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Abstract

The complexity of the milk matrix, driven by its lipid-rich composition, complicates pesti-
cide residue analysis. This study developed a simplified and robust analytical procedure
for the quantification of 250 pesticides in cow’s milk. Sample preparation involved acid-
ified ethyl acetate extraction followed by centrifugation at 0 ◦C. A subsequent clean-up
step was performed using micro solid-phase extraction (µSPE) in a 96-well format with
the enhanced matrix removal-lipid (EMR-lipid) sorbent. Final extracts were analyzed by
gas chromatography coupled to high-resolution mass spectrometry (GC-Q-Orbitrap-MS).
Method validation demonstrated satisfactory linearity within the 5–100 µg/L range, recov-
eries between 70.6% and 119.8%, and precision, expressed as relative standard deviation
(RSD), was acceptable for both intraday (1.8–19.2%) and interday (1.6–18.5%) conditions.
The limit of quantification (LOQ) was set at 10 µg/kg for all compounds. The method was
applied to 23 commercial cow’s milk samples, and no pesticide residues were detected
above the current European Union (EU) maximum residue limits (MRLs).

Keywords: milk; Q-Exactive orbitrap; gas chromatography; EMR lipid; pesticide residues

1. Introduction
Milk is a globally produced and consumed food commodity, essential in a balanced

diet [1]. Beyond its direct consumption, milk serves as a key ingredient in important
products, such as formulated milk for infants. However, fatty food products such as
milk can contain relatively high levels of pesticide residues, which can enter the food
chain through contaminated animal feed and water, posing a risk of exposure to these
toxic substances for both animals and humans [2–4]. To ensure food safety, MRLs have
been set by various countries and organizations. The EU has established MRLs for most
pesticides in milk and dairy products, with limits as low as 0.8 µg/kg for endrin and
2 µg/kg for chlordane [5]. Therefore, effective analytical methods are necessary to monitor
pesticide residues in milk to confirm compliance with these safety limits. Although gas
chromatography coupled with mass spectrometry (GC-MS) is highly sensitive and capable
of accurately detecting target compounds in complex matrices, it is now less frequently used
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due to its sensitivity to matrix effects [6]. However, GC coupled to high-resolution mass
spectrometry (HRMS), compared to traditional GC-MS, offers full-scan capabilities, high
accuracy, and selective screening of target compounds. This allows low levels of pesticides
to be detected and quantified, even in complex matrices such as milk. Milk contains organic
acids, sugars, fats, proteins, and other impurities that can interfere with chromatographic
analysis. Furthermore, the use of full scan HRMS is becoming increasingly popular in
the residue analysis of food samples, especially when a large number of analytes must be
monitored [7]. Compared to other high-resolution mass analyzers, such as time-of-flight
(TOF), the Orbitrap offers superior mass accuracy, resolving power, and dynamic range,
along with the ability to operate at different resolution settings depending on analytical
needs. These features make it particularly suitable for detecting trace-level compounds in
complex matrices and allow for more confident identification of both target analytes and
non-target analytes in full-scan acquisition modes.

The currently available methods for the extraction of multiple pesticide residues from
fatty milk are still restricted by the laborious and time-consuming sample pretreatment
process, limited sensitivity, and selective clean-up [8]. These methods involve the use of
solvents such as n-hexane [9] and dichloromethane [10], sonication times of 20–30 min,
laborious cleaning steps using solid phase extraction (SPE), or combinations of various
salts [4], followed by evaporation under nitrogen flow [11].

