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ARTICLE INFO ABSTRACT

Keywords: The extensive use of antibiotics in agriculture has led to the occurrence of residual drugs in different vegetables
TetraCyCI{ﬂeS frequently consumed by humans. This could pose a potential threat to human health, not only because of the
Sulfonamides possible effects after ingestion but also because the transmission of antibiotic-resistant genes could occur. In this
Vegetables k 1 i d developed and validated for the simuls lysi
QUEChERS work, two accurate sample preparation procedures were developed and validated for the simultaneous analysis

of sulfonamides (SAs) and tetracyclines (TCs) in four of the most widely consumed vegetables (lettuce, onion,
tomato, and carrot) in Europe. The evaluated protocols were based on QuUECHERS for extraction and subsequent
clean-up by SPE (solid phase extraction) or dispersive SPE. Parameters affecting both extraction and clean-up
were carefully evaluated and selected for accuracy of results and minimal matrix effect. Overall, apparent re-
coveries were above 70% for most of the target analytes with both analytical procedures, and adequate precision
(RSD<30%) was obtained for all the matrices. The procedural limits of quantification (LOQpro) values for SPE
clean-up remained below 4.4 pg kg~ for TCs in all vegetables except for chlortetracycline (CTC) in lettuce (11.3
ug kg™1) and 3.0 pg kg~! for SAs, with the exception of sulfadiazine (SDZ) in onion (3.9 pg kg™1) and sulfa-
thiazole (STZ) in carrot (5.0 pg kg~ !). Lower LOQpgo values (0.1-3.7 pg kg~!) were obtained, in general, when
dSPE clean-up was employed. Both methods were applied to twenty-five market vegetable samples from
ecological and conventional agriculture and only sulfamethazine (SMZ) and sulfapyridine (SPD) were detected in
lettuce at 1.2 pg kg~ ! and 0.5 pg kg~ !, respectively.

UHPLC-MS/MS

1. Introduction

Despite the vital importance of antibiotics in improving human
welfare, in recent decades there has been great concern about the
presence of antibiotics in the environment and the rise of antibiotic-
resistant genes, which are closely related to the misuse of these drugs
in recent years [1,2]. One of the misuses of antibiotics is related to the
massive use in the livestock industry [3-7]. Although the use of anti-
biotics as growth promoters was banned in the European Union in 2006
[8], there are still many countries where antibiotic uses on animals are
presently not regulated.

Once ingested, antibiotics cannot be effectively metabolised by
livestock and therefore 30-90% of the administered drug is excreted to
the environment through the faeces and urine [5,9-11] as the main
antibiotic compound or as active/non-active metabolites [2-4,12-15].
The presence of antibiotic residues in livestock manure has been
recurrently reported [2,11,16], especially the presence of tetracyclines
(TCs) and sulfonamides (SAs), as they are the first and third most
commonly employed antibiotic families, respectively, in veterinary
therapies [3,17,18]. Since manure and slurry from treated livestock are
frequently used as land fertilisers [5,9,12], antibiotics can enter the food
chain through their accumulation in plants [4,19-22], mainly in roots
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and leaves [11,23]. Boxall et al. [19] demonstrated that after the
application of veterinary medicines to soils at environmental concen-
trations, antibiotics were taken up at detectable levels in lettuce and
carrot, whereas He et al. [5] detected oxytetracycline in cucumber and
cabbage at 30.4 pg kg! and 126 pg kg~! concentration levels,
respectively.

The accumulation of antibiotics in plants directly affects their growth
and safety [24] and may even be hazardous to human health through the
food chain [4,9,10,25]. Long-term ingestion of antibiotic residues in
food could lead to toxicity and other side effects [26], such as anaphy-
laxis, carcinogenesis, teratogenesis, and mutagenesis. In addition, drug
accumulation may also increase the drug tolerance of pathogenic bac-
teria [6]. Therefore, the occurrence of antibiotic residues in vegetables
has come under the spotlight of researchers.

The different physicochemical properties of the various antibiotic
families, together with the complexity of vegetable matrices (pigments,
fat, cellulose and wax constituents), difficult the development of sensi-
tive and accurate analytical methods [4,5,10,12]. In addition, some
antibiotics have shown to bind with silanol groups on glass surfaces [11,
27,28] or to undergo epimerisation processes, especially in the case of
TCs [29,30], which directly affects the sensitivity of the method.
Therefore, the current problem establishes the need to develop accurate
analytical methods for the quantification of antibiotics in foodstuff to
ensure food safety and public health [16].

The literature gathers a variety of procedures to extract antibiotics
from vegetable matrices, including extraction using pressurized liquid
extraction (PLE), solid phase micro-extraction (SPME), stir-bar sorptive
extraction (SBSE), or ultrasound-assisted extraction (UAE) [4,11,12,31].
However, the use of QUEChERS (Quick, Easy, Cheap, Effective, Rugged
and Safe) is gaining attention since its first application by Anastassiades
and co-workers in 2003 on watery vegetables for the determination of
pesticides [32-34]. The procedure consists of an initial salting-out
extraction promoted by the addition of salts such as sodium chloride
(NaCl) and anhydrous magnesium sulphate (MgSO4) as dehydrating
agent, traditionally in a 4:1 (w/w) ratio [32]. Nonetheless, scientific
works have justified the loss of TCs during the sample extraction pro-
cedure by the tendency of TCs to form chelate complexes with divalent
metal ions like Mg2+ [11,28,29], potentially diminishing the extraction
efficiency. The use of anhydrous sodium sulphate (Na;SO4) has been
considered as a possible alternative to avoid the problem; however, most
of the already developed methods applied the traditional QUEChERS salt
packets including MgSO4, with few exceptions [4]. Hence, to our
knowledge, there is not any study that evaluates and compares the
effectiveness of both salts in the extraction.

Regardless of the extraction approach used, a clean-up step of the
extract is often required to eliminate potential interferences. Solid-phase
extraction (SPE) protocols are the most commonly employed ones, using
different purification sorbents. The efficiency of several sorbent mate-
rials (i.e., hydrophilic-lipophilic balance (HLB), C;g bonded silica, and
NH;) was evaluated by Feng et al. and based on their observations HLB
cartridges provided the most efficient clean-up of the vegetable samples
[12] for the analysis of a wide range of acidic, basic and neutral com-
pounds [35,36].

When QuEChERS approach is used, the subsequent clean-up of the
extract is often performed via dispersive SPE (dSPE). Common sorbents
for the dSPE step include primary secondary amine (PSA), Cig, and
graphitized carbon black (GCB) [4,37]. PSA helps to remove various
polar interferences [37]; nevertheless, it has been reported to provide
problems with carotenoid- and chlorophyll-rich samples [6]. For
example, He et al. reported decreased TC recoveries when high amounts
(25-50 mg) of PSA were used, due to strong adsorption to the sorbent
[5]. Cys aids the removal of non-polar substances, such as lipids; and
GCB removes sterols and pigments, such as the aforementioned chlo-
rophyll [6,37], and could therefore potentially be used for the purifi-
cation of antibiotics in vegetables.

