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Abstract

The widespread presence of pharmaceutical active compounds (PhACs) in aquatic environ-
ments raises significant environmental and public health concerns, particularly through
their accumulation in marine biota and potential transfer to humans via seafood. In aqua-
culture, fish feed is essential for production but may also act as a pathway for contaminants
in the marine environment. This study aimed to develop and validate an analytical method
for the extraction and quantification of 14 antibiotics and ethoxyquin antioxidant in fish
tissue and feed. Two QUEChERS-based extraction protocols were compared: the AOAC
2007.01 method (Method A) using Z-Sep™ as clean-up, and the original QUEChERS method
(Method B) employing Enhanced Matrix Removal (EMR)-lipid. Ultra-performance liquid
chromatography coupled with Orbitrap mass spectrometry using electrospray ionization
in positive and negative mode was applied for identification and quantification. Validation
included assessment of recovery, linearity, precision, limits of detection and quantification,
uncertainty, matrix effects, and process efficiency. Both methods showed good linearity
(R? > 0.9899) and precision (<19.7%). Method B achieved superior recoveries for most ana-
lytes in both fish tissue (70-110%) and feed (69-119%), with lower uncertainties (<18.4%)
compared to Method A. Overall, the original QUEChERS method demonstrated better
analytical performance, supporting its application as a green, robust tool for monitoring
emerging contaminants in aquaculture products.

Keywords: antibiotics; fish; fish feed; QUEChERS; EMR-Lipid; Z-Sep*; UHPLC/Orbitrap
HR-MS

1. Introduction

At the beginning of the 21st century, the continuous detection of residues of pharma-
ceutically active compounds (PhACs) in the aquatic environment and biota represented
a global problem and has been gaining importance due to the harmful impacts on hu-
man health as well as on the environment [1]. Pharmaceutical compounds including a
large list of antibiotics, antidepressants, and blood lipid regulators belong to the extent
class of emerging contaminants (ECs) that are not removed efficiently through wastewater
treatment plants (WWTPs) and released into the environment through the runoff water
or outlet water from WWTPs [2]. Among aquatic organisms, fish tissues can be consid-
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ered as a bioindicator of water pollution due to the direct exposure to wastewater-borne
contaminants in rivers and, by extension, in seas [3].

In the last few years, the aquaculture industry has been rapidly growing, resulting
in the increased need for fish and seafood products. This means that the productivity of
aquaculture may be enforced by the use of several classes of antibiotics such as macrolides,
sulfonamides, tetracyclines, quinolones, amphenicols, and streptomycins in order to pre-
vent and treat opportunistic infections in fish and, then, increase the production [4,5].
Many of these pharmaceuticals are not fully metabolized, and once excreted, they enter
the aquatic environment as parent compounds or metabolites, demonstrating substantial
persistence. The main risks associated with veterinary drug use are the development of
antibiotic resistance, potential mutagenicity, and both inhibitory and toxic effects on aquatic
organisms [6].

In aquaculture systems, the role of fish feed is crucial, as it serves as a primary
nutritional source, as well as a vehicle for medication, introducing contaminants into the
food chain either through contaminated raw materials or via environmental exposure
during provision [7]. The composition of fish feed depends on the type of farmed fish and
its growth stage and dietary requirements. It usually consists of proteins, fats, vitamins,
minerals, amino acids, and functional additives like probiotics and enzymes. These are
supplied through a mix of ingredients including fishmeal, fish oil, plant materials like soy
or wheat, and animal by-products. Fish feed generally contains 14-19% fat and has a dry
matter content of approximately 90% [8].

It was estimated that the worldwide fish production in 2020 reached around
178 million tons, with an average global per capita fish intake of 20.2 kg annually [9].
According to FAO 2020 [10], Greece is one of the most important marine and coastal finfish
aquaculture producers among the European member countries. Therefore, to prevent the ex-
cessive accumulation of antibiotics in the food chain and to ensure food safety, it is essential
to consistently monitor multi-class antibiotic residues in aquatic products and to identify
risk factors.

Previous studies have reported the presence of pharmaceutical compounds in aqua-
culture products, raising concerns about their potential impact on food safety and hu-
man health [11-20]. To address such concerns, European Union Commission Regulation
37/2010 [21] has established maximum residue limits (MRLs) for veterinary drugs in
foodstuffs of animal origin, including specific MRLs for fish muscle ranging from 0.5 to
600 ng g~ !; however, a number of antibiotics still lack specific MRLs, leaving a regulatory
gap in residue control.

Sample pretreatment techniques are crucial for the analysis of antibiotic residues
since aquatic products are rich in protein, fat, and pigments, and many of these products
have complex matrices and large differences in composition ratios [22]. In the case of
fish tissues and fish feed, a variety of extraction methods have been widely used, such
as solid-liquid extraction [23,24], enzymatic microwave-assisted extraction [25], ultra-
sound extraction (USE) [19], pressurized liquid extraction (PLE) [26], and solid-phase
microextraction (SPME) [27] utilizing dispersive solid phase extraction (d-SPE) with various
types of sorbents as clean-up step [28,29]. Among these, the QUEChERS (quick, easy, cheap,
effective, rugged, and safe) method is worth mentioning. It is based on the liquid-liquid
separation of the analytes between water and acetonitrile, the use of salts (MgSO,, NaCl,
etc.) to produce the salting out effect, and a dispersive solid phase extraction (d-SPE)
clean-up step. The QUEChERS approach is advantageous since it offers easy application,
small amounts of samples and extraction solvents, low waste volumes, rapid extraction and
basic instrumentation, resulting in a time-efficient method [2]. Particularly in fish samples
where fat and lipids can be as high as 50%, the availability of chemically diverse sorbents
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such as primary and secondary amines (PSA), graphitized carbon, octadecylsilica (C18),
and zirconia-based C18 sorbent (Z-Sep), as the basis of QUEChERS, plays a crucial role in
the clean-up step of such complex matrices [1]. More recently, a next-generation sorbent
known as “Enhanced Matrix Removal” (EMR)-lipid has been introduced and is especially
designed for removing lipids from QuEChERS extracts of fatty foods without the loss of
analytes [30]. To the best of our knowledge, very few studies have applied EMR-Lipid for
the analysis of PhACs in fish muscles as well as in fish feed [31-33].

Robust, sensitive, and selective multi-residue analysis is essential to identify and
quantify PhACs in aquaculture products. Liquid chromatography (LC) combined with
High-Resolution Mass Spectrometry (HRMS), such as Orbitrap technology, has been demon-
strated to be helpful and appropriate for the analysis of a wide range of compounds includ-
ing PhACs [2,13,34-37]. Even when endogenous matrix components of similar mass may
co-elute, this instrument provides high resolution and mass accuracy in environmental
matrices [38—40]. The above analytical technique has been used for quantitative and screen-
ing analysis of target compounds, retrospective data analysis, and identifying non-target
compounds [39,41,42].