The extraction of multiple compounds with diverse chemical properties and polarities
represents a significant challenge. The QuEChERS (Quick, Easy, Cheap, Effective, Rugged,
Safe) method offers advantages, such as rapid processing, high throughput, efficiency, and
low cost. However, milk is a complex matrix and has a high matrix effect, characterized by
high concentrations of organic acids, sugars, lipids, and proteins. For instance, pesticide
residues and other contaminants were analyzed in milk samples [12,13] using QuEChERS
extraction. PAHs and pesticide residues were also evaluated in milk samples [14,15]. The
clean-up step can be carried out as using dSPE clean-up [12,13], and both methods required
manual weighing of small quantities of “enhanced matrix removal-lipid” (EMR-lipid) and
other sorbents such as PSA and Z-Sep+ (zirconia-based sorbent) to remove fatty matrix
components, whereas other authors used Z-Sep, C18, and PSA during the dSPE clean-
up [14,15]. For this work, various clean-up approaches after the extraction of QuEChERS
have been proposed, with the aim of reducing the number of co-extractive interferences
during pesticide residue analysis, using many steps and sorbents, which are difficult to
handle [8,16–19]. An interesting option is the use of the clean-up step with the EMR-lipid
material that has been proposed to remove fat from fat-rich food products [4,17]. In most
published articles, EMR-lipid has been used as a cleaning sorbent in dispersive SPE (dSPE)
in matrices with high fat content, such as pork, fish, smoked foods [20], olive oil or avocado
fruit [21], biological matrices such as human plasma [22], or even in milk formulas for
analysis of mycotoxins, polycyclic aromatic hydrocarbons or neonicotinoids [15]. The
use of well-plate format (µSPE) minimizes weighing errors, improves reproducibility,
and facilitates high-throughput workflows, which are key issues for routine laboratories.
However, the use of EMR-lipid in a 96-well plate format for µSPE is rather limited, although
it has demonstrated clinical applicability in blood [23] and even in infant milk formulas [24].
The present study builds upon the well-established QuEChERS extraction and GC-HRMS
principles, but its novelty lies in the first application, to the best of our knowledge, of
EMR-lipid in a ready-to-use 96-well plate format for the determination of 250 pesticide
residues in whole milk, combining broad analyte coverage with reduced solvent use and
simplified sample handling.

In summary, the aim of the study was to develop a simple method that reduces
extraction time by using a small amount of salts and solvents for the analysis of pesticide
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residues in whole milk. The final extracts were analyzed using the analytical methodology
already developed [25], based on GC-HRMS, using a single quad-Orbitrap as an analyzer,
which was utilized to perform selective target screening for the detection and quantification
of low levels of pesticides.

2. Materials and Methods
2.1. Reagents and Chemicals

Standards for 275 pesticides were purchased from Dr. Ehrenstorfer (Augsburg, Ger-
many) or Sigma Aldrich (St. Louis, MO, USA). One isotopically labelled compound,
atrazine-d5 from Sigma Aldrich, was used as the surrogate standard. All standards had a
purity greater than 95%.

HPLC gradient grade acetonitrile and HPLC grade acetic acid were acquired from
Honeywell (Seelze, Germany) and Panreac AppliChem (Barcelona, Spain), respectively.
PAR grade ethyl acetate was purchased from Fluka (St. Louis, MO, USA). Formic acid (FA)
(Optima LC–MS) was supplied by Fisher Scientific (Geel, Belgium). Magnesium sulfate
and sodium acetate were obtained from Fluka, while tri-sodium citrate dehydrate, sodium
chloride, and sodium citrate dibasic sesquihydrate were sourced from Panreac AppliChem,
Scharlab (Barcelona, Spain), and Sigma Aldrich, respectively. Primary secondary amine
(PSA) was obtained from Scharlab, C18 (octadecyl) bonded phase from Supelco (Belle-
fonte, PA, USA), and Agilent Captiva EMR-lipid in a 96-well plate format from Agilent
Technologies (Santa Clara, CA, USA).

Stock standard solutions of the target pesticides were prepared in a suitable solvent
(methanol or ethyl acetate) at a concentration of 1000 mg/L. The stock solutions were stored
in amber screw-capped glass vials. After that, working solutions containing all pesticides
were then prepared at 4.5 mg/L in acetonitrile and at 0.5, 0.2, and 0.1 mg/L in ethyl acetate.
The surrogate standard (atrazine-d5) was added at a final concentration of 25 µg/kg prior
to extraction. This surrogate was used to check whether sample preparation and analysis
were performed correctly. All standard solutions were stored at −20 ◦C.