Within this context, the present work aimed to develop an accurate
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analytical method consisting of a QuEChERS-based extraction and ultra-
high-performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) detection for the simultaneous analysis of four TCs and
five SAs in four vegetables (lettuce, onion, tomato, and carrot) usually
consumed raw, which is relevant in the context of antibiotic-resistant
gene transmission. The dSPE and SPE clean-up strategies were evalu-
ated and for the first time compared, as well as the different parameters
involved in the analyte recovery, including the efficiency of extraction
salts or the target compound losses occurring during the evaporation
step due to adsorption on glass surfaces and epimerisation. Both opti-
mised protocols were employed for the analysis of vegetable samples
from conventional and ecological agriculture.

2. Experimental procedure
2.1. Reagents and materials

The distributor and specific physicochemical properties of the nine
antibiotics are gathered in Table S1. In the case of the labelled com-
pounds used as surrogates, ([2H4]—sulfamethazine ([2H4]—SMZ (99%))
and [13C5] -sulfamethoxazole ([13C6] -SMX (100%)) were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA), whereas [2H6]-tetracy-
cline ([2H6] -TC (80%)) was acquired from Toronto Research Chemicals
(Toronto, Ontario, Canada). Individual solutions for all of them were
monthly prepared at 1000 mg kg~ in UHPLC-quality methanol (MeOH,
99.9%, Scharlau, Sentmenat, Catalonia, Spain) or acetonitrile (ACN,
99.9%, Avantor Performance Materials, Gliwice, Silesia, Poland) in the
case of [2H4]-SMZ and [2H6]-TC. Further combined dilutions were
weekly prepared in ACN at 100 mg kg™ ! and 5 mg kg™ for sample
fortification. Most concentrated solutions (1000 mg kg~! and 100 mg
kg™1) were stored at —20 °C, while the most diluted ones were kept at
4 °C.

NaCl (100%) and disodium ethylenediaminetetracetate dihydrate
(NagEDTA, 100%) salts were obtained from PanReac AppliChem (Cas-
tellar del Vallés, Catalonia, Spain), anhydrous citric acid H3Cit (99.5%)
and anhydrous NasHPO4 (98%) from Scharlau, anhydrous NaySO4
(99%) from Merck (Darmstadt, Hesse, Germany) and anhydrous MgSO4
(99.5%) from Alfa Aesar (Kandel, Rhineland-Palatinate, Germany).
Extractants included UHPLC-grade MeOH and ACN, ultra-pure water
(Milli-Q water purification system, model 185, <0.05 pS/cm, Millipore,
Bedford, Massachusetts, USA) and a citrate buffer consisting of an
aqueous solution of anhydrous NaH,Cit (99%) and NayHCit-1.5H,0
(99%) (Honeywell Fluka, Charlotte, North Carolina, USA). Concerning
the clean-up, PSA, Bondesil-C;g (40 pm, Agilent Technologies, Santa
Clara, CA, EEUU) and GCB (37-125 pm, Superclean ENVI-Carb, Merck)
sorbents and Oasis HLB cartridges (200 and 500 mg, 6 cc, 30 pm) pur-
chased from Waters (Milford, Massachusetts, USA) were employed.
Oxalic acid (100%, Merck) and formic acid (HCOOH, 98%, PanReac
AppliChem) were used in the final extract reconstitution. UHPLC quality
water (Optima LC-MS, Fisher Scientific, Waltham, Massachusetts, USA)
was used for mobile phase preparation.

In total, twelve fresh lettuces, two onions, two tomatoes and nine
carrots from ecological and non-ecological agriculture were acquired in
local markets and department stores. Along sample preparation, the
Multi Reax shaker by Heidolph (Schwabach, Bavaria, Germany) and a
5840R centrifuge by Eppendorf (San Sebastian de Los Reyes, Madrid,
Spain) were used.

2.2. Cleaning procedure

New glass test tubes were heated at 350 °C for an hour in an HD-230
muffle furnace by Hobersal (Caldes de Monbui, Catalonia, Spain). Once
room temperature was reached, they were washed with an aqueous
solution of 5% (w/w) NasEDTA in an ultrasound bath (J.P.SELECTA,
Abrera, Catalonia, Spain) to avoid the possible interaction of the target
analytes with the silanol groups on the glass surface [11,27,28], then,
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rinsed with Milli-Q water to remove NasEDTA residue, and further
ultrasonicated with Milli-Q water. Finally, test tubes were dried at
100 °C. Ceramic homogenisers were ultrasonicated with Milli-Q water
and dichloromethane subsequently. Eventually, they were heated at
350 °C for an hour before use.

2.3. Sample pre-treatment and extraction

The different conditions tested during the optimisation of the
extraction step are summarized in Table 1. Under optimal conditions,
10 g of fresh, crushed and homogenised vegetable (lettuce, onion, to-
mato or carrot) samples were weighed in a 50 mL polypropylene
centrifuge tube. Samples were fortified with 200 pL of a 5 mg kg~! stock
solution containing the surrogate compounds. Afterwards, samples were
vortexed (2000 cycles~min’1, 10 min) and kept in the darkness for 30
min at room temperature. ACN (10 mL), a ceramic homogeniser and the
salts (4 g anhydrous NaSOy4, 1 g NaCl, 0.5 g anhydrous H3Cit and 0.049
g anhydrous NayHPO,4) were added. The mixture was then shaken
manually and degasified by opening the centrifuge tube, until no gas was
released. All samples were vortexed (2000 cyclesmin’l, 8 min) and
centrifuged (4000 rpm, 5 min) at 10-15 °C.

2.4. Clean-up

2.4.1. SPE

For SPE clean-up optimisation, different amounts and sorbents of the
SPE cartridges (100 mg PSA, 100 mg C;g with or without 50 mg GCB and
200 mg or 500 mg Oasis HLB sorbents), sample loading volume and
elution volume were studied. Under optimal conditions, a representative
aliquot of 1 mL of the supernatant was isolated, diluted with 20 mL of
citrate buffer (0.05 mol L™}, pH 4) and loaded to the previously condi-
tioned (using 10 mL of ACN, 10 mL of Milli-Q water and 10 mL of citrate
buffer) 500-mg Oasis HLB SPE cartridges. The cartridges were washed
with 5 mL of water and dried under vacuum. The elution was carried out
using 9 mL of ACN and the extracts were evaporated to 1 mL in a
nitrogen-flow TurboVap LV evaporator device (Caliper Life Sciences,
Hopkinton, Massachusetts, USA). Aliquots of 125 pL were reconstituted

Table 1
Combinations of salts and extractants evaluated for the QuUEChERS extraction.

Condition Salts Extractant Reference(s)

No.

1 4 g anhydrous ACN
MgSO,
1 g NaCl
0.5 g anhydrous
H,Cit
0.049 g anhydrous
Na,HPO,

2 4 g anhydrous ACN
NaySO4
1 g NaCl
0.5 g anhydrous
HiCit
0.049 g anhydrous
NayHPO4

3 4 g anhydrous
MgSO4
1 g NaCl
0.5 g anhydrous
HiCit
0.049 g anhydrous
NapHPO4

4 4 g anhydrous
MgSO4
1 g NaCl
0.5 g anhydrous
HiCit
0.049 g anhydrous
NayHPO4

[10,38]

[4,10,38]
(adapted)

MeOH:citrate buffer
(0.05 mol L™, pH 4)
(1:1, v/v)

[10,38]
(adapted)

ACN:citrate buffer (0.05
mol L™}, pH 4)
(1:1, v/v)

[10,38]
(adapted)
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in 250 pL of a 1:1 (v/v) ACN:oxalic acid (aq., 0.01 mol L’l, pH 2) and
filtered through 0.22 pm polypropylene filters (Clarify-PP, Phenomenex,
Torrance, California, USA) before UHPLC- MS/MS analysis.

