-treated sample extract volume 
(500 µL). The application to local corn, tomato, and milk samples confirmed the detection and quantification of 
thiamethoxam and atrazine at concentrations above the recommended ingestion per day for one sample of to
mato and corn out of the three samples analyzed. Furthermore, using the novel SiGO@CS biosorbent in the MEPS 
protocol offers a green, high-performance analytical alternative to traditional sorbent phases, with the potential 
for evaluating trace levels of pesticides and antibiotics in food matrices.

1. Introduction

Over the past century, population growth has the imperative to 
ensure sufficient food resources to sustain a dignified and high-quality 
human existence [1]. Consequently, the application of chemical com
pounds in agricultural practices, notably antibiotics, and pesticides, has 
evolved into a pervasive approach aimed at augmenting food production 
to address the escalating global demand for these indispensable re
sources [2,3]. Nevertheless, literature has documented the adverse ef
fects on human health associated with the presence of these compounds 
in food [3–5]. Furthermore, the indiscriminate application of chemicals 
throughout the growth post-processing stages presents a formidable 
challenge in detecting these compounds at low concentration levels [6]. 
Among these concerns, food quality and safety are paramount, 

underscoring the imperative for a thorough analysis of food residues [7]. 
Consequently, there is a pressing need to deploy analytical methodolo
gies to accurately assess the presence of chemical residues in these 
intricate matrices.

Liquid chromatography (LC), as well as its coupling with tandem 
mass spectrometry (LC-MS/MS) strategies, are typically utilized to 
detect and quantity trace-level concentrations of residues in food sam
ples [6]. Nonetheless, the inherent complexity of these matrices renders 
direct analysis via various analytical instruments unfeasible, necessi
tating specific sample preparation steps to ensure that the method’s 
statistical performance meets established requirements [8]. To address 
the significant drawbacks of traditional sample preparation techniques, 
miniaturized methodologies have evolved over decades, opening up new 
possibilities for residue assessment in food matrices [8,9]. Furthermore, 
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the miniaturized landscape has embraced critical principles of green 
analytical chemistry (GAC), striving to introduce analytical approaches 
that minimize solvent consumption and reduce waste generation [9]. In 
this context, microextraction by packed sorbent (MEPS) has emerged as 
a promising miniaturized solid-based technology capable of assessing 
multiple residues in complex matrices [8]. Typical advantages of this 
analytical strategy typically include minimal sorbent masses and 
reduced sample/solvent volumes, culminating in an easy and 
cost-effective methodology. Consequently, it offers boundless potential 
for seamless integration into daily analytical protocols, facilitating 
high-throughput analyses [10,11]. Moreover, significant advancements 
have been achieved in MEPS, particularly in developing new selective 
and cost-effective sorbent phases [12,13]. These innovations enhance 
the method’s ability to analyze various target analytes, such as food 
samples, within a wide range of matrices.

Carbon-based materials have garnered significant scientific attention 
due to their characteristics, including different and unexplored allo
tropic forms [12]. Graphene (G) emerged as a leading material for 
fabricating sorbents in 2003, owing to its large specific surface area and 
remarkable stability [14]. These materials have demonstrated remark
able pollutant adsorption capabilities across various matrices, especially 
in environmental samples such as natural water sources [15,16]. 
Following the groundbreaking introduction of G materials, its precursor, 
graphene oxide (GO), has also showcased significant promise in the 
scientific field of sample preparation [12]. GO materials typically 
display a notably high surface area, a π-electron system, and a wealth of 
oxygen-containing functional groups [17]. Their utilization as adsorbent 
materials for pollutant analysis has been extensively documented in the 
literature, showcasing their remarkable suitability for residue assess
ment across various matrices [18].

On the other hand, a prevalent drawback arises from the robust π-π 
interaction among the GO sheets, which often leads to aggregation. 
Consequently, this minimizes the surface area and diminishes adsorp
tion efficiency, resulting in poor dispersion in aqueous media [17]. 
Furthermore, numerous researchers have concentrated on functionali
zation and the synergistic combination of GO with other materials to 
overcome the typical limitations associated with the sole use of GO 
materials.

Chitosan (CS) stands out as a biopolymer renowned for its eco- 
friendly adsorbent properties, owing to its unique characteristics, 
including biodegradability, non-toxicity, and physicochemical features 
[19]. The successful immobilization of graphene oxide and chitosan 
(GO/CS) relies on the abundant presence of -OH and -NH2 groups, which 
facilitate effective electrostatic interactions and hydrogen bonding with 
functional groups on GO [17,20,21]. This interaction enables the 
anchoring of CS within the GO system to improve GO applications. 
Another factor contributing to the ideal compatibility between GO and 
CS is that the biopolymer exhibits relatively poor thermal stability and 
mechanical properties. However, when combined with GO, these crucial 
shortcomings are significantly enhanced [17,22]. Simultaneously, the 
utilization of CS serves as a stabilizing agent for the GO sheets, effec
tively addressing the previously mentioned aggregation issue in this 
newly derived absorbent material [17]. Additionally, just a few litera
ture reports demonstrate the use of GO-based materials in MEPS appli
cations [23]. This can be attributed to the natural nanosheet 
morphology of G and its resulting large surface area, which exacerbates 
the backpressure issue with the MEPS syringe, thereby impacting the 
application of these materials in this analytical method [17,18]. Despite 
this, our research group has demonstrated that the combination of 
aminopropyl silica (Si) through covalent bonding with GO (SiGO) can 
overcome this drawback, thus enabling the utilization of the material in 
MEPS protocols [23,24]. Hence, this study endeavors to develop a 
carbon-based material by the combination of CS biopolymer and GO 
sheets with later covalent bonding with Si serving as a sorbent material 
for the evaluation of pesticides and antibiotics in food samples via 
microextraction by packed sorbent followed by liquid 

chromatography-tandem mass spectrometry (MEPS LC-MS/MS). This is 
the first time in the literature that a silica-graphene oxide@chitosan 
biomaterial (SiGO@CS) in MEPS methodology for assessing selected 
antibiotics and pesticides in food samples has been presented.