Thus, the present study aims to optimize and validate rapid and sensitive method-
ologies with UHPLC/LTQ Orbitrap MS for the determination of 15 PhACs in the sea
bream (Sparus aurata) and fish feed substrate of aquaculture origin. Different QUEChERS
procedures in terms of extraction salts and clean-up sorbents were evaluated and validated
according to the Regulation (EU) 2021 /808 [43], in terms of recovery, intra- and inter-day
precisions, linearity and limits of detection (LODs) and quantification (LOQs) at three
spiking levels, measured uncertainty (%U)/Horrat ratio, matrix effects (ME), and process
efficiency (PE). This study highlighted also two new sorbents, Z-Sep* and EMR-Lipid,
with limited research on their uses in the clean-up step for fish and fish feed samples.
Furthermore, the best extraction method was selected and applied to analyze fish and fish
feed samples from Greek aquaculture products collected from local markets.

2. Materials and Methods
2.1. Chemicals and Reagents

The analytical standards of the 14 selected antibiotics compounds and ethoxyquin
additive were of high purity (>98%) and in solid state. N-acetylsulfamethoxazole, sul-
famethazine, sulfamethizole, sulfamethoxazole, sulfadiazine, sulfamethoxypyridazine,
sulfapyridine, sulfaquinoxaline, sulfathiazole, erythromycin, ofloxacin, ciprofloxacin,
enrofloxacin, and chloramphenicol were purchased all from Sigma-Aldrich
(Darmstadt, Germany). The stock standard solutions were prepared individually
(2000 mg L~ or 1000 mg L~1) in methanol (LC-MS-grade) and stored at —20 °C. A
mixed standard working solution with a concentration of 10 mg L~! was prepared by
diluting and mixing the stock solutions. All solvents used in the experiments including
methanol, water, and acetonitrile were of high purity (LC-MS grade) and obtained from
Fisher Scientific (Waltham, MA, USA) while formic acid (F.A) with a purity of 98% was
purchased from Merck (Darmstadt, Germany) and acetic acid >95% from Sigma-Aldrich
(Steinheim, Germany). The salts used in QUEChERS method, including anhydrous magne-
sium sulfate (MgSO,) and Z-Sep™ Bulk, were purchased from Sigma-Aldrich (Steinheim,
Germany), whereas sodium acetate (NaOAc) and sodium chloride (NaCl) were supplied
from Riedel-de Haén (Hannover, Germany). Enhanced Matrix Removal (EMR)-lipid was
supplied from Agilent Technologies (Wilmington, DE, USA). The Evoqua Water Technolo-
gies apparatus was used for obtaining ultrapure water. Syringe filters (polytetrafluoroethy-
lene, PTFE, 0.22 um) were purchased from Millipore (Cork, Ireland), while propylene
centrifuge tubes of 50 and 15 mL were also used.
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2.2. Sample Collection and Pretreatment

Wild sea bream (Sparus aurata) samples were used to optimize and validate the an-
alytical method. A total of 15 fish samples, 6 samples of sea bream (Sparus aurata) and
9 samples of sea bass (Dicentrarchus labrax), were analyzed using the proposed method. Fish
samples were transported to the laboratory in an ice box, filleted, and the muscle tissue was
homogenized using a high-speed blender before being stored at —20 °C until extraction.
Commercial fish feed, confirmed to be free of the target analytes, was employed for method
optimization and validation. The feed samples were collected in sterile polypropylene
containers, transported to the laboratory, homogenized with a high-speed blender, and
stored at room temperature until extraction. Furthermore, the application of the method
was performed on 15 fish feed samples. The procedures followed did not involve the use of
live animals, as fish and feed samples were obtained directly from various fish merchants.

2.3. QUECHERS Extraction

Two QuUEChERS extraction methods for PhACs were optimized and validated: the
American Standard (AOAC 2007.01) [44] (Method A) and the original method (Method
B) using Z-Sep™ and Enhanced Matrix Removal (EMR)-lipid, respectively, as clean-up
steps. At First, in the optimized Method A, 2 g of wet weight homogenized fish tissue
was weighed into a 50 mL propylene centrifuge tube, an appropriate volume of PhACs
solution was added, and the sample was left for 10 min to dry. Then, 10 mL of a mixture
of acetonitrile (ACN) and methanol at a ratio of 75:25 (v/v) was added, and the tube was
shaken for 1 min using a vortex mixer. The AOAC QuEChERS salts (6 g MgSO, and
1.5 g NaAcetate) were used in this step; the tube was immediately shaken manually for
1 min to prevent coagulation of MgSO, and then vortexed for 1 min. Next, the sample
was centrifuged for 5 min at 4000 rpm and 2 mL of the supernatant organic layer was
subjected to d-SPE as a clean-up step. The d-SPE procedure involved the supernatant’s
(5 mL) transferring into a 15 mL propylene centrifuged tube, containing 125 mg Z-Sep*.
After shaking by hand and vortexing for 1 min, the sample was centrifugated for 5 min
at 4000 rpm and the supernatant was evaporated to dryness under a gentle stream of
nitrogen at 40 °C. Finally, the sample was reconstituted in 0.5 mL of 0.1% formic acid solu-
tion of water:methanol, 90:10 (v/v), then filtered through syringe PTFE membrane filters
(0.22 pm) and transferred to the autosampler vial for analysis in positive and negative
ionization mode into the UHPLC/Orbitrap MS system. Next, the original QUEChERS
extraction method (Method B) with the use of EMR-Lipid as clean-up step was applied
for PhACs analysis of fish samples. In brief, 2 g of the homogenized sample was weighed
in a 50 mL propylene centrifuge tube; the sample was hydrated with 10 mL of water
followed by extraction of the target analytes using 10 mL of acetonitrile containing 1%
formic acid. Then, 4 g MgSO4 and 1 g NaCl were added to the tube, which was shaken,
vortexed, and centrifuged for 5 min at 4000 rpm. The d-SPE procedure, in this case, in-
volved the activation of the EMR-Lipid (1 g) by adding 5 mL of water and vortexing for 1
min. Then, 8.5 mL of the extract was added to the tube and the suspension was vigorously
hand-shaken and vortexed for 1 min. The tube was centrifuged at 4000 rpm for 10 min,
and the supernatant was transferred to a polished tube containing 6 g MgSO4 and 1.5 g
NaCl to remove the excess water. This was vortexed again for 1 min and centrifuged at
4000 rpm for 10 min; 5 mL of the supernatant was then evaporated under a gentle stream
of nitrogen and the residue was dissolved in 0.5 mL of water: methanol, 50:50 (v/v). Prior
to the injection into the UHPLC/Orbitrap MS system, the sample was filtered through
syringe PTFE membrane filters (0.22 um). In the case of chloramphenicol, Methods A
and B were modified in order to comply with the Minimum Required Performance Limit
(MRPL) of 0.3 ug kg~ !. Specifically, 6 mL of the supernatant organic layer was subjected
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to d-SPE with Z-Sep*™ and EMR-Lipid as clean-up steps, then evaporated to dryness and
reconstituted in 0.2 mL of 0.1% formic acid solution of water: methanol, 90:10 (v/v) and
0.2 mL of water: methanol, 50:50 (v/v), respectively. Finally, fish feed samples underwent
the same extraction procedure (Methods A and B) to validate the QUEChERS method and
to evaluate its performance.