2.4.2. dSPE

In the case of the dSPE clean-up strategy, two sorbent combinations
were evaluated, PSA (10 mg) and Cy5 (25 mg), with or without GCB (2.5
mg) addition, together with 150 mg anhydrous NaSOy in all the cases.
Under optimal conditions, an aliquot of 1 mL of the extractant was
transferred to a 50 mL centrifuge tube containing 10 mg PSA, 25 mg Cig
and 150 mg de NaySO4, and the mixture was then vortexed (2000
cycles-min’l, 1 min) and centrifuged (4000 cycles~rnin’1, 5 min) at
10-15 °C. Aliquots of 500 pL were reconstituted in 1 mL of a 1:1 (v/v)
ACN:oxalic acid (aq., 0.01 mol L pH 2) according to the optimisation
and filtered before their analysis, as previously explained.

2.5. UHPLC-MS/MS analysis

Chromatographic separation was performed in an Agilent 1290 In-
finity II UHPLC device (Agilent Technologies), equipped with a
degassing system, a binary pump, and an automatic sampler. A Kinetex
Cyg polar 100 A@1x5 mm, 2.6 pm) pre-column and a Kinetex Cig
polar 100 A (2.1 x 50 mm, 2.6 pm) column, both by Phenomenex
(Alcobendas, Spain), were used. Mobile phase components consisted of
UHPLC quality water (A) and UHPLC quality methanol (B), both con-
taining 0.1% (v/v) in HCOOH. Column flow was set at 0.3 mL min’l, the
temperature at 35 °C and the optimal injection volume was fixed at 3 pL
(see section 3.1). Agilent 6430 Triple Quad tandem mass-spectrometer
by Agilent Technologies was used as the detector. Quantification was
carried out in dynamic multiple reaction monitoring (DMRM) acquisi-
tion mode using nitrogen (99.999%, Air Liquide, Paris, {le-de-France,
France) as nebulizer and drying and collision gas (99.999%, Messer, Bad
Soden am Taunus, Hessen, Germany). The electrospray ionisation source
worked in the positive mode (ESI+) for all the analytes, at a capillary
voltage of 3000 V, with a drying flow rate of 8 L min~", setting the
temperature of the gas at 300 °C. The nebulizer worked at a pressure of
50 psi. The parameters related to the mass spectrometry (fragmentor
voltage, collision energy and collision cell accelerator) were fully opti-
mised using a standard containing all the target compounds at a con-
centration level of 2.5 pg mL™! through the specific Agilent MassHunter
Optimizer software (10.0 version). Both target analytes and surrogates
were considered. Optimum values are summarized in Table 2. Data was
acquired and treated using Agilent MassHunter Workstation software
(Quantitative Analysis for QQQ, 10.0 version) by Agilent Technologies.

2.6. Method validation

Both methods (QuEChERS-based extraction followed by SPE and
dSPE clean-ups) were validated in four vegetable samples (lettuce,
onion, tomato, and carrot) at three concentration levels (5, 25 and 50 pg
kg™ 1) of the target antibiotics by means of UHPLC-MS/MS analysis. The
developed methods were validated according to the criteria described in
the Regulation (EU) 2021/808 of March 22, 2021 [39] and all the
QA/QC parameters were determined as described in the literature
[40-43]. Linearity was assessed using a twelve-point external calibra-
tion curve (0.25-100 pg kg™ 1). Trueness was determined by two
different approaches: (i) isotopically labelled compounds used as sur-
rogates in order to correct the absolute recovery of the target com-
pounds, and (ii) matrix-matched calibration approach (using a six-point
calibration curve in the range of 1-75 pg kg ™! prepared in each of the
four vegetable matrices that were submitted to the whole procedure).
Precision was determined in terms of repeatability by the analysis of
spiked-sample replicates and intermediate repeatability [40,43,44].

For each compound, the instrumental limit of quantification
(LOQins) was calculated as the lowest external calibration point with a
relative standard deviation (RSD %) and a systematic error in relation to
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Table 2
Fragmentor voltages (V), m/z transitions (Da), collision energies (eV) and RT
(min) for the target analytes and surrogates.

Compound Fragmentor m/z transitions Collision RT
voltage (V) (Da) energy (eV) (min)
CTC 135 479.1 — 462.1 17 6.9
479.1 — 444.1 21
DXC 135 445.2 — 428.1 17 7.5
445.2 — 154.1 33
OTC 120 461.2 — 426.1 17 5.3
461.2 — 443.1 9
TC 135 445.2 — 410.1 17 5.2
445.2 — 427.1 9
SDZ 86 251.1 - 156.0 13 2.9
251.1 - 92.1 29
SMZ 86 279.2 — 186.0 13 5.0
279.2 —» 124.0 25
SMX 86 254.1 - 156.0 13 5.9
254.1 - 108.1 25
SPD 86 250.1 - 156.0 13 3.3
250.1 - 108.1 25
STZ 70 256.1 —» 156.0 9 3.2
256.1 — 108.1 21
[2H4] -SMZ 102 283.1 —» 185.9 24 5.0
283.1 —» 124.0 33
['3Ce1- 105 260.1 - 162.0 13 6.0
SMX 260.1 - 114.1 25
[2H6] -TC 120 451.2 - 433.2 9 4.9

451.2 — 416.2 17

the theoretical value below 30%. For that aim, the points between 0.25
and 25 pg kg~! concentration levels were measured in triplicate. Pro-
cedural limits of quantification (LOQpgrp) were calculated considering
the average signal of the procedural blanks plus ten times their standard
deviation as signal, and converted to concentration values in sample
using an external calibration and the absolute recovery for each analyte
in each matrix.

Furthermore, matrix effect (ME %) affecting the detection was
experimentally determined for both validated methods in each vege-
table matrix as indicated in Equation (1); where B is the chromato-
graphic peak area of the analyte in a reference standard and A is the area
of the analyte in a sample spiked just before the chromatographic
analysis at the same concentration as the standard solution.

Matrix effect (ME %) =(A /B —1) x 100 1)
3. Results and discussion
3.1. UHPLC-MS/MS injection solvent

The optimisation of sample injection conditions was performed to
obtain the best peak resolution while minimizing the isomerization of
TCs, particularly CTC. The injection volume was initially set at 5 pL. On
that basis, pure organic solvents (MeOH and ACN) and aqueous mixtures
of them were tested at different proportions (ACN:H,0 1:9, 2:8, 1:1 and
8:2 (v/v); MeOH:H50 2:8 (v/Vv)), as well as the inclusion of HCOOH and
oxalic acid as additives (ACN:HCOOH (aq., 2%, 2:8 (v/v)), ACN:HCOOH
(aq., 4%, 2:8 (v/v)) and ACN: oxalic acid (aq., 0.01 mol L’l, pH 2) 2:8
and 1:1 (v/v)).

