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Abstract

:

A confirmatory, highly selective multi-residue method based on liquid chromatography coupled to hybrid high resolution mass spectrometry (LC-Q-Orbitrap) was developed and validated for the determination of 12 regulated coccidiostats in eggs and muscle. Particularly, ionophore antibiotics (lasalocid, maduramicin, monensin, narasin, salinomycin and semduramicin) and synthetic coccidiostats (diclazuril, halofuginone, nicarbazin as 4,4′-dinitrocarbanilide fraction, robenidine and toltrazuril as toltrazuril-sulphone) were included in the method. The sample preparation consisted in the extraction of the analytes from the matrix with acetonitrile, followed by a clean-up step with Oasis® PRiME HLB SPE and a defatting procedure with n-hexane. Validation was successfully performed according to Commission Implementing Regulation (EU) 2021/808, starting from 1 µg kg−1. The procedure was verified through the analysis of a certified reference material (CRM) and the occurrence of the residues was assessed in the context of the Italian National Residue Control Plan (NRCP).
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1. Introduction


Coccidiosis is a disease caused by parasites of genus Eimeria and Isospora that may be prevalent in warm humid conditions. It can result in lesions to the intestinal tract, poor weight gain, diarrhoea, scarce feed conversion and, sometimes, death. This infection is very contagious, and so, it may result in economic losses especially for intensive farms. Coccidiostats encompass the category of naturally occurring polyether ionophores such as lasalocid, maduramicin, monensin, narasin, salinomycin and semduramicin and as synthetic (or chemical) coccidiostats such as diclazuril, halofuginone, nicarbazin, robenidine and toltrazuril. These drugs are authorized by the European Union (EU) as feed additives and are, nowadays, widely used in intensive farms posing the possibility to develop resistance of the parasites overall due to the unavoidable carry-over phenomenon from target to non-target feed that potentially occur during feed production, but also during storage and transport. This aspect can obviously affect the health of animals and humans for the presence of residues in feed and foodstuffs [1]. As a matter of fact, the EU set fixed maximum limits for edible tissue and eggs, and it is noteworthy that some of them are banned and others are regulated in a range between 2 and 4000 µg kg−1 [2,3,4,5,6,7,8,9,10,11,12].The development of multi-residue methods able to determine all the regulated compounds is still quite challenging, owing to their very different physicochemical properties and the low limits of detection (LODs) that have to be reached. Liquid chromatography coupled to low resolution tandem mass spectrometry (LC-MS/MS) is currently the most used technique for the determination of coccidiostats in feed and food [13,14,15,16,17,18,19,20]. To the best of our knowledge, in only three cases, these analytes were determined by means of high resolution mass spectrometry (HRMS); particularly, in 2013, Kaklamanos and collaborators [21] developed and validated a method for the determination of coccidiostats and other veterinary drugs in feed using liquid chromatography coupled to Orbitrap mass spectrometry operating in full scan acquisition. Later, Matus et al. [22] developed a method in animal tissues with liquid chromatography-quadrupole-time of flight mass spectrometry (full scan acquisition mode) and finally, in 2019, Rusko et al. [23] developed a multi-residue method based on LC-Q-Orbitrap (full scan/dd-MS2 acquisition) for the determination of anticoccidials in poultry and eggs.



The present work was carried out to obtain a fit-for-purpose confirmatory method that provided low LODs and the highest possible selectivity for the determination of coccidiostat residues in eggs and muscle with LC-Q-Orbitrap, performing for the first time parallel reaction monitoring (PRM) acquisition. Moreover, a full validation study, adopting a flexible and simple plan, was carried out according to the Commission Implementing Regulation (EU) 2021/808 [24].