2.4. UHPLC/LTQ Orbitrap MS Analysis

Chromatographic analysis was carried out on a Thermo Fisher Scientific Accela LC
system, which included an Accela AS autosampler (model 2.1.1) and Accela quaternary
gradient LC-pump (Thermo Fisher Scientific, Bremen, Germany) coupled with a mass
spectrometer (LTQ-FT Orbitrap XL 2.5.5 SP1 (Thermo Fisher Scientific, Bremen, Germany).
The separation of the analytes was performed on a Hypersil GOLD C18 column (Thermo
Fisher Scientific) analytical column (100 mm x 2.1 mm, 1.9 um particle size) while the
mass spectra were recorded in positive as well as in negative ionization mode (Table 1,
Figure S1). The mobile phase consisted of solvent (A): water with 0.1% formic acid and sol-
vent (B): MeOH with 0.1% formic acid. The elution gradient program was initiated at 98% A
(initial conditions), maintained for 2 min, progressed to 2% at 13 min, maintained for 2 min,
and returned to the initial conditions at 15.1 min, which were maintained until 20 min for
the equilibration of the column. The column temperature was 40 °C, the injection volume
was set to 5 pL, and the flow rate was 400 pL min~!. Furthermore, the mass spectrometer
acquired full-scan MS data at a resolution of 60,000 FWHM (full width at half maximum
values) over a mass (m/z) range of 100-1200 Da while dependent MS2 data were collected
at a resolution of 15,000 FWHM and a normalized collision energy of (NCE) 35%. The data
were processed using the Xcalibur 2.1 software and a mass tolerance window was set at

5 ppm.

Table 1. Ultrahigh-performance liquid chromatography MS data for 14 antibiotics from 4 antimicro-
bial groups as well as ethoxyquin antioxidant.

Pharmaceuticals/ Retention Molezcular Mass
Additive Time (min) Formula Weight Precursor m/z Accuracy RDB Product Ions m/z
(g mol—1) (Appm)
Sulfonamides
Sulfadiazine 5.81 C10H19N4O,S 250.276 251.0597 —0.539 6.5 156.0168
Sulfathiazole 6.29 CoHygN30,5, 255.310 256.0209 —0.525 6.5 156.0411
Sulfapyridine 6.51 C11H11N30,S 249.288 250.0645 —0.414 7.5 184.0916/156.0060
Sulfamethoxazole 7.89 C10H11N303S 253.276 254.0594 —0.780 6.5 156.0568/147.0573
Sulfaquinoxaline 8.20 C14H1oN4O,S 300.336 301.0754 —0.822 10.5 156.0391
Sulfamethazine 7.40 C12H14N4O,S 278.330 279.0910 —0.743 7.5 186.0614/156.0796
Sulfamethizole 7.29 CoH;9N4O,5; 270.325 271.0318 —0.367 6.5 156.0058/108.0688
Sulfamethoxypyridazine 7.53 C11H12N4O3S 280.302 281.0703 —0.541 7.5 156 019898?;9?222/0733
Macrolides
Erythromycin 11.43 Ca7Hg7NO13 733.937 716.4497 —1.832 5.5 558.3030
Erythromycin A 11.18 C37HgoNO14 751.900 734.4685 0.344 45 716.4867 /558.3203
Quinoline-based additive
Ethoxyquin 8.84 C14H1sNO 217.310 218.1539 —-3.212 55 202.1215/176.0662
Quinolones
Ofloxacin 7.43 Ci18Hy0FN3O4 361.368 362.1511 —2.550 10.5 344.2135/318.2941
Ciprofloxacin 7.68 Cy7H18FN303 331.346 332.1405 —2.408 9.5 314.1526/288.2909
Enrofloxacin 7.73 C19HFN3 O3 359.400 360.1718 —2.793 9.5 342.2841/316.2802
Amphenicols
Chloramphenicol 7.75 C11H13C1LN,05 323.132 321.0051 1.547 6.5 257.0257/249.1590

2.5. Validation Study

The two analytical methods were validated in terms of recovery, linearity, intra- and
inter-day precisions, uncertainty (%U)/Horrat ratio at three spiking levels, matrix effects
(ME), process efficiency (PE), decision limit (CCea) and detection capability (CCf), and
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limits of quantification (LOQs) and detection (LODs). The current methods were validated
on the basis of Regulation (EU) 2021/808 [43]; this regulation requires a validation around
the MRL for authorized drugs and at concentrations as low as possible for substances
without MRLs. The studied compounds belong to the class of antibiotics and, specifically, in
the group of sulfonamides, macrolides, fluoroquinolones, and amphenicols. Sulfonamides
and fluoroquinolones have an MRL of 100 ug kg~ in fish tissue [5] while macrolides have
MRLs of 200 g kg~ in fish tissue [45]. In contrast, chloramphenicol and ethoxyquin do
not have established MRLs, as they are classified as prohibited or unregulated substances
in food-producing animals.

Linearity was assessed by a calibration curve of seven points of different concentra-
tion levels (10-750 ng g~') for all target analytes, while recoveries (R %) and precision
(repeatability, RSDr, and within-laboratory reproducibility, RSDg) were investigated at
three different spiking levels (15, 40, and 90 ng g~ '), on six spiked samples over a period
of six consecutive days. Regulation 2021/808/EC [43] mentions that RSD of the mean
should not exceed 25% for concentrations between 10 and 120 pg kg~!. LOQs and LODs
were evaluated as the minimum concentration of analyte in sample extracts providing a
signal-to-noise ratio > 10 and >3, respectively. Furthermore, matrix effect was evaluated
by comparing a calibration curve prepared in fish tissue extract and a calibration curve
prepared in the solvent, at the same concentration range, as in Equation (1).

Matrix Effect (ME%) =
{Slope of calibration in matrix|Slope of calibration in solvent} — 1 % 100

1)

When ME > 0%, there is a positive matrix indicating signal enhancement, while
values of ME < 0% correspond to a negative matrix effect and signal suppression. ME%
values between —20 and 20% are considered low and acceptable while signal difference
between +20-50% and greater than +50% is considered moderate and high matrix effect,
respectively. Process efficiency of the method was calculated according to Equation (2)
where Area (spiked) is the mean chromatographic area of the fortified samples spiked
before the extraction, Area (blank) is the peak area of the unspiked sample, and Area
(solvent) is the peak area of the analyte in solvent.