2. Materials and methods

2.1. Materials

Methanol (MeOH), acetonitrile (ACN) LC grade, and sodium chloride 
were purchased from JT Baker (Phillipsburg, USA). Sodium nitrate, 
sodium sulfate, potassium permanganate, graphite (<20 µm synthetic), 
and CS with a medium molecular weight (200–800 cP and >75 % 
deacetylation chitin, Poly(D-glucosamine), 1-ethyl-3-(3-dimethyl ami
nopropyl) carbodiimide hydrochloride (EDC), hydroxisuccinimide 97 % 
(NHS), glutaraldehyde solution (25 % in H2O), acetic acid were acquired 
from Sigma-Aldrich (St. Louis, USA). Acetone was purchased from 
TEDIA (Fairfield, USA). Pesticides and antibiotics standards (>98 % 
purity) thiamethoxam (THI), atrazine (ATR), ceftiofur (CEF), and sul
fonamide (SUL) were obtained from Sigma-Aldrich (St. Louis, USA). 
Sulfuric acid, 97.9 %, was purchased from Êxodo Científica (Sumaré, 
Brazil). Si from different particle diameters 40–70 μm, citric acid, and 
sodium phosphate dibasic were acquired from Sigma-Aldrich (St. Louis, 
USA). Amino (NH2) and Bond Elut Silica sorbent phases were obtained 
from JT Baker (Phillipsburg, USA). Ultrapure water was obtained from 
the Millipak ® Express 40 equipment (Merck Millipore, Burlington, 
Massachusetts, USA).

2.2. GO synthesis and supporting on silica particles (SiGO)

GO was synthesized using a modified Hummers method [25], 
involving the reaction of graphite, sodium nitrate, and potassium per
manganate within a concentrated sulfuric acid reaction medium. The 
resulting GO material was washed until reaching a neutral pH and 
freeze-dried using an FR-Drying Digital Unit MODULYOD-115 (Thermo 
Fisher, Waltham, USA) to obtain the final GO nanoparticles. The sup
porting of GO onto Si particles was proposed according to an adapted 
protocol from earlier investigations conducted by our research group 
[26,27]. For this purpose, 40 mg of GO was dispersed in 80 mL of water 
and subjected to ultrasonic treatment for 1 h to ensure complete solu
bilization. Subsequently, a solution containing 0.750 μL of 0.10 mol l-1 

EDC and 0.05 mol l-1 NHS was prepared and stirred for 30 min to acti
vate the GO nanosheets. In the next step, 1 g of Si was added to the 
solution and stirred for 4 h The obtained SiGO material was then 
centrifuged with a Rotina 380 (Nova Anallitica, São Paulo, Brazil) 
equipment (5000 rpm/5 min) equipment and washed three times with 
MeOH, ACN, and water alternately (5000 rpm/5 min). The resulting 
material was subsequently subjected to an overnight freeze-drying 
process before being stored under ambient conditions.

2.3. Synthesis of the SiGO@CS biosorbent

The SiGO material previously acquired was employed to synthesize 
the SiGO@CS biosorbent. In the synthesis procedure, varying pro
portions of CS to SiGO (20, 50, and 80 % w/w) were precisely measured 
and dissolved in a 10 mL acetic acid solution (1 % v/v). The resulting 
solution underwent ultrasonication for 15 min and then stirred for 30 
min to ensure complete CS solubilization. Furthermore, 5 g of SiGO was 
introduced into the CS solution and stirred for 10 min. The mixture was 
gradually heated to 50 ◦C and stirred for 2 h when 200 µL of a glutar
aldehyde solution (25 % in H2O) was added to the reaction medium to 
crosslinker between SiGO and CS. The resulting solution was maintained 
at the same temperature and stirring conditions for 1 h Afterward, the 
solution was centrifugated and underwent three rounds of washing with 
acetone. The resultant material, SiGO@CS-GLU, was then submitted to a 
freeze-drying process overnight and subsequently stored under ambient 
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conditions for later MEPS assays (Fig. S1 in the supplementary ma
terial). For comparison evaluation, aerogels of GO/CS, pure CS, 
SiGO@CS-GLU 20, 50, and 80 % (CS/SiGO w/w), and SiGO@CS with no 
glutaraldehyde addition were also prepared and submitted to charac
terization assays.

2.4. Materials characterization

The synthesized materials underwent characterization assays to 
evaluate a spectrum of physicochemical properties. Fourier Transform 
Infrared (FTIR) spectroscopy was employed, operating within the 
spectral range of 600–4000 cm-1, utilizing the Tensor 27 instrument 
(Bruker, Massachusetts, USA). Moreover, Scanning Electron Microscopy 
(SEM) and Energy-dispersive X-ray spectroscopy (EDX) analysis inves
tigated the sorbents’ surface morphology and elemental composition. 
Both studies used an LEO 440 scanning electron microscope (LEO 
Electron Microscopy Ltd., Cambridge, England) with an acceleration 
potential of 15 kV, magnifying 500 to 2000x.

2.5. Samples and stock solutions

This study proposed the assessment of selected pesticides and anti
biotics in food samples, including ATR, THI, SUL, and CEF. Table S1 
shows some physicochemical properties of the selected analytes. Stock 
standard solutions of these analytes were prepared in ACN across 
various concentration ranges (10 to 500 μg l-1) and stored at a controlled 
temperature (4 ◦C). The food samples (corn, tomato, milk) used for 
optimization and validation were obtained from local markets in São 
Carlos, São Paulo, Brazil (Latitude: − 22.0154; Longitude: − 47.8911) 
and stored under controlled temperature (4 ◦C) conditions.

To prepare corn and tomato samples, this study used an adapted 
previous report from our research group [28] which has demonstrated 
an effective approach for extracting pesticides from solid-based food 
samples. For this aim, crushed corn and tomato samples (1.0 g) were 
spiked with the selected pesticides (THI and ATR at 100 µg l-1), dried, 
and stored in a freezer environment (− 10 ◦C). The samples were first 
resuspended in 5 mL of ACN, stirred for 6 h, and then homogenized in an 
ultrasonic bath for 1 h at 45 ◦C. At this stage, 1.5 g of sodium sulfate was 
added to the tomato extract solution to remove water content, as out
lined by Hegazy et al. [29]. Afterward, they were centrifuged at 5.000 
rpm for 10 min. The resulting supernatant was then dried under a N2 
flow. For the MEPS procedure, the resuspended extracts in 1 mL of water 
were homogenized using ultrasound for 10 min and subsequently sub
jected to extraction. For the milk sample preparation, the protocol 
described by Maciel et al. [27] was used to prevent frit obstruction 
during the MEPS procedure. First, 2 mL of trifluoroacetic acid (20 % 
v/v) was added to 5 mL of the spiked milk sample (CEF and SUL at 300 
µg l-1) and mixed using a vortex apparatus for 30 s. Then, 20 mL of 
McIlvaine buffer solution/EDTA (0.05 M) was added to the sample so
lution and centrifuged at 5000 rpm for 5 min. The resulting supernatant 
was separated and applied to the MEPS extraction. For the MEPS pro
cedure in milk samples, both the conditioning phase (500 µL) and the 
McIlvaine buffer solution/EDTA (1000 µL) were passed through the 
MEPS sorbent.

The developed MEPS LC-MS/MS method was applied to analyze 
pesticides and antibiotics in food samples obtained from local markets 
across different regions of São Paulo, Brazil. The detected concentrations 
were compared with regulatory standards to validate the applicability of 
the reported biosorbent used in the MEPS extraction for food samples.