Overall, high water percentages resulted in the reduction of the
chromatographic peak broadening (SDZ: 2.60-2.90 min in ACN:water
2:8 vs 2.45-2.95 min in ACN:water 1:1. See Fig. S1), improving chro-
matographic resolution, but promoting epimerisation of CTC (see
Fig. S2). Between both organic solvents tested (ACN and MeOH), ACN
seemed to be particularly helpful in the control of the epimerisation
process given for CTC (see Fig. S2). According to Liang et al. [45], MeOH
plays an important role in the degradation of TCs through the addition
and substitution of the functional groups on TCs, and were able to
identify more than fourteen degradation products in a TCs MeOH
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solution. This observation was also supported in the work of Gajda et al.
[29], since they use ACN for the preparation of standard solutions.

Regarding the proportion of organic solvent content, the higher the
organic solvent content, the broader the peaks for SAs, losing resolution
and sensitivity, especially over 50% of organic solvent. Similarly, since
peak partitioning or co-elution problems occurred in the presence of
MeOH, ACN seemed to be the most suitable solvent for the analysis of
SDZ (Fig. S1).

The presence of both, HCOOH and oxalic acid, also helped to
diminish epimerisation processes. Nevertheless, the sensitivity of the
target analytes decreased substantially when HCOOH was added,
especially in HCOOH (aq., 2%) condition (Fig. 1). Hence, ACN:oxalic
acid (aq.) at 1:1 (v/v) proportion was established as the optimal injec-
tion solvent, as a consensus between sensitivity and peak broadening of
SAs which was further controlled by reducing the injection volume to 3

pL.
3.2. Extraction

Lettuce was selected as the vegetable-matrix to optimise the different
steps of the whole analytical protocol, and optimum conditions were
afterwards applied to the rest of matrices. However, the amount and
type of salts used were evaluated for all the studied vegetables (lettuce,
onion, tomato, and carrot). For this purpose, antibiotics-free fresh-
vegetable samples were fortified (three replicates of each vegetable)
with the target antibiotics to obtain a concentration of 50 pg kg ™! in the
final extract.

Diverse scientific studies [4,5,10] have reported the combination of
several QuEChERS salts to perform a salting-out extraction, fixing a 4:1
(w/w) proportion between anhydrous MgSO4 and NaCl. Additional salts
included anhydrous Na;SO4 and/or trisodium citrate (NagCit). Accord-
ing to the collected information, different solvent mixtures (ACN, MeOH
and citrate buffer) as extractants and the use of NaySO4 or MgSO4 as
dehydrating agents were evaluated. The conditions tested are gathered
in Table 1.

Within the different tested conditions, the ones including citrate
buffer (No. 3 and 4) were discarded due to the impossibility to separate
the supernatant from the pellet in the centrifugation step, caused by the
high aqueous content of the extractants mixture [46]. Among the
remaining conditions, the presence of Na;SO4 rendered the significantly
highest absolute recoveries for both antibiotic families in lettuce (Fexp =
16.0>Fj¢ = 6.0 for TCs and Feyp = 29.5>Fj; = 5.3 for SAs). Similarly,
Na,S0,4 only provided significantly higher recoveries (Fexp = 17.6>Fit
= 5.3) for the extraction of SAs in onion (see Fig. S3 in the supple-
mentary). In the case of carrot and tomato, no statistical differences
were noticed between the analytes’ recoveries obtained under condi-
tions No. 1 and 2 (Fexp = 2.2-3.5<Fqj; = 6.0 for TCs and Feyp =
3.2-4.2<Fi; = 5.3 for SAs). Therefore, condition No. 2 was chosen as
optimal and used in further experiments, which included NaySO4 as
dehydrating agent.

As far as we are concerned, this work is the first to offer a comparison
between the extraction recoveries obtained using both salts (Na;SO4 or
MgSO4). Most of the already developed QuUEChERS-based methods
included MgSO4 salt in the extraction [5,10]; nonetheless, diverse
published works attributed the low extraction recoveries obtained for
TCs to the binding of these compounds to Mg?" ion [11,29]. Based on
the reported problems given with MgSO4, Chuang et al. [4] used NaxSO4
for the extraction of one TC and two SAs, among other pharmaceuticals,
in celery and lettuce samples. The results of our work suggested that the
extraction efficiency regarding the addition of the different salts is
matrix-dependent. In the case of lettuce, lower extraction recoveries
were obtained for TCs and SAs in the presence of MgSO4 as well as for
SAs in onion. The problem was avoided when NaySO4 was employed,
getting a significant improvement in the extraction efficiency. However,
no significant differences were noticed for target analytes’ recoveries
using NaSO4 or MgSOy4 in the case of the rest of the vegetable matrices.



L. Vergara-Luis et al.

Talanta 254 (2023) 124192

w131 |+ES1 WAM Frag=128 0 CIDE 17 0 (479.1000 -

482 1000} €06 2 8 ACN HCOCH 2 Dap ¢ a

Area: 781

W CIDE@13.3 (251 103¢ -> 156000} 005 2 8 ACN HCOOH 2 Jep d

Area: 3180

SI WA Frag=136 0V CIDE 17 0 (479.1000 -

W CIDE@13 (251 1030 -> 1560300) 007 2 & ACN HCOOH 4 Jep d

Area: 55101

Area: 18870
e Area: 300

“ Area: 421

Area: 142124

2838485868733

2 |[VES MRM Frag=850v CID13.0 (2511000 = 156.0000; 038_1_1_ACN_OX_Dop_

h

22 Area: 411831

'Z‘4|§"}"‘|3‘E 2 ZV‘ZZZSZ*If

Fig. 1. Chromatograms obtained for CTC (a-d) and SDZ (as representative of the SAs) (e-h) in different injection solvents: ACN:HCOOH (aq, 2%, 2:8 (v/v)), ACN:
HCOOH (aq, 4%, 2:8 (v/v)) and ACN:oxalic acid (aq, 0.01 mol L’l, pH 2) 2:8 and 1:1 (v/v)). Injection volume: 3 pL.

3.3. Clean-up

For optimisation of the clean-up, two strategies were evaluated: dSPE
[5,10] and conventional SPE [12].

3.3.1. dSPE clean-up protocol

The efficiency of the dSPE clean-up was evaluated by testing
different purifying sorbents: PSA (10 mg) and C;g (25 mg), with or
without GCB (2.5 mg), together with 150 mg anhydrous NaySO4 in all
the cases. For that purpose, lettuce samples were processed; three rep-
licates were spiked at the beginning of the procedure, another three just
before the analysis and another three were left as procedural blanks.
Absolute recoveries were calculated with the early spiked samples, and
ME % affecting the detection was calculated employing the replicates
spiked after the clean-up (as explained in section 2.5). In all the cases,
procedural blank signal correction was applied.