2.2. GC-Orbitrap-MS Parameters

The GC system consisted of a TriPlus RSH autosampler, a TRACE 1300 gas chro-
matograph, and a Q-Exactive Orbitrap mass analyzer (Thermo Fisher Scientific, Bremen,
Germany). The injector was equipped with a single taper liner (78.5 mm × 4 mm internal
diameter (ID)). Sample introduction was performed using hot splitless injection (1 µL,
280 ◦C, splitless time 1 min). High-purity helium (99.999%) served as a carrier gas at a
constant flow rate of 1 mL/min. Separation was achieved on a VF-5 MS capillary column
(30 m × 0.25 mm i.d. and 0.25 µm film thickness from Agilent, Santa Clara, CA, USA).
The oven temperature program lasted 29.00 min and was as follows: initial temperature of
50 ◦C held for 1 min, then ramped to 170 ◦C at 20 ◦C/min (6 min), followed by an increase
to 310 ◦C at 10 ◦C/min (14 min). The final temperature of 310 ◦C was maintained for 8 min.
The Q-Exactive Orbitrap mass analyzer was operated in electron ionization (EI) mode at
70 eV with an emission current of 50 µA. Mass calibration was performed weekly using
perflurotributylamine (PFTBA) from Thermo Fisher Scientific.

The filament delay was set for 5 min, and data acquisition was performed from 5 to
29 min. The ion source and transfer line temperatures were maintained at 250 ◦C. Full-
scan (FS) MS acquisition was carried out in profile mode over an m/z range of 40 to 500.
The maximum injection time was set to 1 µscan, with a resolution power of 60,000 full
width at half maximum (FWHM). The automatic gain control (AGC) target was set to
1 × 106 ions. Instrument control was performed using Xcalibur 4.1 and chromato-
graphic data were processed with TraceFinder 4.1 software (Thermo Fisher Scientific,
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Les Ulis, France). Identification criteria included: (i) at least two fragment ions with mass
accuracy ≤ 5 ppm, and (ii) ion ratio within (±30% (relative) of the average calibration
standard from the same sequence. Detailed GC-MS parameters are provided in Table S1.

2.3. Sample Extraction

Cow’s milk samples were processed using a modified version of AOAC QuEChERS, a
typical multiresidue extraction method commonly applied in routine laboratories. Prior to
extraction, milk samples were homogenized by vortex mixing to ensure a representative
distribution of both aqueous and lipid phases. A 5 g aliquot of the sample was weighed
into a 50 mL polypropylene centrifuge tube. Ethyl acetate (10 mL) containing 1% acetic
acid and 10 µL of the surrogate standard (atrazine-d5) was added, and the mixture was
vortexed for 2 min. Subsequently, 4 g of MgSO4 and 1.5 g of sodium acetate were added,
followed by another 2 min of vortex mixing. The tube was then centrifuged at 7500 rpm
(6200× g) at 0 ◦C for 8 min.

A 1 mL aliquot of the supernatant was loaded onto a well Agilent Captiva EMR-lipid.
After the liquid was passed through the cartridge by gravity, vacuum was applied to
remove any remaining liquid. The resulting extract was then transferred to sample vials
for GC-Orbitrap-MS analysis, and 1 µL was injected into the system.

2.4. Validation

The performance of the analysis was evaluated in accordance with the analytical qual-
ity control and validation guidelines for the analysis of pesticide residues in food and feed,
as described in SANTE 11312/2021v2 [26]. The parameters assessed included linearity, limit
of quantification (LOQ), recovery, and precision. Additionally, the expanded measurement
uncertainty (U) was calculated using intra-laboratory validation data, according to the
SANTE guidelines. The whole cow’s milk used for the development and validation of
the method was also sourced directly from local grocery stores in Almeria (Spain). This
represents typical market samples and provides realistic matrix conditions for pesticide
residue analysis.