2.6. MEPS procedure optimization

Although the MEPS procedure presents remarkable operational 
simplicity, numerous intrinsic parameters can significantly impact its 
performance. To have more profound insights into the influence of these 
parameters on MEPS efficacy, this study suggested employing two 

experimental strategies. The MEPS optimization procedure was per
formed in spiked food sample solutions at 100 µg l-1. Initially, 7 mg of 
the SiGO@CS-GLU 80 % (CS/SiGO w/w) sorbent was carefully packed 
into the barrel insert and needle (BIN) and sealed with frit (VICI 
®10SR2–10) (Houston, USA) and placed in a 500 µL Hamilton syringe 
(Reno, USA). Therefore, a preliminary factorial design (24–1) was 
executed to assess the impact of sample pH, ionic strength (NaCl w/v%), 
choice of desorption solvent, and desorption solvent volume. These 
parameters were prioritized for evaluation due to their anticipated sig
nificant influence on overall performance. For this first evaluation, 
MEPS conditions were set as follows: six draw/eject cycles with 500 µL 
of food samples (sampling), four washes with 250 µL of ultrapure water 
to remove potential interferents presented in the matrices, and ten 
desorption cycles with the desorption solvent evaluated by the factorial 
design. Table 1A summarizes the evaluated parameters of the 24− 1 

factorial design.
After setting the best conditions of the 24− 1 factorial design, this 

study also evaluated the number of MEPS cycles, encompassing draw/ 
eject, desorption using ACN and methanol/acetonitrile (MeCN) 50/50 % 
v/v, and washing stages with water, utilizing a factorial design (23) with 
a replicated center point (n = 3). Table 1B shows the evaluation of the 23 

parameters described in the study. The subsequent MEPS cycles (con
ditioning/regeneration and sorbent drying) were also executed to avoid 
the carryover effect and ensure the thorough dryness of the sorbent. The 
final MEPS extraction product was dried using a SpeedVac SPD120 from 
Thermo Scientific (Massachusetts, USA) and stored in a controlled 
temperature environment for subsequent LC-MS/MS analysis.

2.7. LC-MS analysis

LC-MS/MS analysis of the MEPS optimization, validation, and 
application to food samples was conducted utilizing an ultra- 
performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) system. This system comprised an ACQUITY Ultra Per
formance instrument (Waters, Milford, USA), outfitted with an ACQ
UITY UPLC® M-Class BEH C18 130 Å column (1.7 µm x 300 mm x 100 
μm; Waters, Waters, Milford, USA), an ACQUITY UPLC micro-sample 
manager (Waters, Milford, USA), and a UPLC micro-binary solvent 
manager coupled to a XEVO TQ MS (Waters, Milford, USA) tandem mass 
spectrometer with a Zspray™ electrospray ionization (ESI) source. Data 
acquisition was done using the Waters MassLynx software.

Mass spectrometry (MS) analyses were conducted in electrospray 
positive mode (ESI +) employing the multiple reaction monitoring 
(MRM) mode, with two transitions being used for qualitative and 
quantitative identification of the studied analytes. Detailed information 
on the monitored MRM transitions of the antibiotics and pesticides is 
presented in Table 2. For LC analysis, experiments were conducted at 35 
◦C with an injection volume of 1 μL. A gradient elution method was 
employed using mobile phases A (water) acidified with 0.1 % formic 

Table 1 
Variables levels optimized by factorial design; 1A - Factorial Design 24− 1 for the 
optimization of the sample pH, ionic strength, desorption solvent, and desorp
tion solvent volume; 1B - Factorial design 23 with a center point used in the 
MEPS cycles (draw eject, desorption, and washing cycles) optimization.

1A - Factorial Design 24¡1

Variable Levels ¡1 þ1

Sample pH 3 
0 % 
ACN 
50

7
Ionic strength % NaCl (w/v) 20 %
Desorption Solvent MeCN
Desorption Solvent volume (µL) 100
1B - Factorial Design 23 with a center point
Variable Levels ¡1 þ1 þ1
Draw/Eject Cycles 3 6 9
Desorption Cycles 8 10 12
Washing Cycles 2 4 6
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acid and B (ACN) at a flow rate of 6 μL min-1. The LC gradient began with 
20 % B, increasing to 60 % B over 6 min. This condition was maintained 
until 8 min, after which the percentage of B was returned to the initial 20 
%. The initial condition was held constant from 9 to 13 min to re- 
equilibrate the column for the next injection, resulting in a total LC- 
MS/MS analysis time of 13 min.

2.8. Figures of merits

The evaluation of key performance metrics for the developed MEPS 
LC-MS/MS method, including linearity, recovery, intermediate preci
sion, repeatability, limit of quantification (LOQ), and limit of detection 
(LOD), was conducted following the validation guidelines of the Inter
national Conference on Harmonization (ICH) [30]. The spiked solutions 
described in Section 2.6 were used to evaluate these parameters. Line
arity was assessed by determining the coefficient of determination (R2) 
from analytical curves generated through linear regression of the 
pesticide peak areas (Y) against the pesticide concentrations (X, μg L-1) 
across seven concentration levels, ranging from 10 to 500 μg l-1 (n = 3). 
The LOD and LOQ were established by comparing the signal of the 
chromatograms from the spiked sample to the noise from the blank 
sample. Therefore, the LOD was defined as the concentration at which a 
signal-to-noise ratio of 3:1 was achieved, while for the LOQ, a 
signal-to-noise ratio of 10:1 was used as the criterion. Moreover, true
ness and precision were evaluated at three concentration levels from the 
analytical curve, corresponding to high (400 μg L-1), medium (200 μg 
L-1), and low (50 μg L-1) levels, with three replicates for each level (n =
3). These assessments were conducted over three days to determine 
intra-day and inter-day variation coefficients (CV%). For evaluating the 
matrix effect (ME), the matrix-matched calibration (MMC) method was 
utilized [31]. Analytical curves for the target analytes were constructed 
in both ultra-purified water and food matrices across six concentration 

levels (10 to 500 μg L-1). Each assay was performed in triplicate (n = 3). 
Therefore, the matrix effect was discussed regarding signal suppression 
or intensification (SSE), as described in Eq. (1). 

SSE =

(

1 −
SM
SS

)

x 100 (1) 

SM represents the slope of the analytical curve obtained in the ma
trix, and SS represents the slope of the analytical curve in the solvent.