The absolute recoveries determined when employing both dSPE
sorbents mixtures (115-170% with GCB and 113-137% without GCB)
were statistically compared, concluding that there were no significant
differences in the analytes’ recoveries (Fexp = 1.3<Fcrjr = 4.5) despite
GCB addition. Nevertheless, the presence of GCB caused a higher matrix
effect at the detection for SMZ and DXC, for which a positive matrix
effect of 37% and 83%, respectively, were calculated (see Fig. 2). The
result for DXC concurred with the strong signal enhancement observed
by He et al. for this compound when 2.5 mg of GCB was used [5].
Regarding the condition excluding GCB, the matrix effect was under
30% for all the analytes except for CTC, for which an ion suppression of
32% was determined. Therefore, 10 mg of PSA, 25 mg of C;g and 150 mg
of anhydrous NaySO4 without the GCB addition, were selected as the
optimal sorbents to perform the dSPE clean-up.

3.3.2. SPE clean-up protocol

For the SPE clean-up protocol, cartridges consisted of 100 mg PSA,
100 mg C;g with or without 50 mg GCB and Oasis HLB (6 cc, 200 and
500 mg) cartridges were tested. For this purpose, lettuce samples were

extracted, three replicates were spiked before the clean-up, another
three just before the analysis and another three were left as procedural
blanks. Absolute recoveries and ME % affecting the detection were
calculated as explained in section 3.3.1.

Opposite to dSPE, with the use of SPE cartridges signal suppression
rather than enhancement was observed for almost all the antibiotics
(Fig. 2). Both PSA + C;g and PSA + C;g+GCB cartridges showed a
significantly lower matrix effect in comparison to the Oasis HLB car-
tridges especially in the case of SAs (p-value <0.05). Nonetheless, they
were discarded since even if performing two consecutive elution steps,
the recoveries obtained for TCs were negligible (data not shown).
Regarding Oasis HLB cartridges, the signal suppression was mainly
observed for SAs, reflected in the recoveries obtained, in the 26-46%
and 23-43% range for 200-mg and 500-mg cartridges, respectively. Both
clean-up procedures using Oasis HLB sorbents were statistically
compared and no significant differences were detected (p-value >0.05),
neither for TCs nor for SAs. Hence, as final extracts from the clean-up
with 500 mg were clearer, regarding pigment content, compared to
200 mg cartridges, 500 mg Oasis HLB cartridges were chosen as optimal
for the clean-up step.

Furthermore, the loading sample volume to the SPE cartridge was
studied. For this purpose, 1 mL and 2 mL loading volumes were evalu-
ated, with and without concentration to 300 pL under a nitrogen flow.
Previous to SPE loading, concentrated and non-concentrated samples
were diluted with the necessary pH 4 aqueous buffer volume to obtain
sample solutions with less than 5% (v/v) of organic solvent [47], that is
to say, extracts of 1 mL were diluted to 20 mL buffer, 2 mL extracts to 40
mL and 300 pL extracts to 6 mL. Larger loading volumes were also
studied (up to 9 mL) but they were discarded because method
throughput was not viable.

The highest absolute recoveries (data not shown) for TCs were ob-
tained for 1 mL-loadings (54-96%) rather than for the 2 mL (22-70%).
For SAs, no statistical differences were found regarding their recovery
when loading 1 or 2 mL with and without the previous concentration (p-
value >0.05). Although concentrated replicates displayed statistically
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Fig. 2. ME % at the detection for the target analytes in lettuce with dSPE and SPE clean-up approaches (n = 3 for each approach). For dSPE, PSA and C;g sorbents
were tested with (striped) and without GCB (grey), whereas in the case of SPE, PSA + C;g (dotted), PSA + C13+GCB (zigzag) and Oasis HLB 200 mg (grey) and 500

mg (striped) cartridges were studied.

higher recoveries for TCs (75-110% vs. 54-96%), the improvement did
not justify the time and nitrogen consumption of the extra evaporation
step. Thus, optimal loading conditions were set in 1 mL extract without
intermediate concentration.

Once the optimal SPE cartridge and the loading volume were fixed,
the analytes’ elution profile was studied by adding four separated ali-
quots of 3 mL of ACN to the cartridges. Elution of all the target analytes
was performed using 9 mL of ACN (see Fig. 3a and b). Using 12 mL of
ACN improved the recoveries of STZ, OTC and DXC only by 4%, which
was taken as a negligible improvement taking into account the increased
nitrogen consumption for the evaporation of a bigger elution volume.

SPE clean-up protocol is followed by an evaporation step before the
UHPLC-MS/MS analysis. Losses of the target analytes during the evap-
oration step have been reported in the literature, especially for TCs,
caused by the binding of the analytes to the silanol groups on glassware

[11,27,28]. Hence, in order to evaluate and minimize possible analyte
losses in this step, different approaches were evaluated: (i) evaporation
to dryness and (ii) evaporation to approx. 1 mL. Besides, and in the case
of evaporation to dryness, the use of glass test tubes, silanized glass test
tubes and plastic test tubes was studied. For the optimisation of this step,
three replicates of spiked ACN (9 mL) were prepared for each studied
condition.

The results concluded that plastic test tubes (66-79% for TCs and
61-73% for SAs) were the best alternative to perform eluates’ evapo-
ration, which is in concordance with the literature [48,49], followed by
the evaporation to 1 mL in glass test tubes (54-57% for TCs and 49-56%
for SAs). Nonetheless, even if recoveries improved, longer evaporation
times and, in consequence, higher nitrogen consumption was required
for evaporation in plastic test tubes (120 min in plastic test tubes versus
50 min in glass test tubes) and evaporation can be expected to be even
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Fig. 3. Elution profile (accumulated absolute recoveries, n = 3) for TCs (a) and
SAs (b) in each elution volume.

longer in the presence of matrix. Thus, evaporation to approx. 1 mL and
the use of glass test tubes were selected as the optimal and used in
further experiments.

3.4. Method validation

3.4.1. Figures of merit of UHPLC-MS/MS

The main figures of merit of the UHPLC-MS/MS method are sum-
marized in Table S2. External calibration curves showed good linearity
over a wide concentration range (i.e., 0.2-86.0 pg kg~ !) with determi-
nation coefficients (r2) between 0.9984 and 0.9999. The repeatability
and intermediate repeatability of the measurements with the UHPLC-
MS/MS system was assessed by injecting in triplicate the external cali-
bration solutions (0.25-25 pg kg 1) in the same day and different days
(n = 3), respectively. Adequate repeatability and intermediate repeat-
ability were obtained with RSD values below 15% and 14%, respec-
tively, for all the analytes and surrogates at all concentration levels
except in the case of CTC at 0.25 pg kg™! (32% and 20%, respectively).
LOQins were below 0.6 pg kg’1 for the compounds of both antibiotic
families.

3.4.2. Figures of merit of QUEChERS-based extraction followed by SPE-
UHPLC-MS/MS and dSPE-UHPLC-MS/MS methods

The figures of merit of the QUEChERS-based extraction followed by
SPE-UHPLC-MS/MS and dSPE-UHPLC-MS/MS methods were deter-
mined for all target antibiotics in the four vegetable matrices (i.e., let-
tuce, onion, tomato and carrot).