Area (spiked) — Area (blank)
Arae (solvent)

PE(%) = * 100 )

Finally, the expanded measurement uncertainty, expressed by U, was based on the
six-replicate analysis on different days, at three spiking levels, while the acceptable ex-
panded MU was determined according to the Horwitz equation as well as the calculation
of the Horwitz ratio (HorRat) with acceptable ranges between 0.5 and 2.0 [46-48]. The
decision limit (CC«x) and detection capability (CC3) were examined by spiking blank fish
samples with antibiotics at concentration of the MRL. Calculation of CCo was performed by
the MRL concentration (100 ug kg~!) of the majority of the target analytes, as determined
by Regulation 37/2010 [21] and 2021 /808/EC [43] of the European Commission [49-51],
plus 1.64 times the SD of duplicate measurements of five samples at MRL, while calculation
of the detection capability (CC) was based on CCx plus 1.64 times the SD of duplicate
measurements of five samples. For unauthorized or prohibited pharmacologically ac-
tive substances, the CCa shall be calculated by the corresponding concentration at the
y-intercept plus 2.33 times the standard deviation of the within-laboratory reproducibility
at the intercept, while the corresponding concentration at the decision limit (CCx) plus
1.64 times the standard of the reproducibility equals the detection capability (CC8).
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2.6. Green Analytical Chemistry of the Extraction Procedures

The developed analytical methodologies were evaluated in the context of green an-
alytical chemistry (GAC). At first, the Analytical Eco-Scale approach was introduced by
Galuszka and his research group [52,53] and it is calculated by penalty points. The sum of
penalty points for the entire procedure should be included in the Eco-Scale calculation and
based on Equation (3).

Analytical Eco — Scale = 100 — total penalty points 3

where >75 score represents excellent green analysis, >50 indicates acceptable green anal-
ysis, and <50 shows inadequate green analysis. Furthermore, a complex modified green
analytical procedure index (ComplexMoGAPI) was evaluated. It included five colored
pentagrams to assess the environmental impacts of the analytical process across different
steps, and an additional hexagonal segment to represent the activities carried out before
sample preparation and the final analysis. This tool allows for accurate and objective
method comparisons, providing a comprehensive evaluation of method eco-friendliness
using a color code. The green color represents methods with low environmental impact
(high sustainability), orange indicates moderate impact, and red signifies procedures with
a high environmental impact (low sustainability) [54-58].

3. Results and Discussion
3.1. Optimization of QuEChERS Extraction Method

As a first step, two QUEChERS methods were tested, and in all cases, 2 g of wet weight
fish and dry fish feed samples were used. After fortifying the sample with the appropriate
level of PhACs (a) the “Original” QUEChERS (4 g MgSO4 and 1 g NaCl) and (b) the “AOAC
2007.01” (6 g MgS0O4 /1.5 g NaOAc) were used, and a supernatant of 2 mL was submitted to
a d-SPE clean-up step using 50 mg Z-Sep*. In the “Original” approach, recoveries ranged
from 59% to 89% for fish substrate and between 52% to 89% for fish feed, while in the
“AOAC 2007.01”, recoveries were between 70% and 90% and from 63% to 91%, respectively
(Table S1). Three replicate samples were performed (1 = 3) in all cases. The “AOAC 2007.01”
QuEChERS method using Z-Sep™ (Method A) as salt for the clean-up step was selected for
the validation study at three spiking levels (15, 40, and 90 ng g~ !). Furthermore, the same
two QuUEChERS methods (a) and (b) were also tested using EMR-Lipid as clean-up step. In
one case, the “Original” QUEChERS presented recoveries from 75% to 91% for fish matrix
and from 60% to 119% for fish feed, while in the “AOAC 2007.01” approach, recoveries
yielded from 58% to 74% and from 52% to 94%, respectively (Table S2). Consequently, the
“Original” QuEChERS with EMR-Lipid as clean-up adsorbent (Method B) yielded better
extraction recoveries. Both methods were further validated at three spiking levels (15, 40,
and 90 ng g~ ') for the two substrates.

3.2. Validation Results

The analytical methodologies were evaluated using the parameters described in
Section 2.5, for Sparus aurata and fish feed as matrices. All validation performance param-
eters of Methods A and B are presented in Tables 2 and 3, respectively, for fish as well
as in Tables 4 and 5 for fish feed. Method A: Recoveries in all cases ranged at the low
spiking level from 62% for sulfamethizole to 97% for sulfapyridine; at the medium spiking
level, recoveries were between 73% for sulfamethizole and 93% for sulfadiazine, while
at the high concentration level, they were between 74% for sulfamethizole and 102% for
ciprofloxacin. High correlation coefficients R? (>0.9939) were obtained from the calibration
curves while LODs and LOQs ranged from 0.2 to 10 ng g~ ! and from 0.6 to 25 ng g~ !,
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resulting in high sensitivity of the proposed method. The LOD and LOQ values were below
the EU regulation limits for animal-derived food [21,59], which demonstrates the suitability
of the developed method for the detection and determination of all the tested antibi-
otics. Complying with the European Commission Regulation, CCx and CCf3 values were
calculated after spiking five fish samples with the studied analytes at their MRL level
(100 ng g~'). For analytes with no established MRLs such as chloramphenicol and
ethoxyquin, the CCx and CCf values were calculated at the lowest spiking level, at
0.30-0.52 ng g~ ! and 0.10-0.20 ng g, respectively. Table 6 shows the CCx and CC
values for fish. Furthermore, the repeatability of the method was satisfactory for all studied
compounds below 20% in all cases. Intra-day RSDs (RSDr) ranged from 0.34% to 12.9%
and inter-day RSDs (RSDR) from 1.1% to 13.5%. Regarding the matrix effect (ME), as it is
shown in Figure 1, the ionization suppression effect was present in most cases between
—3.6% for enrofloxacin and —18.7% for sulfadiazine, indicating a low matrix effect, but
few compounds showed a moderate enhancement of the signal from up to 26.1% for
chloramphenicol. Among all compounds, ethoxyquin exhibited the most pronounced
matrix enhancement, with %ME values of +67.6% in Method A, corresponding to a high
matrix effect. Coextracted components from biological matrices such as salts (e.g., sulfates
and phosphates), carbohydrates (e.g., glucose and nucleotide sugars), amines (e.g., amino
acids and urea), and lipids (e.g., cholesterol and triglycerides) increases the matrix effect
during the analysis of organic compounds, which is fairly known in the positive ioniza-
tion mode using ESI and reported in previous studies [11,33]. The results, illustrated in
Table S3, indicated PE% values in the range of 47-115%. Finally, the expanded MU was
calculated individually for each PhAC, and the results are depicted in Figure 2. MU values
for the low spiking ranged between 4.6% for sulfapyridine and 22.5% for sulfaquinoxa-
line, in medium fortification level from 7.5% for ethoxyquin to 25.2% for sulfathiazole
and in the high concentration level from 1.6% for ciprofloxacin to 17.7% for sulfamethi-
zole (Table S3). In all cases, expanded uncertainty values were in accordance with the
acceptable expanded MU according to the Horwitz equation (30.1% at 15 ng g~ !). In the
case of chloramphenicol, the recovery obtained after six replicates at a spiking level of
0.3ng g~ ! was 70%, with a repeatability of 3.6%. The LOD and LOQ values ranged from
0.3 to 1.1 ng g~ !, while the associated measurement uncertainty was 36.1% within the
acceptable limits defined by the Horwitz equation. For the fish feed matrix, Method A
achieved recoveries ranging from 59% to 112% across low, medium, and high spiking levels.
Calibration curves showed high linearity (R? > 0.9894), with LODs and LOQs between
0.98-3.8 and 3.2-12.5 ng g~ !, confirming the method’s suitability for antibiotic determi-
nation. Repeatability was satisfactory, with intra-day and inter-day RSDs below 19.7%.
Most compounds exhibited low ion suppression (—1.5% to —35%) and signal enhancement
(1.7% to 35%), although some showed moderate signal enhancement (up to 64%). Process
efficiency values ranged between 50% and 121% (Table S4). Expanded measurement uncer-
tainty (MU) values for all fortification levels remained within the acceptable limits defined
by the Horwitz equation (<27.7% at 15ng g~ 1).