2. Materials and Methods


2.1. Chemicals, Reagents, Stock and Intermediates Solutions


LC-MS-grade acetonitrile (ACN), LC-MS-grade methanol (MeOH), dimethylsulfoxide (DMSO) and n-hexane were provided by Merck KGaA (Darmstadt, Germany). LC-MS-grade deionized water and formic acid ≥ 98% were supplied by Biosolve Chimie (Dieuze, France). The Oasis PRiME HLB (60 mg, 3 mL and 150 mg, 3 mL) Solid-Phase Extraction (SPE) cartridges were obtained from Waters Corporation (Milford, MA, USA) and Bond Elut EMR-Lipid from Agilent Technologies (Waldbronn, Germany). Decoquinate, diclazuril, lasalocid sodium, diclazuril-methyl, monensin sodium, nicarbazin and salinomycin sodium were provided by Dr. Ehrenstrofer (Augsburg, Germany). Robenidine hydrochloride, semduramicin sodium (100 µg mL−1 acetonitrile solution), toltrazuril-d3, toltrazuril-sulphone were bought from HPC Standards GmbH (Cunnersdorf, Germany), while maduramicin ammonium, narasin and nigericin sodium were bought from Merck KGaA. Halofuginone-13C6 hydrobromide, decoquinate-d5, 4,4′-dinitrocarbanilide-d8 (DNC-d8), robenidine-d8 hydrochloride were purchased from Witega (Berlin, Germany) and finally, halofuginone hydrobromide from TRC Inc. (Toronto, ON, Canada).



Coccidiostat stock solutions (1 mg mL−1) were prepared by weighing 5 mg of reference material and dissolving in 5 mL of solvent. The ionophore antibiotics were solubilized in ACN, while the chemical coccidiostats (Figure 1) were dissolved in various solvents: DMSO for diclazuril, diclazuril-methyl, nicarbazin (intended as DNC), DNC-d8, robenidine hydrochloride and robenidine-d8 hydrochloride. Again, nigericin sodium, toltrazuril-sulphone and toltrazuril-d3 were prepared in ACN, halofuginone hydrobromide and halofuginone-13C6 hydrobromide in ACN/water 50/50 (v/v), and finally, decoquinate and decoquinate-d5 were solubilized in ACN/formic acid 50/50 (v/v).



The intermediate solutions of analytes at 10 and 0.1 µg mL−1 in ACN were stable for 12 months and 3 days, respectively, when stored in refrigerator and freezer. The intermediate ISs solutions at 10 and 1 µg mL−1 were stored in refrigerator (stability of 12 months) and freezer (3 days), respectively.




2.2. Chromatographic Conditions


Chromatography was performed on a Thermo Ultimate 3000 High Performance Liquid Chromatography system (San Jose, CA, USA). The analytes were separated on a Synergi Fusion column (150 × 2.0 mm, 80 Å; 4 μm; Phenomenex, Torrance, CA, USA), connected to a Fusion RP guard column (4 × 2.0 mm). HPLC mobile phase A was an aqueous solution containing 0.1% (v/v) formic acid and eluent B was acetonitrile including 0.1% (v/v) formic acid. The gradient was started with 15% eluent B for 2 min, continued with increase to 25% B in 1 min, then with further linear increment to 95% in 12.5 min and maintained in this condition for 11.5 min. The system returned to 15% B in 1 min and was equilibrated for 4 min for a total run time of 32 min. The column compartment and the sample temperature were kept at 40 °C and 16 °C, respectively. The flow rate was 0.25 mL min−1 and the injection volume was 10 μL.




2.3. MS Conditions


A Q-Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA) was equipped with a heated electrospray ionization (HESI-II) source. The HESI-II and capillary temperatures were set at 320 and 300 °C, respectively, and the electrospray voltage at 3.20 kV (positive and negative ionization mode). Sheath and auxiliary gas were 35 and 15 arbitrary units, respectively. The mass spectrometer was controlled by Xcalibur 3.0 software (Thermo Fisher Scientific, San Jose, CA, USA). The exact mass of the compounds was calculated using Freestyle in Xcalibur 3.0. Instrument calibration was performed for every analytical batch with a direct infusion of LTQ Velos ESI Positive Ion Calibration Solution (Pierce Biotechnology Inc., Rockford, IL, USA). The individual compounds were infused with a syringe through a T union connected to an LC system with a mobile phase flow rate of 0.1 mL min−1 (50% eluent A). The product ions were found by increasing the collision energy (CE) using Q Exactive Tune 2.3 software (Thermo Fisher Scientific, Waltham, MA, USA). After choosing the more intense product ions, fragmentation energies were optimized with spiked samples of eggs and muscles at 1 µg kg−1 using the optimized gradient program. Quantitative analysis was performed with QuanBrowser in Xcalibur 3.0. All Q Exactive parameters as resolution, automatic gain control (AGC) and injection time (IT) were optimized to improve instrumental signals and selectivity. MS acquisition was performed combining parallel reaction monitoring (PRM) experiments in positive and negative ionization: the adduct ion was filtered with an isolation window of m/z 0.9, the resolution set at 35,000 FWHM (m/z 200). The AGC was fixed at 1 × 106 ions for a maximum injection time of 140 ms. The monitored adduct and product ions such as the CE are shown in Table 1.