According to the SANTE guideline, an extension of the scope of the method was
carried out to other matrices within the milk subgroup (milk and dairy products group).
This verification procedure was applied to various types of milk, including semi-skimmed,
lactose-free semi-skimmed, skimmed, and evaporated milk, ensuring the reliability of
the method in various matrices. This was achieved by analyzing three spiked samples
(spiked at the target LOQ, 25 µg/kg, and at 50 µg/kg for all pesticides) and one blank
matrix. Quantification was carried out using a matrix-matched calibration prepared in their
specific matrix. The method performance criteria remained consistent with the validation
parameters for recovery (70–120%) and repeatability (≤20%).

2.5. Applicability of the Method

A total of 23 cow’s milk samples with different compositions (whole, semi-skimmed,
skimmed, lactose-free, calcium-enriched, and omega-3-enriched) were purchased from
local grocery stores in Almería (Spain). The samples, representing different commercial
brands, were stored in their original containers under the recommended conditions until
analysis. For the development and validation of the method, whole cow’s milk was selected
as the most challenging matrix in terms of sample preparation. An overview of the samples
included in this study is provided in Table S2 (see Supplementary Materials).



Chemosensors 2025, 13, 405 5 of 12

3. Results
3.1. Optimization of the Extraction Procedure
3.1.1. Optimization of Extraction Salts

The QuEChERS method was modified and optimized considering the high protein and
lipid content of milk, with lipids being one of the most important and significant sources
of interferences. As an extraction solvent, acetonitrile was tested because it must meet
specific requirements, including the ability to precipitate fats and proteins while efficiently
extracting analytes from milk samples. This solvent not only enables the extraction of a
wide range of compounds, but also serves as an effective protein precipitant [27], a process
that can be enhanced by adding FA [28]. In this study, whole cow’s milk was used and
three different versions of QuEChERS were compared. Using acetonitrile with 1% FA as the
extraction solvent, a comparison of extraction salts was made by spiking whole cow’s milk
(5 g) with a standard mixture at 100 µg/kg. This spiking level for the preliminary evaluation
of extraction salts was selected to ensure that the target compounds could be detected with
sufficient sensitivity and to evaluate whether their absence in the chromatogram, if any,
was due to poor extraction efficiency rather than limitations of instrumental sensitivity.
Three different extraction salts were tested: (A) Original QuEChERS salts [29] containing
4 g of MgSO4 and 1 g of NaCl, (B) the AOAC version [30] containing 6 g of MgSO4 and
1.5 g of sodium acetate, and (C) the EN version [31] consisting of 4 g of MgSO4, 1 g of NaCl,
3.5 g of disodium hydrogen citrate sesquihydrate, and 1 g of trisodium citrate dihydrate.
The clean-up step was based on the addition of 150 mg of MgSO4 combined with 25 mg of
PSA and C18 as sorbents [32], followed by filtration through a nylon filter. In the last step,
an aliquot of extract was evaporated to dryness under a N2 stream and redissolved with
1 mL of ethyl acetate before chromatographic analysis.

The extraction efficiency was evaluated on recovery values obtained from triplicate
experiments, with acceptable recovery defined as 70 to 120%. As shown in Figure 1,
a total of 122 compounds achieved suitable recovery using method (A), while 196 and
74 compounds met the recovery criteria with methods (B) and (C), respectively. The
improved recoveries obtained using the AOAC QuEChERS version may be attributed to
the slightly lower pH provided by the sodium acetate buffering system compared to the
citrate-based European version. Based on these results, AOAC salts (B) were selected as
the optimal approach for extracting pesticides from whole cow’s milk.

3.1.2. Optimization of the Extraction Solvent

Although acetonitrile is compatible with both liquid chromatography coupled to MS
(LC-MS) and GC-MS, the potential benefits of using ethyl acetate as the extraction solvent
were also tested, taking into account that the evaporation step could be omitted. Having
already decided on the use of AOAC salts, a comparison was made using acetonitrile with
1% FA and ethyl acetate with 1% acetic acid as extraction solvents, spiking whole cow’s
milk (5 g) with a standard mixture at 100 µg/kg.