Table 2. Analytical performance parameters of the developed methodology for the determination of
compounds studied in fish samples (Method A).

Matrix Match LOD LOQ

o . — . 0, - . o -
Analytes %Recoveries (1 = 6) Calibration Curve ngg 1) (ngg 1) Intra-Day RSDr% (1 = 6) Inter-Day RSDg % (1 = 6)
15 40 90 Linear ) 15 40 90 15 40 90
-1 -1 —1 Range R -1 -1 1 -1 -1 -1

ngg ngg ngg (ngg) ngg ngg ngg ngg ngg ngg

Sulfadiazine - 93 78 25-500 0.9970 10.0 25 - 9.6 39 - 11.9 5.8
Sulfathiazole 67 74 75 10-500 0.9996 2.2 7.3 29 44 3.9 4.9 5.2 5.3
Sulfapyridine 97 88 78 25-500 0.9970 3.0 10 4.9 10.6 2.3 3.1 13.5 10.0
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Table 2. Cont.

Analytes %Recoveries (1 = 6) Cal;/illi::zlt)i(ol\:?;l;ve (tl{gog]?l) (kgog%) Intra-Day RSDr% (1 = 6) Inter-Day RSDg % (1 = 6)
15 40 90 Linear ) 15 40 90 15 40 90

-1 -1 -1 Range R -1 -1 -1 -1 -1 -1
ngg ngg ngg (ngg-1) ngg ngg ngg ngg ngg ngg
Sulfamethoxazole 74 85 91 25-500 0.9970 3.0 10 2.6 129 6.2 10.3 9.4 41
Sulfaquinoxaline 66 78 81 10-500 0.9998 2.7 8.9 10.1 8.5 3.8 5.3 10.8 2.3
Sulfamethazine 71 85 93 10-500 0.9999 2.0 6.6 11.4 11.7 44 11.9 8.2 2.8
Sulfamethizole 62 73 74 10-500 0.9995 3.0 10 1.1 1.6 13 42 3.5 21
Sulfamethoxypyridazine 72 74 89 10-500 0.9995 3.0 10 3.1 49 49 43 5.2 5.5
Erythromycin 77 81 99 10-500 0.9999 24 7.9 3.1 2.5 1.6 6.1 2.0 3.0
Sum Erythromycin 86 87 90 10-500 0.9985 3.0 10 8.6 6.8 2.7 9.4 7.3 2.1
Ethoxyquin 70 74 97 10-500 0.9971 0.7 2.3 5.8 1.2 0.8 6.9 3.4 2.5
Ofloxacin 71 81 100 5-500 0.9985 0.2 0.7 12 3.0 3.1 5.0 1.8 43
Ciprofloxacin 82 88 102 5-500 0.9996 04 13 12 0.34 0.55 5.3 1.1 15
Enrofloxacin 77 85 95 5-500 0.9993 0.2 0.7 1.6 3.9 0.6 6.3 9.1 7.9
Chloramphenicol 79 80 87 5-500 0.9939 0.3 1.1 53 3.0 2.2 7.8 8.5 4.8

Table 3. Analytical performance parameters of the developed methodology for the determination of
studied compounds in fish samples (Method B).

Analytes %Recoveries (1 = 6) Cal;/illiglt)i(ol\:ig;};ve (1I;gog]21) (r];gOgQ*) Intra-Day RSDr% (1 = 6) Inter-Day RSDg % (1 = 6)
15 40 90 Linear ) 15 40 90 15 40 90

-1 -1 1 Range R -1 -1 -1 -1 -1 -1
ngg ngg ngg (ngg1) ngg ngg ngg ngg ngg ngg
Sulfadiazine 95 93 104 50-500 0.9951 3.6 11.9 3.1 11 0.8 6.2 1.2 2.3
Sulfathiazole 77 95 101 50-500 0.9926 3.8 12.5 1.3 0.4 0.6 1.1 1.0 0.8
Sulfapyridine 80 99 100 25-500 0.9979 3.6 11.9 24 0.8 0.4 44 0.9 0.5
Sulfamethoxazole 85 89 91 25-500 0.9902 3.9 129 1.7 0.9 6.6 2.2 5.3 8.2
Sulfaquinoxaline 88 93 98 25-500 0.9994 3.0 10 3.1 1.7 2.3 14 1.5 42
Sulfamethazine 80 83 96 10-500 0.9906 2.0 6.6 0.4 0.9 47 4.8 2.0 4.6
Sulfamethizole 93 85 87 50-500 0.9987 3.8 12.5 3.4 0.2 0.6 3.6 0.5 0.6
Sulfamethoxypyridazine 85 93 97 25-500 0.9974 3.9 129 0.7 1.8 1.1 6.5 1.2 1.7
Erythromycin 71 82 88 5-500 0.9954 0.4 1.3 3.1 2.5 2.1 49 4.5 2.8
Sum Erythromycin 98 110 105 10-500 0.9999 1.6 53 2.6 1.5 1.1 53 1.7 1.9
Ethoxyquin 70 87 96 10-500 0.9934 0.6 1.9 4.7 21 1.1 9.9 6.1 4.1
Ofloxacin 69 82 88 5-500 0.9997 0.2 0.7 52 3.4 4.6 59 4.4 6.7
Ciprofloxacin 70 85 96 5-500 0.9986 0.4 1.3 12.4 49 6.7 13.0 39 74
Enrofloxacin 84 94 108 5-500 0.9999 0.2 0.7 7.6 2.3 9.3 11.3 13.6 8.9
Chloramphenicol 86 88 93 5-500 0.9942 0.2 0.7 3.1 11 1.0 6.2 1.2 2.3

Table 4. Analytical performance parameters of the developed methodology for the determination of
studied compounds in fish feed samples (Method A).