2.4. Sample Preparation


Two-half gram of homogenized sample was weighed in a Falcon tube and then, was spiked with internal standards (ISs), specifically 25 µL of a solution containing the ISs at 1 µg mL−1. The protocols for eggs and muscle were slightly different; the latter was extracted twice with 5 mL of ACN through shaking and sonicating while the analytes were extracted from eggs due to a single extraction (10 mL of ACN). The Oasis® PRiME HLB SPE cartridge (150 mg and 60 mg for eggs an muscle, respectively) was conditioned with 3 mL of ACN and loaded with the sample extract, collecting the eluate that was defatted twice with 3 mL of hexane. After that, the extract was evaporated to dryness under gentle nitrogen stream (40 °C). Finally, the dry residue was redissolved in 1 mL of MeOH. After centrifugation, the sample was injected. The muscle final extract was freshly prepared while the egg extract was stable for 48 h in the autosampler.




2.5. Method Validation


An in-house validation plan, based on the Commission Implementing Regulation (EU) 2021/808 [24], was applied to perform a confirmation method, following an alternative experimental plan, as indicated by Section 2.2.3 of the Regulation. This choice was justified by the wide range of established MRLs and legal limits (LLs) [2,3,4,5,6,7,8,9,10,11,12]. Briefly, the analytes were validated at the spiking levels encompassing 1–100 µg kg−1; for lasalocid and nicarbazine, the range was 1–1000 µg kg−1 (eggs). Regarding the muscle, for robenidine and toltrazuril-sulphone, the validation levels included 1–333 µg kg−1; for decoquinate and diclazuril, the range was 1–3333 µg kg−1 and finally, it was 1–6000 µg kg−1 for nicarbazine (Table 2).



The selectivity was tested for both of the matrices analysing different lots of eggs and muscles belonging to the main animal species (i.e., poultry eggs, poultry, bovine and swine muscle). The linearity was evaluated in neat solvent (MeOH) and in matrix. The matrix-matched standards (MMSs) were prepared adding the analytes immediately prior to the LC injection. The curves were constructed applying the regression model at 6 concentration levels (0 was included), encompassing 2.5–83.3 ng mL−1 (solvent) and 1–33.3 µg kg−1 (matrix), plotting the analyte area against its concentration except for halofuginone, robenidine, DNC and decoquinate (analyte/IS area ratio against concentration). The precision, recovery (trueness), decision limit (CCα), uncertainty, limit of detection (LOD) and limit of quantitation (LOQ) were evaluated following the plan described in Table 1. A blank and an MMS were analysed for each analytical batch and each validation level experiment was repeated for three occasions varying operator, time and calibration status of the MS system. Moreover, the relative matrix effect (matrix factor) and ruggedness (major changes) were studied.




2.6. Real Samples Analysis


The validated method was accredited on June 2022 and applied at samples of Italian NRCP. Each sample was located in a plastic container and stored at −20 °C after the homogenization. Particularly, 2 poultry eggs and 16 muscles belonging to ovine, poultry and turkey species were analysed. Finally, internal and external quality control (IQC and EQC) activities were implemented.





3. Results and Discussion


3.1. Sample Preparation


Eggs and muscle are complex matrices, rich in lipids and proteins, and so, it is often necessary to perform more than one clean-up step to obtain a “clean” final extract. Before the purification step, acetonitrile or its mixtures were more frequently used for the extraction of analytes [13,19,23,25]. Recently, Martins and collaborators [26] reported the clean-up methodologies, among other things, present in the literature from 2011 to 2020 related to food matrices, concluding that SPE were very often carried out. By way of example, in 2011, Olejnik et al. [27] used Alumina-N and Oasis® HLB cartridges for the determination of 12 coccidiostats in eggs and liver. Later, Ha and collaborators [25] provided the clean-up step by means of a graphitized non-porous carbon based SPE and in 2019, in a study by Dasenaki and Thomaidis [16], 16 coccidiostat residues were determined in eggs and muscle with a purification by dispersive SPE with a C18 sorbent.