Since fatty substances have lower melting points than solvents, frozen lipids can be
removed by centrifugation, while pesticides remain dissolved in the solvent [10]. To take
advantage of this property for the removal of lipids, an additional centrifugation step was
introduced at 7500 rpm (6200× g) at 0 ◦C for 8 min. The use of ethyl acetate increased the
number of compounds with acceptable recovery (205) compared to acetonitrile (186), while
also eliminating the need for a drying step. Consequently, ethyl acetate with 1% acetic acid
was used as the extraction solvent.
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Figure 1. Recovery results of the Original QuEChERS, QuEChERS AOAC, and QuEChERS
EN methods.

3.1.3. Optimization of the Clean-Up Step

An efficient clean-up step is critical for removing the maximum possible amount of
matrix co-extracts and improving the quality of analytical results. For this purpose, dSPE
and µSPE (EMR-lipid 96-well plate) were compared for the cleaning step, evaluating the
cleanliness of the extract, the workflow, and the recovery of the pesticides under study.
Although EMR-lipid tubes have been used in some previous publications [20,27,33], their
application as a 96-well plate format or µSPE is less frequent [24,34]. This format offers the
advantage of a streamlined, single-step process, where 1 mL of sample extract is simply
passed through the well. Although automation is possible, manual processing is also
feasible with the use of a vacuum pump, requiring only a few seconds per sample.

For dSPE clean-up, 1.5 mL of sample extract was transferred to a 15 mL centrifuge tube
containing 50 mg of PSA and 25 mg of C18, combined with 150 mg of MgSO4 to remove any
moisture traces from the previous step, and then the sample was vortexed for 1 min. The
tube was subjected to a centrifugal process for a duration of 5 min at 3700 rpm (3061× g).
In contrast, the µSPE cleaning involved directly loading 1 mL of sample extract into a well
and placing it under vacuum. Both methods produced comparable pesticide recoveries,
with 238 compounds showing acceptable recoveries using dSPE and 242 compounds with
µSPE. Despite a similar performance, the µSPE approach aligns with the study’s goal of
developing a simplified method. The use of EMR-lipid significantly reduced the complexity
of the workflow by eliminating the need to weigh multiple salts and minimized the use
of disposable materials, such as plasticware. Additionally, µSPE offers a higher sample
throughput, which is a key advantage for routine analysis, allowing for simultaneous
cleaning of a large number of samples (up to 96). For these reasons, EMR-lipid was selected
as the preferred clean-up sorbent over dSPE. However, to demonstrate matrix removal by
µSPE in future studies, a comparison of Total Ion Current (TIC) profiles before and after
the µSPE process was carried out.



Chemosensors 2025, 13, 405 7 of 12

3.2. Method Validation

For method validation, whole cow’s milk was selected as the representative matrix
according to the SANTE/11312/2021 v2 guidelines [26], which designate it as the standard
dairy matrix. Thus, given that it has the highest fat content, it also represents the most
challenging matrix, making it appropriate to evaluate the performance of the method in
other types of milk.

3.2.1. Linearity and Matrix Effect (ME)

In this study, a calibration curve was prepared using a blank sample extract of
whole cow’s milk. Linearity was initially evaluated for 275 pesticides within the con-
centration range of 5 to 100 µg/L, covering five concentration levels (5, 10, 25, 50, and
100 µg/L). A solvent-based calibration curve was also prepared using ethyl acetate at the
same concentration levels. The determination coefficients (R2) were calculated for 265 of the
275 compounds studied, and the R2 values were consistently above 0.99. Table S3 (see
Supplementary Materials) lists the 275 pesticides that were included in the analysis and
highlights with an asterisk those that did not meet the established validation criteria. Only
compounds with R2 values greater than 0.99 were considered for the validation study,
establishing the linear range of the method between 5–100 µg/L.

The ME was assessed in whole cow’s milk using Equation (1):

%ME =

(
slope o f calibration curve in matrix
slope o f calibration cruve in solvent

− 1
)
× 100 (1)

As shown in Figure 2, a strong ME (>50%) was observed for 248 compounds. A
moderate ME (20% < ME < 50%) was detected in 17 compounds. In particular, none of the
compounds exhibited a low or negligible ME (<20%). To mitigate for the pronounced matrix
effects, matrix-matched calibration was employed to ensure accurate quantification. The
EMR-Lipid clean-up was primarily aimed at enhancing extract cleanliness and improving
instrument stability, rather than completely eliminating the matrix effects.