Analytes %Recoveries (1 = 6) Cal}lillizzlt)i(ol\x??;l;ve (r?gC)g]?l) (If;)g%) Intra-Day RSDr% (1 = 6) Inter-Day RSDg % (1 = 6)
15 40 90 Linear ) 15 40 90 15 40 90
-1 -1 -1 Range R -1 -1 -1 -1 -1 -1

ngg ngg ngg (ngg 1) ngg ngg ngg ngg ngg ngg

Sulfadiazine 68 85 87 25-500 0.9894 3.4 11.1 129 119 7.7 19.7 7.6 58
Sulfathiazole 60 60 92 10-500 0.9918 3.0 10 6.2 42 13 7.3 6.4 5
Sulfapyridine 59 81 112 10-500 0.9896 22 71 11.2 10.3 6.5 18.6 122 7
Sulfamethoxazole 64 82 93 10-500 0.9895 2.8 9.1 149 54 0.91 9.8 3.1 42
Sulfaquinoxaline 68 79 84 25-500 0.9906 3.8 125 5.2 5.7 4.1 8.1 6.3 4.8
Sulfamethazine 64 91 107 10-500 0.9956 14 4.8 4 3.6 0.5 3.8 1.4 0.7
Sulfamethizole 63 81 94 25-500 0.9915 3.8 12.5 9.8 5 11 11.8 7.6 2.3
Sulfamethoxypyridazine 66 88 93 10-500 0.9955 22 7.1 8 49 3.5 6 31 2.7
Erythromycin 70 82 94 25-500 0.9993 3.4 11.1 6.1 17 0.6 7 2.7 0.1
Sum Erythromycin 71 82 94 25-500 0.9928 3.8 12.5 5.8 3.5 18 7.8 6.5 43
Ethoxyquin 72 84 106 25-500 0.9983 3.8 125 4.2 3.2 11 6.4 0.6 22
Ofloxacin 63 74 82 10-500 0.9935 2.0 6.7 123 11.8 3.3 133 11.9 7.8
Ciprofloxacin 66 79 110 10-500 0.9948 0.98 3.2 4.8 2 1.2 2.8 3.6 3.7
Enrofloxacin 73 85 99 10-500 0.9953 12 3.8 9.6 2.7 18 7.6 2.7 0.6

Chloramphenicol 66 81 96 10-500 0.9962 14 48 8:1 7.9 33 8.8 6.5 6.8
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Table 5. Analytical performance parameters of the developed methodology for the determination of
studied compounds in fish feed samples (Method B).

Analytes %Recoveries (1 = 6) Cal;/ill‘:::it’i(ol\:;gfllzve (II;gO;l) (r];g()g(%T) Intra-Day RSDr% (n = 6) Inter-Day RSDg % (1 = 6)
15 40 90 Linear ) 15 40 90 15 40 90
~1 -1 -1 Range R -1 -1 -1 -1 ~1 -1
ngg ngg ngg (ng g 1) ngg ngg ngg ngg ngg ngg
Sulfadiazine 73 104 115 25-500  0.9901 3.8 125 19.6 53 41 134 9.1 83
Sulfathiazole 70 78 84 25-500  0.9950 34 111 89 63 15 9.8 42 12
Sulfapyridine 72 80 97 25-500  0.9899 33 10 85 3.1 06 11.9 10.9 2
Sulfamethoxazole 76 88 119 10-500  0.9995 22 7.1 5.2 3.1 1.6 9.9 6.4 2.1
Sulfaquinoxaline 70 92 106 25-500  0.9928 33 10 115 96 0.9 15.8 124 27
Sulfamethazine 76 90 93 10-500  0.9996 19 63 75 6.8 0.9 8.6 7.6 2.8
Sulfamethizole 71 86 100 25-500  0.9987 33 10 47 25 22 54 338 27
Sulfamethoxypyridazine 68 95 99 10-500 0.9986 15 5 9.5 54 7.2 9.6 8.4 7
Erythromycin 71 81 105 25-500  0.9971 33 10 13.6 3.9 21 18 83 6.3
Sum Erythromycin 75 74 90 25-500  0.9957 38 125 12.9 5.1 49 125 7.1 5.1
Ethoxyquin 70 86 9% 10-500  0.9909 25 83 9.8 8.7 15 135 12.2 7
Ofloxacin 74 97 107 10-500  0.9960 2 6.6 39 22 04 8.8 73 5.2
Ciprofloxacin 78 95 110 10-500  0.9825 17 55 1 08 06 7.7 28 03
Enrofloxacin 69 93 97 10-500  0.9963 1.6 53 9.2 8.7 15 155 10.7 4
Chloramphenicol 71 88 % 10-500  0.9978 22 7.1 82 6.7 32 118 7.3 35
Table 6. Decision limit CCx and detection capability CC(3 at the MRL level for fish samples.
Analytes CCcic1 CcC [il CCcicl CC[E1
(ngg™1) (ngg™1) (ngg™1) (ngg™1)
Method A Method B
Sulfadiazine 100.7 101.5 100.7 101.5
Sulfathiazole 100.6 101.3 100.6 101.3
Sulfapyridine 100.8 101.6 100.6 101.2
Sulfamethoxazole 102.2 104.4 104.8 109.6
Sulfaquinoxaline 103.1 106.2 105.5 110.9
Sulfamethazine 101.5 103.1 103.5 106.9
Sulfamethizole 100.1 100.2 100.7 101.5
Sulfamethoxypyridazine 100.9 101.8 100.5 101.1
Erythromycin 101.5 103.1 102.5 104.9
Sum Erythromycin 103.9 107.2 102.3 106.6
Ethoxyquin 0.10 0.20 0.11 0.19
Ofloxacin 101.3 102.5 105.1 109.6
Ciprofloxacin 100.5 101.0 104.6 109.2
Enrofloxacin 101.7 103.3 100.7 102.4
Chloramphenicol 0.30 0.52 0.09 0.11