The developed sample preparation of eggs and muscle was based on a solid–liquid extraction of the molecules from the matrix with ACN, followed by a SPE clean-up step and a defatting. During the development of the protocol for eggs, although various SPE cartridges were tested [16,25,27], identifying of state of the art SPE cartridges to remove proteins, phospholipids and other matrix interferences was the intent, considering the very different physico-chemical properties of the analytes. Oasis® PRiME HLB (60 and 150 mg) SPE and Bond Elut EMR-Lipid dispersive SPE were tested in this context and Figure 2 shows the recoveries provided by the experiments. The Bond Elut EMR-Lipid determined a very high retention of the analytes contrary to Oasis® PRiME HLB (150 mg) that provided good recoveries and better precision than the 60 mg format, probably due to the cleaner final extract. The defatting step was also investigated and Figure 3 demonstrates the better precision using n-hexane, hypothetically for the same, latter reason.



It is noteworthy that 150 mg format of Oasis® PRiME HLB was tested for the sample preparation of muscle determining worse performances (i.e., recovery and precision) than eggs protocol, especially for halofuginone. Its recovery enhanced due to the addition of EDTA, probably for higher polarity of the extraction mixture; however, the recoveries of other analytes were lower. Moreover, the effect of a double extraction and the effect of 60 mg format of SPE were studied and the experiments are summarized in Figure 4.




3.2. Optimization of LC-HRMS/MS Conditions


The chromatographic gradient was based on Galarini et al. [15] with some modifications. Briefly, the run was shortened from 40 min to 32 min and sodium acetate was not added to the aqueous mobile phase for limiting the ion suppression phenomenon. The development of MS settings was performed, taking into account that most of the analytes had very low MRLs or are banned and the clean-up steps can not be selective. Thus, the PRM acquisition was carried out in order to obtain the highest possible selectivity. In PRM, a predefined precursor ion was filtered by the quadrupole and transferred via the C-trap to the high collision dissociation (HCD) cell for the fragmentation. The C-trap can fill with ions for long times, increasing signal-to-noise ratio of the ions measured in the Orbitrap detector. From the HCD cell, fragment ions were moved back to the C-trap and eventually injected and analysed in the detector providing a product ion spectrum [28]. Initially, the adduct ion to be fragmented was chosen on the basis of its intensity through full scan acquisitions experiments. As shown in Table 1, generally, [M+H]+ and [M-H]− adducts were acquired; the exceptions were the ionophore coccidiostats (i.e., [M+Na]+). The fairly long gradient permitted a good separation of the analytes, providing the possibility to switch from positive to negative polarity within a delimited scan time (i.e., 11–14 min, see Table 3) and work with a resolution as much as possible.



Toltrazuril-sulphone and toltrazuril-d3 produced fragment ions below m/z 50 [14], but unfortunately, the LC-Q-Orbitrap system was able to acquire product ion spectra above this m/z. Therefore, the adduct ion was monitored administrating the lowest values of CE for PRM acquisition (i.e., 10 eV) for both of them and, consequently, toltrazuril-sulphone was only detected, according the qualitative confirmation criteria defined by the Commission Implementing Regulation (EU) 2021/808 [24]. During the method development, the linearity studies showed a good linearity for all the compounds in the range from 1 to 250 ng mL−1 except for DNC ([M-H]−, m/z 301.0578). Investigations with full scan experiments revealed the presence of various adducts likely attributable to DNC dimers such as [2M-H]− (m/z 603.1230), [2M+Cl]− (m/z 639.0986) and [2M+HCOO]− (m/z 649.1284) (Figure 5).



Its formation in ESI source was dependent on the concentration, which indicated a non-covalent association and provided an explanation for the limited linearity range [29]. Applying in-source collision-induced dissociation (IS-CID), the relative abundance of the dimer species was reduced, improving linearity range (Figure 6). However, the IS-CID was not administered in the developed method for the insufficient intensity signal of toltrazuril-sulphone (coelution of DNC and toltrazuril-sulphone). Consequently, the “operative” linearity range was fixed in the range encompassing 2.5 and 83.3 ng mL−1 for DNC and other analytes.




3.3. Method Validation


The selectivity was evaluated analysing more than 20 blank samples per matrix and no peaks were found in the region of interest where the target analyte was expected to elute. Particularly, poultry eggs and bovine, poultry and swine muscles were analysed. The relative matrix effect (ME) was also investigated on the same samples, calculating the ratio % between the peak area of the analyte in MMS and in neat solvent for the coccidiostats quantified by means of external calibration, while for the other ones, using the following equation: MEanalyte/MEIS % [24]. The Commission Implementing Regulation (EU) 2021/808 did not fix the coefficient of variation (CV) tolerances when no IS was used during the validation study. However, the CVME tolerance of ≤20% (normalised for an IS) was satisfied in both cases (Table 4). Good linearity was observed for all the molecules (deviations of back-calculated concentration ≤20% [30]). The trueness results reported in Table 4 were obtained applying a mixed quantitation approach with MMS (internal and external calibration). Particularly, chemical coccidiostats were determined with internal calibration, except for toltrazuril-sulphone and ionophore coccidiostats.