 

Figure 2. Matrix effect (%) comparing the slope of the curve in solvent and in whole cow’s milk.
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3.2.2. Recovery, Precision, and Uncertainty

Recovery tests were carried out at 10 µg/kg (MRL), 25 µg/kg (2.5× MRL), and
50 µg/kg (5× MRL), using five replicates at each level. Mean recoveries ranged from 71.1 to
119.7%, with an associated repeatability, expressed as RSD, below 20%, as can be observed
in Table 1.

Table 1. Summary of method performance for 250 pesticides in cow’s milk.

Parameter Value

Linearity (R2) ≥0.99 (for 96.3% of compounds)
Matrix Effect (%) >50% (for 90.1% of compounds)
LOQ (µg/kg) 10 µg/kg

Value (Range or Mean ± RSD)
10 µg/kg 25 µg/kg 50 µg/kg

Recovery (%) 70.6–117.0 72.0–117.0 71.8–119.7
Intraday precision (%) 3.2–19.2 3.2–18.5 1.8–18.4
Interday precision (%) 3.0–18.5 2.9–18.3 1.6–18.2
Expanded Uncertainty (%) 13–49

Intraday precision, expressed as relative standard deviation (% RSD), was calculated
from recovery data at these concentrations and ranged from 1.8% to 19.2%. Interday
precision, determined over five different days, ranged from 1.6% to 18.5%, all within
acceptable limits. The complete dataset is provided in Table S3. Regarding the recovery
values, no significant losses were observed during the µSPE step, confirming the efficiency
of the extraction procedure.

For most of the 265 compounds that met the linearity criteria, the results were accept-
able. However, fifteen compounds showed extraction difficulties and did not achieve ac-
ceptable recovery or precision values: 1,2,3,6-tetrahydrophthalimide cis, bifenox, chlordane
cis, chlordane trans, difenoconazole, endrin, fenamiphos, fenamiphos sulfone, fenamiphos
sulfoxide, fipronil, fipronil sulfone, heptachlor, heptachlor-epoxide-cis, heptachlor-epoxide-
trans, and methamidophos. In summary, 250 compounds were successfully validated,
meeting the established performance criteria for recovery and precision.

The standard uncertainty was determined using Equation (2). Uncertainty due to bias,
u(bias), was estimated from the recovery experiment, while % RSD of inter-day precision
was used to estimate the uncertainty arising from precision, u(precision). The expanded
uncertainty was calculated for each pesticide by multiplying the standard uncertainty by
a coverage factor (k) of 2, which approximately gives a confidence level of 95%. Further
details on the calculation procedure of the uncertainty are provided in the Supplementary
Materials (Section S1).

u =
√

u(bias)2 + u(precision)2 (2)

As can be observed in Table 1, for the 250 validated pesticides, the expanded uncer-
tainty at 10 µg/kg was found to be below 50% in all cases, but they were still in compliance
with the requirement (50%) of the SANTE/11312/2021 v2 guidelines [26].

Unlike most previous studies, which involve more complex procedures in terms of
sample preparation and time requirements, with lower recovery rates, and face reproducibil-
ity challenges, this study achieved broader and more reliable pesticide detection. Although
previous research has often focused on specific pesticide families, such as organochlorine
pesticides [28,35] or organophosphorus pesticides in milk samples [9,36], this study covered
a comprehensive range of 250 compounds, including both long-banned substances, like
organochlorine compounds, and, more recently, introduced pesticides for crop protection.
Table 1 summarizes the validation results for these compounds.
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Finally, the suitability of the method was confirmed by testing other types of milk.
Estimated mean recovery and RSD values at 10 and 50 µg/kg for semi-skimmed, lactose-
free semi-skimmed, skimmed, and evaporated milk are shown in Table S4. For all pesticides,
recoveries ranged from 70.1–119.8%, with RSD values between 0.1% and 19.7%, confirming
the applicability of the proposed method to different milk types commonly available on
the market.