3. Results and discussion

3.1. Characterization of the SiGO@CS biosorbent

Before the MEPS application, the biosorbents synthesized in Section 
2.3 underwent characterization assays to evaluate their differences and 
verify the success of the modifications in alignment with the initial 
objectives. Fig. 1A presents the FTIR spectra obtained for the sorbent: 
GO, pure CS, GO/CS, SiGO@CS-GLU, and SiGO@CS with no glutaral
dehyde. Following the sequence in Fig. 1A, the GO spectra exhibit 
distinct peaks from various oxygen-containing functional groups. The 
vibration observed at 3267 cm⁻1 corresponds to the O-H stretching bond 
from hydroxyl groups within the GO structure. Additionally, the band at 
1712 cm⁻1 is attributed to carboxyl groups. Adjacent to the peak at 1712 
cm⁻1, the peak at 1618 cm⁻1 was considered to result from the stretching 
and bending vibrations of O-H functional groups from water molecules 
in the GO composition. The 1402 cm⁻1 and 1220 cm⁻1 peaks are assigned 
to C-OH and C-O-C stretching, respectively. Finally, the peak at 1012 
cm⁻1 is attributed to the vibrational mode of the C-O group. The ob
tained spectra for GO were based on previous observations from our 
reported studies [23,24].

The pure CS aerogel obtained without adding GO provided valuable 
information that was used later to discuss the characterization of the 

Table 2 
MRM parameters for the ESI (+) analysis of the pesticides and antibiotics.

Analyte Precursor M1 Quantitative CV CE M2 Qualitative CV CE

PESTICIDES ​ ​ ​ ​ ​ ​ ​
Atrazine 216.0 132.0 34 20 174.0 30 20
Thiamethoxam 292.0 211.0 25 10 181.0 40 20
ANTIBIOTICS ​ ​ ​ ​ ​ ​ ​
Sulfanilamide 173.0 92.0 30 17 156.0 10 7
Ceftiofur 524.0 241.0 35 16 125.0 20 30

M1: First monitored ion; M2: Second monitored ion; CV: Cone voltage; CE: Collision energy.

Fig. 1. FTIR spectra of the (A) GO, CS aerogel, GO@CS 20 %, SiGO@CS 20 %, SiGO@CS-GLU 20 %, and (B) SiGO@CS-GLU at different percentages of CS/SiGO 
(w/w).
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synthesized materials. According to Fig. 1A, the spectra of the CS aerogel 
show a peak at 3423 cm⁻1, attributed to the abundant O-H and N-H 
stretching vibration from the hydroxyl and amino groups. According to 
Shi et al. [32] bands at 2910 and 2852 cm⁻1 can be attributed to the 
stretching vibration of C-H. Additionally, the peaks observed at 1631, 
1525, and 1400 cm⁻1 correspond to the C=O stretching of amide (amide 
I), the N-H bending of –NH₂ (amide II), and C-NH2 respectively [33]. 
Moreover, the peaks in the range of 900–1031 cm-1 are associated with 
C-O-C and C-O-H stretching, while 889 cm-1 is described as the 
stretching of the pyranose ring [34]. As expected, the spectra of GO@CS 
(Fig. 1A) exhibit characteristics from both GO and CS. According to the 
literature, GO@CS composites are primarily formed through reactions 
between the GO surface’s epoxy groups and the CS surface’s amino 
groups.

Additionally, the covalent bonding created during the crosslinking 
between GO and CS helps retard the decomposition of the amine units in 
CS [33,35]. Although the resulting spectra show some similarities to 
those of the starting materials, there are also notable differences. For 
instance, the peak at 1741 cm⁻1, present in GO, is absent in the GO@CS 
polymer. Peng et al. [36] attribute the disappearance of this peak to the 
reaction between the carboxyl groups of GO and the amino or hydroxyl 
groups of CS.

As previously mentioned, using G-based materials in microextraction 
procedures, such as MEPS, can cause a backpressure effect [17,18]. 
However, modifying GO@CS with Si was evaluated in this study as a 
solution to this challenge. Interestingly, the final FTIR spectra of 
SiGO@CS (Fig. 1A) showed more remarkable similarity to the CS than 
the GO spectra. For example, peaks at 1525 cm⁻1, 1424 cm⁻1, and 1284 
cm⁻1 correspond to the C=O stretching of amide (amide I), the N-H 
bending of –NH₂ (amide II), and C-NH₂, respectively, which are char
acteristic of the CS aerogel. The intense peak at 933 cm⁻1 is also 
attributed to the overlapping of Si-O-Si and the C-O-C from the glyco
sidic linkage [37].

Although the synthesis of a SiGO@CS biosorbent could mitigate the 
backpressure challenge in MEPS applications, experimental assays 
demonstrated that the non-linked CS in the biopolymer restricted the 
passage of the sample solution through the frits in the BIN compartment. 
To address this issue, this study proposed using a 25 % glutaraldehyde 
solution in H₂O to ensure maximum crosslinking through covalent bonds 

between SiGO and CS during the synthesis reaction. Moreover, the 
literature supports the use of glutaraldehyde as an effective method for 
enhancing the stability of polysaccharides. in an aqueous environment, 
even with the presence of GO [34]. As illustrated in Fig. 1A, no visual 
differences were observed in the obtained FTIR spectra of 
SiGO@CS-GLU compared to the one without adding the glutaraldehyde 
solution, both with 20 % of CS/SiGO (w/w).

As reported in Section 2.3, different SiGO@CS-GLU biosorbents were 
synthesized with varying percentages (20 %, 50 %, and 80 %) of CS/ 
SiGO (w/w) to identify the primary differences between the materials. 
The varying percentage of CS to GO was anticipated to produce distinct 
FTIR spectra for the materials. As shown in Fig. 1B, the SiGO@CS-GLU 
sorbent with 20 % CS to GO displayed spectra lacking characteristic CS 
peaks. Specifically, the typical peaks at 3000–3600 cm⁻1 and at 1630, 
1525, and 1400 cm⁻1, which correspond to the C=O stretching of amide 
(amide I), the N-H bending of –NH₂ (amide II), and C-NH₂, respectively, 
were not observed [33]. On the other hand, increasing the proportion of 
CS in the SiGO@CS-GLU biosorbent resulted in spectra that more closely 
resembled the profile of pure CS. The biosorbent with 80 % CS to GO 
(w/w) exhibited higher transmittance (T%) values, attributable to the 
more significant presence of CS during synthesis (Fig. 1B).