Moving forward to the validation of (Method B), coefficients of determination (R?)
for all the compound calibration curves were >0.9902, confirming an acceptable linearity
range. Recoveries at the low spiking level ranged from 69% for ofloxacin to 98% for the
sum of erythromycin and its hydrolyzed form. At the medium concentration level, re-
coveries were between 82% for the erythromycin and ofloxacin and 110% for the sum of
erythromycin and its hydrolyzed form, and at the high spiking level, they were between
87% for sulfamethizole and 108% for enrofloxacin. LODs and LOQs ranged from 0.2 to
3.8ng g ! and from 0.6 to 12.5ng g~ !, resulting in the highest sensitivity of the proposed
method. CCo and CCp values for fish also indicated the applicability of the method
(Table 6). CCx and CCf values for chloramphenicol and ethoxyquin ranged from 0.14
to 0.24 ng g~ and 0.11 to 0.19 ng g~ !, respectively, comply with the Minimum Required
Performance Limit (MRPL) of 0.3 ng g~ ! for chloramphenicol. Moreover, RSDr and RSDg
were <12.4% and <13%, while PE values in the range of 44-125% resulted in high accuracy
and precision of the developed methodology (Table S5). MU values at the low spiking
level ranged between 5.8% for sulfamethizole to 18.4% for ciprofloxacin, at the medium
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concentration level, from 3.1% for sulfamethizole to 15.3% for sulfaquinoxaline, and at
the high spiking level, from 1% for sulfathiazole to 11.5% for sulfamethoxazole, in accor-
dance with the acceptable expanded MU according to the Horwitz equation (Figure 2,
Table S5). Finally, most of the analytes presented ME ratios within the range of —20% to
20%, suggesting a relatively small matrix effect and fewer interferences caused by co-eluted
compounds from fish samples (Figure 1). However, only ethoxyquin presented ME values
that exceeded £50%, suggesting high signal enhancement. In the case of chloramphenicol,
the recovery obtained after six replicates at a spiking level of 0.3 ng g~! was 76%, with a
repeatability of 2.3%. The LOD and LOQ values ranged from 0.21 to 0.7 ng g~ !, while the
associated measurement uncertainty was 31.4% within the acceptable limits defined by the
Horwitz equation.

100 -

(a) Matrix effect (%ME)

60 -

_80
-100 -
B Method A m Method B
(b) Matrix Effect (%ME)
100 -
80 -

-100 - B Method A

Figure 1. Matrix effects (%ME) calculated from the slopes of the solvent and matrix-matched
calibration curves in (a) sea bream samples and (b) fish feed samples.
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(a) % Uncertainty

Chloramphenicol
Enrofloxacin
Ciprofloxacin
Ofloxacin

Sum Erythromycin
Erythromycin
Ethoxyquin
Sulfamethoxypyridazine
Sulfamethizole
Sulfamethazine
Sulfaquinoxaline
Sulfamethoxazole
Sulfapyridine
Sulfathiazole

Sulfadiazine

0 5 10 15 20 25
B Method B ® Method A

(b) % Uncertainty

Chloramphenicol
Enrofloxacin
Ciprofloxacin
Ofloxacin

Sum Erythromycin
Erythromycin
Ethoxyquin
Sulfamethoxypyridazine
Sulfamethizole
Sulfamethazine
Sulfaquinoxaline
Sulfamethoxazole
Sulfapyridine
Sulfathiazole
Sulfadiazine

0 5 10 15 20 25 30
m Method B m Method A

Figure 2. Expanded measurement uncertainty U% for (a) sea bream samples and (b) fish feed samples
in concentration level 15ng g1 (n = 5).

For the fish feed matrix, Method B demonstrated high linearity for all analytes
(R? > 0.9899) and superior sensitivity, with LODs and LOQs between 1.5-3.8 and
5-12.5 ng g~ !. Recoveries across low, medium, and high spiking levels ranged from
69% to 119%. Precision was satisfactory, with intra-day and inter-day RSDs below 19.6%,
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and process efficiency (PE) values between 50% and 104%, indicating high accuracy
(Table S6). Expanded measurement uncertainty (MU) values for all fortification levels
were within the acceptable Horwitz equation limits (<18.4%, 30.1% at 15 ng g~ !). Most
analytes exhibited minimal to moderate matrix effects (—1.5% to 29%), although few com-
pounds such as sulfamethazine and sulfapyridine showed higher signal suppression (up to
—39% and —35%, respectively), indicating stronger matrix influence in this case.

3.3. Evaluation of the Greenness of the Studied Methods

The two extraction procedures for the determination of PhACs in fish and fish feed
samples presented identical Eco-Scale values. As shown in Table 7, both methods reached a
high rank of 81, which corresponds to an ideal green analysis. Regarding waste generated
during sample preparation, Method A received three penalty points (for 1-10 mL of
waste), while Method B was assigned one penalty point (<1 mL). For the LC-MS step,
both methods incurred three penalty points for waste [53]. According to Figure 3, both
QuEChERS methods presented low environmental impact and high sustainability. The
red zones (categories 1, 4, 6, and 7) highlight the most critical weaknesses, namely, off-line
sample collection, special storage requirements, macro-scale extraction, and the use of
non-green solvents. The yellow zones (categories 2, 3, 8, 9, 10, and 11) reflect intermediate
sustainability, mainly linked to sample preservation and transport, moderate solvent
consumption, and the use of reagents with moderate toxicity and safety risks [55]. Despite
these limitations, the overall assessment still places the method within the green category,
confirming its suitability for environmentally conscious analytical applications.

Table 7. The penalty points (PPs) for the determination of studied compounds in aquaculture
products by UHPLC/Orbitrap MS analysis.

Reagents Penalty Points Reagents Penalty Points
ACN (7.5 mL) 4 ACN (9mL) 4
MeOH (2.5 mL) 6 Formic acid (1 mL) 8
Extraction Waste 3 Extraction Waste 1
Instruments Instruments

Centrifugation 1 Centrifugation 1
Sonication 0 Sonication 0
LC-MS 2 LC-MS 2
LC-MS Waste 3 LC-MS Waste 3
Total Penalty Points 19 Total Penalty Points 19
Analytical Eco-Scale score 81 Analytical Eco-Scale score 81
(Method A) (Method B)

Figure 3. Evaluation of greenness of the QuEChERS method and UHPLC-MS/MS

using ComplexMo-GAPL
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3.4. Comparison of the Validated Methods with Other Studies