3.2.3. Limits of Quantification

LOQs were assessed by determining the lowest concentration of spiked samples that
produced satisfactory recovery (70–120%) and precision (RSD < 20%). The LOQs were
established at 10 µg/kg for 250 pesticides, as these compounds met the established criteria.

The validated LOQ value of 10 µg/kg aligns with the EU MRL for the target pesticides.
Analytes that did not meet the validation criteria and were not included in the validation
list may still be detected through screening analysis, indicating their potential presence.

3.3. Sample Analysis

The performance of the developed methodologies were evaluated through the analysis
of 23 cow’s milk samples. An internal quality control procedure was implemented to ensure
the reliability of the analytical results. This procedure included: (i) the analysis of one blank
matrix sample prior to each batch to confirm the absence of the target pesticides; (ii) the
use of matrix-matched calibration, and (iii) the inclusion of two spiked blank samples at 10
and 25 µg/kg with the pesticide mixture within each batch. This approach allowed for the
assessment of recovery rates and the verification of potential cross-contamination. In all
cases, recoveries at both spiking levels were within the range of 70–120%. Additionally, a
matrix-matched calibration curve was used to quantify any detected compound. None of
the 250 target pesticides were detected in the analyzed samples. Furthermore, the analysis
confirmed that none of the 250 pesticides exceeded the established LOQ of 10 µg/kg in any
of the samples.

4. Conclusions
The implementation of µSPE clean-up contributed to reduced reagents and materials,

streamlined laboratory workflow, and enhanced sample throughput, key advantages for
routine sample analysis. Moreover, this study presents the first GC-HRMS method capable
of simultaneously detecting a broad spectrum of 250 pesticides in milk. Nevertheless, a
limited number of compounds did not meet the validation criteria, primarily due to low
recovery or poor precision values. For these analytes, alternative extraction conditions
would be necessary to achieve reliable quantification. Additionally, to further mitigate
ME, several strategies could be considered in future studies. These include the use of
additional lipid-targeting sorbents during the clean-up step to enhance the removal of co-
extracted fats, sample dilution prior to instrumental analysis to reduce the impact of matrix
components, and the implementation of advanced instrumental configurations such as
online GC–APCI interfaces, which offer improved selectivity and reduced susceptibility to
matrix interference. However, given the wide range of physicochemical properties among
the 250 pesticides analyzed, the effectiveness of additional sorbents may vary depending
on the compound, and thus their use should be carefully optimized to avoid compromising
recovery or selectivity.

In summary, this study developed and successfully validated a new QuEChERS ex-
traction method for the analysis of pesticides in milk, which incorporated acidified ethyl
acetate extraction and centrifugation at 0 ◦C followed by a clean-up step with EMR-lipid.
This method is both simplified and efficient in workflow. In conclusion, 250 pesticides
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provided suitable validation parameters with LOQ values lower than the established
MRLs for the target compounds, after GC-HRMS analysis. Additionally, the applicability
of the method was tested for other types of milk that differed mainly in fat and lactose
content. Automating µSPE cleaning could further improve the efficiency, although this
would require significant investment in automation equipment. Furthermore, the high
sensitivity of the method (LOQ of 10 µg/kg) and the advanced analytical performance
through GC-Q-Orbitrap make it a valuable approach for the complete analysis of pes-
ticide residues in complex matrices. The proposed workflow also shows potential for
future automation and digital integration, as the 96-well µSPE format could be adapted to
LIMS-based environments and batch processing systems, improving efficiency in routine
pesticide monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors13120405/s1, Table S1: GC-MS parameters of
the targeted pesticides, Table S2: Milk types and sample numbers included in this study,
Table S3: Summary of data obtained for validation tests performed to whole milk matrix,
Section S1: Measurement Uncertainty Estimation, Table S4: Summary of data obtained for average
recovery and estimated RSD values calculated by quantifying 3 spiked samples of semi-skimmed,
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