CV were not affected by the analyte spiking level; therefore, the CV could be pooled into a single data set (Table 4). Repeatability and within-laboratory reproducibility encompassed the range of 3.5% (robenidine)–7.1% (monensin) (CVr) and 5.7% (robenidine) and 13% (salinomycin) (CVwR) for eggs, respectively. The same parameters for muscle were within 4.7% (halofuginone) 9.3% (maduramicin) (CVr) and 5.4% (halofuginone) and 13% (maduramicin) (CVwR), respectively. The CCα values were obtained following Method 2 of paragraph 2.6 of the Commission Implementing Regulation (EU) 2021/808 [24] (Equation (1)) after the calculation of combined standard measurement uncertainty (uc) [31]:


CCα = MRL (or LL) + 1.64 × uc



(1)







uc was derived following the top-down approach, or rather, combining random and systematic error uncertainty components [31,32]. It is noteworthy that uc was calculated on the basis of CVwR pooled on the entire range of investigated concentrations instead of on at MRL or LL.



The LODs and LOQs were experimentally defined based on the trueness observed at the first validation level for both of the matrices (i.e., 1 µg kg−1 for all the analytes). Figures S1 and S2 show the chromatograms of an egg and a poultry muscle sample spiked at this level.



Ruggedness experiments were successfully verified by analysing bovine and swine muscles spiked at 10 µg kg−1 (four replicates in two different days for a total of eight observations for species) (Table 5).



It is, finally, noteworthy that the Commission Implementing Regulation (EU) 2021/808 established a minimum of four identification points (IPs) needed for the confirmation of the identity of a permitted substance. The very high selectivity was obtained by the application of PRM acquisition that provided one (indirect) IP for the selection of the precursor ion filtered by the quadrupole and five (2.5 + 2.5) IPs for the product ions (accurate mass measurements) for a total of seven IPs, considering also the LC separation (i.e., one IP). So, in summary: an analyte was considered as positively identified in a sample when (i) the relative retention time (RRT) (RTanalyte/RTIS) in the sample and in a spiked sample/MMS or a standard solution was within ± 1% tolerance, (ii) both the fragment ions were detected with a mass deviation < 5 ppm (or <1 mDa in case of m/z 200) with respect to a spiked sample/MMS or a standard solution and iii) the % ratio of their intensities matched with ±40% tolerance.




3.4. Real Samples Analysis and QC Activities


The validated and accredited method was applied for the determination of coccidiostat residues in 18 official samples of Abruzzo and Molise Regions (NRCP). An IQC was implemented for the analytical batches by the addition of a solution containing six ISs to each sample before the extraction. Halofuginone-13C6, robenidine-d8, DNC-d8, decoquinate-d5 were used with quantitative purposes, contrary to toltrazuril-d3 and nigericin that were employed only to determine the yield of the process for toltrazuril-sulphone and synthetic coccidiostats, respectively. Moreover, a blank and a spiked eggs/muscle sample at 1 µg kg−1 were analysed to verify the absence of false positive/negative results. Lastly, a MMS was prepared by the addition of the analytes immediately prior to LC injection. Suspected samples were newly carried out by twice performing ad hoc spiked and MMS samples taking also into account of the dilution factor to be applied.



Despite a few analysed samples, a coccidiostat residue was detected in an egg sample: lasalocid was found at 1.2 µg kg−1 (Figure 7).



Finally, accuracy data obtained from the analysis of certified reference material (CRM) M1406/CM lyophilised turkey muscle (Test Veritas, Progetto Trieste, Italy) represented a good agreement of the detected concentrations with the reference values (Table 6). Interestingly, the exception was represented for DNC for which the provider reported an assigned concentration with a not negligible uncertainty. The calculated accuracy expressed as a percentage ratio of the measured concentration and the consensus value was in the range of 89–105%, excluding DNC.