SEM analyses were conducted to gain deeper insights into the 
morphological characteristics of the developed materials. The SEM 
surface images obtained from these analyses are displayed in Fig. 2. 
Fig. 2A shows a representative SEM image of the GO materials, revealing 
their characteristic 2D nanosheet morphology [38]. A detailed exami
nation of the GO surface shows the presence of wrinkled and folded 
textures, typical features of GO. These morphological characteristics 
confirm the successful attachment of oxygen-containing functional 
groups, indicating the successful synthesis of the material [39]. The 
evaluation of pure CS aerogel, as shown in Fig. 2B, reveals a distinct 
surface morphology compared to GO. The SEM images depict a CS 
sheet-like configuration with a smooth and regular surface at a magni
fication of 2000x. These observations are consistent with those reported 
in the literature [40]. An insightful observation was made upon 
analyzing Fig. 2C, which presents the SEM image of the GO@CS bio
sorbent. Integrating GO and CS resulted in a highly porous and inter
connected 3D network structure. According to Gong et al. [41], the 
incorporation of GO induces a lamellar configuration in the final 

Fig. 2. SEM images of the synthesized materials: (A) GO, (B) pure CS aerogel, (C) GO@CS, (D) SiGO@CS, and (E) SiGO@CS-GLU at 2000x magnification.
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structure, underscoring the substantial influence of GO on the 
morphological properties of the GO@CS composite material.

The introduction of Si to create the SiGO@CS composite material 
resulted in a distinctive morphological structure. As illustrated in 
Fig. 2D, well-defined Si microspheres were evident. A closer examina
tion reveals the presence of nanostructures in the form of nanosheets on 
the Si surface, indicating the successful modification of Si with GO and 
CS. A comparable surface appearance was observed for the SiGO@CS- 
GLU biosorbent. Figs. 2D and 2E reveal intriguing insights into the 
biosorbents SiGO@CS and SiGO@CS-GLU (with 20 % of CS/GO w/w). 
Despite their similarities, the biosorbent synthesized with the addition 
of glutaraldehyde solution exhibited a visibly higher abundance of 
nanosheets on its surface, indicating superior modification by this 
strategy. This enhanced visualization is evident in the SEM images at 
500x magnification shown in Fig. S2.

EDX analyses were employed to determine the elemental composi
tion of the developed sorbents. The spectrum for the synthesized ma
terials revealed a high content of carbon and oxygen in the GO-based 
materials. The biosorbents synthesized with CS also showed a significant 
presence of nitrogen, attributed to the amino and acetamido groups, as 
demonstrated in the FTIR spectra (Fig. 1A). Moreover, the obtained 
SiGO@CS and SiGO@CS-GLU polymers exhibited a high content of Si, 
along with other elements inherent to the chemical structures of GO and 
CS. As expected, increasing the CS content in the SiGO@CS-GLU bio
sorbents resulted in a higher nitrogen abundance. The biosorbent with 
the highest CS content (80 %) demonstrated the most significant nitro
gen presence compared to the others. Detailed elemental percentage 
information obtained from EDX spectra is presented in Fig. S3.

3.2. MEPS optimization

Two experimental designs were implemented for a better under
standing of the MEPS extraction efficiency for the analyzed compounds. 
The initial design utilized a 24–1 fractional factorial design to assess the 
effects of sample pH, ionic strength (NaCl concentration, w/v%), 
desorption solvent type, and desorption solvent volume. These factors 
were prioritized due to their substantial impact on the overall MEPS 
performance. Given the nature of the study, which encompassed ana
lytes with diverse physicochemical properties (as detailed in Table S1), 
the optimal extraction conditions were determined based on the 
experimental outcomes.

Fig. 3A outlines the main parameters evaluated in the 24–1 fractional 
factorial design and their influence on MEPS extraction performance for 
the evaluation of THI in tomato samples. While the statistical analysis 
depicted in Fig. 3A indicates that the evaluated parameters had no sig
nificant impact, it is noteworthy that for the extraction of THI in tomato, 

the pH and desorption solvent were the most influential parameters. 
Conversely, for the extraction of ATR in corn samples, neither visual 
inspection nor statistical analysis revealed significant influences of pH, 
ionic strength, desorption solvent type, or desorption solvent volume on 
the MEPS extraction performance. The optimal parameters for extract
ing THI and ATR in corn and tomato samples were determined by 
combining pareto chart information and the area under each chro
matographic peak (Figs. S4 and S5). Consequently, the MEPS extraction 
of THI and ATR was optimized using a sample pH of 7 and 100 µL of ACN 
as the desorption solvent and no salt added (w/v of NaCl). No statisti
cally significant influences were observed when extracting CEF and SUL 
in the milk samples. However, among the evaluated parameters, the 
desorption solvent emerged as the second most influential factor for 
both analytes.

Moreover, the most influential parameter for both analytes was 
found to be the ionic strength. Adding 20 % NaCl (w/v) harmed MEPS 
extraction efficiency for SUL extraction, according to the 24–1 fractional 
factorial design. On the other hand, the evaluation of the MEPS 
extraction efficiency demonstrated that the extraction of CEF in milk 
was enhanced by adding 20 % NaCl (w/v). The optimal extraction 
conditions were determined by combining Pareto chart information 
with the area under each chromatographic peak. The study chose the 
best extraction conditions without adding salt to enable the simulta
neous extraction of SUL and CEF. As shown in Fig. S4, the chromato
graphic area peak for CEF was superior to that of SUL. Therefore, to 
ensure adequate extraction of SUL, the final method excluded the 
addition of salt due to its negative effect on the MEPS extraction of SUL. 
Additionally, the best extraction condition for both analytes in milk was 
considered using a sample pH of 7 and 100 µL of MeCN as the desorption 
solvent. Detailed information on the 24–1 fractional factorial design and 
the chromatography peak area can be found in the supplementary ma
terial (Figs. S4 and S5).

Following the MEPS optimization, the sampling, washing, and 
elution cycle parameters were evaluated using a full factorial design 23 

with three central points. Fig. 3 illustrates that the draw/eject and 
washing cycles were the most influential parameters for THI extraction 
in tomato samples. The results suggested that increasing the sampling 
cycles until the central point positively affects THI extraction while 
increasing the washing cycles negatively influences it. For the MEPS 
extraction of ATR, the washing cycles emerged as the most influential 
parameter, as shown in Fig. S5 The statistical evaluation using the 
Pareto chart for the 23 design in extracting CEF from milk samples 
revealed no significant influence from the sampling, washing, and 
elution cycles during the MEPS procedure (Fig. S5). However, for the 
MEPS optimization of SUL extraction, the washing cycles emerged as the 
most influential parameter, indicating that increasing the washing 

Fig. 3. Obtained results for the MEPS optimization of thiamethoxam extraction in tomato samples: (A) Pareto chart of 24–1 and (B) Pareto chart of 23.
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cycles negatively impacted the extraction efficiency (Fig. S5).
A final evaluation using a desirability function identified the optimal 

conditions for each parameter in the 23 factorial design. This evaluation 
indicated that an intermediary condition was the best option for MEPS 
extraction of THI and ATR in tomato and corn samples. Consequently, 
the optimal extraction conditions for these analytes were determined to 
be 6 sampling cycles, 3 washing cycles, and 10 desorption cycles. A 
similar optimal condition was identified for the MEPS extraction of CEF 
and SUL in milk samples, and more washing cycles were performed than 
for the pesticides. In this case, 6 sampling and 10 desorption cycles were 
adequate, along with 6 washing cycles, providing better extraction 
conditions. Fig. 4 illustrates the best MEPS extraction condition for the 
studies of pesticides (Fig. 4A) and antibiotics (Fig. 4B) in their respective 
food matrices according to the optimization study conducted by the 24–1 

and 23 evaluation.