First, the matrix effect at detection was evaluated for all tested
matrices under the optimum conditions of both methods (see Fig. 4, and
Figs. S4 and S5 in the supplementary). In fact, although LC-MS is one of
the most sensitive and selective analytical techniques, it could suffer
from matrix effect especially when ESI is used as ionisation source for
the analysis of complex matrices due to the co-elution of analytes and
matrix components that may alter the ionisation efficiency of the target
analytes causing a loss (ion suppression) or an increase (ion enhance-
ment) in its chromatographic signal and hence, directly affecting
method accuracy [50]. Based on the results summarized in Fig. 4, ion
suppression was mainly observed, especially for SAs, when SPE clean-up
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was applied regardless of the vegetable matrix. However, signal
enhancement was observed, especially for TCs, when the dSPE clean-up
protocol was used. Hence, a lower matrix effect affecting the detection
was observed for TCs after SPE clean-up, while in the case of SAs, dSPE
clean-up retrieved better results, except for SMZ and STZ in tomato and
onion. For these last cases, SPE clean-up would be more appropriate.
Since both analytical approaches showed complementary responses in
terms of matrix effect, the rest of figures of merit were accurately
determined in order to figure out the adequacy of methods for the
simultaneous analysis of antibiotics with different physicochemical
parameters.

Table 3 summarizes the main figures of merit of QuEChERS-based
extraction followed by SPE-HPLC-MS/MS and dSPE-UHPLC-MS/MS,
respectively. Exemplarily the total ion chromatograms of the four veg-
etables spiked at 5 pg kg ™! and 50 pg kg™! after the treatment of both
analytical methods are shown in Figs. S6 and S7.

LOQpro values were calculated for both procedures, QuEChERS-
based extraction followed by SPE and dSPE clean-ups. In the case of
SPE, LOQpgo values remained below 4.4 pg kg ™! for TCs in all vegetables
except for CTC in lettuce (11.3 pg kg™!) and 3.0 pg kg™! for SAs, with
exception of SDZ in onion (3.9 pg kg™!) and STZ in carrot (5.0 pg kg ™).
Lower LOQpgo values (0.1-1.9 pg kg’l) were obtained when the dSPE
clean-up was applied, being 3.7 pg kg ! the highest value determined for
DXC in carrot. Comparing with other QUEChERS-based methods re-
ported in the literature, where the dSPE clean-up approach was applied,
the methodological approach proposed in this work allows getting lower
LOQpgo than the ones reported by He et al. for TC (5 pg kg™ 1), SMX, SDZ
and STZ (2 pg kg™1) [5] and the ones published by Yu et al. for both SAs
(1.10-3.90 pg kg™1) and TCs (2.00-9.73 pg kg~ 1) [10]. Those values
were in the same range than the ones calculated in this work using SPE
clean-up, especially the above-mentioned 9.73 ug kg_1 LOQpgro value
determined for CTC in leafy vegetables, which concurs with what it has
been observed in this work for CTC in lettuce. However, Feng and
co-workers obtained lower LOQpgo values with UAE combined with SPE
protocol (0.05-0.76 pg kg~ for TCs and 0.02-0.05 pg kg™! for SAs)
[12]. It should be highlighted, that those values were calculated as ten
times the standard deviation of the measurements of control samples
divided by the slope of the calibration curve, whereas in this case
LOQpgro were calculated taking into account the signal of the procedural
blanks (n = 3) plus ten times their standard deviations, and converted to
concentration units using external calibration. The different calculation
approaches in the literature to get LOQpro values make difficult their
comparison.

Two different approaches were used to determine analytes concen-
trations in spiked samples: (i) external calibration and deuterated ana-
logues to correct absolute recoveries, and (ii) matrix-matched
calibration approach using the corresponding vegetable matrix. Before
using matrix-matched calibration curve to get concentrations, the ade-
quacy of the target lines was assured (r? between 0.9921 and 0.9972,
and repeatability, expressed as RSD, less than 28% with QUEChERS-SPE-
UHPLC-MS/MS (except for DXC and TC, 33%) and 24% with
QUEChERS-dSPE-UHPLC-MS/MS for all target analytes at 25 pg kg™’
level). Overall, the minimum trueness requirements established by the
Regulation (EU) 2021/808 of March 22, 2021 (i.e., 70-120% for 1-10
pg kg™! concentrations and 80-120% for concentrations higher than 10
g kg~! with precision, expressed as RSD, <30%) [39] were obtained
using both analytical methods (i.e., QUEChERS-SPE-UHPLC-MS/MS and
QuEChERS-dSPE-UHPLC-MS/MS) at the three validation concentration
levels by wusing either surrogate correction or, alternatively,
matrix-matched calibration approaches (see Table 3), with some ex-
ceptions. Irrespective of the clean-up method used, apparent recoveries
for some analytes, especially for SAs, fell outside the established ranged
by the guideline, however, according to the standard
SANTE/11813/2017, lower recoveries values (30-70%) are acceptable
in case of their proven consistency (RSD <20%).

Going deeper into the results, when SPE clean-up was used, surrogate
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Fig. 4. ME % (n = 3) at the detection for the target analytes in the four vegetable matrices with SPE and dSPE clean-up approaches.

correction approach retrieved more adequate apparent recoveries
(trueness) than matrix-matched calibration, especially in onion and
carrot matrices. Those vegetables together with tomato resulted to be
the most complex for STZ determination. STZ showed a different
behaviour in comparison with the rest of the SAs (except in lettuce),
thus, in order to fit the requirements that enabled the analysis of STZ by
this method, another surrogate should be used. Furthermore, when the
SPE approach was applied, no recovery could be given for CTC at the
lowest validation level due to the high LOQpgro attributed to this com-
pound. The same issue was reported by Yu et al. [10], who justified it as
an extraction efficiency problem owing to TC antibiotics complexation
with organic matter and metallic ions commonly present in vegetables.
Determination of CTC at low levels was possible accurately even at low
concentration levels (5 pg kg™ 1) using dSPE clean-up (see Table 3). As a
matter of fact, when dSPE was used for clean-up purposes, adequate
trueness values were obtained for all the target analytes in all vegetables
when matrix-matched quantification approach was used.

Comparing with published scientific works, the recoveries calculated
for SAs in this study after SPE clean-up are similar to the ones presented
by Yu et al. [10], except for STZ. For this antibiotic, the dSPE protocol

validated in this work offered the highest recoveries. Furthermore, Yu
et al. [10] could not recover CTC at the lowest validation level (5 pg
kg™ 1) while in this work apparent recoveries above 98% were calculated
by the dSPE approach and SPE protocol except for lettuce. Higher re-
coveries (88-107% vs 57%) were also calculated in this work for OTC at
5 pg kg~! concentration. In the case of He et al. [5], similar recoveries
are given in tomato for SAs and TCs, though the recoveries calculated for
OTC are higher in this work (SPE: 93% and 79% and dSPE: 92% and
112% for 5 and 50 pg kg™, respectively) vs (66% and 55% for 5 and 50
ng kg1, respectively). The recovery values published by Chuang et al.
[4] calculated with matrix-matched calibration -after dSPE clean-up- for
SDZ, SMX and OTC in lettuce at 200 pg kg~ * validation level (74%, 74%
and 72%, respectively) are also akin to the ones determined in this work
at the highest validation level evaluated here, 50 pg kg~ (86%, 92% and
91% for SDZ, SMX and OTC, respectively).