4. Conclusions


A highly selective, sensitive and accurate confirmatory LC-Q-Orbitrap method was developed for the determination of 12 coccidiostat residues in eggs and muscles starting from 1 µg kg−1. The main advantage of the method was the quite quick sample preparation associated with a very high selectivity, making sure that the procedure can be applied for the official control analysis and EQC activities. Moreover, the method was validated for the first time according to the Commission Implementing Regulation (EU) 2021/808 [24].
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Figure 1. Molecular structures of the investigated coccidiostats. 
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Figure 2. Recoveries derived by different clean-up approaches in egg samples (n = 4 per experiment) spiked at 33.3 µg kg−1. 
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Figure 3. Recoveries derived by the use of n-hexane (defatting) in egg samples (n = 8 per experiment) spiked at 33.3 µg kg−1. 
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Figure 4. Recovery factors (n = 4 muscle spiked at 10 µg kg−1 per experiment) carrying out the eggs sample preparation A, using Oasis® PRiME HLB (60 mg) B, adding 300 µL of 0.1 M disodium EDTA during the extraction C, extracting twice with ACN (5 + 5 mL) D and combining B and D (i.e., chosen protocol) E. 
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Figure 5. Chromatogram of [M-H]− adduct of DNC (a) and the full scan spectrum (b) of a standard solution at 250 ng mL−1. 
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Figure 6. Calibration curve in MeOH of [M-H]− adduct of DNC without (a) and with (b) IS-CID of 20 eV. 
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Figure 7. Chromatograms (left) and product ion spectra (right) of lasalocid in an egg sample at 1.2 µg kg−1 (a) and in a spiked sample at 1 µg kg−1 (b). 
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Table 1. LC-Q-Orbitrap parameters of the investigated coccidiostats.
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	Analyte
	RT

(min)
	RRT
	Molecular Formula
	Adduct
	Monoisotopic

Exact Mass

(m/z)
	CE

(eV)
	Fragment 1 Accurate Mass 1

(m/z)
	Fragment 2 Accurate Mass

(m/z)





	Halofuginone-13C6 (IS)
	5.77
	-
	13C6C10H17BrClN3O3
	[M+H]+
	420.0416
	25
	100.0757
	-



	Halofuginone
	5.77
	1.00
	C16H17BrClN3O3
	[M+H]+
	414.0416
	25
	100.0757
	120.0808



	Robenidine-d8 (IS)
	8.36
	-
	C15H5D8Cl2N5
	[M+H]+
	342.1123
	25
	159.0622
	-



	Robenidine
	8.38
	1.00
	C15H13Cl2N5
	[M+H]+
	334.0621
	25
	138.0105
	155.0372



	DNC-d8 (IS)
	12.09
	-
	C13H2D8N4O5
	[M-H]−
	309.1080
	45
	141.0603
	-



	DNC
	12.13
	1.00
	C13H10N4O5
	[M-H]−
	301.0578
	45
	137.0352
	107.0369



	Toltrazuril-sulphone
	12.18
	0.92
	C18H14F3N3O6S
	[M-H]−
	456.0484
	10
	456.0484 2
	-



	Diclazuril
	12.72
	1.02
	C17H9Cl3N4O2
	[M-H]−
	404.9718
	35
	333.9713
	298.9785



	Diclazuril-methyl (IS)
	12.97
	-
	C18H11Cl3N4O2
	[M-H]−
	418.9874
	35
	320.9760
	-



	Toltrazuril-d3 (IS)
	13.19
	-
	C18D3H11F3N3O4S
	[M-H]−
	427.0772
	10
	427.0772 2
	-



	Decoquinate-d5 (IS)
	14.90
	-
	C24H30D5NO5
	[M+H]+
	423.2902
	40
	255.1020
	-



	Decoquinate
	14.99
	1.01
	C24H35NO5
	[M+H]+
	418.2588
	40
	250.0709
	390.2275



	Semduramicin
	17.48
	0.83
	C45H76O16
	[M+Na]+
	895.5026
	65
	833.5019
	705.4189



	Lasalocid
	17.65
	0.84
	C34H54O8
	[M+Na]+
	613.3711
	30
	377.2659
	613.3711



	Salinomycin
	18.85
	0.90
	C42H70O11
	[M+Na]+
	773.4810
	45
	431.2401
	531.3294



	Monensin
	19.01
	0.91
	C36H62O11
	[M+Na]+
	693.4184
	70
	461.2876
	501.3186



	Narasin
	19.83
	0.94
	C43H72O11
	[M+Na]+
	787.4967
	50
	431.2409
	531.3301



	Maduramicin
	20.16
	0.96
	C47H80O17
	[M+Na]+
	939.5288
	75
	877.5291
	719.4343



	Nigericin (IS)
	21.00
	-
	C40H67O11
	[M+H]+
	747.4654
	75
	237.1093
	-







1 Ion used for quantitative purposes. 2 Adduct ion monitored.
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Table 2. Validation plan.
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Eggs