3.3. Extraction performance of the synthesized biosorbents and their 
comparison with traditional sorbent-packed phases

As detailed in Section 2.3, this study proposed the synthesis of 
different SiGO@CS-GLU biosorbents with differing CS/SiGO w/w per
centages (20 %, 50 %, and 80 %). To assess the impact of these per
centages on extraction efficiency in the MEPS procedure, the polymers 
were tested for their ability to extract pesticides from corn and tomato 
and antibiotics from milk (both at 100 µg L⁻1) samples. Moreover, the 
extraction efficiency of these biosorbents was compared to traditional 
sorbent phases commonly used in solid-based extraction methods. Spe
cifically, Si and NH2 sorbents were evaluated using the same MEPS 
protocol outlined in Fig. 4 to extract pesticides and antibiotics from food 
matrices. The results of this assessment are presented in Fig. S6 as the 
average chromatographic area for the pesticides and antibiotics.

As detailed in Fig. S6, a clear trend is observed when comparing the 
chromatographic areas obtained for pesticides and antibiotics at the 
same concentration (100 µg L⁻1). The results indicate a higher efficiency 
of the biosorbents for applications in corn and tomato samples, high
lighting the increased complexity of animal-origin food matrices. 
Furthermore, more interpretations concerning the extraction efficiency 
of the sorbent can be taken from Fig. S6. According to the findings, 
increasing the percentage of CS in the polymer enhances the extraction 
performance of the SiGO@CS-GLU biosorbent. Specifically, the bio
sorbent synthesized with 80 % CS/SiGO w/w exhibited the best 

extraction efficiency compared with biosorbents with lower CS per
centages, highlighting the positive impact of CS presence in the final 
material. This improvement is particularly evident when comparing the 
biosorbents’ performance to unmodified SiGO. Moreover, the 50 % and 
80 % CS/SiGO w/w biosorbents demonstrated superior extraction effi
ciency compared to pure SiGO sorbent.

To the author’s knowledge, this was the first time the proposed 
SiGO@CS-GLU biosorbent was applied in a MEPS protocol for extracting 
pesticides and antibiotics from food samples. Consequently, it is chal
lenging to find comparable studies to evaluate the extraction behavior 
observed in this study based on the percentage of CS/SiGO w/w and the 
comparison with traditional sorbent phases. However, a study by Wu 
et al. [42] presented the synthesis of three-dimensional chitosan-grafted 
graphene oxide aerogels modified with silica (3D CS/GOA@Sil) using a 
distinct protocol from that employed in our study for conventional 
solid-phase extraction (SPE) of herbicides in vegetables. Their compar
ison with traditional SPE sorbents, including NH2, demonstrated the 
superior efficiency of the 3D CS/GOA@Sil sorbent. The authors noted 
that incorporating chitosan reduced the aggregation of graphene oxide 
sheets, thereby enhancing the extraction efficiency of herbicides in food 
samples. Similar findings were observed in our study, where the 
SiGO@CS-GLU 80 % biosorbent exhibited superior extraction efficiency 
for both pesticides and antibiotics compared to SiO2 and NH2 sorbents, 
particularly in the extraction of antibiotics compared to the NH2 
sorbent.

Furthermore, the literature highlights the remarkable adsorption 
capabilities of GO-based materials due to their high surface area, which 
provides suitable conditions for the adsorption of target analytes [43,
44]. Therefore, based on the main findings, we can infer that adding and 
increasing amounts of CS in the sorbent enhances the biosorbent’s ac
tivity toward pesticides and antibiotics. This enhanced selectivity is 
likely linked to the potential interactions between the target analytes 
and the functional groups present in the CS chemical structure, such as 
-OH and -NH2, facilitating chemical interactions, such as hydrogen 
bonding and π-π interaction with the target analytes [19]. Moreover, 
combined with the stabilizing effect of the GO nanosheets that the 
addition of CS has to the final SiGO@CS-GLU 80 % sorbent significantly 
improves its application as packed sorbent for the MEPS extraction of 
pesticides and antibiotics in food samples.

Fig. 4. MEPS optimum conditions for the extraction of (A) Thiamethoxam and Atrazine in corn and tomato samples and (B) Sulfonamide and Ceftiofur in 
milk samples.
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3.4. Figures of merits

The figures of merit in this study involved a thorough evaluation of 
multiple analytical parameters, following the validation guidelines set 
by the ICH, to confirm the method’s applicability. Linearity was assessed 
by constructing analytical curves in the matrix over a concentration 
range of 10 to 500 μg L⁻1 (n = 3). The results indicated that the method 
exhibited excellent linearity for pesticides and antibiotics in food 
matrices, with correlation coefficients (R2) more significant than 0.9900 
for all analytes. Moreover, intra and inter-day precision were evaluated 
as the relative standard deviation (RSD%) response. Intra-day precision 
(day 1) values ranged from 2 to 14 %, while inter-day precision (day 1, 
2, and 3) values ranged from 2 to 15 %. Trueness was assessed at three 
concentration levels: low (50 µg l-1), medium (200 µg l-1), and high (400 
µg l-1). The reported MEPS LC-MS/MS method achieved values ranging 
from 82 % to 109 % for trueness assays. Furthermore, the LOD and LOQ 
values for pesticides in corn and tomato ranged from 0.020 to 1.0 µg l-1. 
Regarding the evaluation of antibiotics in milk, LOD and LOQ values 
ranged from 5 to 20 µg l-1. Detailed information corresponding to the 
figures of merits using MMC lines for each analyte in food matrices is 
presented in Table 3.

The ME assessment of the method can elucidate the true impact of 
the matrix presence on the suppression or enhancement of the analytical 
signal for each analyte [45]. To evaluate this influence, the MMC 
strategy was employed to determine the effect of the evaluated food 
samples on the analytical response to pesticides and antibiotics. Based 
on Eq. (1), the calculated MMC values indicated a suppression effect of 
the matrix on the analytical signal for the pesticides ATR and THI, with 
suppression levels of 6 % in corn and 37 % in tomato, respectively. A 
similar suppression effect was observed for the antibiotic CEF, with an 
84 % reduction in signal. Conversely, the matrix positively impacted the 
analytical signal for SUL in milk, enhancing the analytical signal by 73 
%. The application of the MMC method demonstrated that the matrix 
effect significantly impacted the analytical response (chromatographic 
peak area) of the studied analytes in food matrices, highlighting its 
critical consideration. Despite the observed ME, this study proposed 
optimization and validation of the MEPS protocol in the matrix, effec
tively compensating for these effects and providing a more real analyt
ical scenario of the reported MEPS LC-MS/MS approach for antibiotics 
and pesticides in food matrices. Moreover, a representative chromato
gram (50 μg L⁻1) of the monitored quantified MRM transitions (Table 2) 
for the evaluated pesticides and antibiotics is presented in Fig. S7.