Regarding precision, it was determined in terms of repeatability at all
concentration levels tested and intermediate repeatability (same method
processed at different days) at the highest concentration level tested (i.
e., 50 pg kg™1). According to the results shown in Table 3, both
analytical methods provided adequate repeatability values (RSD % <
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Table 3
Apparent recoveries (intra-day repeatability %, intermediate repeatability %) with QUEChERS-SPE-UHPLC-MS/MS and QuEChERS-dSPE-UHPLC-MS/MS methods for
the target analytes in the four different vegetable matrices at the three studied concentration levels.

QuEChERS-SPE-UHPLC-MS/MS QuEChERS-dSPE-UHPLC-MS/MS
Matrix Analyte  LOQ proc R% using surrogates R% using matrix- LOQ proc R% using surrogates R% using matrix-matched
(ngkg™) matched (ugkg™)
5pg 25 g 50 pg 5pg 25 g 5pg 25 g 50 pg 5pg 25 pg 50 pg
kg! kg~! kg! kg™! kg™! kg™! kg™! kg™! kg! kg! kg~!
Lettuce CTC? 11.3 - 102 105 (4%, - 74 0.3 124 149 155 (6%, 105 102 98
(10%) 9%) 17%) (6%) (7%) 5%) (23%) (7%) (4%)
DXC? 2.5 97 103 125 98 88 0.6 134 164 178 (3%, 108 98 102
(21%) (6%) (11%, (1%) (33%) (12%) (6%) 4%) (10%) (9%) (2%)
12%)
OTC? 2.0 107 80 109 107 96 0.5 98 116 113 (4%, 104 110 91
(9%) (10%) (11%, (3%) (14%) (6%) (2%) 3%) (2%) (15%) (5%)
15%)
TC? 4.4 77 75 99 (8%, 118 78 0.6 109 119 118 (7%, 111 108 92
(26%) (15%) 11%) (23%) (33%) (1%) (4%) 5%) (4%) (16%) (6%)
SpzP 1.0 73 91 84 (6%, 73 129 0.1 92 86 79 (7%, 122 117 86
(8%) (1%) 6%) (15%) (7%) (6%) (8%) 4%) (30%) (24%) (1%)
smzP 1.6 68 88 95 (2%, 102 122 0.3 109 104 100 (8%, 121 111 90
(14%) (4%) 6%) (16%) (7%) (10%) (5%) 5%) (13%) (15%) (3%)
SMX°© 0.5 91 101 92 (1%, 86 137 1.2 95 99 97 (1%, 117 109 92
(6%) (3%) 4%) (23%) (3%) (10%) (3%) 2%) (15%) (13%) (4%)
spp® 0.4 94 94 77 57 109 0.2 54 55 56 (6%, 108 104 96
(21%) (5%) (<1%, (17%) (25%) (11%) (11%) 3%) (10%) (6%) (2%)
5%)
STZP 2.1 70 89 71 (2%, 81 128 0.6 120 83 76 (9%, 251 105 67
(7%) (6%) 8%) (21%) (2%) (23%) (1%) 5%) (9%) (3%) (4%)
Onion CTC? 3.1 108 100 81 (8%, 107 77 0.5 123 131 126 100 93 108
(15%) (9%) 5%) (3%) (3%) (4%) (3%) (<1%, (4%) (6%) (10%)
2%)
DXC* 1.6 94 113 112 (7%, 96 91 1.0 126 178 188 (4%, 82 88 114
(4%) (3%) 5%) (10%) (12%) (6%) (6%) 4%) (4%) (3%) (8%)
oTC? 1.4 90 74 73 (1%, 122 79 0.4 97 116 118 82 89 113
(14%) (9%) 2%) (5%) (22%) (8%) (3%) (11%, (16%) (4%) (17%)
7%)
TC? 2.3 43 108 107 (5%, 185 94 0.5 107 120 117 2%, 96 97 104
(13%) (<1%) 4%) (33%) (22%) (12%) (7%) 3%) (12%) (2%) (11%)
spzP 3.9 74 70 56 (7%, 198 50 0.1 51 52 50 (3%, 99 105 96
(7%) (6%) 9%) (5%) (28%) (3%) (2%) 3%) (6%) (2%) (7%)
SMzP 0.8 84 87 88 (3%, 255 39 0.2 93 93 87 (1%, 91 99 101
(4%) (3%) 8%) (23%) (22%) (9%) (2%) 1%) (7%) (4%) (10%)
SMX© 2.2 92 116 98 (1%, 136 73 1.3 91 96 94 (3%, 96 103 97
(15%) (8%) 3%) (3%) (15%) (2%) (3%) 4%) (10%) (5%) (6%)
SPDP 0.3 91 107 102 124 80 0.2 54 57 50 (8%, 93 104 96
(3%) (4%) (11%, (9%) (28%) (6%) (3%) 9%) (14%) (<1%) (2%)
10%)
STZP 0.3 80 47 46 (6%, 261 38 0.2 104 105 96 (2%, 97 92 86
(11%) (5%) 10%) (9%) (25%) (20%) (14%) 3%) (22%) (15%) (1%)
Tomato  CTC? 2.8 99 89 121 (7%, 87 97 0.8 103 132 116 (1%, 88 114 88
(15%) (6%) 7%) (11%) (24%) (22%) (2%) 4%) (25%) (8%) (5%)
DXC* 1.2 101 104 135 (9%, 91 94 1.0 153 167 139 118 122 82
(10%) (3%) 9%) (12%) (24%) (3%) (5%) (15%, (7%) (11%) (8%)
11%)
oTC* 1.0 93 70 79 (6%, 109 106 1.1 92 108 112 (4%, 84 98 102
(14%) (15%) 8%) (14%) (17%) (15%) (8%) 4%) (11%) (15%) (5%)
TC? 2.4 115 90 102 (7%, 53 113 1.0 111 121 127 (3%, 91 96 104
(17%) (18%) 7%) (23%) (18%) (2%) (2%) 2%) (5%) (9%) (4%)
SpzP 2.0 109 59 84 (3%, 107 96 0.2 42 40 41 (5%, 105 98 102
(24%) (5%) 5%) (16%) (19%) (11%) (4%) 4%) (6%) (3%) (2%)
SMzP 1.9 88 85 121 (6%, 137 84 0.1 96 102 101 (1%, 93 91 109
(5%) (1%) 6%) (1%) (24%) (12%) (2%) 2%) (6%) (6%) (5%)
SMX® 1.4 91 100 95 (4%, 89 87 0.5 99 105 104 (4%, 104 103 97
(12%) (7%) 4%) (5%) (19%) (4%) (5%) 3%) (6%) (9%) (2%)
SPDP 0.3 100 93 127 (4%, 91 91 0.2 58 61 56 (5%, 100 97 103
(7%) (4%) 5%) (4%) (25%) (7%) (2%) 3%) (3%) (2%) (2%)
STZP 0.5 53 48 47 (1%, 103 78 0.5 89 85 82 (2%, 105 93 108
(9%) (6%) 2%) (6%) (17%) (13%) (<1%) 2%) (7%) (5%) (4%)
Carrot CTC? 1.9 98 91 91 (10%, 94 58 0.3 107 109 101 108 108 93
(12%) (2%) 10%) (13%) (7%) (8%) (11%) (12%, (18%) (4%) (9%)
9%)
DXC* 1.5 100 119 120 (8%, 61 79 3.7 106 124 123 (4%, 102 101 99
(15%) (6%) 5%) (11%) (1%) (3%) (3%) 2%) (9%) (9%) (3%)
OTC? 3.5 88 81 80 (3%, 73 64 1.2 109 123 126 (4%, 89 95 105
(13%) (3%) 3%) (12%) (7%) (5%) (3%) 4%) (11%) (11%) (6%)