	
Spiking Level

(µg kg−1)

	
Number

of Spiked

Samples Day−1

	
Concentration

of Analyte

Solution

(µg mL−1)

	
Added Volume

of Analyte

Solution

(µL)

	
IS Spiking Level

(µg kg−1)

	
Concentration

of IS Solution

(µg mL−1)

	
Added Volume

of IS Solution

(µL)

	
Dilution

Factor






	
1

	
4

	
0.1

	
25

	
10

	
1

	
25

	
0.4




	
2

	
4

	
0.1

	
50

	
10

	
1

	
25

	
0.4




	
3.33

	
4

	
0.1

	
83.3

	
10

	
1

	
25

	
0.4




	
10

	
4

	
1

	
25

	
10

	
1

	
25

	
0.4




	
33.3

	
4

	
1

	
83.3

	
10

	
1

	
25

	
0.4




	
100

	
4

	
10

	
25

	
100

	
10

	
25

	
4




	
333 *

	
4

	
10

	
83.3

	
100

	
10

	
25

	
4




	
1000 *

	
4

	
10

	
250

	
1000

	
10

	
250

	
40




	
Muscle




	
1

	
4

	
0.1

	
25

	
10

	
1

	
25

	
0.4




	
2

	
4

	
0.1

	
50

	
10

	
1

	
25

	
0.4




	
3.33

	
4

	
0.1

	
83.3

	
10

	
1

	
25

	
0.4




	
10

	
4

	
1

	
25

	
10

	
1

	
25

	
0.4




	
33.3

	
4

	
1

	
83.3

	
10

	
1

	
25

	
0.4




	
100

	
4

	
10

	
25

	
100

	
10

	
25

	
4




	
333 *

	
4

	
10

	
83.3

	
100

	
10

	
25

	
4




	
1000 *

	
4

	
10

	
250

	
1000

	
10

	
250

	
40




	
3333 *

	
4

	
100

	
83.3

	
1000

	
10

	
250

	
40




	
6000 *

	
4

	
100

	
150

	
10000

	
100

	
250

	
200








* Levels validated for a part of the analytes/ISs.
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Table 3. PRM acquisition experiments.
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	Time

(min)
	Polarity
	Analytes in the Inclusion List





	3–11
	+
	halofuginone, halofuginone-13C6, robenidine, robenidine-d8



	11–14
	-
	DNC, DNC-d8, toltrazuril-sulphone, toltrazuril-d3, diclazuril, diclazuril-methyl



	14–24
	+
	decoquinate, decoquinate-d5, semduramicin, lasalocid, salinomycin, monensin, narasin, maduramicin, nigericin
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Table 4. Validation performances of the analytes for poultry eggs and muscle sorted by elution order.
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Analyte

	
Mean Recovery

(%)

	
CVr

(%)

	
CVwR

(%)

	
uc

(%)

	
MRL or LL a

(µg kg−1)

	
CCα

(µg kg−1)

	
LOD

(µg kg−1)

	
LOQ

(µg kg−1)

	
ME

(%)

	
CVME

(%)