In a microextraction protocol, achieving low values of LOD and LOQ 
is highly expected. This aligns with the main principle of MEPS strate
gies, where the use of packed sorbent in the MEPS syringe enables the 
preconcentration of trace-level concentrations. Applying the adequate 
MEPS approach allows for a realistic evaluation of these low concen
trations in complex matrices, such as food samples. Moreover, the 
analytical performance of the method is primarily linked to the 

capability of the sorbent to offer optimal extraction conditions. The re
ported SiGO@CS-GLU 80 % provided remarkable analytical perfor
mance, as demonstrated by the figures of merit in this section. The 
developed biosorbent’s application enhanced MEPS extraction by 
achieving low LOD and LOQ values for antibiotics and pesticides. It 
maintained its analytical performance over 15 reuses, with an RSD% of 
<15 %. Besides, the MEPS procedure took around 5 min (steps presented 
in Fig. 4), demonstrating a considerable analytical throughput. The 
developed MEPS LC-MS/MS method using SiGO@CS-GLU 80 % as the 
packed sorbent shows excellent potential for monitoring ATR, THI, CEF, 
and SUL in corn, tomato, and milk samples.

3.5. Application of the MEPS LC-MS/MS method in local market food 
samples

As detailed in Section 2.5, this study applied the MEPS LC-MS/MS 
method to evaluate ATR and THI in corn and tomato samples and CEF 
and SUL in milk matrices, following the extraction steps specified in 
Fig. 4. Food samples were collected from different São Paulo, Brazil 
regions and subjected to the MEPS extraction method using the 
SiGO@CS-GLU 80 % biosorbent. Therefore, 3 samples of tomato and 
corn were obtained, while two samples were used for milk evaluation. 
According to the main results, the pesticide THI was detected lower than 
the LOQ value in two tomato samples, while one sample presented a 
quantified concentration of 139.0 µg l-1. The obtained THI concentration 
in the tomato sample was found to be higher than the maximum con
centration of ingestion per day allowed by Agência Nacional de Vigi
lância Sanitária (ANVISA) in Brazil (20 µg l-1) [46] and the maximum 
limits of residue (MLR) established by the European Food Safety Au
thority (EFSA) (10 µg l-1) [47].

Moreover, out of the three corn samples evaluated, only one showed 
a quantified concentration, which was found to be 221.6 µg l-1. This 
concentration exceeds the MRL established by the EFSA, which is 50 µg l- 
1 [47]. Furthermore, according to ANVISA, although the maximum 
concentration allowable of ATR in corn samples is 250 µg l-1, daily 
pesticide consumption should not exceed 20 µg l-1, as specified by the 
legislation [46]. In the milk sample analysis, only CEF was detected 
below the LOQ values established in this study (15 µg l-1 for CEF and 20 
µg l-1 for SUL). These findings are consistent with ANVISA and EFSA 
regulations, which permit an MRL concentration of 100 µg l-1 for both 
antibiotics in milk samples [46,47].

As demonstrated, the developed SiGO@CS-GLU 80 % used in the 
MEPS extraction approach is an adequate analytical strategy to detect 
and quantify pesticide concentrations exceeding the regulatory limits for 
THI and ATR in one of the three tomato and corn samples evaluated. 
These findings highlight the effectiveness of our MEPS LC-MS/MS 
method in evaluating pesticides in food samples. Although no quanti
fiable concentrations of antibiotics were found, the method provided 
adequate analytical conditions for their detection and potential 

Table 3 
Obtained figures of merits using MMC lines for the extraction of pesticides and antibiotics in food samples through the MEPS LC-MS/MS method.

Compound Regression Equation R2 Range (µg L-1) LOQ (µg L-1) LOD (µg L-1) Spiking Level (µg L-1) Trueness (%) Precision RSD (%)

Day 1 Day 2 Day 3

ATR 41.242x + 44,753.2 0.9909 10–500 0.045 ​ 50 100 9 2 3
0.020 200 90 8 11 4
​ 400 96 8 9 3

THI 11.594x + 770.1 0.9980 10–500 1.0 ​ 50 92 12 4 5
0.045 200 109 11 2 6
​ 400 105 14 4 12

CEF 3.486x + 1001.3 0.9952 25–500 15 ​ 50 89 2 5 13
5 200 107 9 3 6
​ 400 87 10 15 7

SUL 0.331x + 163.1 0.9912 25–500 ​ ​ 50 82 4 5 5
20 15 200 104 5 8 8
​ ​ 400 84 7 2 2
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quantification, supporting its application in milk samples.

3.6. Literature comparison and green aspects assessment of the MEPS LC- 
MS/MS method

One of the primary advantages of miniaturized extraction protocols 
is their environmental friendliness compared to traditional methods. 
Therefore, these microextraction strategies are anticipated to leverage 
the fundamental principles of GAC to propose new eco-friendly analyt
ical approaches for evaluating complex matrices, such as food samples. 
Different approaches are reported in the literature to introduce new 
metrics encompassing critical considerations for distinguishing eco- 
friendly analytical assessments from traditional methods. This study 
proposes applying the AGREEprep tool to evaluate the ten principles 
established by green sample preparation (GSP) and the green analytical 
procedure index (GAPI). The AGREE score and the GAPI diagram ob
tained for the MEPS LC-MS/MS evaluation are presented in Fig. 5 as 
follows.

Detailed information on the values and data used in both evaluations 
is provided in Tables S2 and S3 in the supplementary material. As 
depicted in Fig. 5 and information in the supplementary material, a 
consistent finding between these evaluations was the detrimental impact 
observed on the performance of offline analysis in both strategies. Off
line methodologies can increase the number of steps, leading to sub
stantial solvent consumption and reduced analytical throughput. In line 
with this, the reported MEPS LC-MS/MS method still involves a 
considerable number of steps starting from extract preparation, 
including the use of 5 mL of acetonitrile and the energy consumption for 
drying the samples, which, as indicated by the software, requires careful 
evaluation. However, using MEPS as the extraction protocol helps 
mitigate this drawback, as only a few microliters of the pre-treated 
sample extract are needed for the extraction. Consequently, the initial 
extraction steps are performed only once, as the final volume is suffi
cient for performing several MEPS extractions. This significantly reduces 
the environmental impact compared to conventional sample prepara
tion methods.