(continued on next page)
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QuEChERS-SPE-UHPLC-MS/MS

QuEChERS-dSPE-UHPLC-MS/MS

Matrix Analyte  LOQ proc R% using surrogates R% using matrix- LOQ proc R% using surrogates R% using matrix-matched
(ng'kg ™M matched (ngkg ™
5 Hg 25 g 50 pg 5 g 25 g 5 Hg 25 pg 50 pg 5 g 25 pg 50 pg
kg’1 kg’1 kg’1 kg’1 kg’1 kg’1 kg’1 kg’1 kg’1 kg’1 kg’1
TC? 2.6 55 113 121 (2%, 142 51 1.9 113 121 127 (4%, 98 98 102
(15%) (15%) 3%) (9%) (1%) (4%) (1%) 3%) (11%) (9%) (3%)
[oyAd 0.1 114 62 62 (4%, 82 54 0.1 86 81 84 (9%, 101 93 108
(13%) (4%) 4%) (18%) (1%) (8%) (7%) 6%) (6%) (5%) (13%)
SMZ¢ 0.9 77 93 99 (2%, 164 47 0.3 91 93 96 (7%, 103 98 103
(3%) (11%) 4%) (31%) (10%) (6%) (6%) 5%) (5%) (7%) (4%)
Smx® 1.2 86 109 103 (3%, 69 69 1.0 114 111 106 (3%, 123 106 94
(19%) (11%) 3%) (11%) (7%) (6%) (6%) 2%) (10%) (4%) (7%)
SPDP 0.5 89 89 92 (1%, 67 69 0.4 65 62 62 (3%, 106 98 103
(2%) (7%) 5%) (7%) (1%) (5%) (2%) 4%) (8%) (10%) (2%)
STZ® 5.0 53 50 53 (4%, 77 65 0.7 90 87 101 (9%, 90 84 119
(16%) (19%) 4%) (24%) (16%) (5%) (4%) 10%) (9%) (11%) (12%)

Analyte concentration in sample corrected with a[zHE,]-TC, b[2H4] -SMZ and C[13(36] -SMX.

30%) regardless of the quantification method used for all the target
compounds in all the evaluated vegetable matrixes. The RSD values
ranged from 2% to 26% and 1%-11% at low and high concentration
tested levels, respectively, using surrogates calibration method and SPE
clean-up, whereas the RSD values found with the matrix-matched cali-
bration method were a little bit higher but still adequate (between 1-
24% and 1-28%, with two exceptions of 33%, at low and high con-
centration tested levels, respectively). In the case of using d-SPE all RSD
% values were lower than 30%, concretely, between 1-23% and 1-15%
for low and high concentration levels using surrogates for quantifica-
tion, respectively, and between 2-30% and 1-17% for low and high
concentration levels using matrix-matched calibration approach.
Regarding the intermediate repeatability, it was calculated for the
highest concentration level (using surrogates for quantification) and
values ranged from 2% to 15% and 1%-11% for QuEChERS-SPE-
UHPLC-MS/MS and QuEChERS-dSPE-UHPLC-MS/MS methods, respec-
tively, were obtained.

3.5. Method application

The methods were applied to twenty-five vegetable (lettuce, onion,
tomato, and carrot) samples from both ecological and non-ecological
agriculture (see section 2.1) obtained in local markets. Target com-
pounds were not detected or concentrations detected were below the
LOQpgo values in the case of all the samples, except two SAs which were
only detected in a lettuce sample from non-ecological agriculture at 1.2
pg kg™! for SMZ and 0.5 pg kg™! for SPD, with the protocol including
dSPE clean-up and with both analytical procedures, respectively. As
found concentrations were close to LOQpro values, standard additions
were carried out to guarantee quantification. The occurrence of both SAs
in vegetable samples was already reported by other authors, appearing
in similar concentrations to the ones obtained in the present work [10,
12]. No antibiotics were found in ecological vegetable samples, which
could be attributed to the reduction of antibiotics in stockbreeding -in
comparison to conventional system-by promoting phytotherapeutical or
homeopathic treatments [51].

Unlike in foodstuff of animal origin, there is no maximum residue
limit (MRL) set for antibiotics in crops intended for human consumption
in the EU [17]. Instead, acceptable daily intake (ADI) values are estab-
lished by the World Health Organization (WHO), which can be
employed to assess the safety of agricultural products. SMZ was the only
SA stipulated by the committee of WHO, for which the maximum intake
per day is set at 50 pg kg~ body weight [52]. Hence, considering that
the antibiotic concentrations detected in this work are below the
threshold, the vegetables acquired in local markets and department
stores of the Basque Country do not seem to be an important direct
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source of antibiotics.
4. Conclusions

In this work, two accurate sample preparation procedures were
developed for the analysis of multiclass antibiotics, including four TCs
and five SAs, in four vegetable matrices (lettuce, onion, tomato, and
carrot) after evaluation of the critical steps involved in the analytical
procedures. In this sense, pure ACN was the optimal solvent to perform
both methods’ extraction of the target analytes and showed that the
extraction efficiency with respect to the addition of QUEChERS salts was
matrix-dependent. It should be noted that, as far as we are concerned,
this is the first time that a comparison between the extraction recoveries
obtained using both salts (NazSO4 or MgS0O4) is reported, despite of
being Mg a known bias in the determination of antibiotics in environ-
mental samples. Regarding the clean-up step, the efficiency of two clean-
up strategies was compared, SPE vs dSPE, concluding that SPE was the
most suitable clean-up procedure to control matrix effect affecting the
detection for TCs, while dSPE retrieved better results for most of the SAs.
Overall, the validated methods showed good performance in terms of
LOQs, linearity, precision and trueness for the trace determination of the
target analytes in different vegetable matrices, which suppose a step
forward to ensure food safety and human health. Although, taking into
account the lower number of steps involved in the QuUEChERS-dSPE-
UHPLC-MS/MS method and the higher overall accuracy of the results
(using matrix-matched quantification) compared to QuEChERS-SPE-
UHPLC-MS/MS, it could be considered the most appropriate method
for the simultaneous detection of these compounds in vegetables.
However, both methods were applied to twenty-five real samples of
organic and traditional lettuce, onion, tomato, and carrots, with positive
findings of 1.2 pg kg ™! of SMZ and 0.5 pg kg ™! of SPD in a lettuce sample
from non-ecological agriculture. Therefore, the methods optimised in
this study are reliable to assess the presence of antibiotics in raw vege-
tables at much lower levels than those regulated for daily intake.
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