A comparison of the main characteristics of the developed methods (Methods A and B)
proposed in this study was conducted with previously published studies, which included
similar QUEChERS extraction and LC-MS techniques to assess pharmaceuticals in fish and
feedstuffs. For instance, Aissaoui et al., 2024 [11] recently developed a method to extract
multiclass antibiotics (quinolones, sulfonamides, diaminopyrimidines, and macrolide) from
sea bass and sea breams using AOAC 2007.01 QuEChERS and UHPLC-MS/MS analysis.
They presented comparable recoveries with this study in the range of 63-97% and a matrix
effect above the range of +-50% but much higher LOQs (20.5 to 68.6 ng g~ !). Furthermore,
a relevant published study, Boti et al., 2024 [41], presented the QUEChERS method with
UHPLC-MS/MS for the determination of emerging contaminants in fish feed samples,
including some pharmaceuticals and the use of Z-Sep™ adsorbent in the clean-up step,
yielded similar outcomes, with recoveries of 53-127, LOQs of 2-50 ng g’l, RSD < 20%,
and uncertainty lower than 50%. A simple, selective, and rapid multiresidue original
QuEChERS method was developed by Lopes et al., 2012 [60] for the determination of
32 veterinary drug residues belonging to different classes (i.e., macrolides, penicillins,
quinolones, sulfonamides, and tetracyclines) in gilthead sea bream (Sparus aurata) sam-
ples by UHPLC-MS/MS. Mean recovery ranged from 69% to 125% (at 10, 25, 50, and
100 pg kg 1), intra- and inter-day precision was lower than 20%, LOQs were lower than
25 ug kg1, and expanded uncertainty was below 25% at 100 pg kg~!. Recently, Dai et al.,
2023 [61] developed and validated a QuEChERS preparation method with EMR-Lipid as
clean-up using ultrahigh-performance liquid chromatography coupled with quadrupole-
Orbitrap mass spectrometry for the determination of chlorpromazine and its metabolites
in fish from local markets (Nanjing, China). Satisfactory recoveries ranged from 72% to
117%, RSD from 0.2% to 18%, and LOQs were 2 ng g~!, in agreement with the results
of this study. Finally, a simple purification process which tested post-acidic acetonitrile
extraction with an EMR cartridge and analyzed by LC-triple quadrupole was established
by Xu et al., 2024 [33] and demonstrated satisfactory recoveries (76.2-99.7%), RSD below
13.9%, and LOQs from 0.04 to 5 ng g~ !, which are comparable with the results of this
study. Furthermore, Konak et al., 2021 [62] used the AOAC 2007.01 QuEChERS method
and UHPLC-MS/MS to determine eight mycotoxins and 10 antibiotics in fish feeds. The
method showed good linearity R? (>0.995) and average recoveries ranging from 60 to 102%
with relative standard deviations of 2.2 and 15.6%, while LOQ values varied between 1.2
and 52 ng g~ 1.

To conclude, the results from this study demonstrated that the original QUEChERS
method with the EMR cartridge (Method B) yielded better recoveries for 12 of 15 analytes
in the range of 77 and 98% at the low concentration level than the AOAC QuEChERS
(Method A) (62-79%) for fish substrate. Similarly, in fish feed substrate, the application of
EMR-Lipid sorbent enabled efficient extraction of all the analytes with higher recoveries
(68-78%) compared to the use of Z-Sep™* (59-73%). The majority of the analytes presented
measured uncertainty at the low spiking level 15 ng g~ under < 22.3% in the original
QuEChERS (Method B) compared to the AOAC method (Method A) (<27.7%) across both
matrices. Both Method A and Method B exhibited low matrix effects for the sulfonamide
group in fish samples, with %ME values ranging between —20% and +20%. Notably, the
use of EMR-Lipid as clean-up step showed even lower matrix effects within this range (1.9
to 17.1%, signal enhancement), indicating improved control of matrix-induced ionization
variability. Although ethoxyquin displayed a relatively high signal enhancement of +67.6%
using Method A, this effect was substantially reduced to +51.6% in Method B, demon-
strating the effectiveness of the EMR-Lipid clean-up in minimizing matrix interference.
Furthermore, the application of the Z-Sep* sorbent showed that nine compounds presented
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a medium-to-high matrix effect with values between —43% and 64% in fish feed. On
the other hand, the use of the EMR sorbent gave better results in the purification of the
extract, presenting a low (—17-6%)-to-medium matrix effect (—35-29%). Consequently, the
EMR-Lipid agent demonstrated superior purification capacity, efficiently removing lipids
and co-extractants without significant analyte loss, confirming its suitability for accurate
analysis of fish and fish feed samples.

3.5. Application to Real Fish and Fish Feed Samples

Out of the 15 compounds examined in the developed analytical method, only the
group of quinolones was detected in the analyzed fish samples, specifically in three sea
bream samples and one sea bass (labrax) sample. Among these, ofloxacin was identified in
two sea bream samples, as well as in one labrax sample, all at concentrations below the LOQ.
Furthermore, ciprofloxacin was quantified in two sea bream samples at concentrations
ranging from 1.4 to 1.6 ng g~ ! while enrofloxacin was detected in three sea bream samples
at levels varying from below LOQ to 1.9 ng g 1. Notably, one sea bream sample contained
all three quinolones antibiotics (ofloxacin, ciprofloxacin, and enrofloxacin) at concentrations
between <LOQ and 1.9 ng g~ ! (Figure 4). All detected antibiotic residues were found to
be well below their established MRLs, thereby indicating that the examined samples are
safe for human consumption according to current regulatory standards. Furthermore, the
application of Method B in 15 feed samples revealed the presence of sulfamethazine in one
feed sample at a concentration of 10.5 ng g~ !.
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Figure 4. LC-HR-MS-Orbitrap mass spectra for the detection of enrofloxacin in sea bream sample:
(a) extracted ion chromatogram, (b) full scan MS, (c) MS? fragment ion and sulfamethazine in feed
sample, (d) extracted ion chromatogram, (e) full scan MS, and (f) MS? fragment ion.

4. Conclusions

Analytical extraction methods based on QUEChERS and UHPLC/LTQ Orbitrap MS
technologies were developed in this study in order to monitor 15 multiclass antibiotics
and additives in fish and fish feed samples. All analytical procedures presented good
performance characteristics, in terms of recovery, linearity, RSD values, and low LOQ
values that met the required MRLs established by the European Union. It seems that
the original QUEChERS with the dispersive-SPE EMR-Lipid as clean-up step (Method
B) yielded better results for most antibiotics across both matrices. Method B achieved
superior recoveries for most analytes in both fish tissue at the low concentration level
(77-98%) and feed (68-78%), with lower uncertainties (<22.3%) compared to Method A.
Matrix effect studies in Method B presented a lower effect with enhancement of the signal
in comparison with Method A, in which the signal of the analytes was suppressed. Method
B was further applied to real fish and fish feed samples collected from local markets, where
only quinolones were detected in the analyzed fish samples, specifically in three sea bream
samples and one sea bass sample at concentrations between <LOQ and 1.9 ng g, while
sulfamethazine was detected in one feed sample at a concentration of 10.5 ng g~!. The
developed methodology can potentially be applied to analyze other types of emerging
contaminants including pesticides, phthalic acid esters, personal care products, etc., in
order to obtain an extensive view of the pollutants that may affect fish in aquaculture farms.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations12110321/s1, Figure S1. A chromatogram for illus-
tration of analytes separation in a spiked fish sample 100 ng g_1 (Method B), Table S1. Recoveries
of antibiotics obtained for different clean-up sorbents at spike level 40 ng g~! in fish samples,
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