Despite the pointed disadvantages, the proposed study promoted the 
remarkable use of just 5 min of the MEPS steps, thus leading to the 
possibility of performing >10 extractions per hour, which is highly 
desirable to an offline extraction protocol. Although the MEPS method 
evaluation was affected in AGREEprep and GAPI assessments due to its 
extraction type, initial solvent consumption, and the number of per
formed steps Fig. 5 highlighted its green analytical aspects. These 
included the utilization of the SiGO@CS-GLU biosorbent, which is 
notable for its reusability (>15 times). Impregnating biosorbents en
hances methodological green metrics, as these materials are typically 

biodegradable and synthesized under less harmful conditions for 
humans [48]. Additionally, intrinsic features of the microextraction 
method, such as using a low pre-treated sample extract volume (500 µL), 
further promoted environmentally friendly analytical conditions.

The versatility of microextraction methods has been demonstrated 
across various applications, including the evaluation of contaminants in 
food matrices, such as pesticides and antibiotics. As reported in the 
literature, these applications provide relevant benchmarks for 
comparing with the MEPS LC-MS/MS method described in this study. By 
highlighting key aspects, we underscore the superior applicability of our 
method over other microextraction protocols for assessing pesticides 
and antibiotics in food matrices. In this context, Andrade et al. [49]. 
reported using bar adsorptive microextraction (BAµE) coated with a 
molecularly imprinted polymer (MIP) for the extraction of triazines in 
corn samples. The authors achieved optimal extraction conditions with a 
60 min extraction time, enabling one per hour. The method demon
strated a LOD of 0.2 µg l-1 and recovery values ranging from 81 % to 119 
%. In contrast, our proposal achieved an extraction time of just 5 min, 
allowing 12 extractions per hour with a superior LOD for ATR in corn 
samples (0.020 µg l-1).

While analytical parameters are crucial for evaluating the applica
bility of a method, it is equally important to consider its environmental 
impact, especially when using microextraction protocols. Recently, 
Abbasalizadeh et al. [50]. combined dispersive solid-phase extraction 
with dispersive liquid-liquid microextraction (DSPE-DLLME) using a 
carbon-based sorbent to assess organophosphorus pesticides in vege
table samples, including tomatoes. Their extraction procedure used 5 mL 
of pre-treated sample extract volume and 10 mg of sorbent. In contrast, 
our study used only 500 µL of pre-treated sample extract volume and 7 
mg of sorbent. Despite the seemingly minor difference in sorbent mass, 
500 µL of sample significantly reduces chemical waste. This reduction is 
significant during method development, which requires numerous ex
tractions and consequently generates substantial chemical waste.

Dispersive liquid-liquid microextraction (DDLME) using hydropho
bic deep eutectic solvents (hDESs) as green extractants was utilized for 
assessing antibiotics in milk samples by Sereshti et al. [51]. The authors 
reported LOD values ranging from 5.1 to 28.4 µg L− 1 using a 7 mL 
sample volume containing the selected antibiotics. In our MEPS 
LC-MS/MS study, we extracted antibiotics using 500 µL of pre-treated 
sample extract volume, allowing us to perform 14 extractions with the 
same volume used by Sereshti et al. Moreover, our study obtained su
perior LOD values for CEF and SUL evaluation in milk matrices (5–15 µg 
L− 1). This demonstrates that our method offers a potential and alter
native approach to other microextraction strategies for assessing pesti
cides and antibiotics in food samples.

The notable advantages of our developed method include achieving 

Fig. 5. Green analytical evaluation of the developed MEPS method by using (A) AGREEprep and (B) GAPI indicators.

R.O. Martins and F.M. Lanças                                                                                                                                                                                                               Advances in Sample Preparation 12 (2024) 100134 

9 



low LOD and LOQ values and adequate trueness results. These analytical 
parameters are crucial for detecting and quantifying trace-level con
centrations of these chemicals in food matrices. Additionally, the 
remarkable reusability of our developed phase (>15 times) highlights 
the potential of our biosorbent over traditional sorbent phases, pre
senting a low-cost and eco-friendly strategy aligned with micro
extraction protocols, particularly for MEPS strategies. Table 4 presents 
some literature reports on microextraction strategies that evaluate pes
ticides in food matrices. It’s important to highlight that Table 4 provides 
information specifically about the microextraction protocol rather than 
the complete analytical method.

4. Conclusions

This study presented a novel biosorbent combining SiGO and CS for 
the MEPS extraction of pesticides and antibiotics from food matrices. 
Characterization assays confirmed the successful modification of SiGO 
particles with CS, identifying the sorbent with the highest CS content (80 
%) as the most effective option for the MEPS protocol targeting the 
selected analytes. The optimization of the MEPS LC-MS/MS method 
highlighted the draw/eject and washing cycles as the most influential 
parameters affecting extraction efficiency. The figures of merit obtained 
using MMC lines to correct the observed ME demonstrated excellent 
sensitivity, with R2 values greater than 0.9900. The LOD ranged from 
0.020 to 0.045 µg L⁻1 for pesticides and 5 to 15 µg L⁻1 for antibiotics, 
while the LOQ were between 0.045 and 1.0 µg L⁻1 for pesticides and 15 
to 20 µg L⁻1 for antibiotics. Trueness values were between 82 % and 109 
%, indicating the robust performance of the method.

Comparison studies of the biosorbent with traditional non-modified 
SiGO and other sorbents (Si and NH₂) demonstrated the superior per
formance of the SiGO@CS-GLU 80 % biosorbent. Furthermore, the 
application of this biosorbent in the MEPS LC-MS/MS protocol enabled 
the detection and quantification of elevated pesticide levels in corn and 
tomato matrices, using a methodology that required only 5 min of the 
microextraction protocol, a minimal pre-treated sample extract volume 
(500 µL), and allowed the reuse of the sorbent for over 15 extractions. 
The reported MEPS LC-MS/MS method using the proposed SiGO@CS- 
GLU 80 % biosorbent proved to be a valuable tool for detecting pesti
cides and antibiotics and identifying permissible or elevated concen
trations in food matrices, incorporating eco-friendly aspects in line with 
green analytical practices.
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Table 4 
Comparison of literature on the microextraction of pesticides and antibiotics in food samples.

Analyte(s) Sample Analytical Technique Sample Volume (mL) Extraction Time (min) LOD µg L-1 Refs.

Triazines Corn BAµE(MIP)- µLD–LC–DAD 25 60 0.2 [49]
Carbamate pesticides Corn SBSE-HPLC-VWD 10 50 0.017–0.048 [52]
Organophosphorus pesticides Vegetables (Including tomato) DSPE-DLLME-GC-FID 5 5 0.2 [50]
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