	
Eggs




	
Halofuginone

	
93

	
3.6

	
5.8

	
9.6

	
6

	
6.9

	
1

	
1

	
100

	
11




	
Robenidine

	
100

	
3.5

	
5.7

	
9.6

	
25

	
29

	
1

	
1

	
98

	
17




	
DNC

	
100

	
6.3

	
7.0

	
10

	
300

	
349

	
1

	
1

	
100

	
10




	
Toltrazuril-sulphone b

	
84

	
4.7

	
6.5

	
9.8

	
Banned

	
-

	
1

	
-

	
90

	
10




	
Diclazuril

	
102

	
5.1

	
6.4

	
9.8

	
2

	
2.3

	
1

	
1

	
111

	
11




	
Decoquinate

	
100

	
4.1

	
4.6

	
9.3

	
20

	
23

	
1

	
1

	
98

	
11




	
Semduramicin

	
83

	
5.6

	
8.9

	
11

	
2

	
2.4

	
1

	
1

	
96

	
15




	
Lasalocid

	
71

	
7.9

	
9.6

	
11

	
150

	
177

	
1

	
1

	
80

	
15




	
Salinomycin

	
70

	
5.4

	
13

	
13

	
3

	
3.6

	
1

	
1

	
63

	
15




	
Monensin

	
75

	
7.1

	
12

	
12

	
2

	
2.4

	
1

	
1

	
71

	
20




	
Narasin

	
68

	
5.5

	
7.7

	
10

	
2

	
2.3

	
1

	
1

	
81

	
19




	
Maduramicin

	
84

	
6.6

	
12

	
12

	
12

	
14

	
1

	
1

	
92

	
18




	
Muscle




	
Halofuginone

	
95

	
4.7

	
5.4

	
9.5

	
Banned

	
1

	
1

	
1

	
105

	
16




	
Robenidine

	
102

	
6.0

	
7.0

	
10

	
200

	
233

	
1

	
1

	
102

	
16




	
DNC

	
100

	
6.5

	
8.2

	
10

	
4000

	
4682

	
1

	
1

	
109

	
17




	
Toltrazuril-sulphone

	
89

	
6.3

	
10

	
11

	
100

	
-

	
1

	
-

	
84

	
12




	
Diclazuril

	
99

	
7.0

	
8.0

	
10

	
500

	
584

	
1

	
1

	
104

	
14




	
Decoquinate

	
102

	
6.6

	
8.2

	
10

	
500

	
585

	
1

	
1

	
99

	
3




	
Semduramicin

	
81

	
8.6

	
10

	
11

	
2

	
2.4

	
1

	
1

	
108

	
17




	
Lasalocid

	
76

	
7.0

	
8.8

	
11

	
60

	
70

	
1

	
1

	
106

	
14




	
Salinomycin

	
77

	
7.1

	
8.8

	
11

	
15

	
18

	
1

	
1

	
90

	
8




	
Monensin

	
80

	
7.1

	
11

	
12

	
8

	
10

	
1

	
1

	
95

	
17




	
Narasin

	
74

	
7.4

	
9.6

	
11

	
50

	
59

	
1

	
1

	
89

	
11




	
Maduramicin

	
84

	
9.3

	
13

	
13

	
30

	
36

	
1

	
1

	
90

	
13








a Values established for poultry. b Performance characteristics calculated only for information (qualitative determination). Abbreviations: CVr, CVwR = coefficient of variation in repeatability and within-laboratory reproducibility conditions, respectively; uc = combined uncertainty; MRL = maximum residue limit; LL = legal limit; ME = relative matrix effect; CVME = coefficient of variation of ME.
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Table 5. Recovery factors and standard deviations in bovine and swine muscle samples at 10 µg kg−1.
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	Analyte
	Bovine

R ± SD (%)
	Swine

R ± SD (%)





	Halofuginone
	99 ± 1
	110 ± 7



	Robenidine
	104 ± 1
	101 ± 6



	DNC
	98 ± 9
	94 ± 7



	Toltrazuril-sulphone
	79 ± 4
	88 ± 7



	Diclazuril
	97 ± 4
	101 ± 7



	Decoquinate
	98 ± 1
	99 ± 7



	Semduramicin
	80 ± 3
	83 ± 6



	Lasalocid
	74 ± 1
	77 ± 6



	Salinomycin
	76 ± 2
	82 ± 6



	Monensin
	79 ± 4
	82 ± 5



	Narasin
	75 ± 4
	77 ± 7



	Maduramicin
	77 ± 3
	84 ± 10
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Table 6. Analysis of CRM M1406/CM turkey muscle (Test Veritas).
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	Analyte
	Obtained Value ± SD (n = 2)

(µg kg−1)
	Assigned Value ± σ

(µg kg−1)
	Satisfactory Range

(µg kg−1)
	Accuracy

(%)





	Nicarbazin (as DNC fraction) a
	95.72 ± 7.32 a
	67.28 ± 17.43
	32.41–102.14
	142



	Salinomycin
	21.28 ± 0.64
	20.19 ± 5.81
	8.57–31.82
	105



	Monensin
	14.35 ± 0.35
	16.18 ± 4.82
	6.55–25.81
	89



	Diclazuril
	22.35 ± 1.12
	20.54 ± 5.90
	8.75–32.34
	109







a The uncertainty is considered not negligible.
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